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Foreword 

It gives me immense pleasure to write the foreword for this coffee book 
entitled “Biomarker discovery in Brain disorders”. This coffee book is an 
initiative by the Neuroscience Research Lab (NRL) to compile the various 
studies and research whether at the literature review level or at the 
original bench work research level. This is an innovative idea of Dr. 
Akshay Anand to have a collection of all the researches done in the 
NRL. 

The Brain disorders or also popularly known as Neurodegenerative 
disorders have great impact on overall health of the world. People with 
the disease suffers a lot. Also, the care givers around them have to do lot for maintaining their 
decline health.  These disorders posit great threat to the human health and further his/her 
relationships. 

Finding a treatment for these disorders is really warranted and need of the time. A lot of research 
is being done in area of therapy or treatment development for the diseases. NRL has also done 
elite research in the field. In case of brain disorders, along with finding suitable treatment, 
another big challenge is correct diagnosis of the disease or at least to know how the disease 
progresses. Some brain disorders can be identified correctly but most other brain disorders have 
same kind of pathophysiology, closely related symptoms and are really difficult to categories in 
one or the other category of disorder. 

This similarity in disorder symptoms makes the early diagnosis of disease quite difficult. For 
better treatment and prognosis of the disease, early diagnosis of disease is really important. 
Biomarkers are the molecules found in the common bio fluids such as plasma and serum that 
reflects a lot about the body conditions. Biomarker discovery program of NRL has targeted for 
finding such effective biomarkers for the early diagnosis and correct prognosis of the brain 
disorders. 

In this particular book, all the research articles of NRL regarding the biomarker discovery are 
compiled. The biomarker discovery is backed up by the Predictive regression models that can 
help to predict the risk of the disease in relation to various factors such as aging, smoking etc. 
Molecules related to neuroprotection and neurodegeneration have been explored for their 
potential of biomarkers. Along with protein levels, Single Nucleotide Polymorphisms (SNPs) 
have also been analyzed for their relation with brain disorders in North Indian population. These 
SNPs have been further explored for their associations with different molecules whose 
biomarker potential is being explored. 

NRL really hopes to find diagnostic and prognostic biomarkers for the brain disorders in future 
and to contribute to the early diagnosis of diseases. So that diseases can be targeted better for 
therapeutics. We are hopeful that this book will give you insights about the biomarker discovery 
program and glimpses of various methods how to find suitable biomarker. 

Happy Reading!! 
 

Radhika Khosla, 
Ph.D. Scholar, Neuroscience Research Lab, 
Department of Neurology, PGIMER 
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Modulated anti‑VEGF therapy 
under the influence of lipid 
metabolizing proteins in Age 
related macular degeneration: 
a pilot study
Kaushal Sharma1,2, Priya Battu1, Ramandeep Singh3*, Suresh Kumar Sharma4 & 
Akshay Anand1*

Age‑related macular degeneration (AMD) is a devastating retinal disease that results in irreversible 
vision loss in the aged population. The complex genetic nature and degree of genetic penetrance 
require a redefinition of the current therapeutic strategy for AMD. We aimed to investigate the role 
of modifiers for current anti‑VEGF therapy especially for non‑responder AMD patients. We recruited 
78 wet AMD cases (out of 278 AMD patients) with their socio‑demographic and treatment regimen. 
Serum protein levels were estimated by ELISA in AMD patients. Data pertaining to the number of 
anti‑VEGF injections given (in 1 year) along with clinical images (FFA and OCT) of AMD patients were 
also included. Visual acuity data (logMAR) for 46 wet AMD cases out of a total of 78 patients were also 
retrieved to examine the response of anti‑VEGF injections in wet AMD cases. Lipid metabolizing genes 
(LIPC and APOE) have been identified as chief biomarkers for anti‑VEGF response in AMD patients. 
Both genotypes ‘CC’ and ‘GC’ of LIPC have found to be associated with a number of anti‑VEGF 
injections in AMD patients which could influence the expression of B3GALTL,HTRA1, IER3, LIPC and 
SLC16A8 proteins in patients bearing both genotypes as compared to reference genotype. Elevated 
levels of APOE were also observed in group 2 wet AMD patients as compared to group 1 suggesting 
the significance of APOE levels in anti‑VEGF response. The genotype of B3GALTL has also been shown 
to have a significant association with the number of anti‑VEGF injections. Moreover, visual acuity of 
group 1 (≤ 4 anti‑VEGF injections/year) AMD patients was found significantly improved after 3 doses of 
anti‑VEGF injections and maintained longitudinally as compared to groups 2 and 3. Lipid metabolising 
genes may impact the outcome of anti‑VEGF AMD treatment.

Degenerative changes of macular photoreceptors (rod and cones) can lead to irreversible vision loss in aged 
population. Age related macular degeneration has been associated with 52 independent genetic variants and vari-
ous environmental factors like smoking, age, food habits,  comorbidities1,2. Recently, our data has also indicated 
that association of sleeping pattern and activities of daily living with AMD which can stimulate the pathological 
changes by modulating protein  expression3. Despite growing knowledge of AMD genetics, not much advance-
ment in treatment of AMD has been noted in the field. Currently, anti-VEGF injection is prescribed for wet AMD 
patients in order to offer symptomatic relief to increasing visual  acuity4. However, current therapies for both dry 
(vitamin supplementations) wet AMD (anti-VEGF injection) have been reported to retard the photoreceptor 
degeneration. Short term safety of intravitreal bevacizumab with an average of 2–3 injections per 3 months with 
a maximum of 4 injections was also  investigated5. This has shown significant improvement in retinal thickness, 
analyzed by OCT along for visual  acuity6. Withdrawal of bevacizumab therapy has been found to enhance 
the chance of recurrence of wet AMD by 10% every successive  year7. Dose Optimization and frequency of 
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Anti-VEGF injection can be influenced by genetic variants and the interactions between them. Genetic variant 
of CCT3 gene rs12138564 has been coupled to improved outcome of anti-VEGF treatment. On the contrary, 
the results from same study have also revealed a decreasing anti-VEGF response under the influence of rare 
genetic variants of C10orf88 and UNC93B1 genes in wet AMD  patients8. Our previous genetic investigation on 
genetics AMD on Indian patients has defined the biological significance of systemic  inflammation9–11, impaired 
angiogenic  mechanism12–14, oxidative  stress15 which showed TLR3  independent16 aggravation of AMD pathology 
along with the substantial contribution of environmental factors. Exploring the genetic penetrance of rare and 
common genetic variants and their pathological implication under the influence of confounders can determine 
the genetic complexity and susceptibility of  AMD17 which can influence the disease phenotype and treatment 
outcome. This is suggestive of possible association of genetic variation and the influence of environmental fac-
tors (with or without interactions) which may modulate the outcome and number of anti-VEGF treatment in 
AMD patients which can contribute in AMD management. This study also describes the genetic susceptibility 
towards the response of Anti-VEGF treatment in Indian AMD patients.

Methodology
Recruitments of participants. The study population comprised of 277 patients with AMD recruited 
from Advanced Eye Centre, PGIMER, Chandigarh, India. Analysis of Anti-VEGF response was carried out 
on 78 cases of active wet AMD. Although the patients were recruited prospectively, the data of 11 patients was 
retrieved (from same recruited patients) retrospectively to examine the number of anti-VEGF injections given in 
a year. Moreover, the data of visual acuity was retrieved for 46 AMD cases out of a total of 78 wet AMD patients 
recruited in the study. The written informed consent was obtained from all the participants after explaining the 
nature of study. The experimental protocols were approved by Institute Ethical Committee (IEC) (No: PGI/
IEC/2005-06; dated: 23.07.2013), PGIMER, Chandigarh, India. The study adhered to the study protocol and 
conducted as per the ethical guidelines laid down by Institute Ethical Committee, PGIMER, Chandigarh, India. 
The participants were also asked about the history of prescribed medication for any ailment along with AMD 
pathology. The socio-demographic (SD) details including smoking, alcohol consumption, and food habits (prior 
or current) etc. were also noted.

Treatment regimen of Anti‑VEGF therapy. The details of a total number of anti-VEGF injections and 
an estimated duration of AMD pathology was  obtained individually for each patient. Intravitreal Bevacizumab 
(1.25 mg/0.05 ml) was given to wet AMD patients. We categorised the wet AMD patients based on number of 
anti-VEGF injections given as described in Fig. 1. We administered three monthly doses of Bevacizumab fol-
lowed by pro re nata (PRN) treatment. However, strict PRN could not be followed up in many patients owing to 
financial, and other logistic reasons in our part of the world.

Clinical details. Clinical severity and categorization of AMD was done by a retina specialist by recording 
the fluorescein fundus angiography (FFA) and optical coherence tomography (OCT) images. AREDS criteria 
were adopted to classify the AMD pathology in the population. Snellen’s best corrected visual acuity (VA; US 
feet 20/20) data of 46 wet AMD patients out of the total of 78 AMD cases was collected at three time points 
including first (baseline), third and final visit of AMD patients along with the total visit (in months) made to the 
Department of Ophthalmology, PGIMER, Chandigarh. VA values were converted to logMAR scale and were 
considered for final data analysis. We did not take into the account the type of CNV (Classic or Occult) in our 
wet AMD patients. This is the limitation of our study.

Serum extraction. Blood sample of patients was collected in Sodium citrate vacutainer and kept at room 
temperature for 1–2 h. Samples were centrifuged at 1800 rpm for 20–30 min at room temperature. Upper layer 
sample (serum) were collected and stored in − 80 °C for further experimental uses.

Wet AMD 
(n=78) 

Group 1 (Mild)
≤4 An�-VEGF/year

Group 2 (Moderate)
≥5 An�-VEGF/year 

(�ll<36months)

Group 3 (Severe)
≥5 An�-VEGF/year

(con�nuing for >36months)

1.25mg in volume of 0.05ml (an�-VEGF dose)

Retrospec�ve data for 1year
• Number of An�-VEGF/year
• Fundus and OCT images

Recruited AMD 
(n=277) 

Excluded wet AMD cases due to non-
availability of An�-VEGF data (n=110 out 

of 188 wet AMD cases) 

Figure 1.  Schematic representation of groups categorised in study.
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Genomic DNA extraction. Genomic DNA from peripheral blood mononuclear cells (PBMCs) was 
extracted using commercially available kit (Qiagen, USA) to perform the SNP analysis. DNA was stored at 
− 20 °C till conducting the experiments.

Total protein estimation. Bradford’s method was adopted to estimate the total protein levels in the 
patient’s serum. Briefly, diluted serum (600 times) was mixed with diluted Bradford’s reagent (1:4 ratio). Absorb-
ance of the reaction was taken at 595 nm using ELISA reader (BioRad, USA).

Retrospective analysis. In order to understand the response of anti-VEGF injections in different AMD 
phenotypes, we retrieved the clinical data of AMD patients (n = 11) including the number of anti-VEGF shots 
and clinical images (both FFA and OCT) in 1 year of duration.

SNP analysis. Single nucleotide polymorphism (SNP) analysis was carried out for lipid metabolizing genes 
like LIPC (rs920915) and APOE (rs769449), pro-angiogenic genes including ADAMTS9 (rs6795735) and 
TIMP3 (rs5749482), regulatory genes e.g. B3GALTL (rs9542236), IER3 (rs3130783), HTRA1 (rs11200638) and 
SLC16A8 (rs8135665, monocarboxylic transporter protein). SNP analysis was carried out on StepOne real time 
PCR (Applied Biosysystems Inc., Foster city, CA) by using Taq Man assay (ThermoFisher, USA) as per the 
manufacturer’s instruction. Briefly, genomic DNA (20 ng) and 5ul of Taqman master mix was taken in the 10 μl 
of total volume of reaction setup. FAM and VIC tagged probes, to discriminate the allelic variation in genome at 
particular site, was added to the reaction. Reaction without genomic DNA was considered as negative control. 
Analysis of raw data to demonstrate the allelic condition (homozygous dominant/recessive and heterozygous) 
was performed using Genotyper and StepOne V2.0 softwares (Applied Biosysystems Inc., Foster city, CA).

ELISA. Serum levels of lipid metabolizing (APOE and LIPC), pro-angiogenic (TIMP-3 and ADAMTS9), 
regulatory (HTRA1, IER3 and B3GALTL) and monocarboxylic acid transporter (SLC16A8) proteins were esti-
mated by commercially available ELISA kits (Qayee Biological Technology Co. Ltd., Shanghai, China). Serum 
samples were diluted before performing the experiments. The protocol was followed as per the manufacturer’s 
instructions. Briefly, diluted serum samples were incubated with primary and secondary antibodies in dark at 
37 °C for one hour. Washing was carried out 5 times, using 1X diluted washing buffer before adding the sub-
strates to the reaction. Reaction was terminated by adding stop solution followed by estimation of absorbance 
at 450 nm in ELISA reader (BioRad, USA). The values were further neutralized with total protein levels for 
respective patients.

Statistical analysis. Comparative analysis of protein expression between various groups was estimated 
using One-way ANOVA, independent T-and Mann–Whitney tests. Pearson’s chi square analysis was applied 
to reveal the association between number of anti-VEGF treatment and genotype frequency of various SNPs 
along with SD parameters. Logistic regression analysis was carried out to study the association of number of 
anti-VEGF shots and protein expression. Moreover, changes in protein expression with respect to single nucleo-
tide polymorphism (for respective gene) were also analysed using contrast analysis with or without controlling 
anti-VEGF numbers. Wilcoxon sign-ranked test was employed to compare the changes in visual acuity of AMD 
patients throughout treatment regimen. Multivariate model analysis was performed to understand the effect of 
genotype interactions on anti-VEGF response (number of anti-VEGF injections per year). Survival curve was 
also generated for current data set in order to show direct relationship between number of anti-VEGF and pro-
gression of AMD pathology. Z-proportions test was applied to compare minor allele frequency (MAF) derived 
from GAW studies (INDEX-DB and IndiGenomes) conducted on Asian population with current study.

Results
Association of anti‑VEGF injections with socio‑demographic details. Results of chi-square sug-
gest that alcohol addiction could be a modulator for anti-VEGF response in Indian AMD patients. Similarly, 
AMD patients with history of cataract surgery (single or both eyes cataract surgery) can also significantly alter 
the anti-VEGF response. Both results indicate the complex nature of AMD pathology where activities of daily 
living and associated ailment could act as a modifier for anti-VEGF response in AMD (Table 1).

Genotype influences anti‑VEGF response in AMD pathology. Chi-square analysis  has revealed 
a significant association of B3GALTL and LIPC variants with anti-VEGF response in Indian AMD patients. 
Results demonstrate that the frequency of homozygous ‘CC’ and heterozygous ‘CT’ of B3GALTL  are more 
frequent in AMD patients, being moderate and non-responsive towards anti-VEGF response with context to 
number of injections given to the patients. Similarly, both homozygous ‘CC’ and heterozygous ‘GC’ genotypes 
of LIPC are also associated with number of injections given to AMD patients (Table 2). A complex nature of 
AMD pathology due to its heterogeneity and genetic interaction along with equal contribution of environmen-
tal factors has been widely investigated which has also been supported by our data. However, we did not find 
significant association of remaining genotypes with the number of anti-VEGF injections given to the wet AMD 
patients (Table S1). 

Comparison of minor allele frequency derived from Asian GWAS studies. We have compared the 
minor allele frequencies (MAF) of studied genes with GWA studies  conducted especially on Asian (INDEX-DB) 
and Indian (IndiGenomes) population by considering the fact of small sample size for final analysis in current 
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study. Results of Z-test proportions did not show significant alteration of MAF between IndiGenomes and cur-
rent study except HTRA1 (Table 3). Our study has indicated that response of anti-VEGF injections was found 
to be varied based on LIPC genotype and the level of APOE. We did not find frequencies of minor alleles of the 
studies genes in INDEX-DB except APOE gene which was found to be similar as frequency shown in IndiG-
enomes. However, references genomes from both studies haven’t assessed the effect of different genotypes on 
anti-VEGF response or any kind of treatment strategies.

LIPC genotype influences protein expression. Associated genotypes of LIPC with anti-VEGF num-
bers have also been found to influence the majority of protein expression analysed in the study. We have dem-
onstrated that homozygous ‘CC’ genotype of LIPC variant show enhanced expression of regulatory (HTRA1, 
B3GALTL and IER3), monocarboxylic transporter protein SLC16A8, and levels of LIPC itself. Moreover, sig-

Table 1.  Association of anti-VEGF response (based on number of anti-VEGF injections given during the 
course of disease) with daily living habits (Socio-demographic details) of AMD patients including alcohol 
consumption and cataract surgery in AMD patients. Mild- < 4 Avastin/year; Moderate- ≥ 5 Avastin/year; Non-
responsive- ≥ 5 Avastin/year and continuous for > 36 months.

Status

Avastin response

Total P-valueMild Moderate Non-responsive

Alcohol habit

Never 37 9 5 51

0.024Past 5 0 2 7

Current 8 8 1 17

Total 50 17 8 75

Cataract surgery

No surgery 29 8 3 40

0.018One eye surgery 22 8 3 33

Both eyes surgery 0 1 2 3

Total 51 17 8 78

Table 2.  Association of genotypes of (Pearson’s Chi-square) B3GALTL (rs9542236) and LIPC (rs920915) with 
number of anti-VEGF injections given to AMD patients to demonstrate the genetic susceptibility of both genes 
towards response of anti-VEGF treatment in AMD pathology. Mild- < 4 Avastin/year; Moderate- ≥ 5 Avastin/
year; Non-responsive- ≥ 5 Avastin/year and continuous for > 36 months.

Genotypes

Anti-VEGF response

Total P-valueMild Moderate Non-responsive

B3GALTL Genotype (rs9542236)

Homozygous TT 32 6 2 40

0.033Homozygous CC 1 0 1 2

Heterozygous CT 13 9 2 24

Total 46 15 5 66

LIPC genotype (rs920915)

Homozygous GG 18 8 1 27

0.013Homozygous CC 0 2 2 4

Heterozygous GC 25 5 4 34

Total 43 15 7 65

Table 3.  Comparison of minor allele frequency derived from IndiGenome and INDEX-DB GWAS with 
current study. MAF: Minor allele frequency; *p-value based on comparison between IndiGenome and current 
study.

Genotype Allele MAF frequency current study MAF from IndiGenome MAF from INDEX-DB P-value

B3GALTL (rs9542236) C 28 (0.21) 0.18 NA 0.41

LIPC (rs920915) G 88 (0.67) 0.73 NA 0.38

ADAMTS9 (rs6795735) T 95 (0.73) 0.77 NA 0.49

APOE (rs769449) A 9 (0.07) 0.08 0.083 (GnomAD) 0.71*

HTRA1 (rs11200638) A 86 (0.67) 0.34 NA  < 0.001

TIMP3 (rs5749482) C 12 (0.08) 0.15 NA 0.15

IER-3 (rs3130783) A 111 (0.91) 0.91 NA 0.99

SLC16A8 (rs8135665) T 34 (0.27) 0.19 NA 0.13
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nificant alteration of protein expression, including HTRA1, IER-3 and LIPC, has also been examined in het-
erozygous ‘GC’ genotype of LIPC variants (Fig. 2). However, we did not find significant alteration of proteins 
among B3GALTL genotypes which has also showed the  association with number of  anti-VEGF injection in 
AMD patients (Table 2). Similarly, the expression of studied proteins were not found to be significantly altered 
with reference to other genotypes except the SLC16A8 expression between ‘AA’ and ‘GA’ genotypes of HTRA1 
(Table S2).

Additionally, contrast estimate indicated significant changes in LIPC levels by 17.578 pg/ug with alteration 
of genotype i.e. from ‘GG (reference genotype)’ to ‘CC’ genotype (p = < 0.0001) which is consistent with our 
previous  results15 (Table 4). Interestingly, we did not find any significant alteration for any other protein levels 
against the changes in genotypes (of studied variants) while considering anti-VEGF number as covariate. Results 

Figure 2.  Impact of LIPC genotype on protein expression. Significant elevated expressions of B3GALTL, 
HTRA1, IER3 and LIPC were seen in ‘CC’ genotype of LIPC genetic variant (rs920915) as compared to both 
reference ‘GG*’ and heterozygous ‘GC’ alleles. GG* Reference allele. Bar is representing SEM; P < 0.05.

Table 4.  Contrast estimate to see the impact of genotype and response of anti-VEGF in AMD. Contrast 
estimate indicates the significant of per unit change in genotype (nucleotide/polymorphism) from ‘GG’ 
(reference genotype) to ‘CC’ in LIPC genetic variant (rs920915) by alteration the LIPC levels (17.58 pg/unit 
changes). Alteration in expression levels with reference by changing in nucleotides (‘GG’ to ‘CC’) didn’t show 
any alterations indicating the indirect implication of anti-VEGF injections in AMD pathology (by considering 
the anti-VEGF numbers as covariate).

Genotype Genotypes

Significant  genotypes+ After controlling Anti-VEGF numbers

Contrast estimate SE p-value B SE t-value p- value 95% CI

ADAMTS9 (pg/
ug)

CC vs. TT* − .358 4.585 .938
.030 .139 .213 0.83 − 0.249–0.309

CT vs. TT* 2.321 2.471 .352

APOE(pg/ug) AA vs. GG* .001 .002 .732 0.00002 0.00006 .364 0.72 − 0.0001–0.00015

B3GALTL (pg/ug)
CC vs. TT* − 4.770 7.311 .517

.062 .124 .499 0.62 − 0.186–0.309
CT vs. TT* − 2.260 1.910 .242

HTRA1 (pg/ug)
AA vs. GG* .512 2.168 .814

− .003 .098 − .030 0.98 − 0.199−  0.193
AG vs.GG* − 0.689 2.253 .786

LIPC (pg/ug)
CC vs. GG* 17.578 3.972  < 0.0001

− .131 0.100 − 1.314 0.19 − 0.332–0.070
CG vs. GG* 0.827 1.801 .648

TIMP3 (pg/ug)
CC vs.GG* 0.011 0.011 .327

− 0.0002 0.00048 − .320 0.75 − 0.001–0.001
GC vs. GG*

IER-3 (pg/ug)
GG vs. AA* 2.045 3.834 .596

0.032 .153 .209 0.83 − 0.277–0.341
AG vs. AA*

SLC16A8(pg/ug)
TT vs. CC* − 1.020 .638 .116

0.004 0.015 .285 0.77 − .025–0.034
TC vs. CC* − .410 .247 .103
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show an indirect role of lipid metabolism by regulating the action of associated proteins (LIPC) in controlling the 
anti-VEG response. Results also signify the biological significance of particular genotype (of variants), genetic 
and allelic interactions under the influence of confounders which may influence the various protein expressions 
thereby modulating the AMD treatment outcome after anti-VEGF.

APOE mediated anti‑VEGF response in AMD. Enhanced APOE levels with successive anti-VEGF 
injections (≥ 5 of per year) in AMD patients have suggested the APOE dependent anti-VEGF response in Indian 
AMD (Fig. 3). Significantly elevated expression of APOE has been observed in moderate group (group 2; ≥ 5 
anti-VEGF injections/year and continuing for < 36 months) as compared to mild group (group 1; ≤ 4 anti-VEGF 
injections/year). Similarly, APOE levels were also found to be higher in severe group (group 1; ≥ 5 anti-VEGF/
year and continuing for > 36 months) as compared to mild group of AMD, though it was not statistically signifi-
cant. Results suggested that lipid metabolizing genes (especially APOE and LIPC) may modulate the action of 
anti-VEGF in AMD pathology.

To further validate the results suggesting the role of lipid metabolizing genes in anti-VEGF response, we 
assessed the scale of anti-VEGF injections given to AMD patients (for 11 AMD patients, Fig. 4). Pearson’s cor-
relation analysis has revealed the positive correlation between anti-VEGF treatment and expression of ADAMTS9 
(PCC = 0.629; P = 0.020), APOE (PCC = 0.872; P = < 0.0001) and SLC16A8 (PCC = 0.656; P = 0.014). Response 

Figure 3.  APOE expression in mild, moderate and severe groups of anti-VEGF response is based on the 
number of injections in wet AMD patients. Significantly higher levels of APOE were seen in moderate group as 
compared to mild group. Bar is representing SEM; P < 0.05.

Figure 4.  Differential expression of proteins in retrospectively group (Group 4). (A) Significant higher 
expression of ADAMTS9 and SLC16A8 in anti-VEGF non-responder (≥ 5 anti-VEGF injections/year), 
as compared to responders (≤ 4 anti-VEGF injections/year) in wet AMD patients. (B) APOE expression 
significantly higher in non-responder (≥ 5 anti-VEGF injections/year) for anti-VEGF AMD patients in 
comparison to responders (≤ 4 anti-VEGF injections per year). NR: non-responsive wet AMD for anti-VEGF 
treatment; R: responsive wet AMD for anti-VEGF treatment. Bar is representing SEM; P < 0.05.

7



7

Vol.:(0123456789)

Scientific Reports |          (2022) 12:714  | https://doi.org/10.1038/s41598-021-04269-6

www.nature.com/scientificreports/

of anti-VEGF treatment on AMD pathology in modulating the protein expression was further analysed and 
modelled by regression analysis to support the Pearson’s correlation results. Adjusted Cox and Snell’s R2 values 
as 0.734 and 0.761, respectively were observed for logistic model. Regression analysis has demonstrated that 
APOE is significantly associated with anti-VEGF injections in a period of time (in one year) in Indian AMD 
pathology (Fig. 4 & Table 5). Results suggest that APOE and LIPC may act as chief modulator for anti-VEGF 
treatment in AMD patients.

When we compared the visual acuity data among studied groups, significant improvement of visual acuity 
from baseline was observed in group 1 AMD cases after three doses of anti-VEGF treatment as compared to 
group 2 and group 3. However, visual acuity was also improved in case of group 2 and 3 AMD cases after 3 doses 
of anti-VEGF treatment but it was non-significant. Number of anti—VEGF injections were further correlated 
with visual acuity (VA) of group-wise AMD patients along with their total follow up. Results have also shown 
that while comparing final visual acuity of group 2 and 3, AMD cases within group 1 worsened. Longitudinal 
follow-up of patients revealed more consistent results of visual acuity examined in group 1 AMD patients as 
compared to group 2 and group 3 (Table 6). This may require more anti-VEGF injections to stabilize the visual 
acuity as in case of group 2 and 3 in our results.

Influence of genetic interaction on anti‑VEGF response. Our results have shown the role of lipid 
metabolizing genes in modulating anti-VEGF response in AMD pathology. Hence, we further attempted to 
assess the impact of genetic interaction on anti-VEGF response in AMD. The analysis of data revealed a sig-
nificant genotype interaction among ADAMTS9-TIMP3 genes in AMD pathology. However, we did not find 
direct influence of genotype interaction on response of anti-VEGF treatment (in terms of number of injections 
given) and association with disease progression (Table 7). Results also suggest that studied SNP variants and 
their genetic interactions, especially among pro-angiogenic genotypes (ADAMTS9-TIPM3), may exacerbate the 
AMD pathology suggesting an indirect implication of the same on anti-VEGF response.

We wanted to examine the progress of disease in patients as with the duration of disease (in months), such as 
the effect of anti-VEGF treatment, until the occurrence of the AMD pathology. For this purpose, survival analysis 
was performed and Kaplan–Meier survival curve revealed that at 12 months anti-VEGF treatment can provide 
64% symptomatic recovery from AMD, while at 36 months, it was only 25% (Fig. 5). Subsequently, symptomatic 
relief from AMD by anti-VEGF treatment waned in patients receiving the successive anti-VEGF treatment 
with gradual increase in number of injections (anti-VEGF). This may be due to uncontrolled activity of lipid 
metabolizing proteins under the influence of confounders along with the genetic complexity of an  individual15. 
Moreover, we have also determined the median survival time by locating the (time ‘in months’), at which the 
cumulative survival proportion is 0.5. In our study, median survival rate due to the effect of anti-VEGF treatment 
is 18 months with standard error of 1.849 and confidence intervals (14. 38–21.63) (Fig. 5).

Table 5.  Logistic regression analysis to show the association of number of anti-VEGF injection on APOE 
expression in AMD pathology in retrospectively analyzed AMD patients. a Dependent variable: anti-VEGF 
number.

Coefficientsa

Model

Unstandardized 
coefficients Standardized coefficients

t P-value

95.0% confidence interval for B

B Std. error Beta Lower bound Upper bound

Constant .514 .423 1.215 0.255 − .443 1.470

APOE 251.530 47.041 .872 5.347  < 0.0001 145.116 357.945

Table 6.  Response of anti-VEGF treatment on visual acuity (logMAR) among different anti-VEGF groups 
of AMD patients (i.e. group 1, 2 and 3) and total follow-up (in months) during the course of disease.

Group

Mean ± SD logMAR P-Value

Average 
follow up 
(months)

Baseline VA VA after 3 injections Final VA
Left  1st Vs 
 3rd

Right  1st 
Vs  3rd

Left  1st Vs 
final

Right  1st 
Vs final

Left third 
vs final

Right 
third vs 
finalLeft eye Right eye Left eye Right eye Left eye Right eye

Group 1 
(n = 35) 0.95 ± 0.60 0.97 ± 0.50 0.75 ± 0.58 0.82 ± 0.61 1.07 ± 0.68 1.0 ± 0.63 0.003 0.007 0.334 0.807 0.025 0.225 65

Group 2 
(n = 7) 0.92 ± 0.53 0.56 ± 0.24 0.59 ± 0.30 0.75 ± 0.26 1.49 ± .52 1.49 ± 0.64 0.109 0.665 0.357 0.180 0.144 0.180 75

Group 3 
(n = 4) 0.33 ± 0.23 0.63 ± 0.17 0.28 ± 0.31 0.39 ± 0.26 1.25 ± 0.46 1.82 ± 0.13 0.317 0.109 0.109 0.066 0.109 0.068 103
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Discussion
The need for personalized medicine cannot be emphasised unless the genetics and nature of interactions with 
genetic variants and environmental factors well understood which acts as a roadblock towards translational 
approach in AMD  genetics18. This study has attempted to understand the unique outcome of anti-VEGF treat-
ment under the influence of confounders and genetic variants. We have shown the outcome of anti-VEGF (in 
context to number of injections given during the disease course) associated with both environmental (alcohol 
consumption and cataract history) and genetic factors (genetic variants of B3GALTL and LIPC). Poor response 
of Aflibercept has also been observed with higher BMI and geographic atrophy AMD  patients19. Aqueous humor 
levels of angiogenic and pro-angiogenic proteins including VEGF-A, VEGF-C, interleukin 8, endothelin 1, HGF 
(Hepatocyte growth factor), HB-EGF (Heparin-binding epidermal growth factor-like growth factor), follistatin, 
and angiopoietin 2 were also found to be elevated after intravitreal injection of  bevacizumab20. ATG haplotype 
of rs699947 (− 2578 C/A), rs2010963 (+ 405 C/G) and rs3025039 (+ 936 C/T) SNPs has been earlier shown to 
be associated with ‘poor’ responder of intravitreal bevacizumab in Tunisian AMD  Patients21. Our results sug-
gest that VEGF could be a potential identifier for anti-VEGF response by considering the lipid metabolizing 
genes as a modifier (especially APOE and LIPC) which is consistent with our previous report in the  field12. 
Recently, TT genotype of CFH genetic variant (Y402H) was shown to increase the function and response of 
intravitreal ranibizumab in AMD  patients22. Interestingly, a significant alteration in LIPC (lipid metabolizing), 
TIMP-3 (angiogenic) and SLC16A8 (monocarboxylic transporter) was observed in CFH negative AMD  cases23. 
Our results have also revealed the association of genetic variants of B3GALTL and LIPC with the number of 
anti-VEGF injections in Indian AMD patients. Moreover, we also found a significant differential expression of 
B3GALTL, HTRA1, IER3 and LIPC proteins among subgroups of LIPC genotype. Genetic interaction of various 
genotypes can also influence the outcome of anti-VEGF treatment in AMD pathology. We have demonstrated 

Table 7.  Multivariate analysis to demonstrate genotype interaction of studied SNPs (based on their cellular  
functions) and influence of anti-VEGF treatment on AMD pathology. Results showed significant genotype 
interaction of pro-angiogenic genes including ADAMTS9 (rs6795735) and TIMP3 (rs5749482), but didn’t 
show direct influence of genotype interactions on number of anti-VEGF injections in Indian AMD patients.

Multivariate tests

Genotype interactions Effect Test Value F Hypothesis df Error df P-value

B3GALTL (rs9542236) * 
LIPC (rs920915)

Intercept Pillai’s Trace .342 9.875 2 38  < 0.0001

Anti-VEGF number Pillai’s Trace .056 1.137 2 38 .331

B3GALTL genotype Pillai’s Trace .011 .103 4 78 .981

LIPC genotype Pillai’s Trace .475 6.078 4 78  < 0.0001

B3GALTL * LIPC genotype Pillai’s Trace .051 1.014 2 38 .372

APOE (rs769449) * HTRA1 
(rs11200638)

Intercept Wilks’ Lambda .260 58.273 2 41  < 0.0001

Anti-VEGF number Wilks’ Lambda .943 1.246 2 41 .298

APOE genotype Wilks’ Lambda .810 4.795 2 41 .013

HTRA1 genotype Wilks’ Lambda .781 2.695 4 82 .036

APOE * HTRA1 Wilks’ Lambda .835 1.938 4 82 .112

Pro-angiogenic genotype 
interaction
ADAMTS9 (rs6795735) * 
TIMP3 (rs5749482)

Intercept Pillai’s Trace .698 46.138 2 40  < 0.0001

Anti-VEGF number Pillai’s Trace .006 .127 2 40 .881

ADAMTS9 Genotype Pillai’s Trace .408 5.260 4 82 .001

TIMP3 genotype Pillai’s Trace .370 11.751 2 40  < 0.0001

ADAMTS9 * TIMP3 
genotype Pillai’s Trace .480 6.466 4 82  < 0.0001

Regulatory genotype 
interaction
HTRA1 (rs11200638) * 
IER3 (rs3130783)

Intercept Pillai’s Trace .189 4.090 2 35 .025

Anti-VEGF number Pillai’s Trace .035 .640 2 35 .533

HTRA1 genotype Pillai’s Trace .071 .666 4 72 .618

IER3 genotype Pillai’s Trace .002 .028 2 35 .972

HTRA1 * IER3 genotype Pillai’s Trace .033 .596 2 35 .557

Cellular function
SLC16A8 (rs8135665) * 
B3GALTL (rs9542236)

Intercept Pillai’s Trace .100 2.271 2 41 .116

Anti-VEGF number Pillai’s Trace .008 .175 2 41 .840

SLC16A8 genotype Pillai’s Trace .091 .998 4 84 .413

B3GALTL Pillai’s Trace .086 .941 4 84 .445

SLC16A8 * B3GALTL Pillai’s Trace .007 .146 2 41 .864

Lipid metabolizing
APOE (rs769449) * LIPC 
(rs920915)

Intercept Pillai’s Trace .324 8.871 2 37 .001

Anti-VEGF number Pillai’s Trace .013 .249 2 37 .781

APOE genotype Pillai’s Trace .006 .112 2 37 .895

LIPC genotype Pillai’s Trace .057 .553 4 76 .697

APOE * LIPC Pillai’s Trace .078 1.575 2 37 .221

9



9

Vol.:(0123456789)

Scientific Reports |          (2022) 12:714  | https://doi.org/10.1038/s41598-021-04269-6

www.nature.com/scientificreports/

a significant interaction between pro-angiogenic ADAMTS9-TIMP3 genotypes. However, we did not find sig-
nificant association between number of anti-VEGF injections and such genetic interaction studied in our popula-
tion. This indicate a complex nature of AMD pathology and associated response of anti-VEGF treatment which 
can be dependent on the nature of genetic interaction along with contribution of  confounders24. Moreover, our 
results have also showed that both APOE and LIPC may act as biomarkers to differentiate degree of anti-VEGF 
response in wet AMD cases with respect to number of anti-VEGF injection given to the patients. The treatment 
strategy for lipid metabolism (by targeting APOE and/or LIPC) along with anti-VEGF may be a crucial step 
for effective management of AMD. Results of visual acuity and changes VA after anti-VEGF treatment have 
suggested the group 1 as a responder in comparison to group 2 and 3 where anti-VEGF treatment did not lead 
to significant changes in VA (especially after 3 doses of anti-VEGF injections). Out results of visual acuity and 
number of anti-VEGF injections have further supported the hypothesis of current study which indicates sub-
sequent changes in number of anti-VEGF injections (or response) and visual acuity outcome based on genetic 
susceptibility of AMD patient.

Conclusively, results indicate the prominent biological significance of lipid metabolizing molecules (includ-
ing APOE and LIPC) which may influence the anti-VEGF outcome in AMD patients. Impact of genetic variants 
and their interaction cannot be ignored in modulating the anti-VEGF response which must be considered for 
redefining the management of AMD pathology. However, conclusion of this study was drawn on limited number 
of samples along with number of anti-VEGF injections. Visual acuity of anti-VEGF treated groups has also sug-
gested that group 1 AMD patients (≤ 4 anti-VEGF injections/year) respond to anti-VEGF treatment and showed 
more persistent visual acuity as compared to group 2 (≥ 5 anti-VEGF injections/year till < 36 months) and 3 (≥ 5 
anti-VEGF injections/year for > 36 months). Final visual acuity of group 2 and 3 have further deteriorated than 
group 1 AMD cases indicating the longitudinal implication of genetic susceptibility (especially through LIPC and 
APOE) and response towards anti-VGEF treatment (also the number of anti-VEGF injections). This study could 
serve as substrate to design larger study on geographically diverse range of population based on their genetic 
susceptibility, genetic interactions, penetrance and influence of environmental factors.

Data availability
Whole data can be provided by first and corresponding authors of the manuscript without any restriction when-
ever required.
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Abstract: Background: Many factors including genetic and environmental are responsible for the
incidence of Age-related Macular Degeneration (AMD). However, its pathogenesis has not been
clearly elucidated yet.

Objective: This study aimed to estimate the Age-Related Maculopathy Susceptibility 2 (ARMS2),
Collagen type VIII Alpha 1 chain (COL8A1), Rad 51 paralog(RAD51B), and Vascular Endothelial
Growth Factor (VEGF) protein levels in serum of AMD and control participants and to further in-
vestigate their correlation to understand AMD pathogenesis.

Methods: For this case-control study, 31 healthy control and 57 AMD patients were recruited from
Advanced Eye Centre, Post Graduate Institute of Medical Education and Research, Chandigarh, In-
dia. A blood sample was taken and serum was isolated from it. ELISA (enzyme-linked immunosor-
bent assay) was used for the estimation of proteins in the serum of patients.

Results: ARMS2 and COL8A1 levels were significantly elevated in the AMD group than in the
control group. The highest levels of ARMS2, COL8A1, and VEGF proteins were recorded for the
wet AMD sub-group. The study results endorsed significant positive correlation between these fol-
lowing  molecules;  ARMS2 and  COL8A1 (r  =  0.933,  p  <  0.0001),  ARMS2 and  RAD51B (r  =
0.704, p < 0.0001), ARMS2 and VEGF (r = 0.925, p < 0.0001), COL8A1 and RAD51B (r = 0.736,
p < 0.0001), COL8A1 and VEGF  (r = 0.879, p < 0.0001),  and  RAD51B  and  VEGF  (r =  0.691,
 p <  0.0001).

Conclusion: The ARMS2 and COL8A1 levels were significantly higher and RAD51B was signifi-
cantly lower in the AMD group than controls. Also, a significant statistical correlation was detect-
ed between these molecules, indicating that their interaction may be involved in the pathogenesis
of AMD.

Keywords: Age-related macular degeneration, ARMS2, COL8A1, RAD51B, VEGF, ELISA.

1. INTRODUCTION

Age-Related Macular Degeneration (AMD) is a degener-
ative disorder of the central retina, leading to the loss of pho-
toreceptors and decreased visual acuity. AMD is a multifac-
torial disease influenced by environmental and genetic fac-
tors [1]; however, its pathophysiology has not been unders-
tood clearly [2]. It has been categorized phenotypically into
dry and wet forms. In dry form, the mounds of lipoprotein
along with complement factors and oxidized pigments accu-
mulate in sub-retinal spaces called drusen, leading to Retinal
Pigment  Epithelium  (RPE)  cell  death.  In  the  wet  form,
Choroidal Neovascularization (CNV) advances, and the new
fragile blood vessels arise from underlying choroid which in-
filtrates and leaks their contents into  the  sub-retinal spaces.

*Address correspondence to this author at the Neuroscience Research Lab,
Department  of  Neurology,  Post  Graduate Institute  of  Medical  Education
and Research, Chandigarh, India; Tel: +911722756094;
E-mail: akshay1anand@rediffmail.com

Such actions are followed by photoreceptor cell death and
disturbed  integrity  of  the  RPE  monolayer.  The  advanced
form of  AMD causes  vision  loss  in  the  elderly  [3].  Many
studies have linked genetic variants of biomolecules Age-Re-
lated Maculopathy Susceptibility 2 (ARMS2), Collagen VII-
I(COL8A1), Rad 51 paralog (RAD51B), Vascular Endothe-
lial Growth Factor (VEGF), and others with AMD suscepti-
bility [4]. The serum levels of these proteins could be associ-
ated with AMD incidence [5, 6]. The change in serum levels
further supports genetically regulated biomolecule involve-
ment and suggests their physiological significance in AMD
pathogenesis. ARMS2 is a protein of the extracellular matrix
of the choroid. The variants in the corresponding locus are
associated with AMD but its function has not been explored
yet [7, 8]. Deficiency of ARMS2 due to insertion-deletion
variant might lead to accumulation of drusen by inhibiting
clearance of cellular debris mediated by complement system
[9].  Similarly,  COL8A1  is  another  extracellular  protein,
which is a part of the Descemet membrane and is required
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for  normal  anterior  eye  development  [10].  In   contrast,
RAD51B is a protein necessary for DNA repair  and mainte-

Table 1. Age and gender distribution in the study groups and
subgroups.

Group
Age (Years)

Mean (SD)
P-value

P-value

(Among the
Three Sub-
groups of

AMD)

Gender

(Male and Fe-
males)

P -value`

Control 57 (9.61) Reference

-

M=22

F=9
Reference

AMD 68 (8.77) <0.0001
M=36

F=21
0.460

Wet 70(8.48) <0.0001

0.192

M=10

F=8
0.274

Dry 64 (8.10) 0.011
M=11

F=4
1.000

Dry/Wet 69 (9.08) <0.0001
M=11

F=7
0.478

Age is represented as mean ± standard deviation. Age differences were analyzed by an
independent sample T-test between AMD vs. control group and AMD vs. control sub-
groups. Gender differences were tested by SISA statistics two by two tables. Pearson’s
p-values were reported for sample size more than 5 and Fischer t-test values were tak-
en for sample size less than 5. ANOVA was applied to evaluate the age difference be-
tween the subgroups. The significance was observed at p≤0.05. Here, for 6 AMD pa-
tients, subgroup analysis could not be done as for them subgroup diagnosis was not ap-
parent.
Abbreviations: AMD, Age-related macular degeneration; F, females; M, males.

nance of chromosomal integrity [11]. Its role is suggested in
recombinational  related  repair  [12].  Variants  in  COL8A1
and  RAD51B  are  associated  with  the  risk  of  neovascular
AMD  development  [13].  Another  protein  VEGF  has  also
been widely explored in AMD and has been implicated in
vasculogenesis and angiogenesis, which have been associat-
ed with many cancers and ocular diseases [14]. Intravitreal
anti-VEGF is generally given as a treatment of a wet form of
AMD [15, 16]. It has been demonstrated that VEGF inhibi-
tion decreases  local  complement  factor  H (CFH)and other
complement  proteins  in  the  eye  via  reduced  VEGFR2/P-
KC-α/CREB signaling [17].  The studies mentioned earlier
show the involvement of these four proteins in AMD; how-
ever,  the  synergistic  role  of  ARMS2,  COL8A1,  and
RAD51B  under  the  influence  of  VEGF  has  not  been  ex-
plored yet, to understand the pathological role in AMD. In
this study, we have attempted to investigate the expression
of mentioned proteins in AMD. This could be beneficial to
target  AMD  pathology  more  precisely  by  modulating  the
treatment strategy accordingly and also examined if there is
any correlation between the levels of these proteins in AMD
patients and whether they constitute a pathway.

2. MATERIALS AND METHODS

2.1. Subject Recruitment

This is a case-control study conducted by recruiting 88
participants  consisting  of  31  healthy  controls  (age  ≥  50

years) and 57 AMD patients(age ≥ 50 years). They were re-
cruited  from  January  2018  to  May  2019  at  the  Advanced
Eye  Center,  Post  Graduate  Institute  of  Medical  Education
and Research after obtaining Institutional Ethical Committee
approval. All the participants identified themselves as North
Indians. Research subjects signed the informed consents and
voluntarily agreed to participate in the study. Following the
study’s exclusion criteria, patients with diabetic retinopathy,
uveitis,  myopia,  and  conditions  resembling  AMD features
such as Adult Vitelliform Macular Dystrophy were excluded
from the study. A detailed proforma was filled for collecting
socio-demographic details of the patients.

Fluorescein  angiography  and  spectral-domain  Optical
Computed Tomography (OCT) were used to diagnose and
classify  AMD. Patients  were  divided  into  three  categories
based on phenotypical characteristics such as dry AMD(uni-
lateral/bilateral),  wet  AMD  (unilateral/bilateral),  and
dry/wet AMD defined by dry in one eye and wet in another.

The age and gender details of the study groups are sum-
marized in Table 1.

2.2. Serum Isolation

For isolation of  serum, 4 ml of  blood was collected in
clot activator vacutainer (BD, USA) and kept at room tem-
perature  for  30  min.  The  clotted  blood  was  centrifuged  at
3000 rpm for 30 min (REMI, India) to separate serum as the
top  layer.  Serum was  transferred  to  microcentrifuge  tubes
and stored at -80°C until further use.

2.3.  Assessment  of  ARMS2,  COL8A1,  RAD51B,  and
VEGF Levels in Serum of AMD Patients

The serum levels of ARMS2, COL8A1, RAD51B, and
VEGF  were  estimated  using  commercially  available  kits
(Qayee-Bio, China). The experiments were performed as per
the manufacturer’s instructions for the estimation of proteins
in  serum.  Standardization  for  sample  dilution  was  carried
out before conducting the experiment. Standards were done
in duplicates and random duplicates were put for samples.
The absorbance reading was taken at 450 nm on the ELISA
reader  (Bio-Rad  Laboratories,  USA).  The  values  obtained
by ELISA were normalized later to the respective total pro-
tein concentration. Each sample’s ELISA value was divided
by the total protein value for the respective sample for the
four biomolecules.

2.4. Total Protein Estimation

Bradford’s method was used for total protein estimation.
Standard concentrations were prepared from Bovine serum
albumin with 2X dilutions ranging from 6.25 to 1000 μg/ml.
10 μl of standard and serum samples were loaded into the 96
well glass plate followed by the addition of 200 μl of Brad-
ford reagent (Sigma, USA) pre-diluted with autoclaved wa-
ter in 1:4 dilution. Samples were mixed thoroughly by tap-
ping and incubated at room temperature for 10 minutes. Ab-
sorbance was measured at 595 nm  using  the  ELISA reader
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Fig. (1). Estimation of protein concentration by ELISA. (A) ARMS2 levels were significantly higher in the AMD group than in the control
group. Also, its level was significantly higher in wet and dry subgroups than in the control group. (B) COL8A1 levels were also higher in the
AMD group than in the control group. The levels were higher in wet and dry subgroups than control group (C). RAD51B levels were signifi-
cantly lower in AMD and AMD sub-groups than control group (D). VEGF levels were lower in AMD patients but it was non-significant.
The mean values were reported for the proteins after normalization with total protein counts. Normality was checked by the Shapiro-Wilk
test. Mann-Whitney U test was used to estimate the difference of protein concentrations between the groups. The significance was observed
at p≤ 0.05. The * represents p≤ 0.01-0.05, ** represents p≤ 0.001-0.01, and *** represents p≤ 0.001. The levels of ARMS2 and COL8A1
were significantly higher, and RAD51B was significantly lower in the AMD group as compared to controls, suggesting the role of these pro-
teins in AMD which should be further investigated. (A higher resolution / colour version of this figure is available in the electronic copy of
the article).

(Bio-Rad Laboratories, USA). Serum samples were assayed
in triplicates and the average value was taken into considera-
tion for normalization of ELISA counts.

2.5. Statistical Analysis

Statistical analysis was performed on SPSS 21.0 (SPSS
Inc., USA) and SISA (https://www.quantitativeskills.com/-
sisa/).  Normality  was  checked  by  the  Shapiro-Wilk  test.
Mann-Whitney U test was used to estimate the difference of
protein concentrations between the groups. Age differences
were analyzed by independent sample T-test between AMD
vs.  control  group  and  AMD sub-groups  vs.  control  group.
Gender  differences  were  tested  by  SISA  statistics  two  by
two tables. Pearson’s p-values were reported for the sample
size of more than 5 and Fischer t-test values were reported
for sample size less than 5. The significance was observed at
p≤0.05.  Spearman’s  rho coefficient  was used to  check the
correlation between the biomarkers, as applicable. Correla-
tion data were significant at p≤0.01 after Bonferroni’s correc-

tion (p = 0.05/6). ANOVA was used to evaluate the age dif-
ference between the subgroups. STRING 11.0 was used to
predict the relationship among the proteins.

3. RESULTS

ARMS2  levels  were  significantly  higher  in  the  AMD
group  (19.32  ±  12.16  pg/  μg)  as  compared  to  the  control
group (8.04 ± 4.62 pg/μg). The ARMS2 levels were signifi-
cantly  higher  in  dry  (19.01  ±  11.25  pg/μg)  and  wet  sub-
group  (22.10  ±  10.45  pg/μg)  as  compared  to  controls.
Hence, the highest levels of ARMS2 were observed in the
wet group (Fig. 1A, Table 2).

COL8A1 levels were found to be significantly higher in
AMD (3.48 ± 2.10 pg/μg) as compared to the control group
(1.28 ± 0.80 pg/μg). The COL8A1 levels were significantly
higher in two AMD sub-groups, dry (3.05 ± 1.84 pg/μg) and
wet (4.55 ± 1.46 pg/μg), as compared to controls, with the
highest being in wet AMD (Fig. 1B, Table 2).
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Table 2. Serum protein concentrations of biomarkers in two study groups and three subgroups.

Protein Control AMD Wet Dry Dry/wet

ARMS2, pg/ μg 8.04 ± 4.62 19.32 ± 12.16 22.10 ± 10.45 19.01 ± 11.25 16.54 ± 14.20

COL8A1, pg/ μg 1.28 ± 0.80 3.48 ± 2.10 4.55 ± 1.46 3.05 ± 1.84 2.92 ± 2.48

RAD51B, pg/ μg 4.89 ± 2.67 2.810 ± 0.98 3.20 ± 0.84 3.02 ± 0.94 2.26 ± 0.86

VEGF, pg/ μg 0.040 ± 0.023 0.032 ± 0.031 0.038 ± 0.014 0.030 ± 0.01 0.029 ± 0.015

Data are represented as mean ± standard deviation. ELISA was used to estimate the concentration of proteins in serum. The mean values were reported for the proteins after normal-
ization with total protein counts.
Abbreviations: AMD, Age-related macular degeneration; ARMS2, Age-Related Maculopathy Susceptibility 2, COL8A1 Collagen type VIII Alpha 1 chain; RAD51B, Rad 51 para-
log; VEGF, Vascular Endothelial Growth Factor.

RAD51B  levels  were  significantly  decreased  in  the
AMD group (2.81 ± .98 pg/μg) as compared to the control
group (4.89 ± 2.67 pg/μg). Similarly, the levels were signifi-
cantly less in AMD sub-groups i.e. dry(3.02 ± 0.94 pg/μg),
dry/wet (2.26 ± .86 pg/μg), and wet (3.20 ± .84 pg/ μg) sub-
group when compared to control (Fig. 1C, Table 2).

No significant difference was observed in VEGF levels
in  AMD group  (0.032  ±  0.031  pg/μg)  and  sub-groups  i.e.
dry  (0.030  ±  0.01  pg/μg),  wet  (0.038  ±  0.014  pg/μg)  and
dry/wet (0.029 ± 0.015 pg/μg), and were compared with con-
trol  (0.040  ±  0.023  pg/μg).  However,  the  highest  level  of
VEGF was recorded for the wet sub-group amongst the sub-
groups (Fig. 1D, Table 2).

We also found significant correlations between these pro-
teins  in  AMD group (Fig.  2A-F).  Positive correlation was
found between ARMS2 and COL8A1 (r = 0.933, p<0.0001),

ARMS2 and RAD51B (r = 0.704, p<0.0001), ARMS2 and
VEGF (r = 0.925, p<0.0001),  COL8A1 and RAD51B (r =
0.736,  p<0.0001),  COL8A1  and  VEGF  (r  =  0.879,
p<0.0001), and RAD51B and VEGF (r = 0.691, p<0.0001),
and these proteins were also found to be positively correlat-
ed in AMD subgroup (Tables 3-5).

We also observed that these proteins were positively cor-
related to each other in the control group (Table 6), includ-
ing ARMS2 and COL8A1 (r = 0.707, p<0.0001),  ARMS2
and RAD51B (r = 0.907, p<0.0001), ARMS2 and VEGF (r
=  0.972,  p<0.0001),  COL8A1  and  RAD51B  (r  =  0.710,
p<0.0001), COL8A1 and VEGF(r = 0.683, p<0.0001), and
RAD51B and VEGF (r = 0.872, p<0.0001), The results indi-
cate that these proteins are positively correlated in both con-
trols and AMD patients and are associated with the patho-
physiology of AMD.

Fig. (2). Correlation of serum protein concentration of ARMS2, COL8A1, RAD51B, and VEGF in AMD group. (A) ARMS2 and COL8A1,
(B) ARMS 2 and RAD51B, (C) ARMS2 and VEGF, (D) COL8A1 andRAD51B, (E) COL8A1 and VEGF, and (F) RAD51B and VEGF.
Pearson’s correlation was performed for RAD51 B and VEGF, and for the rest of the correlations, Spearman’s correlation was used. Correla-
tion data were significant at p≤0.01 after Bonferroni’s correction (p=0.05/6). All the molecules were significantly correlated with each other
in the AMD group, suggesting the involvement of these proteins in the pathophysiology of AMD. (A higher resolution / colour version of
this figure is available in the electronic copy of the article).
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Table 3. Correlations among biomarkers in wet AMD.

- ARMS2 COL8A1 RAD51B VEGF

ARMS2 r = 1 - - -

COL8A1
r = 0.703*

p = 0.002
r = 1 - -

RAD51B
r = 0.088

p = 0.727

r = 0.543*

p = 0.030
r = 1 -

VEGF
r = 0.850

p<0.0001

r = 0.661*

p = 0.005

r = 0.391

p = 0.109
r = 1

Spearman’s correlation was performed for correlations marked with ‘*’, whereas for the rest of the tests, Pearson’s correlation was performed. Correlation data were significant at
p≤0.01 after Bonferroni’s correction (p=0.05/6). A strong positive correlation was observed for COL8A1 and ARMS2, ARMS2 and VEGF, RAD51B and COL8A1, and COL8A1
and VEGF.Abbreviations: ARMS2, Age-Related Maculopathy Susceptibility 2; COL8A1, Collagen type VIII Alpha 1 chain; p, p-value; r, Spearman’s/Pearson’s correlation coeffi-
cient; RAD51B, Rad 51 paralog; VEGF, Vascular Endothelial Growth Factor.

Table 4. Correlations among biomarkers in dry AMD.

- ARMS2 COL8A1 RAD51B VEGF

ARMS2 r = 1 - - -

COL8A1
r = 0.896*

p<0.0001
r = 1 - -

RAD51B
r = 0.785

p<0.001

r = 0.864*

p<0.0001
r = 1 -

VEGF
r = 0.965

p<0.0001

r = 0.882*

p<0.0001

r = 0.878

p<0.0001
r = 1

Spearman’s correlation was performed for correlations marked with ‘*’, whereas for the rest of the tests, Pearson’s correlation was performed. Correlation data were significant at
p≤0.01 after Bonferroni’s correction (p=0.05/6). A strong positive correlation was observed for all the molecules. Abbreviations: ARMS2, Age-Related Maculopathy Susceptibility
2; COL8A1, Collagen type VIII Alpha 1 chain; p, p-value; r, Spearman’s/Pearson’s correlation coefficient; RAD51B, Rad 51 paralog; VEGF, Vascular Endothelial Growth Factor.

Table 5. Correlations among biomarkers in dry/ wet AMD.

- ARMS2 COL8A1 RAD51B VEGF

ARMS2 r = 1 - - -

COL8A1
r = 0.988*

p<0.0001
r = 1 - -

RAD51B
r = 0.781*

p<0.0001

r = 0 .779*

p<0.0001
r = 1 -

VEGF
r = 0.890*

p=<0.0001

r = 0.868*

p=<0.0001

r = 0.796

p=<0.0001
r = 1

Spearman’s correlation was performed for correlations marked with ‘*’, whereas for the rest of the tests, Pearson’s correlation was performed. Correlation data were significant at
p≤0.01 after Bonferroni’s correction (p=0.05/6). A strong positive correlation was observed for all the molecules. Abbreviations: ARMS2, Age-Related Maculopathy Susceptibility
2; COL8A1, Collagen type VIII Alpha 1 chain; p, p-value; r, Spearman’s/Pearson’s correlation coefficient; RAD51B, Rad 51 paralog; VEGF, Vascular Endothelial Growth Factor.

Table 6. Correlation among the proteins in the control group.

- ARMS2 COL8A1 RAD51B VEGF

ARMS2 r = 1 - - -

COL8A1
r = 0.707*

p = <0.0001
r = 1 - -

RAD51B
r = 0.907*

p = <0.0001

r = 0.710*

p = <0.0001
r = 1 -

VEGF
r = 0.972*

p = <0.0001

r = 0.683*

p = <0.0001

r = 0.872

p = <0.0001
r = 1

Spearman’s correlation was performed for correlations marked with ‘*’, whereas for the rest of the tests, Pearson’s correlation was performed. Correlation data were significant at
p≤0.01 after Bonferroni’s correction (p=0.05/6). A strong positive correlation was observed for all the molecules. Abbreviations: ARMS2, Age-Related Maculopathy Susceptibility
2; COL8A1, Collagen type VIII Alpha 1 chain; p, p-value; r, Spearman’s/Pearson’s correlation coefficient RAD51B, Rad 51 paralog; VEGF, Vascular Endothelial Growth Factor.
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Fig. (3). Interaction among the four proteins shows ‘text mining,
represented  by  green  interconnections.  Abbreviations:  ARMS2,
Age-Related  Maculopathy  Susceptibility  2;  COL8A1,  Collagen
type  VIII  Alpha  1  chain;  RAD51B,  Rad  51  paralog;  VEG-
FA/VEGF, Vascular Endothelial Growth Factor. (A higher resolu-
tion  /  colour  version  of  this  figure  is  available  in  the  electronic
copy of the article).

An  inter-relation  was  also  predicted  among  these  pro-
teins by STRING 11.0 at the level of text mining (Fig. 3).

4. DISCUSSION

The present study reports the serum expression of ARM-
S2, COL8A1, RAD51B, and VEGF and their correlation in
AMD. We found that expressions of ARMS2 and COL8A1
were up-regulated in AMD patients with the highest expres-
sion in wet AMD as compared to healthy controls. Although
RAD51B was significantly lower in AMD than healthy con-
trols, an increasing trend was observed in AMD when mov-
ing from dry to wet AMD. However, the data could not be
adjusted  for  the  difference  in  age  and gender  as  the  Man-
n-Whitney U test  was  used to  evaluate  the  difference.  All
the four proteins were positively correlated in controls and
AMD irrespective of the type of AMD, suggesting that these
proteins are physiologically interrelated. Hence, their levels
in AMD are dependent on the expression of each other or
any common third factor, indicating a common pathway in-
volved in AMD pathogenesis. STRING 11.0 could predict
the relationship of these proteins from text mining, but it is
not evident whether these proteins are co-expressed, co-exis-
tent, or possess homology.

VEGF, which is  involved  in  neovascularization,  is  a
well-known therapeutic target to treat CNV. Cumulative neu-
tralization  of  VEGF and  angiopoietin-2(ANG-2)  has  been
shown to decrease CNV leakage, inflammation, and retinal
cell  damage, suggesting a non-redundant role of increased
VEGF in neovascularization [18]. We observed that VEGF
levels  were  significantly  and  positively  correlated  with
COL8A1,  RAD51B,  and  ARMS2.  An  increase  in  VEGF
leads to CNV which may occur due to damage to the extra-
cellular matrix. However, the response to anti-VEGF treat-
ment is dependent on the genetic makeup of an individual
[19]. The complex architecture of AMD has been demons-
trated through various reports, which indicate an equal con-
tribution of both genetic and environmental factors.

Since AMD involves photoreceptors (RPE) and Bruch’s
membrane, a complex pathway in its pathogenesis is expect-
ed.  COL8A1  and  ARMS2  are  involved  in  the  structural
maintenance  of  the  extracellular  matrix.  COL8A1  is  in-
volved in the integrity of Bruch’s membrane and may con-
tribute to drusen accumulation in AMD [20]. It also supports
cell proliferation and invasion in cancer [21]; thus, increased
COL8A1 might be implicated in the formation of CNV. Fur-
thermore, ARMS2 interacts with several proteins present in
the extracellular matrix, one of which is COL1A1 (Collagen
type  1  alpha  Chain),  a  significant  component  of  Bruch's
membrane. The AMD pathology might involve an increase
in ARMS2 and COL1A1 in an interactive manner, thereby
up-regulating  angiogenic  genes,  including  VEGF,  via
COL1A1  [22].

Cell survival is of importance in AMD as degeneration
and death of photoreceptors and RPE are involved in geo-
graphic atrophy, associated with dry AMD. Moreover,  the
DNA damage response pathway has also been linked with
stress due to ageing [23]. In this context, RAD51B gains im-
portance  by  maintaining  chromosomal  integrity  through
DNA repair by homologous recombination repair [24]. We
observed lower RAD51B in dry AMD and dry/wet  AMD,
where degeneration is prominent, and higher in wet AMD.

RAD51B brings about its function by forming a protein
complex, called the BRCA1-associated genome surveillance
complex  with  BRCA1 (breast  cancer  type  1  susceptibility
protein),  involved  in  genome stability  and  tumor  suppres-
sion [25, 26]. BRCA1 also regulates endothelial function by
suppressing VEGF [27-29]. We hypothesize that RAD51B
is insufficient in AMD to form a protein complex with BR-
CA1 to bring about DNA repair. Thus, BRCA1 is available
to interact  with estrogen receptors,  suppressing VEGF ex-
pression. Hence, it will be interesting to study BRCA1 asso-
ciation with RAD51B and VEGF in AMD pathophysiology.

CONCLUSION

The  involvement  of  multiple  pathways  in  AMD poses
considerable  obstruction  in  designing  therapeutics  for  it
[30]. The necessity of understanding AMD pathophysiology
and uncovering new therapeutic targets had led to the pre-
sent  study.  The limitations of  this  study are differences in
the mean age of AMD and sample size. We have tried to di-
minish the effect of age difference by including participants
above 50 years of age in both the groups and adjusting p-val-
ues for the age, wherever applicable. Studies with larger sam-
ple sizes and age-matched groups would further strengthen
our findings. Moreover, including biomolecules such as BR-
CA1,  COL1A1,  and  others  in  addition  to  ARMS2,
COL8A1, RAD51B, and VEGF would provide useful leads
to unravel the pathophysiology of AMD.
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Abstarct

Background  Amyotrophic lateral sclerosis (ALS) is a rare motor neuron disease with pro-
gressive degeneration of motor neurons. Various molecules have been explored to provide the
early diagnostic/prognostic tool for ALS without getting much success in the �ield and miscella-
neous reports studied in various population.

Objective  The study was aimed to see the differential expression of proteins involved in an-
giogenesis (angiogenin [ANG], vascular endothelial growth factor [VEGF], vascular endothelial
growth factor receptor 2 [VEGFR2], etc), proteinopathy (transactive response DNA binding
protein-43 [TDP-43] and optineurin [OPTN]), and neuroin�lammation (monocyte chemoattrac-
tant protein-1[MCP-1]) based on the characteristics of ALS pathology. Though, suitable panel
based on protein expression pro�ile can be designed to robust the ALS identi�ication by en-
hancing the prognostic and diagnostic ef�icacy for ALS.

Methods  A total of 89 ALS patients and 98 nonneurological controls were analyzed for the
protein expression. Expression of angiogenic (VEGF, VEGFR2, and ANG), neuroin�lammation
(MCP-1), and proteinopathy (TDP-43 and OPTN) markers were estimated in plasma of the par-
ticipants. Proteins were normalized with respective value of total protein before employing sta-
tistical analysis.
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Results  Analysis has exhibited signi�icantly reduced expression of angiogenic, proteinopathy,
and neuroin�lammation biomarkers in ALS patients in comparison to controls. Spearman’s cor-
relation analysis has showed the positive correlation to each protein.

Conclusion  Altered expression of these proteins is indicating the prominent function in ALS
pathology which may be interdependent and may have a synergistic role. Hence, a panel of ex-
pression can be proposed to diagnose ALS patient which may also suggest the modulation of
therapeutic strategy according to expression pro�ile of patient.

Keywords:	amyotrophic lateral sclerosis, angiogenic markers (VEGF, VEGFR2, angiogenin),
TDP-43, optineurin, MCP-1/ CCL-2

Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a devastating neu-
rodegenerative disease characterized by progressive degeneration of neurons and muscles. 
The disease is believed to share common genetic link; however, only 10% of the diagnosed
cases have family history (mainly associated with C9ORF72 mutations [40% of cases], superox-
ide dismutase-1 [SOD1] mutations [10-20% of cases] and TAR DNA binding protein-43 [TDP-
43, 4% of cases]  and remaining 90% of the cases are sporadic. The incidence of ALS has been
reported to be 1.5 to 2.5 per 100,000 individuals per year  with worldwide prevalence of 6 in
100,000 individuals.  In India, approximately 5 of 100,000 individuals get affected from ALS 
with higher prevalence in males than females.  Upper and lower motor neurons in the cere-
bral cortex, brainstem, and spinal cord degenerate because of which movement is affected.  As
the disease progresses, all voluntary muscles are affected and daily activities like walking, talk-
ing, eating are severely compromised. This is followed by adverse effect on involuntary muscles
including respiratory, as well as cardiac muscles, proving to be life-threatening. Patients suffer-
ing from ALS die within 1 to 5 years of the detection of the disease because of respiratory or
cardiac failure  with a few patients surviving up to 10 years.

In spite of decades of research, the prognosis of the disease remains elusive with limited treat-
ment strategies. Riluzole is the only Food and Drug Administration (FDA)-approved drug for
ALS and can only provide symptomatic relief.  Earlier diagnosis of the disease is challenging
but critical for management of the ALS patients. Neuroin�lammation is prominently correlated
with ALS disease onset and is found to be associated with monocyte chemoattractant protein-1
(MCP-1), and other in�lammatory cytokines (and receptors like CCR2), �ibronectin, interleukins,
etc.  A marked variation in expression pro�ile of these molecules has been described. In most
of the familial ALS patients, at least one of these genes has been found to be affected. However,
SOD1 is mutated in 20% of patients while TDP-43 mutation has been linked with 3 to 4% famil-
ial ALS cases.  It has been shown that TDP-43 gets accumulated in the neurons of ALS pa-
tients, also termed as TDP-43 proteinopathy. Increased level of TDP-43 has been reported in
the cerebrospinal �luid (CSF) and plasma of patients as compared with controls.  Along with
VEGF (vascular endothelial growth factor), VEGFR2 (VEGF receptor 2), and ANG (angiogenin;
hypoxia responsive gene responsible for vascularization) are also believed to be associated
with disease. Similarly, OPTN (optineurin) is known to be deposited as inclusion bodies but its
levels in the plasma or serum not analyzed yet.
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Protein expression analysis of various circulating proteins (in bio�luid) has potential for
biomarker discovery and can aid in the early diagnosis/prognosis and advancement in treat-
ment strategies in ALS. For this reason, the expression of proteins known to be involved in this
disease are routinely being examined in biological �luids and correlated with disease severity
and progression. However, results from various studies lack consistency making their potential
as a biomarker for disease prediction unreliable. For example, VEGF levels were found to be
unaltered in ALS patients’ CSF and spinal cord sections,   while in the ALS serum, VEGF was
reported to be elevated.   We have earlier shown in a study on North Indian population
that VEGF-A is increased in ALS patients’ serum, as well as CSF.  Similarly, studies related to
other associated molecules in the ALS pathology, like ANG,  TDP-43,  MCP-1, have also
showed diverse reports. Conclusively, ALS diagnostic ef�icacy can be enhanced by proposing a
panel of protein expression chip to precisely identify the ALS with increasing ef�icacy.

Present study has attempted to examine the expression of these molecules including VEGF,
ANG, TDP-43, OPTN, VEGFR2, and MCP-1 in ALS patient’s plasma to propose the probable diag-
nostic panel for early diagnose ALS panel.

Materials and Methods

Patient Recruitment and Sample Collection

A total of 89 ALS patients and 98 genetically unrelated healthy controls were recruited for the
study as per the informed consents, duly approved by the institutional ethical committee.
Patients visiting outpatient department (OPD), who were clinically diagnosed to have ALS, were
included. All the patients were found to have sporadic onset of disease without any family his-
tory. Mean ALS functional rating scale (FRS) score was found to be 34.59. Patients were catego-
rized according to the ALS FRS-R scoring into minimal, mild, and moderate-to-severe categories

 in accordance with increasing severity of the disease. Four criteria come under the ALS FRS-
R covering functional assessment of trunk, cervical, lumbosacral region, and respiratory func-
tions. Each section has three questions with answers ranging from 0–4.

Characteristics of the Patients Recruited: Sociodemographic Analysis Out of total 89 patients re-
cruited, 67 participants were males and 22 were females, that is, nearly 75.28% of participants
were males and 24.72% were females suggesting higher prevalence of the disease in males
than females. The average age of all the ALS participants was 48.43 years and 41.98 years in
case of controls. After measuring height and weight of the participants, the body mass index
(BMI) was calculated as BMI = weight(kg)/height(m  ). No signi�icant difference was found be-
tween the BMI of patients (average, 22.7 kg/m  ) and control (average, 24.10 kg/m  ).

Amyotrophic	Lateral	Sclerosis	Diagnostic	Classification	 The severity of ALS disease in Indian pa-
tients was based on ALS FRS R scoring. The ALS patients were classi�ied into three categories
as per the score obtained which includes minimal, mild, and moderate-to-severe. ALS FRS is the
functional rating scale designed to assess the progression of the disease in ALS patients. The
scale includes factors related to physical health and health of motor functions, as well as respi-
ratory functions. Patients are categorized based on the scoring. 

El Escorial criteria is a diagnostic criteria for ALS patients. Patient group can be divided into the
following three categories according to the criteria: de�inite, probable and possible. 
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Plasma Isolation

Blood sample was taken in ethylene diamine tetra-acetic acid (EDTA) coated vials (BD vacutain-
ers) and mixed thoroughly to avoid blood coating. The samples were layered on equal volume
of Histopaque (HiSep LSM 1077, HiMedia Laboratories, Mumbai, Maharashtra, India) and then
centrifuged at 1,500 rpm for 30.0 minutes at room temperature, kept at room temperature.
Plasma was collected from upper layer which appeared as transparent �luid.

Enzyme-Linked Immuno-sorbent Assay

Sandwich enzyme-linked immunosorbent assay (ELISA) was used for the estimation of various
molecules. Commercially available ELISA kits were used to estimate the protein levels for ANG,
VEGF, VEGFR2, OPTN, TDP-43 (Qayee Bio-Technology Co., Ltd., Shanghai, China), and MCP-1
(Diaclone SAS, Besancon, France) in plasma of participants as per the standard protocol de-
scribed by manufacturer. Brie�ly, 50 µL of standard and diluted samples (range: 2–10 times of
dilution) were added to the wells, after which HRP conjugated antibody was added. The plate
was set for incubation at 37°C for 1 hour. This allowed the antigen to bind with antibody pre-
coated in the wells of ELISA plate. After washing the plate, 50 µL of chromogen solution A and
B were added in dark and the plate was incubated for 10 minutes at 37°C in dark. The stop so-
lution was added and estimation was done using ELISA plate reader (iMARK reader, BioRad) at
450 nm. OD values were noted.

Total Protein Estimation

Total protein was estimated by Bradford’s method using Bovine serum albumin (BSA) as stan-
dard. Coomassie brilliant blue reagent (Bio-Rad Protein Assay Dye Reagent Concentrate, 450
mL no.: 5000006, Bio-Rad Laboratories, Hercules, California, United States) was used for total
protein estimation and absorbance was taken at 595 nm. ELISA values were normalized with
total protein present in the sample. The mean and standard deviation was calculated for each
protein.

Statistical Analysis

Data were analyzed by using SPSS version 21. Data normality was analyzed using
Kolmogorrov–Smirnov test and Shapiro–Wilk test depending upon the sample size. Mann–
Whitney U -test was applied to compare ALS and normal control groups. Kruskal–Wallis test
was employed to analyze the comparative protein levels in ALS subtypes including minimal,
mild, and moderate-to-severe to see the protein variation with the disease severity of ALS,
Spearman’s analysis was done to see correlation between studied proteins and to see the
probable mechanistic crosstalk in ALS pathology. Protein levels were also correlated with age,
BMI, and duration of disease (in months) using Spearman’s correlation analysis. The associa-
tion of variations in the protein levels with various sociodemographic parameters was ana-
lyzed using parametric and nonparametric tests. The sociodemographic parameters included El
Escorial criteria, gender, smoking habits, alcohol consumption, feeding habits, onset of the dis-
ease (early or late onset), and duration of the disease (short duration or long duration).
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Results

Protein Expressions in Indian Amyotrophic Lateral Sclerosis Patients

Differential Total Protein in Amyotrophic Lateral Sclerosis Patients Total protein estimation for
the plasma samples of the patients and controls indicated increased level of the total protein
concentration in the patient group as compared with controls ( Fig. 1 ). These total protein val-
ues were used for normalization of the target protein concentrations estimated using ELISA.

Target Protein Concentration ELISA results indicated lower levels of all the above-mentioned
six proteins in ALS patients’ plasma as compared with normal controls. OPTN levels were sig-
ni�icantly reduced in patients ( Fig. 2A , p = 6.9 × 10  ). When categorized among minimum,
mild, and moderate-to-severe, on the basis of disease progression, the protein levels were
found to be marginally decreased in severe category compared with other subtypes. The de-
crease was, however insigni�icant ( Fig. 3A , p = 0.443). Plasma from ALS patients was found to
have signi�icantly lower levels of TDP-43 ( Fig. 2B , p = 1.4 × 10  ). Reduced expression both
OPTN and TDP-43 are suggesting the proteinopathy in Indian ALS.

Moreover, signi�icant decrease in level of MCP-1 was also reported in ALS patients compared
with control ( Fig. 2C , p < 10  ). Likewise, categorization according to ALSFRS score showed
nonsigni�icant alterations in MCP-1 level with disease severity ( Fig. 3B , p = 0.435) suggesting
that a minute changes in MCP-1 may ubiquitously stimulate ALS pathology.

When we analyzed the expression of angiogenic markers, for example, VEGF, VEGFR2, and
ANG, we did not �ind any signi�icant changes in ANG levels between ALS and controls ( Fig. 2D ,
p = 0.262). Though, angiogenic proteins including VEGF ( Fig. 2E , p < 10) and VEGFR2 expres-
sions ( Fig. 2F , p < 3.4 × 10) were also signi�icantly decreased in ALS patients in comparison to
controls. However, similar to other proteins, the comparison of protein levels among the sub-
categories of ALS patients did not reveal any marked difference. Though downward trend was
observed for VEGF ( Fig. 3C , p = 0.335), ANG ( Fig. 3D , p = 0.703), TDP-43 ( Fig. 3E , p =
0.638), and VEGFR2 ( Fig. 3F , p = 0.808) with increased disease severity yet the difference was
insigni�icant.

Protein–Protein Correlation

ELISA results have showed the decreased expression of studied proteins. However, biological
interactions between them to show pathological signi�icance in ALS have not been established
yet. We have analyzed the multiple correlation using Spearman’s test to investigate the protein–
protein interactions, as well as correlation of protein levels, with age, BMI, and duration of dis-
ease in Indian ALS patients. Results have showed strong positive correlation between all stud-
ied proteins. These proteins may be interdependent ( Table 1 ). The pathological characteristics
has also suggested the neuroin�lammatory-, angiogenic-, and proteinopathy-associated changes
in ALS patients. Results implicate the prospective interactions and cross-talk between these
proteins in the progression of ALS pathology in Indian population. No signi�icant correlation
was found between protein levels and parameters such as age, BMI, and duration of disease (
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Supplementary Table 1 ; available online only). Interestingly, results have revealed signi�icant
alter levels of ANG in de�inite, probable, and possible ALS patients based on EI Escorial scoring
( Supplementary Table 2 ; available online only).

Discussion

Analysis of biomarkers can be useful in the early diagnosis of diseases. Especially having panel
of molecules can help better in diagnosis of disease, instead of analyzing a single molecule in
plasma. Having chip-based tools that can analyze panel of interacting biomarkers for a disease
can prove helpful in diagnosis, as well as prognosis of disease. Plasma proteomics is being used
increasingly for the analysis of concentrations of various biomarkers in the blood, although it is
very expensive. Plasma is considered as an important bio�luid for assessing diffusion of pro-
teins from several tissues. Current research is directed in strengthening early diagnosis of ALS
or at least analyzing the prognosis of disease via varying protein levels. VEGF is a major angio-
genic molecule that is responsible for vascularization at the time of development, as well as
later in life. Various studies have assessed the concentration of VEGF in serum, plasma, and
CSF of ALS patients at various stages of the disease. VEGF levels in serum and CSF have been
found to be increased in some of the studies. For example, Gao et al also measured VEGF con-
centration in patients at different time intervals after the disease onset. According to this study,
the upregulation of VEGF level was found to be more in patients with the progression of the
disease rather than during 12 months.  They argued that VEGF levels get upregulated in pa-
tients as the disease progresses.  However, Nygren et al showed that CSF concentration of
VEGF is not increased in patients.  When the postmortem spinal cord sections were analyzed,
it was similarly found that there was no increase in VEGF levels. But in our study, we found op-
posite trend in Indian patients. VEGF level was decreased signi�icantly in patients as compared
with controls, although we did not carry out the autopsy studies. More research in this direc-
tion can clarify this variation depending upon family history and demographic analysis. As
VEGF is required for angiogenesis, decreased VEGF concentration may exacerbate degenera-
tion of motor neurons because of hypoxia created by reduced vascularization.   This can
also explain the increase in ANG levels of patients. VEGF levels reported in various studies have
shown mixed results.  In our study, VEGF was found decreased. It can be hypothesized that
decreased VEGF levels might lead to hypoxia in response to which hypoxia inducing factor
(HIF-α) getting activated that may further induce ANG expression, either as a compensatory re-
sponse to hypoxia associated with low-VEGF levels or exerting neurogenic effects. Although,
our study didn’t show any signi�icant difference of ANG in patients as compared with controls,
Cronin et al reported increased ANG expression. In this context, it is pertinent to state that
Cronin et al did not report any correlation between VEGF and ANG levels.  But in our study,
we found signi�icant correlation between both the molecules.

In our study,TDP-43 levels were found decreased signi�icantly in ALS patients when analyzed
by ELISA.TDP-43 proteinopathy is an important characteristic of ALS and frontotemporal de-
mentia (FTD).   Granules of TDP-43 are found to get aggregated in the cytoplasm of neu-
rons  due to which neurons begin to degenerate. Expectedly, TDP-43 concentration in plasma
and serum has been reported to be increased in several studies,   albeit no such study from
India has so far analyzed this. TDP-43 is involved in the regulation of angiogenic genes.  TDP-
43 regulates progranulin in tandem with VEGF. Brie�ly, it acts as an inducer of angiogenic genes
which can be studied in tandem while analyzing TDP-43 role in ALS. Further, TDP-43 proteins
have a nuclear localization signal that allows it to enter the nucleus and act as inducer.

15

16

14

22 23

17

17

24 25

26

12 27

28

26



However, in the various cases of ALS, disruption of nuclear localization signal (NLS) causes for-
mation of TDP-35 and TDP-25 fragments which start accumulating in cells and form protein ag-
gregates. These protein aggregates further entrap TDP-43 molecules and form protein inclu-
sions.  Therefore, it is attractive to hypothesize that hypoxia, being an important risk factor in
ALS, coupled with importance of angiogenesis in the neuroprotection, TDP-43 levels might in-
�luence the angiogenic pathway in severe forms of ALS. However, this needs to be examined in
larger sample size.

In developing an understanding of angiogenesis–hypoxia cross talk in ALS, VEGFR2’srole in
ALS cannot be underestimated, as it acts as a receptor of VEGF. In our study, its levels showed
decreasing trends. It is pertinent to point out that there is decrease in VEGFR2/VEGFR1 as re-
ported in various studies.   Decrease in VEGFR2 can be ascribed to feedback loop moder-
ated by VEGF expression. The discussion of angiogenesis–hypoxia axis in the pathogenesis of
ALS is incomplete without reviewing the cross talk of OPTN with TDP-43. OPTN has nuclear fac-
tor-κB (NF-κB) suppressive activity and inhibits the tumor necrosis factor (TNF)-α–mediated
NF-κB activation. Mutations in the OPTN activate TNF-αand the caspase pathway,   disrupt-
ing the nuclear localization signal of TDP-43. Consequently, it is found increased and accumu-
lated as protein inclusions in the motor neurons of ALS patients as shown by IHC studies on
post mortem spinal cord sections.  For decrease in TDP43 values, as found in our study, it
can be hypothesized that excessive accumulation of TDP43 in cells can be a cause of decreased
plasma levels of TDP-43.As TDP-43 is unable to target the nucleus, it cannot induce VEGF- (an-
giogenic genes) causing hypoxia. In this study, we found a decrease in OPTN in plasma of ALS
patients, possibly hampering the regulation of TDP-43, as postulated above.

MCP-1 was also found to be signi�icantly decreased in ALS patients. MCP-1 levels are also
known to be elevated in ALS patients due to associated neuroin�lammation in the progression
of ALS.  As the severity of the disease progresses, the alterations are expected to be en-
hanced. OPTN, VEGF, ANG, TDP-43, and VEGFR2 show decreasing trend as the severity of the
disease progresses (in accordance with ALSFRS scoring) but the difference was not signi�icant.
Along with discussing differential levels of various proteins, we tried to hypothesize the possi-
ble interaction pattern between these proteins and that such panels of interacting molecules
can be studied for analyzing their diagnostic or prognostic potential. Possible association and
interaction between these molecules have been presented in Fig. 4 .

Conclusion

The candidate biomarkers analyzed in this study showed �luctuating trends in the plasma of
ALS patients. VEGF, VEGFR2, OPTN, TDP-43, and MCP-1 were downregulated and were posi-
tively correlated to each other, suggesting a cross-talk exists among these �ive biomarkers. A
comprehensive study is required to analyze the effect of these biomarkers on the disease pro-
gression to understand the role in the disease progression or for early diagnosis of the dis-
ease. Further research in this direction is required.
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Figures and Tables

Fig. 1

Total protein expression and comparison of ALS patients and normal controls. ALS, amyotrophic lateral sclerosis.

Fig. 2

Plasma protein levels of ( A ) optineurin (OPTN), ( B ) TDP-43 (TAR DNA binding protein), ( C ) MCP-1 (monocyte
chemoattractant protein-1), ( D ) Angiogenin (ANG), ( E ) VEGF (vascular endothelial growth factor) and ( F ) VEGFR2

(VEGF receptor 2) estimated by ELISA in ALS patients and controls. All data are expressed as mean ± SEM. Signi�icance
was considered at p ≤0.05, *** p value ≤0.001. ALS, amyotrophic lateral sclerosis; NC, normal control; NS,
nonsigni�icant.
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Fig. 3

Association of severity of ALS (minimum, mild, and moderate–severe) based on ALS FRS-R score with ( A ) optineurin
(OPTN), ( B ) MCP-1 (monocyte chemoattractant protein-1) ( C ) VEGF (vascular endothelial growth factor), ( D ) angio-

genin (ANG), ( E ) TDP-43 (TAR DNA binding protein) and ( F ) VEGFR2 (VEGF receptor 2) in ALS patients. Data are rep-
resented as mean with standard error as error bar. Signi�icance was calculated by Kruskal–Wallis test and considered at
p ≤ 0.05. ALS, amyotrophic lateral sclerosis; FRS, functional ration scale; NS, nonsigni�icant.
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Table 1

Spearman’s	correlation	analysis	between	studied	proteins	in	Indian	ALS	pathology

MCP-1 r = 1

VEGF r = 0.599 p <
10 

r = 1

VEGFR2 r = 0.591 p <
10 

r = 0.596 p < 10 r = 1

ANG r = 0.639 p <

10 

r = 0.411 p = 6.4

× 10 

r = 0.772 p <

10 

r = 1

TDP-43 r = 0.583 p <

10 

r = 0.446 p = 1.2

× 10 

r = 0.759 p <

10 

r = 0.833 p <

10 

r = 1

OPTN r = 0.723 p <
10 

r = 0.888 p < 10 r = 0.792 p <
10 

r = 0.662 p <
10 

r = 0.620 p <
10 

r = 1

Spearman’s
correlations

MCP-1 VEGF VEGFR2 ANG TDP43 OPTN

Abbreviations: ANG, angiogenin; ALS, amyotrophic lateral sclerosis; MCP-1, monocyte chemoattractant protein-1;

OPTN, optineurin; TDP, TAR DNA binding protein; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor
2.

Fig. 4

Proposed schematic showing the role of six major proteins in causing ALS-reduced VEGF may be responsible for the hy-

poxia in brain because of which HIF-1α (hypoxia inducing factor-1α) gets activated consequently inducing ANG activa-
tion to compensate hypoxia. Because VEGF is reduced, its receptor soluble VEGFR2 may also be downregulated.
Decreased VEGF may also lead to enhanced TDP-43 which may compensate for reduced VEGF by increasing its expres-

sion. Decreased OPTN also leads to disruption of NLS (nuclear localization signal) of TDP- 43 due to which it gets accu-
mulated in the cytoplasm. ALS, amyotrophic lateral sclerosis; ANG, angiogenin; OPTN, optineurin; TDP, TAR DNA bind-
ing protein; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2.
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Abstract 

Title: Identifying Putative Cerebrospinal Fluid Biomarkers of ALS in a North Indian population 

Introduction: Evidence-based information about cerebrospinal fluid (CSF) levels of biomarkers in 

patients with amyotrophic lateral sclerosis (ALS) is limited.  

Methods: Vascular endothelial growth factor (VEGF) and its receptor VEGFR2, optineurin (OPTN), 

monocyte chemoattractant protein 1 (MCP-1), angiogenin (ANG), TAR DNA-binding Protein (TDP-

43) were quantified by ELISA in the CSF of 54 patients with sporadic ALS and 32 controls in a case-

control study design.  

Results: CSF levels of VEGF (p=0.014) and ANG (p=0.009) were decreased whereas VEGFR2 was 

higher (p=0.002) in patients with ALS than in controls. TDP-43 positively correlated with MCP-1 

(p=0.003), VEGF (p<0.001) and VEGFR2 (p<0.001) in patients with ALS. 

Discussion: Our findings suggest possible utility of VEGF, VEGFR-2 and ANG as biomarkers for 

ALS treatment trials. 

 

 

 

Keywords: Amyotrophic lateral sclerosis, Neuromuscular disorder, Muscle wasting, Cerebrospinal 

fluid, Angiogenesis.  
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INTRODUCTION 

A growing body of evidence points to involvement of growth factors such as vascular endothelial 

growth factor (VEGF)1-3 and its receptor VEGFR2, angiogenin (ANG),4, 5 optineurin (OPTN),6, 7 TAR 

DNA-binding protein (TARDBP or TDP-43),5, 8-11 and monocyte chemoattractant protein-1 (MCP-

1)12-13 as well as many other biomolecules in the pathogenesis of amyotrophic lateral sclerosis (ALS). 

These molecules and/or their downstream targets may serve as potential biomarkers and thus, are 

targets for directed therapy. 

Along with angiogenic effects, VEGF exerts neuroprotective effects.2, 14 VEGF double knockout mice 

have been found to show ALS-like pathology.15 VEGF exerts its angiogenic and neuroprotective role 

with the help of its main receptor, VEGFR2, via the PI3K/Akt pathway.16, 17 ANG, a ribonuclease 

(RNase) family protein, is another major molecule involved in vascularization and angiogenesis. 

Mutations in ANG and altered expression of ANG have been linked to various cases of both sporadic 

ALS (SALS) as well as familial ALS (FALS).18 ANG is also required for the VEGF-VEGFR2 cell 

survival pathway.19 

Proteinopathy is a hallmark of ALS, with TDP-43 as the main protein found in the protein inclusions 

of motor neurons. TDP-43 acts as a transcription factor that shuttles between the cytoplasm and 

nucleus. Impaired functioning of TDP-43 leads to formation of TDP inclusions.20 

Another important molecule found in the protein inclusions of ALS patients is OPTN. Mice with 

depleted OPTN have shown axonopathy because of necroptosis. It has also been shown to play an 

active role in NF-κB-mediatedregulation of neuroinflammation,21 which is another hallmark of ALS. 
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Several chemokines and interleukins have been associated with the disease, of which MCP-1 is well 

studied. MCP-1 is a member of the C-C chemokine family of proteins and regulates infiltration of 

monocytes and T-cells that cause inflammation.  

There is an unmet need to further study these molecules and delineate their roles in diagnosis, 

prognosis and treatment of ALS. Due to the multiple postulated mechanisms giving rise to ALS, 

several researchers have proposed the use of a molecular panel to detect the disease signature. Thus, 

in the present study, we have measured levels of six putative biomarkers (VEGF, VEGFR2, ANG, 

OPTN, MCP-1 and TDP-43) in the cerebrospinal fluid (CSF) of patients with SALS and have 

explored whether there are correlations between the levels of these molecules and the severity and 

duration of ALS. The CSF level of these six biomolecules may have interdependent roles in the 

pathogenetic mechanisms of ALS, which may relate to hypoxia, proteinopathy, and/or 

neuroinflammation. 

METHODS 

Subjects 

Our study received approval from the Institutional Ethics Committee of the Post Graduate Institute 

of Medical Education and Research (PGIMER), Chandigarh. All the study participants gave written 

informed consent prior to enrollment. CSF samples were collected from ALS patients in the 

Neurology Inpatient Department of PGIMER Chandigarh and stored at -80ºC for >2 years. Inclusion 

criteria included a diagnosis of definite/probable/possible ALS by revised El-Escorial criteria (as 
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diagnosed by experienced neurologists based on clinical assessment),22 aged 20 to 65 years. ALS was 

defined based on family history. 

Disease duration was defined as the time between symptom onset and diagnosis. We used the revised 

ALS Functional Rating Scale (ALSFRS-R) to evaluate the function of ALS patients. ALS patients 

were graded as minimum (ALSFRS-R>40), mild to moderate (ALSFRS-R 30-39), moderate to severe 

(ALSFRS-R20-29) and advanced disease (ALSFRS-R<20).22 

Exclusion criteria included hepatic, renal, gastroentrological, respiratory, cardiovascular, 

endocrinological, neurological, immunological or hematological diseases, hypothyroidism or 

hyperthyroidism, cognitive impairment with significant decision making incapacity, major 

depression, schizophrenia or dementia including Alzheimer’s disease and frontotemporal 

degeneration (as determined empirically by the study neurologists). 

Controls samples were collected from Institute’s trauma center. Inclusion criteria allowed for 

otherwise healthy subjects with limb injury, aged 20 to 65 years. In addition to the exclusion criteria 

for patients, additional exclusion criteria were head/brain or spinal cord injury, pre-existing muscular 

weakness, chronic or acute muscular or neurological disorder, infectious or inflammatory diseases 

and vaccinations or treatments with immunoglobulins within 3 months preceding sample collection 

along with the exclusion criteria of patients.  

ELISA 

Human VEGF, VEGFR2, OPTN, TDP-43, ANG and MCP-1 levels were obtained using the sandwich 

ELISA kits. Kits for VEGF, VEGFR2, OPTN, TDP-43 and ANG was procured from Qayee 
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Biological Tehnology Co. Ltd. (Shanghai, China) and for MCP-1 from Diaclone SAS (Besancon, 

France). The immunoassays were carried out as described by the supplier’s instructions. CSF samples 

were not diluted for ELISA. Briefly, after adding samples and HRP conjugate, the plate was 

incubated. Then the plate was washed and substrate reagent was added. The stop solution was then 

added and the plate was assayed within 20 minutes of addition of stop solution. Absorbance was taken 

at 450 nm with the ELISA reader (Bio-Rad Laboratories, California, USA). A standard curve was 

plotted for each experiment and values of respective proteins for all the samples were calculated. R2 

value ≥0.97 was considered appropriate for the test.  

Statistical Analysis 

Statistical analyses were performed using SPSS v23 (IBM Inc., Armonk, NY, USA).  Kolmogorov-

Smirnov test was initially carried out to assess the normality of data pertaining to the CSF levels for 

each molecule. The non-normal data sets were analyzed using the Mann-Whitney U test. Independent 

t-tests were used for analysis of data that were normally distributed. ANCOVA was applied to control 

p-values for age by using General Linear model. Significance was considered at p≤0.05. Pearson’s or 

Spearman’s rho test statistics were used to correlate the datasets, based on the applicability. There 

were some patients whose socio-demographic and clinical data were unavailable, and these were 

excluded from analysis of correlation between clinical severity (ALSFRS-R score) and duration of 

illness against the CSF levels of various biomarkers. Bonferroni’s correction test for multiple 

comparisons was applied to obtain significant correlations. The cut-off p-value after Bonferroni’s 

correction for correlation between biomarkers and clinical severity or duration of illness was ≤0.004 

and among the biomarkers was ≤0.003. 
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RESULTS 

Clinical and demographic characteristics 

No FALS patients were enrolled. 54 SALS patients and 32 control subjects were enrolled in the study. 

The socio-demographic features of participants are summarized in Table 1. 

Quantitative protein expression 

ELISA analysis revealed changes in various biomarkers associated with ALS pathology. The data for 

VEGF, VEGFR2, TDP-43, and OPTN were normally distributed, whereas those for ANG, MLP-1 

and MCP-1/VEGF were not normally distributed. VEGF and ANG were reduced; VEGFR2 was 

elevated significantly among the SALS patients compared to the control group (Tables 2 and 3). 

Correlation analyses  

No significant correlations were observed between the biomolecules and ALSFRS-R criteria or 

duration of illness (Supplementary Table 1). Correlations between biomarkers revealed that TDP-43 

was positively correlated with MCP-1, VEGF and VEGFR2 (Table 4).  

DISCUSSION 

The current study found that levels of CSF VEGF in patients with ALS were decreased as compared 

to controls; VEGFR2 was significantly elevated and ANG was decreased in the CSF of ALS patients. 

Despite significant p-values, a substantial overlap between the values of control and ALS group was 

present. We have previously reported the reduced expression of chemokine receptor-2 (CCR2), 

receptor of MCP-1,23 and upregulation of MCP-13 and VEGF3 in North Indians. Several researchers 
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have reported that the MCP-1/VEGF ratio in ALS significantly differs from healthy and neurological 

controls and may be used as a diagnostic marker for ALS.12 However, we did not find any significant 

difference in MCP-1/VEGF ratio between ALS patients and controls. 

A number of studies have shown that VEGF is elevated in the CSF and serum of ALS patients. 

However, some studies have also shown CSF levels of VEGF to be lower in the diseased group, 

similar to our observation, though this has not been ascribed to the disease duration.24-26 

Reduced expression of VEGF has been found to result in a neurodegenerative condition in mice 

similar to human ALS, and therapeutic interventions with either VEGF or VEGF protein has yielded 

benefit in these studies.27 Our study is consistent with these findings, as we report lower levels of 

VEGF in the ALS group along with a concomitant rise in CSF levels of VEGFR2. Studies involving 

knockout mice have shown that low VEGF levels in mice with Vegfδ/δ could result in motor neuron 

degeneration owing to two possible pathways. Firstly, due to peripheral arteriolar dysregulation there 

is a decline in vascular supply and prolonged chronic ischemia. Endothelial cell dysfunction may also 

impair CNS homeostasis due to disintegration of blood brain barrier.28 Decreased VEGF levels may 

lead to these outcomes, as VEGF is needed at a particular “maintenance” level for appropriate 

function and survival of endothelial cells. However, its temporal analysis may shed more light on 

this.29 Secondly, VEGF acts as a neurotrophic factor, and thus a fall in its levels implies impaired 

neuroprotection leading to reduced survival of neurons.  

 The effects of VEGF are exerted by VEGFR2 activation and downstream activation of the PI3K–

Akt signaling pathway, inhibiting p38 MAP kinase phosphorylation and consequently preventing 

Bcl-2 downregulation, inhibiting apoptosis.30, 31 Further, VEGF reduces neuronal susceptibility to 
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glutamate-induced excitotoxicity by causing induction of AMPA receptor GluR2 subunit 

expression.32 VEGF and its cognate receptors VEGFR1 and VEGFR2 are expressed in the spinal 

motor neurons of mice as well as humans28 and overexpression of VEGFR2 causes a delay in onset 

of disease and improves the duration of survival in mutant SOD1G93A mice.33 

Some authors have argued that dysregulation of the hypoxia response, coupled with changes in 

mediators of the VEGF pathway, VEGF promoter polymorphisms, and certain variant genotypes 

result in low VEGF levels in CSF. One such example is the -2578AA genotype that is associated with 

ALS in some male patients, linking lower VEGF concentrations and pathogenesis of ALS.1, 25, 34 

However, further studies are needed explore these findings. Future studies may help to further 

examine the current evidence of utility of VEGF as a biomarker in the management of ALS. Some 

studies report upregulation of VEGFR2 as well as VEGF (in the CSF of ALS) due to autocrine and 

paracrine functions of VEGF on motor neurons, apparently to protect them from injury due to various 

derangements that induce apoptosis.35 Further, a positive correlation of VEGF with VEGFR2 was 

observed in this study supporting reduced neuroprotection and vascularization via VEGFR2. 

Additionally, another growth factor, ANG, essential for angiogenesis and cell survival was decreased 

in the CSF of ALS patients. Reduced ANG is associated with reduced ribosome biogenesis and cell 

proliferation.19 ANG is also involved in regulatory function crucial for cell growth.36, 37 Since ANG 

activates the NF-κB-mediated cell survival pathway and Bcl-2-mediated anti-apoptotic pathway, it is 

crucial for neuronal survival in ALS.38, 39 Further, ANG is also implicated in neuroprotection in 

ALS.40 Thus, a deficiency of ANG may lead to decreased cell survival, a characteristic of ALS. 
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Our study reveals a positive correlation of TDP-43 with the angiogenesis markers VEGF, VEGFR2 

and ANG. TDP-43 binds to VEGF mRNA and controls its stability ultimately regulating progranulin 

levels, involved in cell growth.41 Survival of motor neurons is decreased with loss of TDP-43 as there 

is reduced non-homologous end joining and accumulation of double-strand breaks in DNA.42 

Interestingly, the MCP-1 levels correlated positively with TDP-43 suggesting that a reduced immune 

response, indicated by decreased MCP-1, may lead to loss of TDP-43 function.  

Our study has certain limitations. The total number of eligible ALS/control subjects, number of 

ALS/control subjects who declined participation and their reason for non-participation were not 

recorded. Thus, the patient population included in the study may not represent the overall ALS 

population. The number of samples obtained from patients and controls were small and some of the 

demographic data of controls were unavailable to us. The smaller sample size may be one of the 

reasons that we were unable to obtain significant correlations between clinical severity and duration 

of disease with CSF biomolecules. Although we tried to include matched ALS and control subjects 

with similar medical histories (other than ALS), other unknown differences might exist between ALS 

patients and controls that could affect biomarker outcomes. Further, there were differences in age 

between ALS and controls that could not be controlled for; thus, adjusted and non-adjusted p-values 

are presented. Another limitation is that cognitive impairment and frontotemporal degeneration were 

diagnosed by neurologists using empirical means, rather than specific instruments. 

Conclusion 
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Our findings add to the evidence of utility of VEGF, VEGFR2 and ANG for use as biomarkers in 

prognosis and therapeutic applications for management of ALS. Further studies are needed to 

understand roles of a number of putative biomarkers of this rare neurologic disease.  
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ABBREVIATIONS 

ANG, angiogenin 

ALS, Amyotrophic lateral sclerosis 

ALSFRS-r, Amyotrophic lateral sclerosisfunctional rating scale 

BMI, body mass index 

CCR2, chemokine receptor-2 

CNS, central nervous system  

CSF, cerebrospinal fluid  

FALS, Familialamyotrophic lateral sclerosis  

IEC, Institutional Ethics Committee 

MCP-1, monocyte chemoattractant protein 1 

M:F, Male:Female 

OPTN, optineurin 

PGIMER, Post Graduate Institute of Medical Education and Research 

RNase, Ribonuclease 

SALS, Sporadic amyotrophic lateral sclerosis 

TDP-43, TAR DNA-binding Protein 

VEGF, vascular endothelial growth factor 

VEGFR2, vascular endothelial growth factor receptor 2  

This article is protected by copyright. All rights reserved. 48



Putative CSF Biomarkers of ALS 
 

REFERENCES 

1. Just N, Moreau C, Lassalle P, Gosset P, Perez T, Brunaud-Danel V, et al. High erythropoietin 

and low vascular endothelial growth factor levels in cerebrospinal fluid from hypoxemic ALS 

patients suggest an abnormal response to hypoxia. Neuromuscul Disord 2007;17:169-173. 

2. Pronto-Laborinho AC, Pinto S, de Carvalho M. Roles of vascular endothelial growth factor 

in amyotrophic lateral sclerosis. Biomed Res Int 2014;2014:947513. 

3. Gupta PK, Prabhakar S, Sharma S, Anand A. Vascular endothelial growth factor-A (VEGF-

A) and chemokine ligand-2 (CCL2) in amyotrophic lateral sclerosis (ALS) patients. J 

Neuroinflammation 2011 May 13;8:47. 

4. Wu D, Yu W, Kishikawa H, Folkerth RD, Iafrate AJ, Shen Y, et al. Angiogenin loss‐of‐

function mutations in amyotrophic lateral sclerosis. Ann Neurol 2007;62:609-17. 

5. Millecamps S, Salachas F, Cazeneuve C, Gordon P, Bricka B, Camuzat A, et al. SOD1, ANG, 

VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral sclerosis: genotype–

phenotype correlations. J Med Genet 2010;47:554-60. 

6. Maruyama H, Morino H, Ito H, Izumi Y, Kato H, Watanabe Y, et al. Mutations of optineurin 

in amyotrophic lateral sclerosis. Nature 2010;465:223-226. 

7. Toth RP, Atkin JD. Dysfunction of optineurin in amyotrophic lateral sclerosis and glaucoma. 

Front Immunol 2018;9:1017. 

8. Williams SM, Khan G, Harris BT, Ravits J, Sierks MR. TDP-43 protein variants as 

biomarkers in amyotrophic lateral sclerosis. BMC Neurosci 2017;18:20. 

This article is protected by copyright. All rights reserved. 49



Putative CSF Biomarkers of ALS 
 

9. Steinacker P, Hendrich C, Sperfeld AD, Jesse S, von Arnim CA, Lehnert S, et al. TDP-43 in 

cerebrospinal fluid of patients with frontotemporal lobar degeneration and amyotrophic lateral 

sclerosis. Arch Neurol 2008;65:1481-1487. 

10. Noto Y, Shibuya K, Sato Y, Kanai K, Misawa S, Sawai S, et al. Elevated CSF TDP-43 levels 

in amyotrophic lateral sclerosis: specificity, sensitivity, and a possible prognostic value. 

Amyotroph Lateral Scler 2011;12:140-143. 

11. Kasai T, Tokuda T, Ishigami N, Sasayama H, Foulds P, Mitchell DJ, et al. Increased TDP-43 

protein in cerebrospinal fluid of patients with amyotrophic lateral sclerosis. Acta Neuropathol 

2009;117:55-62. 

12. Nagata T, Nagano I, Shiote M, Narai H, Murakami T, Hayashi T, et al. Elevation of MCP-1 

and MCP-1/VEGF ratio in cerebrospinal fluid of amyotrophic lateral sclerosis patients. 

Neurol Res 2007;29:772-776. 

13. Baron P, Bussini S, Cardin V, Corbo M, Conti G, Galimberti D, et al. Production of monocyte 

chemoattractant protein‐1  in amyotrophic lateral sclerosis. Muscle Nerve 2005;32:541-544. 

14. Wang Y, Kilic E, Kilic Ü, Weber B, Bassetti CL, Marti HH, et al. VEGF overexpression 

induces post-ischaemic neuroprotection, but facilitates haemodynamic steal phenomena. 

Brain 2004;128:52-63. 

15. Brockington A, Heath PR, Holden H, Kasher P, Bender FL, Claes F, et al. Downregulation of 

genes with a function in axon outgrowth and synapse formation in motor neurones of the 

VEGF delta/delta mouse model of amyotrophic lateral sclerosis. BMC Genomics 

2010;11:203. 

This article is protected by copyright. All rights reserved. 50



Putative CSF Biomarkers of ALS 
 

16. Vijayalakshmi K, Ostwal P, Sumitha R, Shruthi S, Varghese AM, Mishra P, et al. Role of 

VEGF and VEGFR2 receptor in reversal of ALS-CSF induced degeneration of NSC-34 motor 

neuron cell line. Mol Neurobiol 2015;51:995-1007. 

17. Ogunshola OO, Antic A, Donoghue MJ, Fan SY, Kim H, Stewart WB, et al. Paracrine and 

autocrine functions of neuronal vascular endothelial growth factor (VEGF) in the central 

nervous system. J Biol Chem 2002;277:11410-11415. 

18. Lambrechts D, Lafuste P, Carmeliet P, Conway EM. Another angiogenic gene linked to 

amyotrophic lateral sclerosis. Trends Mol Med 2006;12:345-347. 

19. Kishimoto K, Liu S, Tsuji T, Olson KA, Hu G-f. Endogenous angiogenin in endothelial cells 

is a general requirement for cell proliferation and angiogenesis. Oncogene 2005;24:445. 

20. Winton MJ, Igaz LM, Wong MM, Kwong LK, Trojanowski JQ, Lee VM. Disturbance of 

nuclear and cytoplasmic TAR DNA-binding protein (TDP-43) induces disease-like 

redistribution, sequestration, and aggregate formation. J Biol Chem 2008;283:13302-9. 

21. Akizuki M, Yamashita H, Uemura K, Maruyama H, Kawakami H, Ito H, et al. Optineurin 

suppression causes neuronal cell death via NF‐κB  pathway. J Neurochem 2013;126:699-

704. 

22. Brooks BR, Miller RG, Swash M, Munsat TL; World Federation of Neurology Research 

Group on Motor Neuron Diseases. El Escorial revisited: revised criteria for the diagnosis of 

amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord 

2000;1:293-9. 

This article is protected by copyright. All rights reserved. 51



Putative CSF Biomarkers of ALS 
 

23. Gupta PK, Prabhakar S, Sharma NK, Anand A. Possible association between expression of 

chemokine receptor-2 (CCR2) and amyotrophic lateral sclerosis (ALS) patients of North 

India. PloS one 2012;7:e38382. 

24. Gao L, Zhou S, Cai H, Gong Z, Zang D. VEGF levels in CSF and serum in mild ALS patients. 

J Neurol Sci 2014;346:216-220. 

25. Devos D, Moreau C, Lassalle P, Perez T, De Seze J, Brunaud-Danel V, et al. Low levels of 

the vascular endothelial growth factor in CSF from early ALS patients. Neurology 

2004;62:2127-2129. 

26. Guo J, Yang X, Gao L, Zang D. Evaluating the levels of CSF and serum factors in ALS. Brain 

Behav 2017;7:e00637. 

27. Keifer OP Jr, O'Connor DM, Boulis NM. Gene and protein therapies utilizing VEGF for ALS. 

Pharmacol Ther 2014;141:261-271. 

28. Shim JW, Madsen JR. VEGF signaling in neurological disorders. Int J Mol Sci 2018;19:E275. 

29. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis. 

Nature 2011;473:298-307. 

30. Li B, Xu W, Luo C, Gozal D, Liu R. VEGF-induced activation of the PI3-K/Akt pathway 

reduces mutant SOD1-mediated motor neuron cell death. Brain Res Mol Brain Res 

2003;111:155-164. 

31. Tolosa L, Mir M, Olmos G, Llado J. Vascular endothelial growth factor protects motoneurons 

from serum deprivation–induced cell death through phosphatidylinositol 3-kinase-mediated 

p38 mitogen-activated protein kinase inhibition. Neuroscience 2009;158:1348-1355. 

This article is protected by copyright. All rights reserved. 52



Putative CSF Biomarkers of ALS 
 

32. Bogaert E, Van Damme P, Poesen K, Dhondt J, Hersmus N, Kiraly D, et al. VEGF protects 

motor neurons against excitotoxicity by upregulation of GluR2. Neurobiol Aging 

2010;31:2185-2191. 

33. Storkebaum E, Lambrechts D, Dewerchin M, Moreno-Murciano MP, Appelmans S, Oh H, et 

al. Treatment of motoneuron degeneration by intracerebroventricular delivery of VEGF in a 

rat model of ALS. Nat Neurosci 2005;8:85-92. 

34. Lambrechts D, Poesen K, Fernandez-Santiago R, Al-Chalabi A, Del Bo R, Van Vught P, et 

al. Meta-analysis of vascular endothelial growth factor variations in amyotrophic lateral 

sclerosis: increased susceptibility in male carriers of the -2578AA genotype. J Med Genet 

2009;46:840-846. 

35. Vijayalakshmi K, Alladi PA, Sathyaprabha T, Subramaniam JR, Nalini A, Raju T. 

Cerebrospinal fluid from sporadic amyotrophic lateral sclerosis patients induces degeneration 

of a cultured motor neuron cell line. Brain Res 2009;1263:122-133. 

36. Ivanov P, Emara MM, Villen J, Gygi SP, Anderson P. Angiogenin-induced tRNA fragments 

inhibit translation initiation. Mol Cell. 2011;43:613-23. 

37. Sheng J, Xu Z. Three decades of research on angiogenin: a review and perspective. Acta 

Biochim Biophys Sin (Shanghai)  2015;48:399-410. 

38. Xia W, Fu W, Cai X, Wang M, Chen H, Xing W, et al. Angiogenin promotes U87MG cell 

proliferation by activating NF-κB signaling pathway and downregulating its binding partner 

FHL3. PloS one 2015;10:e0116983. 

This article is protected by copyright. All rights reserved. 53



Putative CSF Biomarkers of ALS 
 

39. Sadagopan S, Veettil MV, Chakraborty S, Sharma-Walia N, Paudel N, Bottero V, et al. 

Angiogenin functionally interacts with p53 and regulates p53-mediated apoptosis and cell 

survival. Oncogene 2012;31:4835-4847. 

40. Subramanian V, Crabtree B, Acharya KR. Human angiogenin is a neuroprotective factor and 

amyotrophic lateral sclerosis associated angiogenin variants affect neurite 

extension/pathfinding and survival of motor neurons. Hum Mol Genet 2008;17:130-149. 

41. Colombrita C, Onesto E, Megiorni F, Pizzuti A, Baralle FE, Buratti E, et al. TDP-43 and FUS 

RNA-binding proteins bind distinct sets of cytoplasmic messenger RNAs and differently 

regulate their post-transcriptional fate in motoneuron-like cells. J Biol Chem 2012;287:15635-

15647. 

42. Mitra J, Guerrero EN, Hegde PM, Liachko NF, Wang H, Vasquez V, et al. Motor neuron 

disease-associated loss of nuclear TDP-43 is linked to DNA double-strand break repair 

defects. Proc Natl Acad Sci U S A 2019;116:4696-4705. 

  

This article is protected by copyright. All rights reserved. 54



Putative CSF Biomarkers of ALS 
 

TABLE 1 Demographic and clinical features of patients with sporadic ALS and healthy controls. 

Demographic and 

clinical features 

ALS 

(n=54) 

Controls 

(n=32) 

p-value 

Age (years) 48.01 ±12.24 (n=52) 38.12±16.43 (n=31) 0.003 

BMI (kg/m2) 22.09 ± 4.13 (n=49) 24.25±5.40 (n=28) 0.082 

Gender (Male/Female) 43/10  (n=53) 28/4 (n=32) 0.554 

Duration (months) 19.34 ± 15.13 (n=46) - - 

ALSFRS-R score 34.37 ± 6.17 (n=48) - - 

The data are presented as mean ± standard deviation except gender, which is represented as number 

of samples. Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-r, Amyotrophic Lateral 

Sclerosis Functional Rating Scale - Revised; BMI, body mass index; n, number of samples.  
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TABLE 2 Cerebrospinal fluid levels of VEGF, VEGFR2, TDP-43 and OPTN in ALS patients and 

healthy controls. 

 

Biomolecules ALS Controls t value 
p-value 

(95% CI) 

Age-adjusted p-

value (95% CI) 

VEGF 

(pg/ml) 

161.28±15.44 

(n=54) 

169.20±10.30 

(n=27) 
-2.405 

0.019 (1.36 

to 14.47) 

0.014 (1.83 to 

15.80) 

VEGFR2 

(pg/ml) 

37.35±2.19 

(n=48) 

35.46±2.29 

 (n=24) 
3.390 

0.001 (0.78 

to 3.00) 

0.002 (0.71 to 

3.10) 

TDP-43 

(pg/ml) 

105.70±24.22 

(n=48) 

112.07±13.88 

(n=30) 
-1.313 

0.193 (-

16.06 to 

3.30) 

0.230 (-16.63 to 

4.06) 

OPTN 

(pg/ml) 

619.92±45.82 

(n=46) 

606.20±27.77 

(n=31) 
1.491 

0.140 (-4.61 

to 32.05) 

0.083 (-2.28 to 

36.73) 

The data is presented as mean ± standard deviation.. Abbreviations: 95% CI, 95% confidence interval; 

ALS, amyotrophic lateral sclerosis; OPTN, optineurin; TDP-43, TAR DNA-binding Protein; VEGF, 

vascular endothelial growth factor;VEGFR2, vascular endothelial growth factor receptor 2. 
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Putative CSF Biomarkers of ALS 
 

TABLE 3 Cerebrospinal fluid levels of ANG, MCP-1 and MCP-1/VEGF ratio in ALS patients and 

healthy controls 

Statistical 

Measures 

ANG (ng/ml) MCP-1 (pg/ml) MCP-1/VEGF 

ALS 

(n=47) 

Control 

(n=31) 

ALS 

(n=54) 

Control 

(n=27) 

ALS 

(n=54) 

Control 

(n=26) 

Median 151.53 155.85 486.76 599.86 3.18 3.31 

Range 54.59 34.09 1517.06 1637.96 10.59 10.74 

Minimum 141.85 134.30 287.86 354.16 1.51 1.92 

Maximum 196.44 168.39 1804.93 1992.12 12.10 12.67 

25th 

Percentile 

148.01 150.50 391.21 449.71 2.50 2.75 

75th 

Percentile 

153.62 160.77 749.03 783.15 3.89 4.82 

Z value -2.594 -1.788 -1.027 

p-value 0.009 0.074 0.304 

The data is presented as median and range. Abbreviations: ALS, amyotrophic lateral sclerosis; ANG, 

angiogenin; MCP-1, monocyte chemoattractant protein 1; VEGF, vascular endothelial growth factor.  
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Putative CSF Biomarkers of ALS 
 

TABLE 4 Correlation analyses among the biomolecules in ALS patients. 

MCP-1 r = 1      

VEGF 
r = -0.006 

p = 0.963 
r = 1     

VEGFR2 
r = 0.268 

p = 0.065 

r = 0.325 

p* = 0.024 
r = 1    

ANG 
r = 0.062 

p = 0.676 

r = 0.230 

p = 0.120 

r = 0.077 

p = 0.609 
r = 1   

TDP-43 
r = 0.425 

p = 0.003 

r = 0.719 

p*<0.001 

r = 0.545 

p*<0.001 

r = 0.332 

p = 0.024 
r = 1  

OPTN 
r = 0.188 

p = 0.211 

r = 0.021 

p* = 0.887 

r = 0.060 

p* = 0.693 

r = 0.218 

p = 0.151 

r = 0.148 

p* = 0.328 
r = 1 

Biomolecules MCP-1 VEGF VEGFR2 ANG TDP-43 OPTN 

P-values are significant at p≤0.05/15=0.003 after Bonferroni’s correction. Abbreviations: ANG, 

angiogenin; MCP-1, monocyte chemoattractant protein 1; OPTN, optineurin; p, p-value for 

Spearman’s rho correlation; p*, p-value for Pearson’s correlation; r, correlation coefficient; TDP-43, 

TAR DNA-binding Protein; VEGF, vascular endothelial growth factor; VEGFR2, vascular 

endothelial growth factor receptor 2 
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ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that is characterized with progressive 
muscle atrophy. We have attempted to establish the link between angiogenesis and cellular survival in the pathogenesis 
of ALS by compiling evidence described in various scientific reports. The phenotypes of human ALS have earlier been 
captured in the mutant SOD1 mice as well as by targeted deletion of the hypoxia response element (HRE) from the 
promoter of the mouse gene for vascular endothelial growth factor (VEGF). Indirect evidence shows that angiogenesis 
can help prevent oxidative stress, and hence, enhance cell survival. VEGF and angiogenin chiefly regulate the process of 
angiogenesis. Transactive response DNA-binding protein 43 (TDP-43) is usually found inside the nucleus, but in large 
number of cases of ALS, it accumulates in the cytoplasm (TDP-43 proteinopathy). Interestingly, TDP-43 proteinopathy 
is found to be aggravated in the presence of the OPTN mutation, which is the genetic factor that is responsible for such 
accumulation. Interaction of TDP-43 with progranulin can further affect the angiogenesis in ALS patients by regulating 
activity of VEGF receptors, but conclusive evidence is needed to establish its role in pathogenesis of ALS. Certain mu-
tations in UBQLN2 and UBQLN4 indicate that ubiquitination has a role in ALS pathobiology, but its link to angiogenesis 
has not been adequately studied. Recent studies have shown that several mutations in RNA-binding proteins (RBPs) 
can also cause ALS. Conclusively, in this review, we have attempted to argue the role of angiogenesis in enhanced ALS 
survival rate is probably regulated with the activation of NF-κβ. Additionally, interaction between OPTN and TDP-43 
can also impact the transcription of various angiogenic molecules. Whether targeting angiogenic substances or TDP-43 
can provide clues about extending ALS survival rate, in combination with current treatments, can only be evaluated after 
additional studies.

KEY WORDS: optineurin, vascularization, VEGF, angiogenin, TDP-43

I. INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurologi-
cal disorder characterized by degeneration of motor 
neurons and progressive atrophy of muscles. ALS 
was first studied in 1848 when it was described as 
progressive muscular atrophy.1 Then in 1873, Char-
cot described the disease and distinguished it from 
spinal muscular atrophy, based on heredity. The dis-
ease came to be known as Charcot’s disease later 
on.2 ALS is also known as Lou Gehrig’s disease, 
after the famous baseball player Lou Gehrig. The 
disease is more prevalent in athletes and soldiers.3,4

ALS is a catastrophic neurodegenerative disease 
characterized by the loss of motor neurons in adults, 

which disrupts coordination between voluntary 
muscles and the brain. Because it is difficult to de-
fine the complete pathogenesis of this lethal disease, 
additional studies are required. Although the disease 
can be hereditary background, very few cases are 
familial. Only 10% of ALS cases are found to be 
familial (fALS), and 90% of the cases are sporadic 
(sALS). Mutations in four genes are associated with 
familial cases of ALS: SOD1, C9orf72, TDP43, 
and FUS. However, Andersen and Al-Chalabi5 
have shown that there may be more prevalence of 
the familial cases. Out of the 10% of familial cases, 
20% are attributable to mutation in superoxide dis-
mutasae (SOD1).6 Apart from SOD1 studies, lipid 
peroxidation has also been examined to estimate the 
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oxidative burden in ALS patients, because it is one 
of the pathological hallmarks in disease progres-
sion. Simpson et al.7 confirmed the role of oxida-
tive stress in ALS by measuring the level of lipid 
peroxidation product 4-hydroxy-2,3-nonenal (HNE) 
in serum and cerebrospinal fluid (CSF) of patients 
with ALS. They also assessed the level of monocyte 
chemotactic protein-1 (MCP-1) along with HNE 
and confirmed the role of increased oxidative stress 
and immune system activation in ALS. Vascular 
abnormalities may have a causal association with 
neurodegenerative diseases such as Alzheimer’s 
disease and ALS because they occur before symp-
toms do. A direct consequence of such abnormalities 
is the accumulation of neurotoxic and vasculotoxic 
molecules in the interstitial fluid (ISF) because of 
hampered clearance.8 The resulting hypoxic condi-
tions pave the way for neuronal degeneration, which 
needs to be investigated comprehensively with both 
in vitro and in vivo tools.

ALS is accepted as a multigene disorder world-
wide. The last two decades of ALS research has 
focused on identifying various genetic variants 
that increase the risk or progression of disease. Ge-
nome-wide association studies carried out in this re-
gard have revealed involvement of different genes 
that were previously considered unimportant. How-
ever, literature on ALS is also replete with conflict-
ing and unverifiable reports of putative diagnostic 
and prognostic biomarkers, thus hampering knowl-
edge translation into clinical application.

II.  ANGIOGENESIS AND CELLULAR 
SURVIVABILITY IN ALS PATHOLOGY

The process of angiogenesis is a major aspect in var-
ious pathological phenotypes, such as ALS, age-re-
lated macular degeneration (ARMD), and cancer. 
Studies from Indian patients have revealed signifi-
cantly elevated levels of vascular endothelial growth 
factor-A (VEGF-A) in biofluids (serum and CSF) 
of ALS patients. These elevated VEGF-A levels are 
thought to contribute to the enhanced mean survival 
time after disease onset in North Indian patients with 
ALS. Chemokine ligand-2 (CCL2), also known 
as monocyte chemotactic protein-1 (MCP-1) were 
also found to be increased in the CSF of these ALS 

patients9 and upregulated in their peripheral blood 
mononuclear cell (PBMC).10 These interesting inves-
tigations also revealed a reduction in C-C chemokine 
receptor type 2 (CCR2) in PBMCs of ALS patients.11 
These molecules have been recently shown to be 
involved in the cell survival pathways through an-
giogenesis and are thus speculated to play a critical 
role in neurodegeneration. An important area of in-
vestigation is whether the enhanced mean survival 
time resulting from elevation of VEGF is sustainable 
across other stages of disease and whether it occurs 
by participation of additional molecules in determin-
ing ALS outcome. The review thus seeks to advance 
our knowledge by discussing the role of angiogenesis 
in cellular survival mediated through VEGF/sFLT-1, 
transactive response DNA-binding protein 43 (TDP-
43), angiogenin, optineurin, and other such molecules 
implicated in ALS pathology.

III.  MAINTENANCE OF NEUROVASCULATURE 
IN ALS

Various studies have shown the link between VEGF 
expression and motor neuron degeneration. Altered 
VEGF expression leads to impaired vasculariza-
tion.12 During development, VEGF regulates the 
vascularization pattern and also the establishment 
of the nerve network with the blood vessels, along 
with various other molecules.13 Neuropilin is the 
common receptor for VEGF and semaphorin A.14 
Interaction and cross-talk between these molecules 
at the time of development guides axons and leads 
the axon terminals to their synaptic connections. 
Along with VEGF, VEGF receptors VEGFR1 (flt-1) 
and VEGFR2 (flk-1), and fibroblast growth factor 
1 (FGF1) also aid development of the neurovascu-
lature.15 A recent study has shown that there could 
be a direct relationship between the deficit of VEGF 
and motor neuron degeneration, which is consid-
ered to be the main characteristic of ALS pathology. 
VEGF can protect motor neurons from cell death 
and can even delay processes like neurodegenera-
tion in animal models of ALS.16 Angiogenin is an-
other molecule linked to the vascularization process. 
Angiogenin is a small protein of the ribonuclease 
family that regulates angiogenesis. It is a hypoxia 
responsive gene.17 Angiogenin can alter the action 
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of VEGF, and absence of angiogenin can lead to 
impaired vascularization, despite the presence of 
VEGF, because ANG is a downstream molecule of 
VEGF cell survival pathway.18 Mutation in ANG 
was first found to be associated with ALS in 2006 
by Greenway et al.19 The patients were of Irish or 
Scottish descent. After this study, reports emerged 
from German,20 Dutch, North American, French,21 

and Italian subjects about the role of mutations in 
ANG in ALS cases,22–24 but studies done in Asia 
have not adequately addressed this important area 
of investigation. This is even more critical because 
Indian patients are known to survive far longer than 
Caucasian patients with ALS. Angiogenin is translo-
cated to the nucleus to exert its effect through RNA 
(ribonucleic acid), which is essential for VEGF 
activity. SNPs and/or mutations in ANG reported 
in ALS usually lead to loss of function, thus ham-
pering its nuclear translocation and ribonucleolytic 
activity. This renders it incompetent to induce an-
giogenesis.25 Along with vascularization, VEGF has 
also been considered to be neuroprotective.26 ANG 
plays an important role in angiogenesis induced by 
other growth factors, such as VEGF and FGF.27

Genes induced by hypoxia were first associated 
with ALS by Oosthuyse et al.28 They found ALS-
like symptoms in mice upon deletion of the hypoxia 
response element (HRE) in the promoter of VEGF.

The neuroprotective nature of ANG has also been 
demonstrated by Subramanian et al.29 with pluripotent 
P19 embryonal carcinoma (EC) cells. This cell line was 
used as a model of neuroectodermal differentiation. 
Different variants of human ANG (hANG) were used 
for cell line stimulation. hANG-ALS variants were not 
found to have a neuroprotective effect as compared to 
hANG.29 Thus, the establishment of a link between 
hypoxia and ALS pathogenesis has placed angiogenic 
factors at the focal point for ALS investigations.

A.  Receptors Involved in 
Neurovasculazation and Their Cross-
Talk with Various Angiogenic Molecules

VEGF mediates its action with the help of tyrosine 
kinase receptors. VEGFR1 (Flt-1) and VEGFR2 
(Flk-1) are the membrane bound receptors of 
VEGF. They are agonists of VEGF and regulate 

both angiogenesis and cell survival via activation 
of PI3k/Akt and MEK/ERK pathways. Other recep-
tors for VEGF are the neuropilins, which also act as 
common receptors for semaphorins. Soluble forms 
of VEGFR1 (sFlt-1) act as antagonists to the action 
of VEGF. It binds to VEGF outside cells and inhib-
its the effect of VEGF. The biological responses to 
VEGF are believed to be mainly mediated through 
kinase insert domain receptor (KDR), whereas phos-
phatidylinositol glycan anchor biosynthesis class F 
(PIGF) shows high affinity for Flt-1.30–32

sFlt-1 regulates the expression of VEGF in the tis-
sue fluid via a negative feedback mechanism. Ahmad 
et al.33 found enhanced expression of sVEGFR1 on 
increasing the level of VEGFA in the culture medium.

In the first study, Anand et al.34 showed sVEGFR1 
to be unexpectedly downregulated in the serum of 
ALS patients relative to controls with proportion-
ate reduction in its levels with increasing severity 
of ALS. The binding of angiogenin to α-actin is an 
essential feature of angiogenesis, and it promotes 
Akt-1 activation, thus supporting cell survival.27,35 
VEGF also activates the same pathway,36 and there-
fore, its sequestration by sVEGFR1/sFLT1 depletes 
the cell of its antiapoptotic activity. The Akt pathway 
targets NF-κB which inhibits apoptotic pathways.37

Although, VEGF and its receptors along with 
angiogenin mainly regulate the angiogenic mech-
anism, we speculate that other molecules, such as 
sFLT1, TDP-43, and optineurin, play a nonredun-
dant role in angiogenic mechanisms and cross-talk 
with the angiogenic pathway. Therefore, the syner-
gistic effect of these molecules in angiogenic and 
cell survival mechanisms is discussed here.

B. TDP-43 Proteinopathy and Angiogenesis

Inclusion bodies are considered to be major hall-
mark of the disease. Mainly, two kinds of inclusion 
bodies are found: ubiquitin-positive skein-like in-
clusions and ubiquitin-negative Bunina bodies. 

The composition of these ubiquitinated inclu-
sions (UBIs) was not clear until very recently when 
Arai et al.38 and then Neumann et al.39 recognized 
TDP-43 as a major component of UBIs in ALS and 
frontotemporal lobar degeneration (FTLD). TDP-43 
is a protein that plays important role in alternative 
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splicing. TDP-43 also acts as a transcription factor. 
It possesses a nuclear localization signal (NLS) as 
well as a nuclear export signal. Mutations in the NLS 
lead to accumulation of TDP-43 in the cytoplasm 
in the form of inclusion bodies and protein aggre-
gates.40 Truncations in the C-terminus of TDP-43 
have been associated with protein mislocalization.41 
TDP-43 mutations are thus implicated in several 
cases of ALS. In patients with fALS, dominantly in-
herited TDP-43 mutations were found.42–46 A study 
carried out on transgenic mice expressing TDP-43 
that has the A315T mutation showed that TDP-43 is 
involved.47 In either direct or indirect alteration of 
protein degradation pathways may lead to ubiquiti-
nated protein accumulation and subsequent neuro-
nal degradation.48

TDP-43 is the most common protein involved 
in the pathogenesis in ALS and accounts for almost 
97% of familial ALS conditions. In normal condi-
tions, TDP-43 is localized to the nucleus, whereas in 
the disease state, pathological TDP-43 is found in the 
cytoplasm49 of motor neurons and spinal cord. The 
protein has abnormal structure and function. Even 
though silencing TDP-43 itself is not appropriate 
because of its RNA binding, it is crucial for cellu-
lar functions.50 Recruitment of p62, ubiquilin-2, and 
optineurin is closely associated with aggregation of 
TDP-43. Hence, it is required to reduce aggregation, 
which could be processed by acetylation of TDP-
43. This would render it prone to phosphorylation, 
leading to ubiquitination and causing dysfunctional 
mitochondria.49

Downregulated NF-κB was found in ALS pa-
tients that might contribute to loss of neuronal pro-
tection.51 Furthermore, caspase activation by tumor 
necrosis factor alpha (TNF-α) leads to induction of 
proteolytic cascades. Truncations in the C-terminal 
of intact protein leads to accumulation of protein ag-
gregates in the cytoplasm. Routing of the fragments 
of TDP-43 protein (TDP-25 and TDP-35) towards 
autophagy can reduce this protein aggregations.52 
Loss of function ANG K17I mutation is detected 
with TDP-43 accumulation in the cytoplasm,53 indi-
cating that angiogenin has a role in tRNA cleavage 
and disruption of protein translation.54 These results 
also support the hypothesis that angiogenesis and 
protein aggregation due to translation failure are 

interlinked pathways in ALS. In the absence of NLS, 
the truncated TDP-43 is likely to form cytoplasmic 
aggregates, which induces toxic stress within the 
cell.25

Recent studies have shown that the presence of 
TDP-43 largely affects the expression of progranu-
lin,55 which is associated with progressive ALS with 
active degeneration in motor tracts and glial cells.56 
Eguchi et al. have reported the angiogenic role of 
progranulin in tumors.57 It regulates the angiogen-
esis process in VEGF-independent manner. In ALS 
patients with decreased VEGF levels, progranu-
lin-dependent angiogenesis presumably counteracts 
the stress reduction pathway. As expected, progran-
ulin-associated loss of function mutation in FTD 
patients has shown TDP-43 proteinopathy and ham-
pered autophagy.58 Because of common features of 
TDP stress granule accumulation in both FTD and 
ALS, progranulin can be studied as a novel candi-
date gene for ALS.59 It has been shown that progran-
ulin is directly involved in stimulation of VEGF.60 
Colombrita et al.55 showed the alteration of TDP-43 
and progranulin levels in cultures of the NSC-34 
cell line. Although there was not much change in 
the expression of VEGF in those cells after silencing 
the TDP-43 gene, there was a significant change in 
expression of progranulin (p < 0.05). The authors 
also analyzed the effect of overexpression of TDP-
43, which enhanced the expression of VEGF and 
growth factor progranulin (GRN) GRN genes, lead-
ing to decreased levels of progranulin (up to 70% 
to 75%).55 Mutations in multifunctional GRN also 
causes FTLD with TDP-43 protein accumulation. 
Various studies on animal models of GRN showed 
negative regulation of TNF-α signaling.61 A study 
on mice with PGRN (progranulin) deficiency re-
sulted in autophagy impairment. The pathological 
forms of TDP-43 cleared by autophagy accumulate 
rapidly in PGRN deficient mice.58 These results pro-
vide insights into interconnections between angio-
genic events and proteinopathy in ALS, highlighting 
the need to investigate proportional expression of 
TDP-43/VEGF-PGRN as biomarkers of disease 
pathogenesis.

Chds are ATP-dependent helicases containing 
DNA-binding proteins. Their role as differentiat-
ing markers for hematopoietic stem cells and their 
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cross-talk with TDP-43 marks them as a potential 
candidates in the group of molecules that affect 
the diseased state of ALS by cross-talk with vas-
cularization processes. Chd4 is a member of same 
family. This gene is commonly shared by both neu-
rons and hematopoietic stem cells for their differ-
entiation, making this a primary target for studying 
MNDs in the context of vascularization.62 As men-
tioned earlier, Chd genes are ATP dependent. Thus 
it is possible that this affects mitochondrial func-
tions. TDP-43 also suppresses Chd1, a chromatin 
remodulator responsible for protection of cells 
from stress condition. Upregulation of TDP-43 
greatly reduces Chd1 expression, thus increasing 
the levels of stress granules in cell.63 A study in 
2016 by Gomez-Del Arco et al.64 showed that chro-
matin remodeling genes regulate the mitochon-
drial function in heart and skeletal muscles. Chd4/
NuRD complex is established as a transcriptional 
repressor in cell differentiation processes. Studies 
reveal that the Chd4/NuRD complex binds to the 
promoter region of mitochondria-regulating genes, 
likely Pgc1, thus controlling its expression. Cells 

deficient in Chd4 were unable to produce enough 
ATP, and the loss of Chd4 impacted the expression 
of Pgc.65 These studies have advanced our under-
standing of the role of mitochondrial dysfunction, 
angiogenesis, and ALS (Fig. 1).

C.  TDP-43–OPTN Proteinopathy and 
Angiogenesis

Mutations in TDP-43 and FUS optineurin (OPTN) 
(a neuroprotective agent in the optic nerve) have 
been reported in both familial and sporadic cases 
of ALS.66 Maruyama et al.66 were the first to report 
three types of mutations for optineurin (located on 
chromosome 10) in ALS, two of which are homo-
zygous. One of these homozygous mutations was 
the deletion of exon 5, observed in familial ALS, 
and the other was a nonsense mutation in Q398X, 
which is found in both familial as well as sporadic 
cases of ALS. A loss of function mutation in the 
optineurin gene plays an important role in ALS 
disease generation. Optineurin works as an adap-
tor protein for ubiquitin binding, which regulates 

FIG. 1: Epigenetic dysregulation affecting angiogenesis in ALS
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the interconnected pathways leading to cell death 
via autophagy or necroptosis. Mutations in pro-
teins that interact with optineurin, such as TBK1 
and p62, suggest a common pathogenic pathway 
for cell death. With the limited presence of opti-
neurin, many associated factors impact the neuro-
protective pathways in which optineurin plays a 
pivotal role. Hence, the presence of optineurin is 
directly correlated with the degeneration of ALS. It 
has been reported that the missense mutation in the 
OPTN gene described the cytoplasmic distribution 
different from that of the wild-type form of immu-
noreactive cytoplasmic inclusions. A heterozygous 
missense mutation E478G was observed in famil-
ial ALS.66 The results indicated the localization of 
optineurin to distinctive skein-like inclusions of 
anterior horn neurons and their neurites in spinal 
cords of sALS and some fALS cases, but not in 
the cases linked to SOD1 or in the ALS transgenic 
mouse models overexpressing ALS-linked mutant 

SOD1. This clearly indicates that OPTN, just 
like TDP-43 and FUS, influences the pathology 
of ALS in a manner apart from the SOD1-linked  
pathway.67

The cell survival mechanisms generally con-
verge through certain common pathways, which are 
speculated to be shared by angiogenin, sVEGFR1/
sFLT1, TDP-43 and optineurin, driven by the 
transcription factor NF-κB (nuclear factor kappa-
light-chain-enhancer of activated B cells) and the 
serine threonine kinase Akt (Fig. 2). The NF-κB 
pathway may also be induced by various stimuli 
that impact the final outcome of the pathway in 
various cases. One of the inducing molecules for 
NF-κB pathway is TNF-α which recruits caspases 
resulting in cell death. Optineurin is believed to be 
a part of the TNF-α (tumor necrosis factor alpha) 
signaling pathway influencing it in a manner that 
regulates cell death.68 Optineurin, which is known 
to regulate NF-κB pathway, has been shown to 

FIG. 2: Schematic representation of the cross-talk between candidate molecules and known pathways like Akt-1, 
caspases, and neurodegeneration
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colocalize with TDP-43 inclusions. The mutations 
that lead to functional changes in optineurin may 
severely inhibit or hyperactivate TNF-α induced 
activation of NF-κB pathway leading to neuro-
degeneration.69 Uncontrolled proteolytic cleavage 
of TDP-43 have been provoked by hyperactive 
TNF-α, consequently leading to formation of ag-
gregates (TDP-43 proteinopathy) inside cells and 
ECM mediated by NF-κB pathway, which can 
further stimulate the caspase cascades.70 In ALS 
patients with optineurin mutations, the NF-κB ex-
pression pattern is altered. Sako et al.51 also studied 
the role of NF-κB in ALS. Immunohistochemical 
studies were carried out on the spinal anterior horn 
of patients with sALS, an ALS patient with a mu-
tant optineurin (OPTN-ALS), and three controls.71 
Exome sequencing in ALS patients identified loss-
of-function (LoF) mutations in TBK1. TBK 1 inter-
acts with optineurin through its C-terminal TBK1 
coiled-coil domain (CCD2). The mutant allele re-
sults in loss of interaction and mitigation of pro-
tective effects of optineurin.72 Loss of optineurin 
hampers damaged mitochondrial clearance by au-
tophagosomes.73 TBK1 mediates phosphorylation 
of OPTN and strengthens the retention of OPTN/
TBK1 on ubiquitinated mitochondria.74 Quanti-
tative proteomics has reported TBK1 association 
with various other adaptors of autophagy p62/
SQSTM1, which has been associated with ALS 
risk75 and is another receptor molecule involved in 
autophagy,76 is also found to be regulated by TBK1 
activation.74 SQSTM1 recognizes the LC3B site in 
phagosomes, and the L341V mutation of SQSTM1 
has a defective recognition site for the LC3 re-
gion that reduces the binding affinity.77 A positive 
relationship was established between TBK-1 and 
VEGF expression in a hypoxia model,74,78 sug-
gesting that angiogenic factors are recruited in re-
sponse to overexpressing TBK1. TBK1-mediated 
gene induction of VEGF, FGF1, and FGF2 has 
been seen in solid tumors.79 Extending the situation 
to ALS pathology, haploinsufficiency of TBK1 in 
disease may negatively affect the expression of an-
giogenic markers, such as VEGF and angiogenin, 
as reported in many studies.80–82 The exact cascade 
of the mechanism is still unknown. However, re-
cent studies suggest a strong linkage between the 

newly identified genes and earlier well-character-
ized genes involved in ALS pathology.

Studies mentioned previously suggest an im-
perative role for OPTN in cellular survival in ALS 
pathology and can further our understanding of the 
phenomenon, which is hampered in ALS pathology 
(see Fig. 2).

Therefore, we can also hypothesize that opti-
neurin and TDP-43 interaction can lead to enhanced 
survival rate (as seen in Indian patients), mediated 
by a neovascular/angiogenic mechanism synergisti-
cally contributing to cell survival pathways and in-
volving motor neuron degeneration.

IV.  PERSISTENT INFLAMMATION AND 
ANGIOGENESIS

As earlier studies pertaining to ALS have uncov-
ered the role of VEGF-A and chemokine ligand-2 
(CCL-2) in the pathogenesis of ALS,83 correlating 
these changes in proteins and progression of dis-
ease in a larger cohort of ALS patients, on a lon-
gitudinal analysis, will give credible evidence 
useful for developing new treatments. There is 
a decrease in microglia84 population in the spinal 
cord with disease progression.50 In a mouse model, 
prior to disease onset, splenic monocytes expressed 
a differentiated macrophage phenotype, which in-
cluded increased levels of chemokine receptor 
CCR2. Next, expression of the microglial level of 
CCL2 and other chemoattractants increased, which 
probably recruited monocytes to the CNS via spi-
nal cord–derived microglia. In the case of human 
ALS, similar monocytes undergo an ALS-specific 
microRNA inflammatory response similar to that 
observed in the ALS mouse model,85 establishing 
a link between the animal model and the human 
disease. VEGF has been found to induce activation 
of the phosphatidylinositol 3-kinase (PI3-K)/Akt 
antiapoptotic pathway and is thus a target mole-
cule to reduce neuronal cell death associated with 
ALS.36 Therapeutic measures against ALS, involv-
ing VEGF-A gene therapy are, therefore, being in-
creasingly investigated.

Another molecule involved with inflammatory 
stress is granulin, whose deficiency upregulates 
CCl2.86 Furthermore, granulin mutations and stress 
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stimuli induce changes in TDP-43.87 The majority 
of therapeutic strategies for ALS are being sought 
based on the control of neuroinflammation much 
like other neurodegenerative disorders.88 It is for the 
same reason that inhibition of the CCl2 pathway is 
frequently suggested as the therapeutic approach, 
to delay glial activation and promote neuronal 
survival.89

Moreover, spinal cord tissue analysis of ALS pa-
tients has revealed elevated transcripts of dendritic 
cell markers (e.g., CD83) and monocytic/macro-
phage/microglial transcripts,90 increased expression 
of cyclooxygenase-2 (COX-2),91 connective tissue 
growth factor (CTGF),92 CCl2,90 and VEGF recep-
tor (VEGFR)-192 enhanced activity of glutamate de-
hydrogenase (GDH) accompanied by reduced levels 
of glutamate and aspartate.93 The increase in CTGF 
expression is explained by the fact that CTGF plays 
an important role in astrogliosis, which is often seen 
as the consequence of hypoxic conditions and is, 
therefore, a pathological hallmark of ALS.92 Glio-
sis is also related to the enhanced GDH activity as 
reported by Malessa et al.93 The study has also sug-
gested disruption in cholinergic transmission in the 
spinal cord of ALS patients, thus contributing to the 
reduced amino acid levels.

V. OXIDATIVE STRESS AND ANGIOGENESIS

SOD1 is the first gene discovered to be involved 
in ALS pathology. Mutant SOD1 forms aggregates 
in motor neurons and enhances production of reac-
tive oxygen species (ROS), which is a well-known 
pathophysiology of SOD gain-of-function mutation 
in ALS patients. However, another link of SOD1 
mutation has been reported where it was suggested 
that mutant SOD1 binds to the 3′ UTR region of 
VEGF mRNA, and after interaction with HuR and 
TIAR, ribonucleoprotein forms a complex that 
negatively affects expression of VEGF. The study 
pointed out that post-transcriptional regulation of 
VEGF expression by mutant SOD1 is impaired by 
interaction with key regulatory proteins.94

Pretreatment of the cells with VEGF has been 
shown to protect the culture against oxidative 
stress-induced motor-neuron-like cell death via 
the activation of PI3-K and/or MAPK signaling 

pathways.36 Based on similar lines, Lunn et al.95 
demonstrated a decrease in VEGF and VEGFR2 
levels in the spinal cord of G93A-SOD1 ALS mice 
and further emphasized the role of VEGF mediated 
PI3K/Akt signaling in neuroprotection.

In the earlier context, it is important to introduce 
the role of CHCHD10 protein, which is located in 
the intermembrane space, and its missense mutation 
in FTD-ALS patients has been reported. The pro-
tein is essential for mitochondrial ultrastructure be-
cause the mutant allele causes abnormalities mainly 
in cristae.96 It is part of a mitochondrial contact site 
and cristae organizing system (MICOS) complex.97 
In mitochondria, CHCHD10 has been found to work 
as the HRE that interacts with cytochrome oxidase 
(COX) and helps in oxygen consumption. However, 
when localized in the nucleus, it acts as a transcrip-
tional repressor for genes that harbor OREs. Be-
cause of its hypoxia sensitivity, it plays a pivotal role 
in the regulatory network that responds to altered 
oxygen levels. In ALS patients with mitochondrial 
dysfunction, CHCHD10 mutations contribute to the 
disease progression by reduced oxygen sensitivity 
and altered angiogenesis.97

More recently, in addition to the molecular net-
work associated with the ALS condition, analysis 
of whole genome sequencing for detection of asso-
ciated loci has shown constructive loss of function 
mutation in gene NEK1, which could be responsi-
ble for inherent ALS.98 Both NEK1 and c21orf2 are 
involved in the DNA damage response, and studies 
have demonstrated interaction between these two 
proteins during DNA repair.99 Both gene variants 
have been identified in ALS exome studies. The 
NEK1 variant with loss-of-function mutation and its 
association with ALS has been recently defined.100 
The gene has multiple functions, including cilia 
formation, microtubule stability, neuronal morphol-
ogy, and polarity.98 NEK1 has been shown to affect 
the stability of von Hippel-Lindau tumor suppres-
sor (pVHL) by phosphorylation in in vitro and in 
vivo studies.101 In the study, VHL phosphorylation 
did not affect expression of HIF. However, pVHL 
has been demonstrated to regulate HIF expression 
in various other studies,102,103 so a plausible role of 
NEK1 in hypoxia, oxidative stress, and angiogenic 
processes cannot be discounted.
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VI. OTHER RISK ALLELES IN ALS

The mapping of the human genome has led to char-
acterization of the C21orf2, MOBP, and SCFD1104 
genes, which have been newly connected to in-
creased risk of ALS. The SNP-based heritability 
is approximately 8.5%, having a distinct and sig-
nificant role in identifying low-frequency variants 
with the frequency of 1% to 10%.104 Other genes 
have also been found to be associated with ALS. 
Recently, mutations in ubiquilin 2 (UBQLN2) were 
associated with dominant inheritance of ALS along 
with frontotemporal dementia (ALS–FTD).22,38,39,105 
Neuropathological analysis of the mice with end-
stage disease has revealed the accumulation of 
ubiquitinated inclusions in the brain and spinal 
cord, astrocytosis, fewer hippocampal neurons, and 
reduced staining of TDP-43 in the nucleus, with 
concomitant formation of ubiquitin+ inclusions in 
the cytoplasm of spinal motor neurons.22,38,39,105 Mis-
sense mutations in ubiquilin 2 (UBQLN2) identified 
as the cause of X-linked dominant ALS–FTD has re-
vealed the accumulation of ubiquitinated inclusions 
present in brain and spinal cord.106,107 The UBQLN4 
gene variant has also been found to be associated 
with ALS. The UBQLN4D90A mutation impairs the 
ubiquitin-proteasome system, which interferes with 
the β-catenin signaling pathway, disrupting the 
breakdown of β-catenin and resulting in accumu-
lation of β-catenin leading to structural defects in 
motor neurons. Edens et al.108 studied the effect of 
mutated UBQLN4 in Zebra fish and mouse models. 
The mutation in these models caused a change in 
the shape of motor neurons in the spinal cord. Most 
cases of ALS have mutated RNA-binding proteins. 
RBPs have been found to be associated with famil-
ial ALS. Bakkar et al.109 studied the published liter-
ature with IBM Watson, comparing the data to look 
for semantic similarities and any new connections 
between entities involved. They found five new 
RBPs that were associated with ALS. These have 
been previously associated in some of the studies. 
Five RBPs, hnRNPU, Syncrip, RBMS3, Caprin-1, 
and NUPL2, showed significant alterations in ALS 
relative to controls.109 Additionally, Münch et al.110 
showed the importance of point mutations of the 
p150 subunit of dynactin (DCTN1) in ALS. Despite 

the large number of gene loci found to be associated 
with ALS, their cross-talk with angiogenic mole-
cules remains enigmatic.

VII. CONCLUSION

The review of various studies on ALS suggests the 
importance of neovascularization and its regulatory 
processes in the enhanced survival of motor neurons 
in certain patients living with ALS for long periods. 
Studies also signify the imperative role of angio-
genic processes chiefly governed by VEGF (asso-
ciated receptors). This can regulate angiogenesis by 
interacting with ANG, thereby enhancing cell sur-
vival. We also described the molecular interaction 
between TDP-34 and OPTN, which may influence 
the outcome of angiogenic pathways by affecting 
VEGF and its associated molecules. Additionally, 
this review has provided mechanistic insights into 
molecular interactions between different molecules 
involved in pathological changes associated with 
ALS. Identifying the molecular interactions that in-
fluence angiogenic processes and mediate cell sur-
vival can lead to a paradigm shift in diagnostic and 
treatment strategies in ALS research.
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Abstract: Background: Cancer is a common disease caused by the excessive proliferation of cells, and 
neurodegenerative diseases are the disorders caused due to the degeneration of neurons. Both can be 
considered as diseases caused by the dysregulation of cell cycle events. A recent data suggests that 
there is a strong inverse association between cancer and neurodegenerative disorders. There is indirect 
evidence to postulate Brain-derived Neurotrophic Factor (BDNF) as a potential molecular link in this 
association. 

Discussion: The BDNF levels are found to be downregulated in many neurodegenerative disorders and 
are found to be upregulated in various kinds of cancers. The lower level of BDNF in Alzheimer’s and 
Parkinson’s disease has been found to be related to cognitive and other neuropsychological impair-
ments, whereas, its higher levels are associated with the tumour growth and metastasis and poor sur-
vival rate in the cancer patients.  

Conclusion: In this review, we propose that variance in BDNF levels is critical in determining the 
course of cellular pathophysiology and the development of cancer or neurodegenerative disorder. We 
further propose that an alternative therapeutic strategy that can modulate BDNF expression, can rescue 
or prevent above said pathophysiological course. Larger studies that examine this link through animal 
studies are imperative to understand the putative biochemical and molecular link to wellness and dis-
ease. 

Keywords: BDNF, homeostasis, neurodegenerative disorders, BDNF/TrkB cascade, alternative therapy, Alzheimer’s disease. 

1. INTRODUCTION 

During the development of the nervous system, various 
neuronal growth factors play an important role in influencing 
the survival and growth of the developing neurons [1]. These 
growth factors are categorized as Neurotrophins, 
Neuregulins and GDNF family growth factors [2, 3]. The 
Brain-Derived Neurotrophic Factor (BDNF) belongs to the 
family of neurotrophin and shows various therapeutic actions 
associated with cognitive impairment in various neurodegen-
erative diseases [4]. It has been observed that in various neu-
rodegenerative diseases, such as ALS and Alzheimer’s dis-
ease (AD), the level of BDNF is found reduced, significantly 
adding to the disease pathophysiology [5]. The lower BDNF 
level in the plasma is responsible for cognitive impairment, 
stress, fatigue and depression [6]. 

In contrast, in several types of cancers, the plasma level 
of BDNF is found to be raised and plays a critical role in the 
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metastasis [7]. Through various intrinsic cellular and mo-
lecular pathways, BDNF may exert an oncogenic influence 
to the cancerous cells thus accelerating tumour growth and 
metastasis. It is hypothesised on the basis of several studies 
that there must be an appropriate or homeostatic level of 
BDNF in plasma that ensures the prevention of both cogni-
tive impairment and cancer [8]. Neurodegenerative diseases 
and cancers can, therefore, be examined in the context of 
such opposite molecular influence because neurodegenera-
tive disorders involve cell death and cancer is characterised 
by unregulated cell proliferation [9]. A current GWAS study 
investigating the genetic link between cancer and AD cases 
has revealed that a large sample size ranging from 9931 to 
54,162 has both positive and negative association on their 
Single Nucleotide Polymorphisms (SNPs) with a range of 
cancers such as breast, colon, lung, ovarian and prostate can-
cer. This suggests a common genetic etiology between can-
cer and AD, indicating the need to examine these associa-
tions [10]. Thus, BDNF could be a critical factor in regulat-
ing homeostasis, and possibly any deviation in its expression 
may trigger either the process of tumorigenesis or neurode-
generation. The focus of this review article is to evaluate the 
homeostatic role of BDNF in the pathophysiology of several 
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kinds of cancers and neurodegenerative diseases so that, we 
could postulate appropriate interventions based on matching 
the desirable effects [11]. Further, we have discussed how a 
holistic approach as such the practice of Yoga, mind-body 
techniques can sustain cellular homeostasis. As Yoga and 
exercise increase the BDNF levels, it is worthwhile to design 
studies to probe its opposing role in two forms of the disease 
[12, 13]. This article may provide insights into our under-
standing of the pathophysiology of neurodegenerative disor-
ders and cancer from the perspective of BDNF and propose a 
comprehensive intervention for effective management of 
these disorders (Fig. 1). 

2. CANCER AND NEURODEGENERATIVE 
DISORDERS: AN INVERSE ASSOCIATION 

2.1. Exploring the Relationship Between Cancer and 

Alzheimer’s Disease (AD) 

Driver et al. in Framingham Heart study [14] described 
the inverse association between cancer and AD by a commu-
nity based prospective cohort analysis. The study included 
1278 participants with or without the history of cancer and 
followed it for 10 years and estimated the risk of developing 
AD. In a case-control analysis, when normalized to their age, 
sex and smoking habits, the cancer survivors were found to 
be at a lesser risk of probable AD and vice versa. Another 
prospective cohort study [15] showed an inverse association 
between prevalent dementia and future cancer risk in more 
than 3000 people, aged at 65 years and above. A follow up 
was carried out for 5.4 years for dementia and 8.3 years for 
cancer. It was found that patients with Dementia showed 
lower risks of cancer and vice versa. (Table 1) with the in-
creasing evidence of such inverse association, it is hypothe-

sized that there could be dynamic molecular interactions 
governing cellular regeneration and degeneration processes 
in both disease conditions [16]. 

2.2. Exploring the Relationship Between Cancer and 
Parkinson’s Disease (PD) 

The emerging reports point out the inverse association 
between Cancer and the prevalence of PD. Driver et al con-
ducted a case-controlled nested study in a cohort of 22,071 
male physicians from the US and followed them up for 22 
years determining that cancer survivors had a decreased risk 
of PD diagnosis. The incidence of any cancer was found to 
be reduced in PD cases (13.1%) as compared to their age-
matched controls (14.8%) [17]. Another meta-analysis study 
by Xie et al. suggested that PD patients from the cohort of 
western countries were found to be significantly associated 
with reduced risk of developing colorectal cancer. They 
analysed 13 studies from the region including 343,226 PD 
patients and showed that irrespective of the variations in 
study designs, gender and location of tumor, this inverse 
association was constant in the population [18]. Although the 
above studies confirm the inverse association between cancer 
and PD, no such studies have been carried out in larger 
Asian populations. 

Several studies have recognised the importance of the 
link between cancer and neurodegenerative diseases and 
their inverse association but molecular mechanisms involved 
in the association are unknown. Nixon et al studied this in-
verse relationship in association with obesity. As obesity is 
the common risk factor associated with both diseases, they 
have studied the association of leptin and adiponectin with 
both diseases. Both molecules have opposing effects. They 

Fig. (1). Schematic representation shows the association between cancer, neurodegenerative disorders and BDNF induced pathology that 

how an alternative therapeutic approach may manage these diseases/disorders by maintaining the BDNF homeostasis. NDD: 

neurodegenerative disorders. 
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Table 1. Table showing various studies that shows reduced BDNF in the neurodegenerative diseases. 

Aims Outcome 

Investigating the association between serum BDNF concentration and mild 

cognitive impairment (that may further lead to AD). 

The serum BDNF concentration was observed to be decreased and reduc-

tion in BDNF can be associated with cognitive impairment. Serum BDNF 

concentration was significantly lower in aMCI patients [20]. 

To investigate BDNF mRNA expression in the hippocampus of AD pa-

tients.  

The expression of NGF, BDNF and neurotrophins was assessed in the hip-

pocampus regions of patients. The BDNF mRNA expression was decreased 

in the patients. No difference was in the levels of other neurotrophins [21]. 

To investigate the BDNF expression in AD patients at different stages of 

the disease. 

BDNF expression was found to be increased in the early stages of the dis-

ease but as the stage of the disease progressed BDNF serum level started 

decreasing in correlation with dementia at the stage of the disease [22].  

To quantitate the BDNF mRNA in human parietal cortex.  BDNF mRNA was found to be decreased by three folds in the parietal cor-

tex of AD patients as compared to controls [23]. 

To investigate the BDNF mRNA expression and BDNF protein level in the 

human post-mortem hippocampi of AD patient. 

A reduction in the BDNF expression was found in both the hippocampi and 

temporal cortices of patients as compared to controls [24]. 

To investigate the serum and CSF concentration of BDNF in AD patients.  Serum BDNF level was found to be decreased in AD patients as well as 

normal pressure hydrocephalus than controls. However, CSF was not found 

to be a good source for this analysis because of very low BDNF concentra-

tion [25] 

To determine the pro-BDNF and mature BDNF protein levels in the parietal 

cortex of subjects with non-cognitive impairment, mild cognitive impair-

ment and mild or moderate AD. 

Both pro-BDNF and mature BDNF was found to be decreased in patients 

with MCI and AD as compared to subjects with non-cognitive impairment. 

The decrease in BDNF was also found to be correlated with the cognitive 

impairments [26]. 

To determine the BDNF mRNA expression in the Parkinson’s disease Sub-

stantia Nigra. 

BDNF level of substantia nigra pars compacta reduced by 70% in PD pa-

tients [27]. 

To investigate the concentration of BDNF and NGF in Parkinsonian pa-

tients. 

The concentration of both BDNF and NGF was found to be decreased in 

patients than controls [28] 

To determine the BDNF protein expression in the post-mortem mesen-

cephalon of controls and Parkinson’s disease patients. 

Reduced expression of BDNF was there in this region [29]. 

To establish an association between Estrogen and BDNF in relation to 

neurodegenerative diseases. 

Estrogen and BDNF both were found to be decreased in AD and PD pa-

tients [30]. 

To investigate the role of BDNF serum concentration as a marker related to 

the Huntington Disease patients’ phenotype.  

Serum BDNF concentration was decreased and was in correlation with the 

cognitive scores [31]. 

 

have also found that wnt and p53 are important signaling 
molecules to be involved in the function of these molecules. 
Similarly, BDNF can also be found as a common link be-
tween both diseases. However, further investigations are 
required to examine BDNF as a common link [19]. 

3. BDNF AND NEURODEGENERATIVE DISEASES  

The level of BDNF in several neurodegenerative diseases 
is found to be decreased. There are several studies which 
show that BDNFexpression decreases in AD patients and PD 
(Parkinson’s disease) patients (Table 1). The decreased 
BDNF level is responsible for cognitive impairment in these 
patients. 

4. ANIMAL STUDIES SUPPORTING THE ROLE OF 
BDNF IN COGNITIVE IMPROVEMENT 

Various studies conducted on animal models have al-
ready shown that if plasma BDNF levels increase, there can 

be a possible improvement in cognition. Jones et al. [32] 
transplanted neural stem cells in 3xTg-AD mice and assessed 
their cognitive improvement, memory latency, platform 
crosses and context-dependent recognition. All the symp-
toms were found to be improved but not due to altered amy-
loid-β or tau pathology. The cognitive impairment was ac-
companied by enhanced hippocampal synaptic density and 
elevated BDNF. One of the reasons for cognitive impairment 
in AD was reported due to abnormalities of immediate early 
genes such as cAMP response element binding protein 
(CREB). Caccamo et al. [33] also studied the effect of the 
transfer of CREB Binding Protein (CBP) gene to AD mice 
showing improved cognitive impairment in mice due to ele-
vated levels of BDNF. A study from our lab also proposed 
that elevated levels of BDNF and CREB might improve 
cognitive impairment in amyloid-β injured mice [34]. The 
human umbilical cord blood-derived lineage negative stem 
cells transplanted in cognitively impaired mice enhanced the 
levels of BDNF mRNA expression and CREB that improved 
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their cognitive impairment. A recent study done by Choi et 
al showed the importance of BDNF as well as the exercise in 
improving cognition in Alzheimer’s disease model. The en-
hancing of Adult Hippocampal Neurogenesis (AHN) was not 
found to be much helpful in improving cognition and mem-
ory but enhancing AHN along with exercise increased 
BDNF level as well as improved memory. Also, they have 
elevated the BDNF level to confirm its role. An elevation in 
BDNF has also improved memory [35]. Tomi et al highlight 
the importance of BDNF in cognitive pathways. They have 
used APdE9 mice model of Alzheimer’s disease. The 
reduced BDNF in these transgenic mice has been shown to 
cause memory impairment. They have also analysed the 
level of BDNF along with age. It has been observed that the 
BDNF level was found increased in these mice with age but 
IHC studies show that the increased BDNF was found de-
posited around the proximity of the Ab-plaques. BDNF gene 
deficiency influenced spatial learning. BDNF plays an im-
portant role in cognitive improvement [36]. Jiao et al 
discovered that the transfer of BDNF gene via AAV-BDNF 
transfer system provided neuroprotection and improved the 
neuronal symptoms. BDNF gene improved tau proteinopathy 
mediated damage to neuronal cells, though it did not affect 
tau hyperphosphorylation [37]. 

5. ROLE OF BDNF IN CANCER  

Colorectal cancer is one of the common causes of deaths 
all over the world [38]. Colon cancer pathology is still un-
clear. It has been shown that BDNF signalling protects can-
cer cells from EGFR inhibition and it is reported that the 
expression of BDNF is correlated with different types of 
carcinomas thus accelerating cell survival and proliferation 
[39]. Yang et al have demonstrated that ribozyme-based 
gene knockout of BDNF from colon cancer cell lines re-
sulted in increased apoptosis and decreased rate of cell pro-
liferation. They also concluded that the level of BDNF is 
increased at the time of diagnosis and modulates the cancer 
cells to become non-sensitive to chemotherapy [39]. In an-
other cell line based study, it was shown that the presence of 
human BDNF significantly increases the migratory nature of 
colon cancer cells. The downstream pathway analysis also 
revealed that this migratory behaviour is induced by BDNF 
mediated upregulation of heme oxygenase-1 (HO-1) and 
vascular endothelial growth factor (VEGF) in these cells 
(Table 2). The ERK, p38, and Akt signalling pathways were 
found to be involved in the faster migration of these cancer-
ous cells and pathway inhibitors used in the study showed 
controlled regulation of BDNF induced VEGF/HO-1 activa-
tion [40]. 

5.1. Breast Cancer and Role of BDNF 

Breast cancer is the second most common cause of death 
in women. There has been significant progress in screening 
and treatment strategies leading to improvement of the sur-
vival rates in the last couple of decades [41]. The role of 
neurotrophin family growth factors in the metastasis and 
progression of Breast cancer has been extensively investi-
gated. A large number of neurotrophins such as NGF, BDNF 
and neurotrophin 4/5 are found to be expressed in breast tu-
mors and linked to tumor growth and proliferation through 
various autocrine signalling loops such as tyrosine kinase 

pathway [42] (Table 2). A high level of BDNF in tumors has 
been reported to worsen the clinical outcome and survival 
rates in breast cancer patients [43]. Anti-BDNF transgene 
strategy by systemic knockdown of BDNF in several breast 
cancer cell lines and their wild type counterparts expectedly 
showed a dampening effect in the proliferation and growth 
of tumor cells. Similarly, BDNF knockdown increased cell 
apoptosis in these cells. Some investigators examined the 
role of the receptor of BDNF and reported Tropomyosin-
related brain through paracrine effects of BDNF-TrkB 
signalling. Interestingly, Kang et al. carried out a one year 
follow up study showing a significantly higher rate of de-
pression in 309 breast cancer patients directly associated 
with higher level of methylation in the BDNF gene. This 
study further suggests that the cancer patients are more prone 
to depression through the methylation of one of the target 
genes associated with disease pathophysiology. Whether a 
holistic way of management by Mind Body techniques, 
Yoga or exercise can ameliorate the disease associated with 
stress and depression, mediated by methylation of BDNF, 
has not been investigated. 

6. BDNF AS A MARKER FOR CANCER? 

Recent developments have brought BDNF into the centre 
stage as a probable diagnostic marker for multiple cancer. 
Bronzetti et al. found that in prostate cancer, patients with 
raised BDNF level can be a target for the detection of cancer 
[44]. They recruited 16 patients with cancer, 20 with benign 
prostate hyperplasia and 4 whole prostates from four fresh 
male cadavers who had not died from the tumoral prostatic 
disease. Markers were measured immunohistochemically 
and the BDNF level was found to be significantly raised in 
patients with prostate cancer. The underlying mechanism 
was identified as the receptor for BDNF, p75NTR that medi-
ated programmed cell death.  

Similarly, Lai et al. [45] showed significantly 
overexpressed BDNF and TrkB in TCC (transitional cell 
carcinoma) samples compared to normal Urothelium. 12 
normal urothelial tissues, 35 paired non-malignancy-
involved bladder tissues from TCC patients and 65 TCC 
tissues were examined. Immunohistochemistry was carried 
out to analyse the expression of BDNF and TrkB expression 
which were found significantly overexpressed in TCC cells. 
BDNF is associated with a reduction in the apoptosis in 
Breast cancer cells. Higher levels of BDNF were associated 
with poor clinical outcome and survival [46]. These reports 
implicate that BDNF level could be an effective biomarker 
to analyse the stages and progression rates of various types 
of cancer. 

7. BDNF AS A THERAPEUTIC TARGET IN CANCER 

BDNF signalling acts as an anti-cancer target mediated 
by its receptor, TrkB. BDNF has been widely studied in the 
development and differentiation of fetal neurons and acts to 
produce anti-tumour immune response [1]. The role of 
BDNF/TrkB cascade in the pathogenesis of cancer has also 
been currently investigated. BDNF/TrkB cascade can even 
modulate a series of cell signalling pathways such as VEGF, 
Akt/PI3K, Wnt/β-catenin, Jak/STAT, NF-kB and UPAR/ 
UPA pathways providing plausible links to predictive 
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Table 2. Various studies which suggest that BDNF and TrkB expression get upregulated in various types of cancers. 

Aims Outcome 

To determine the expression of BDNF and TrkB in human bladder cancer 

cells. 

BDNF and TrkB were found to be overexpressed in grade III and Grade I 

and III cancer, respectively [54]. 

To identify the relationship between BDNF and TrkB and prognosis in non-

small cell lung cancer. 

Overexpression of these molecules is related to a poorer prognosis. It was 

also found that coexpression of both molecules is responsible for poorer 

prognosis as compared to over-expression of one of these proteins [55]. 

To study the distribution of neurotrophins in normal, hyperplastic and pros-

tate cancer cells. 

BDNF and TrkB were found to be overexpressed whereas other NTs were 

not overexpressed. It was suggested that BDNF and TrkB have a possible 

predictive role in the diagnosis of prostate cancer [56]. 

To determine whether BDNF and TrkB can be the potential therapeutic 

target for peritoneal carcinomatosis. 

Poor prognosis was there in the patients that either had a higher level of 

BDNF and TrkB or coexpression of both these markers [57]. 

To examine the BDNF and TrkB expression and function of their signalling 

in the small cell lung cancer 

Co-expression was related to poor prognosis. TrkB can be the potential 

therapeutic target in small cell lung cancer [58]. 

To determine the expression of BDNF and TrkB in ovarian cancer patients. Expression of both these molecules is related to the poor survival of ovarian 

cancer patients. BDNF /TrkB pathway is responsible for the cell migration 

[59]. 

 

biomarkers and therapeutic targets for several kinds of can-
cer [47]. Previously, it was reported that BDNF synthesis 
accelerates the growth and progression of cancerous tumors 
[43]. It was also implicated that TrkB and BDNF are upregu-
lated in many types of cancers [48]. PI3K/AKT signalling 
pathway leads to the production of anti-apoptotic proteins 
through the binding of BDNF with its conjugate receptor, 
TrkB which initiates the signalling cascade for uncontrolled 
cell proliferation [49]. Studies implicate that TrkB receptor 
pathway evolves the phosphorylation of Tyrosine 705 stat 3 
which transduces hypoxia-inducible factor1-alpha(HIF1α) 
mRNA levels [50]. EGFR and TrKB pathways are reported 
to be associated in many kinds of cancers and provide indi-
rect inhibition [49]. In the case of lung cancer, TrkB re-
sponse inhibits the effect of EGF administration and simi-
larly, inhibition of EGF leads to the alteration of the effect of 
BDNF administration [50]. In case of ovarian cancer, exces-
sive release of BDNF activates the TrkB pathway which 
results in the formation of zygotes into pre-implantation em-
bryos and it also provides signals to granulosa cells for the 
immature upfolding of follicles [51, 52]. It has also been 
observed that in cases of bladder cancer, there was over-
expression of BDNF and TrkB in cancerous tissue compared 
to normal samples at different stages and grades of metasta-
sis. It is unambiguously indicated in these studies that BDNF 
and its signalling cascade play a dominant role in the prolif-
eration of cancer making it amenable for either drug devel-
opment or an important outcome measure from alternative 
interventions [45]. Many patients with cancer have also been 
reported to suffer from a series of health impairments when 
subjected to chemotherapy. These include cognitive impair-
ment, memory loss, fatigue, restlessness and Depression 
[53]. Terence et al. has reported in Asian patients to develop 
cognitive impairment after radiotherapy. 

8. ATTAINING BDNF HOMEOSTASIS THROUGH 

ALTERNATIVE THERAPIES: ROLE IN DISEASE 

MANAGEMENT 

Cancer and its treatment cause depression, anxiety, fa-
tigue, sleeplessness and pain to the patients. Alternative 
therapies which aim to improve the quality of life of the can-
cer patients have not examined the molecular outcome re-
sulting from the interventions, often ignoring the reductionist 
approach. A study by Cohen et al. demonstrated that Tibetan 
Yoga (TY) helps in improving sleep-related outcomes in 
lymphoma patients. The authors studied the impact of Ti-
betan yoga (TY) practices of Tsa lung and Trulkhor, which 
integrate controlled breathing and visualization, mindfulness 
techniques, and low-impact postures. They recruited 39 lym-
phoma patients undergoing treatment or those who have 
completed treatment in the previous 12 months since re-
cruitment [60]. Patients in the TY group reported signifi-
cantly lower sleep disturbance scores as compared to patients 
in the non-TYgroup but did not analyse the spectrum of mo-
lecular markers including BDNF, leaving a void in the litera-
ture.  

In another study reported by Danhauer et al., 51, ovarian 
cancer (n=37) and Breast cancer (n=14) patients participated 
in a weekly session of 75-minutes’ Restorative yoga classes 
spanning 10 weeks that included physical postures, breath-
ing, and deep relaxation. The authors reported significant 
improvement in depression, negative effect, anxiety, mental 
health, and overall quality of life. Fatigue levels were also 
found to be decreased in post-intervention follow-ups. This 
suggests that Yoga helps in improving the quality of life of 
cancer patients analysed by administering Questionnaires or 
documenting Neurophysiology correlates, completing ignor-
ing the role of various cytokines and nerve growth factors in 
biofluids. However, Saligan et al. studied the effect of radio- 
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therapy on prostate cancer patients [61]. The association 
between plasma concentrations of three neurotrophic factors 
(BDNF, brain-derived neurotrophic factor; GDNF, glial-
derived neurotrophic factor and SNAPIN, soluble N-
ethylmaleimide sensitive fusion attachment receptor-
associated protein) and initial fatigue intensification during 
external beam radiation therapy (EBRT) in euthymic non-
metastatic prostate cancer men were investigated. Fatigue 
was measured by the 13-item Functional Assessment of 
Cancer Therapy-Fatigue (FACT-F), and plasma neurotrophic 
factors were collected at baseline (prior to EBRT) and mid-
EBRT. Subjects who felt fatigued had a significantly re-
duced concentration of BDNF in plasma. BDNF reduced 
after treatment, causing stress, depression, fatigue and cogni-
tive impairment. Similarly, Ng et al. suggested that 
Chemotherapy-associated with cognitive impairment (CACI) 
may be due to changes in plasma BDNF levels [62]. The 
Functional Assessment of Cancer Therapy-Cognitive Func-
tion (FACT-Cog) was done in chemotherapy receiving early 
stage breast cancer patients. Depression was also measured 
in patients. Plasma BDNF was found to be decreased in 
these patients with self-perceived cognitive decline. Despite 
these limited investigations, the role of mind-body tech-
niques or Yoga on these changes was not analysed after its 
intervention. Studies have shown that practising Yoga im-
proves brain plasticity, resulting in an increase in cognitive 
performance and mitigation of symptoms such as Depression 
and Post-Traumatic Stress Disorder (PTSD). In a study by 
Naveen et al., consecutive out-patients of depression without 
suicidality were subjected to Yoga alone or with antidepres-
sants [63]. The depression severity was rated on the Hamil-
ton Depression Rating Scale (HDRS) before and at 3 
months. BDNF levels were also estimated in the serum of 
patients. There was a positive association between fall in 
HDRS and rise in serum BDNF levels in Yoga-only group 
but not in those receiving Yoga and antidepressants or anti-
depressants-alone and found to be statistically significant. 
They reported that neuroplasticity may be related to the 
beneficial mechanisms of Yoga in Depression. In a study by 
Cahn et al. 2017, it was reported that there was an increase 
in BDNF levels along with the decrease in cortisol levels in 
38 individuals who performed Yoga and meditation for 3 
months [12]. The increased BDNF levels may be a prospec-
tive arbitrator between meditative practices and brain health. 

Further, Tolahunase et al. 2017 studied the effect of 
Yoga and meditation on cellular ageing in apparently healthy 
individuals estimating levels of various biomarkers of ageing 
in blood which included DNA damage marker 8-hydroxy-2-
deoxyguanosine (8-OH2dG), oxidative stress markers reac-
tive oxygen species (ROS), and total antioxidant capacity 
(TAC), and telomere attrition markers telomere length and 
telomerase activity, metabotropic blood biomarkers associ-
ated with cellular aging were also assessed, which included 
cortisol, �-endorphin, IL-6, BDNF, and sirtuin-1. 96 recruits 
were subjected to Yoga and meditation Based Lifestyle In-
tervention (YMLI) programme [64, 65]. The mean levels of 
8-OH2dG, ROS, cortisol, and IL-6 were significantly lower 
and mean levels of TAC, telomerase activity, �-endorphin, 
BDNF, and sirtuin-1 were significantly increased (all values 
�< 0.05) post-YMLI of 12 weeks. Authors proposed that 
YMLI significantly decreased the rate of cellular aging in an 

apparently healthy population [64, 65]. Above studies 
strongly suggest that alternative therapies such as Yoga and 
exercise exert beneficial effects in the cancer patients 
through the modulation of psycho-neuro-immunological 
pathways. BDNF/TrkB cascade might be an essential modu-
lator in maintaining such homeostasis in the cancer patients. 
This can only be confirmed if large scale studies with Yoga 
intervention incorporating molecular analysis of the role of 
BDNF and its associated molecules in the pathway are con-
ducted. 

8.1. Herbs and BDNF 

Literature is replete with the mentioning of herbs which 
have neuroprotective properties. Ashwagandha is used to 
treat forgetfulness since time immemorial. It is commonly 
known as W. somnifera. A study by Konar et al 2011 has 
shown that an alcoholic extract of Ashwagandha leaves 
reverses amnesia caused by scopolamine in mice. Scopola-
mine decreased BDNF which was reversed by the admini-
stration of Ashwagadha leaf extract [66]. An in vitro study 
by Shah et al on glioblastoma and neuroblastoma cells has 
shown that Ashwangha extracts, particularly active compo-
nents with a one, at a low dose, is effective in protecting 
these cells from oxidative stress and further induces their 
differentiation [67]. Many studies have confirmed its anti 
amnesic properties. Alcoholic extract possesses cholinergic 
properties and prevents the amnesic effect of scopolamine in 
mice. 

Bacopa monniera is another plant which is used to treat 
PC12, a cell line mimicking neuronal cells. Pre-treatment 
with B. Moneira extract was protective against the toxicity 
induced by Scopalamine by upregulating BDNF expression 
[68]. Lower BDNF levels are associated with depression-like 
behaviour in rats. However, if BME is administered daily, it 
restores BDNF levels [69]. Curcuma longa is frequently 
mentioned in the traditional system of Chinese medicine for 
anti-depressent properties. They subjected animals to stress 
for 20days and found lower levels of BDNF in hippocampus 
and prefrontal cortex whereas the administration of curcumin 
blocked such alteration in BDNF levels [70]. In another 
study by Dexiang et al, similar results were found where 
lower BDNF levels accompanied cognitive deficit induced 
by chronic unpredictable stress and curcumin reversed the 
alteration in BDNF level [71]. 

9. INFLUENCE OF PERSONALIZED EXERCISE 
PROGRAMS 

Mind and body practices through mental and physical 
training can elicit improved brain networking in several Neu-
rocognitive disorders such as AD and Schizophrenia. 
Whether exercise can increase the BDNF level in plasma and 
brain by strengthening the recovery of weakened neural con-
nections in these disorders, needs further investigation. [72] 
Body mind practices and Yoga can improve self-perceived 
cognitive impairment as well as decreased stress and depres-
sion experienced by cancer patients. Zimmer et al. [73] 
measured the total metabolic rate, physical activity level, 
mean MET and steps, fatigue, self-perceived cognitive func-
tioning, and biomarkers [C-reactive protein (CRP), interleu-
kin 6, macrophage migration inhibiting factor (MIF), tumor 
necrosis factor (TNF)-α, BDNF, insulin-like growth factor 1 
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(IGF1)] in 60 patients with breast cancer. The stable rehabili-
tation program was administered for a long time. It was 
observed that there was a significant increase in BDNF and 
IGF1 levels, while CRP level was decreased. Fatigue and 
self-perceived cognitive functioning were found to be im-
proved. Yoga increases the BDNF levels and decreases the 
inflammation markers. However, certain investigators refute 
these findings as the change was found to be significant. 
Others argue that in order to have desirable effects, Yoga and 
body-mind techniques can be personalised according to the 
patient’s health conditions or Triguna or Tridosha. Desired 
results may be produced on the basis of the correct choice of 
alternative therapy given depending upon symptoms and 
pathology. It has been proposed that the well-managed reha-
bilitation programs and the personalised physical activities 
that also assesses BDNF levels can be more beneficial than 
the random exercise programs. 

CONCLUSION 

The recent findings have strongly suggested an inverse 
association between cancer and neurodegenerative disorders, 
especially AD. On one hand, the downregulation of BDNF is 
widely reported in many neurodegenerative disorders result-
ing in cognitive and other neuropsychological impairments 
[4, 74].On the other hand, the plasma BDNF level was found 
to be significantly upregulated in the patients causing faster 
tumour metastasis, accelerated tumor growth with poor sur-
vival rates [7, 42]. Therefore, it is hypothesized that BDNF 
may have a key role in the pathophysiology of cancers and 
neurodegenerative disorders. A recent article reported that 
BDNF/TrkB pathway facilitates brain metastasis in the 
breast cancer patients, suggesting that cancerous condition 
can trigger the brain infiltration through paracrine effects of 
BDNF/TrkB signalling [75]. Several reports suggest that in 
cancer, the BDNF homeostasis is disrupted through multiple 
channels such as BDNF/TrkB cascade, EGFR signalling and 
genetic polymorphisms [47]. Although, a recent large scale 
GWAS study revealed that there is both, a positive and nega-
tive correlation between AD and cancers. Several SNPs iden-
tified in these patients showed both positive and negative 
links to AD. It is believed that a similar set of genetic poly-
morphisms might alter the disease pathology either towards 
AD or cancer [10]. We further postulate that an alternative 
therapeutic strategy through the practice of Yoga, Mind-
Body coordination and exercise can maintain the BDNF ho-
meostasis and potentially ameliorate the disease and associ-
ated symptoms. Larger human studies along with supporting 
animal studies must be conducted to test this hypothesis and 
elucidate the underlying biochemical and molecular path-
ways. To understand whether or not BDNF is a diagnostic or 
prognostic or/and therapeutic marker for cancer and neu-
rodegenerative diseases, extensive studies are required  
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ABSTRACT 

AMD is a complex eye disease predominantly occurring in aged population. Till now about 53 

genetic loci have been found to be associated with the AMD pathology. AMD pathogenesis is 

being increasingly known to progress through mechanisms independent of the CFH dependent 

pathway. Therefore, our aim for current study was to examine the genes by analyzing their 

expression levels in AMD. We recruited about 50 AMD and same number of age matched 

controls. We analysed the CFH duplication and deletion by multiplex ligation probe 

amplification (MLPA) and found no duplication and deletion in CFH gene in AMD patients. We 

also estimated the IER-3, SLC16A8, LIPC and TIMP-3 expression levels in both CFH negative 

AMD cases (i.e. no duplication and deletion in CFH gene) besides examining these in AMD and 

controls. We found that the expression level of LIPC, SLC16A8 and TIMP-3 was significantly 

associated with AMD pathology in both groups (LIPC: p=0.008, SLC16A8: p<0.001, TIMP-3: 

p<0.001, respectively). However, we did not find any significant difference in IER-3 levels in 

AMD and controls. Therefore, the evidence from current study, suggests that AMD pathology 

may be mediated through mechanistic pathways linked to other genetic loci. This article is 

protected by copyright. All rights reserved 
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INTRODUCTION 

Age related macular degeneration (AMD) is a progressive eye disease of retina normally 

occurring in aged population. Macula is structural component of human retina which consists of 

rod and cone cells required for good vision. It has been widely believed that various cellular 

mechanisms that regulate the angiogenesis, apoptosis, inflammation and oxidative levels in 

AMD pathology are hampered resulting in degeneration of macula causing AMD. It has been 

described that both environmental and genetic factors contribute equally in the pathogenesis 

of AMD (Seddon et al., 2006). However, it has not been investigated how environmental factors 

impact the transcriptional or translation of above mentioned processes resulting in AMD.   

AMD pathology could be categorized into three pathological conditions based on their clinical 

features of retina namely dry, wet and geographical atrophy (complete degeneration of 

photoreceptors) (Ferris et al, 2013). Drusen formation in the space between retinal pigment 

epithelial (RPE) and Bruch’s membrane (BM) is common pathological hallmark in AMD. When 

the chemical composition of drusen is analysed it is found to consist of lipoproteins, oxidized 

lipids, activated complement factor’s components, lipofuscin, A2E, and pigmented components 

etc. Deposition of drusen results in malfunctioning of cellular mechanisms due aging and 

disruption of molecular-genetic homeostasis mediated by various genetic factors. Wet form of 

AMD is characterized by new blood vessel formation in between the retinal space. These blood 

vessels sprout from choroids and percolate the BM. These new vessels can disrupt the RPE 

integrity and its functions. Moreover, these blood vessels could even release their fluid 

contents in between the space which can create haemorrhage like conditions. 

Neovascularization (new blood vessels formation) is well controlled process which is regulated 

though genes that regulate mechanisms involved in angiogenesis (MMPs and TIMP-3) and its 

associated receptors (Sharma et al., 2015; Sharma et al., 2012). Remodeling of extracellular 

matrix (ECM) is imperative process in neovascularization. Collagenase, angiogenic and matrix 

metalloproteases play an important role in this process. Expression of TIMP-3 has been found 

to be co localized with soft drusen and significantly raised in the BM of AMD patients as 
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compared to controls, however, it is lacking where RPE degenerated (Kamei and Hollyfield, 

1999). Similarly, Leu et al have also demonstrated the MMP expression throughout the RPE 

choroids but TIMP-3 expression is only confined to accumulating drusen. Conclusively both 

studies signify the TIMP-3 role in AMD pathology by protecting MMPs mediated proteolytic 

cleavage of the deposited drusen (Leu et al., 2002). Consequently, neovascular formation and 

their disposes can stimulate the apoptosis of photoreceptors cells and lead to complete 

degeneration (GA condition). Immediate early response-3 (IER-3 or IEX-1) have recently been 

found to be strongly associated with AMD pathology (Fritsche et al., 2013). IER-3 is involved in 

wide range of cellular functions including apoptosis, hypertension, regulation of immune 

system, tumorigenesis and provide the stability of genome. IER-3 regulates these cellular and 

physiological processes through MAP kinase/ERK and PI3K/Akt pathways (Arlt and Schäfer, 

2011). Injured retina has also been found to show express IER-3 in astrocytes, microglial, 

neuronal and lens epithelial cells (Vazquez-Chona et al., 2005). These studies suggest 

imperative role of IER-3 in regulation of various cellular processes and may have their impact in 

progression of AMD pathology by inducing apoptosis and neovascularization. Additionally, our 

previous study on DcR1 (TNF-related apoptosis inducing ligand Receptor 3) which is an anti-

apoptotic protein, has shown lower level of DcR1 in AMD patients as compared to control 

population indicating an active role of apoptosis and associated  proteins (Anand et al., 2014).   

On the other hand, SLC16 gene family is proton coupled transporter protein which transports 

the monocarboxylic acids (lactate, pyruvic acid, and ketone bodies etc). SLC16A8 is 

predominantly expressed in RPE cells which regulates the pH of the RPE by transportation of 

pyruvic acid in such metabolically active tissues (Halestrap et al., 2004). Expectedly, mouse 

deficit with SLC16A8 has been shown two fold decrease of a-wave amplitude in ERG as 

compared to control mice. Moreover, decreased pH in outer retina has also observed along 

with 4-fold higher concentration of lactate in RPE cells (Daniele et al., 2008). 

In the context of the above mentioned role of molecules, it must not be ignored that 

metabolism of cholesterol and lipoproteins are regulated by hepatic lipase (HL) which is 

prominently synthesized by hepatic cells and adrenal gland. The conversion of low density 
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lipoprotein (LDL) from intermediate density lipoprotein (IDL) is mediated by HL and regulates 

the cholesterol and lipoproteins levels in the plasma. Moreover, HL regulates the hydrolysis of 

triglyceride and phospholipids in high density lipoprotein (HDL) and it also facilitates the uptake 

of cholesterol ester from HDL (Thuren, 2000). HL genetic variant rs10468017 has found to be 

significantly associated with the progression of AMD pathology (p <0.001) (Wang et al., 2015). 

Similarly, Lee et al performed cohort study on 1626 advanced AMD participants and 

demonstrated two genetic variants s493258 and rs10468017 significantly correlated with the 

advanced AMD pathology (Lee et al., 2013). 

Amongst the various genetic factors, CFH is widely explored and universally accepted genetic 

component which is found to be associated with AMD pathology (Maller et al., 2006; Klein et 

al., 2005). Interesting findings by Toomey et al (2015) have fed high cholesterol diet to CFH-/+ 

and CFH-/- mice. Surprisingly, the mice with CFH -/+ were found to have more drusen deposits 

between BM and RPE. Findings indicate the role of CFH in progression of dry AMD phenotypes 

mediated though CFH. Similarly, when we explored the CFH Y402H polymorphism in North 

Indian AMD patients, we found the genetic association between CFH gene and AMD pathology. 

Moreover, the expression of CFH was also shown to be higher in controls as compare to both 

types of AMD pathology (Sharma et al., 2013). These studies indicate the complexity of AMD 

and the role of environment and genotype on AMD, with a dominant role of CFH in AMD.  

Among techniques used to probe AMD genotype complexity, Multiplex Ligation-dependent 

Probe Amplification (MLPA) is a useful multiplex PCR based technique to amplify multiple allelic 

locations (up to 40 locations) in a single PCR reaction. MLPA is now widely used as a sensitive 

tool to identify copy number changes in the genes chiefly because of deletions and duplications 

(White et al., 2007; White et al., 2004). MLPA is also used to detect the methylation patterns, 

and real time MLPA (RT-MLPA) for mRNA profiling. MLPA utilizes property of probe-template 

hybridization to amplify the probes by universal primers. Hence, instead of template DNA, 

hybridized probe is amplified to detect the copy number variations. Probe is made up of two 

oligonucleotides, one of which is chemically synthesized and other one is derived from M13 

vector. Oligonucelotides are ligated to make a range of 200-500 nucleotide fragments based on 

stuffer sequences attached with the oligonucleotides. We aimed to assess the CFH 
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duplication/deletion using MLPA in about 30 AMD patients, out of which 24 AMD patients did 

not possess CFH deletion/duplications. Further, we also estimated the expression of LIPC, IER-3, 

SLC16A8 and TIMP-3 in the CFH negative cases to examine if other genetic factors, as explained 

above, are involved in AMD pathology independent of CFH. 

 

 

MATERIALS AND METHODS 

Recruitment of participants  

50 AMD and 50 controls participants were recruited from the Advanced Eye Centre, Post 

Graduate Institute of Medical Education and Research (PGIMER), Chandigarh, India after 

obtaining their written approval on informed consent form. The ethical approval for the 

recruitment of the participants and to conduct the study was taken from the Institutional 

Ethical Committee (IEC), PGIMER, Chandigarh, India vides letter number NK/558/Res; dated: 

04.02.2014.  

Socio-demographic details 

Socio-demographic and clinical details were obtained by administering the standard 

questionnaire amongst the participants at the time of recruitment. The details, include the co-

morbidity (hypertension, heart problem, diabetes, migraine etc), smoking habits, food habit 

(vegetarian and non-vegetarian), and history of any prior surgery was taken. 

Inclusion and Exclusion criteria 

The inclusion and exclusion was based on the age, clinical features of drusen and 

neovascularization and/or photoreceptor degeneration. Minimum age of the participants was 

50 years for both AMD and controls. AMD participants having at least <5 drusen with 60 micron 

in size were considered. Participants lacking any traces of drusen were included in control 

group. Patients who has very few drusen with <63 micron in size and drusen size in between to 

64 to 124 micron were included in AREDS1 and AREDS2, respectively. The patients who have 
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intermediate drusen but at least one drusen with >125 micron were considered as AREDS 3. 

Patients who appeared with wet and GA phenotypes were included in ADRES 4 and AREDS 5 

(Hoffman et al, 2016). 

Those participants that were having AMD like pathological features due to some other 

associated disease pathologies like uveitis, diabetic retinopathy, vein occlusion and myopia 

were excluded from the study.    

The clinical observation and measurements were done by ophthalmologist/retinal expert. AMD 

patients were evaluated on the basis of drusen shape and size, presence of neovascular area 

and apoptosis in macular region (by decrease in thickness of macula) evident in fundus imaging. 

The thickness of the macula in patients of wet and geographic atrophy (GA) was measured with 

Optical Coherence Tomography (OCT) imaging. Clinical scoring of the AMD pathology was based 

on AREDS criteria (Figure 7). Table 1 has shown the age and gender distribution of these 

participants.  

PBMC isolation 

4ml of blood sample from each of above mentioned subjects was taken in EDTA vial and left it 

for 1-2 hrs at room temperature to allow settle down of the RBCs. Upper separated layer were 

collected and placed gently on equal volume of histopaque (Sigma-Aldrich) and subjected to 

centrifugation at 1800rpm for 30 minutes. Middle buffy layer were collected in eppendorf tube 

and further washed with 1X PBS at 5000rpm for 5 minutes at 40C. Washing was repeated twice 

and dissolved pellet of PBMCs was stored at -80 for further use. 

DNA isolation 

The extraction of genomic DNA was done from the stored PBMCs by using the commercially 

available kits (Qiagen, Germany). The integrity and concentration of genomic DNA was 

determined by absorbance at 260nm though UV spectrophotometer. Genomic DNA was further 

labeled and stored at -200C for further research work. 

Serum isolation 

A
cc

ep
te

d 
A

rt
ic

le

102



This article is protected by copyright. All rights reserved 
 

3ml of blood samples were taken in gel-clot activator vaccutainer (BD Biosciences, USA). The 

samples were centrifuged at 2500rpm for 30 minutes at room temperature. The serum were 

collected from vaccutainer and stored at -800 for further use after appropriate labeling.  

Total protein estimation 

Total protein estimation of serum samples was done by using Bradford’s method. The dilution 

of serum samples ranged from 400 to 600 times. The Bovine serum albumin was used as 

standard in thsese experiments. Bradford’s reagent (Sigma, USA) was used in 1:4 dilution and 

the absorbance was taken using 495nm filter ELISA reader (Biorad). The values obtained from 

total protein were used to normalise the ELISA values of LIPC, IER-3, SLC16A8 and TIMP-3.  

ELISA  

The expression levels of LIPC (YHB, China), IER-3 (eBioscience, USA) SLC16A8 (YHB, China) and 

TIMP-3 (YHB, China) in the serum of the participants were measured through the commercial 

ELISA kits. The ELISA protocol was followed as per the manufacturer’s instructions. The dilution 

of samples was standardized before performing ELISA. The final absorbance was taken at 

450nm on ELISA reader (Biorad, Hercules, USA). Standard curve was plotted based on values 

obtained from standard of the ELISA experiment. The ELISA values were further normalized to 

total protein counts.  

Multiplex Ligation-dependent Probe Amplification (MLPA) for CFH gene 

DNA was obtained from the peripheral blood leukocytes using the standard procedure (Qiagen 

mini kit). Quality and quantity of DNA was analysed through UV spectrophotometer and Gel 

electrophoresis. MLPA was performed to analyse the copy number status (duplication or 

deletion) of targeted exons of CFH gene from P236 probe set as per manufacturer’s instructions 

(MRC Holland, Netherlands). 50 ng/μl of AMD DNA samples along with 3 reference samples 

were hybridized with probes by carrying out denaturation at 950C for 1 minute, followed by 

incubation at 600C for 16-20 hours. Ligation reaction of hybridized probes was performed at 

540C and 980C for 5 minutes by incubating the mixture in ligase buffer and ligase enzyme. 

Amplification conditions were as follow: 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 60 s, 
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followed by 20 min at 72 °C and a pause at 15 °C for 35 cycles. Fragment analysis of PCR 

amplified products was conducted through capillary electrophoresis. The work flow of the 

experiment explained in Figure 1. 

Assay condition for capillary electrophoresis 

1 μl of amplified products were plated with mixture of 8.6 μl Hi-Di formamide and 0.40μl parts 

GeneScan LIZ 500 size standard in the well plate. After brief centrifugation, the well plate was 

kept at 95°C for 10mins followed by immediate ice cooling. Ice cooled amplified sample mixture 

was added in the ABI platform for capillary electrophoresis and raw data (.fsa) was obtained for 

further analysis. 

Data Analysis 

Peaks obtained through capillary electrophoresis were analysed by coffalyser. Net software 

(MRC, Holland). The peak height was normalized by internal control used in the experiment and 

reference probes present in the probe set. Ratios obtained from the software were used to 

determine the copy number changes in the CFH exons located in 1q32 region. Ratio between 

0.70-1.30 was considered in the normal range while ratio of <0.50 and >1.50 was considered as 

deletion and duplication respectively (Figure 2). 

Statistical Analysis 

MLPA peaks were normalized through coaffalyser. NET software through intra-sample and 

inter-sample normalization. In Intra-sample normalisation each sample peak was compared 

with each reference probe peak to generate preliminary ratios. Final ratios were determined 

after inter-sample normalization with reference samples. Median of normalized values were 

used to obtain the Dosage Quotients. The statistical analysis of expression changes of LIPC, IER-

3, SLC16A8 and TIMP-3 comparison between two groups (AMD versus control) was carried out 

with independent t-test and Mann-Whitney test where the values were not normal. The 

normality of the data was analysed using Kolmogorov-Smirnov’s test. p value <0.05 was 

considered as significant for experiments. The expression level of each protein were neutralized 
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with the total protein content of the respective sample. IBM SPSS 16 software was used to 

conduct the statistical analysis.   

RESULTS 

MLPA analysis 

MLPA was performed in 30 AMD patients. MLPA analysis of CFH gene revealed copy number 

status of 13 target exonic and intronic regions as mentioned in Table 2. Normalized ratios 

between 0.70-1.30 were obtained from the fluorescent intensities of individual peaks through 

capillary electrophoresis, followed by analysis through coffalyser.NET software. No 

deletions/duplications were detected in the 13 target regions of the CFH gene and shown 

normal copy number status in 24 out of 33 AMD patients. 

Expression level of LIPC, IER-3, TIMP-3 and SLC16A8  

ELISA revealed changes in the expression patterns of several proteins responsible for various 

mechanisms of AMD pathology. The expression levels of LIPC, TIMP-3 and SLC16A8 in serum of 

AMD patients (found to be negative for CFH) were further compared with the controls. LIPC, 

SLC16AB and TIMP-3 expression were significantly elevated in AMD (Figure 3, 4 and 5, 

respectively) as compared to the controls (LIPC: p=0.008, SLC16A8: p<0.001, TIMP-3: p<0.001) 

after normalization to total protein, while IER3 expression was found to be not significant in 

AMD patients in comparison to control population (P=0.437 (CFH negative) and p=0.193) as 

shown in Figure 6.  

DISCUSSION 

AMD is heterogenic disease and represents the genetic as well as environmental complexity 

(Anand et al., 2016). We have earlier reported the role of angiogenesis (Sharma et al., 2015; 

Sharma et al., 2012) as well as the role of chemokine and its receptor in AMD pathology in 

Indian population (Anand et al., 2012). TIMP-3, being involved in ECM remodeling and sprouting 

of new blood vessels in AMD progression, is also described in various genetic (Chen et al., 2010; 

Warwick et al., 2016) and histological studies (Leu et al., 2002; Kamei and Hollyfield, 1999) on 
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AMD patients revealing its role in pathology. In this study, we found elevated levels of systemic 

TIMP-3 expression in serum of North Indian AMD patients. Similarly, since SLC16A8 is known to 

play an important role in maintaining the pH of metabolically active RPE cells by transporting 

the monocarboxylic acids, the genetic variant rs8135665 of SLC16A8 was found to be strongly 

associated with Indian AMD pathophysiology (Fritsche et al., 2013; Fritsche et al., 2016). 

Knockout study of SLC16A8 in mice has earlier revealed the well defined role of this transporter 

protein in functional aspect of RPE (Daniele et al., 2008) but its human correlate has not been 

described earlier. Our report of elevated levels of SLC16A8 in serum of AMD patients signifies 

perturbation of the transportation of monocarboxylic acid and pH maintenance required for 

functional RPE activity in AMD pathology. We are unable to explain how this could be related to 

AMD pathology for which additional studies may be required. 

As described earlier, oxidized lipid and cholesterol metabolites have been found to induce the 

age related changes in AMD resulting in apoptosis of RPE cells (Sharma et al., 2014). Based on 

the previous genetic studies (Thuren, 2000; Wang et al., 2015; Lee et al., 2013; Chen et al., 

2010), we explored the levels of hepatic lipase (HL) in AMD and found high levels of HL in AMD 

patients in comparison to controls. This signifies that the lipid metabolism and its association 

with AMD pathological is quite significant. 

IER3 is known to have an important role in the inflammation, immune regulation, cell cycle and 

survival pathways (Arlt et al., 2011). Recently, IER3 has been shown to be associated with 

tumorigenesis including cervical cancer (Jin et al., 2015). IER3 has also been linked as a 

susceptible genetic factor in the pathology of AMD (Fritsche et al., 2013). Our analysis of IER3 in 

these AMD patients did not reveal any significant changes in expression levels of IER-3 in AMD 

comparison to controls. IERs may, therefore, play a pivotal role in the manifestation of AMD 

pathology mainly by cell survival mechanisms that could be estimated in larger population 

(Figure 8). 

We propose that AMD pathology is mediated through the TIMP-3, LIPC, and SLC16A8 

independent of CFH gene. A larger study is being proposed to Department of Biotechnology 

(DBT), New Delhi, India for funds to carry out the analysis in larger cohort. 
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Figure legends:  

Figure 1: The work flow of the study to conduct the expression levels of different genes in 

serum of the participants in CFH negative cases (done by MLPA) and, comparison between 

AMD and controls alone.  

Figure 2: Electropherogram of MLPA fragments of a patient with AMD (A) and reference sample 

(B) were analyzed through coaffalyser.net software to generate ratios after normalizing the 

sample peak with the relative peak intensities of reference sample and reference probes. Range 

of 0.70-1.30 was chosen as normal copy number status. Y axis: Relative Fluorescent Units (RFU), 

X axis: Length of fragments (in nucleotide).  

Figure 3: Human hepatic lipase (LIPC) expression in serum of AMD and controls. Figure 3A 

comparison between CFH negative AMD cases (p=0.008) and 3B comparative analysis of LIPC 

between AMD and controls alone (p=0.002). pg: pictogram; µg: microgram; AMD: age related 

macular degeneration. Bar is representing the standard error.  

Figure 4: Comparative analysis of expression levels of SLC16A8 in AMD and controls. Figure 4A 

is showing comparison between CFH negative AMD cases (p<0.001) and 5B showing the 

comparative analysis in AMD and controls alone (p<0.001). SLC16A8: Solute Carrier Family 16 

Member 8; ng: nanogram; µg: microgram; AMD: age related macular degeneration. Bar is 

representing the standard error.  

Figure 5: Serum levels comparison of TIMP-3 between AMD and controls. Figure 5A 

representing the expression level changes in CFH negative cases (p<0.001) and figure 5B is 

normal comparison between AMD and controls (p<0.001). TIMP-3: tissue inhibitor of 

metalloprotease-3; pg: pictogram; µg: microgram; AMD: age related macular degeneration.  Bar 

is representing the standard error.  

Figure 6: IER-3 expression levels in serum of the AMD and control. (A) CFH negative cases 

(p=0.437) (B) comparison between AMD and controls alone (p=0.193). In both cases, the IER-3 

levels were not significantly changed. IER-3: Immediate early response gene-3; pg: pictogram; 

µg: microgram; AMD: age related macular degeneration. Bar is representing the standard error.   
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Figure 7: Diagram showing the representative FFA and OCT image of different types of AMD 

phenotypes.  

Figure 8: Plausible depiction of CFH independent AMD pathology due to genetic interaction of 

LIPC, SLC16A8 and TIMP-3 genes in Indian AMD patients. 

Table 1: Age, gender and clinical scoring of the participants of the study 

Table 2: Tabular representation of CFH target regions in MPLA analysis. 

  

A
cc

ep
te

d 
A

rt
ic

le

112



This article is protected by copyright. All rights reserved 
 

Table 1: Age, gender and clinical scoring of the participants of the study 

  

Group Average age Gender AREDS score 
Male Female 

AMD 68.48 ± 8.09 
 

29 21 AREDS 3: 06 
AREDS 4: 25 
AREDS 5: 19 

Control 57.66 ± 9.73 32 18  
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Table 2: Tabular representation of CFH target regions in MPLA analysis 

No. of Participants CFH Target regions Targeted CFH Exons status 

33 Exon 1-4, 6, 9, 13, 18, 23. 

Intron 10, 12, 15 

Normal copy number status (0.70-1.30) 
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like formation of drusen and new vessels in between the reti-
nal pigment epithelial (RPE) layer and Bruch’s membrane.9 The 
components of drusen can also promote the angiogenic factors 
to perform their action and consequently result in wet AMD.10 
It has already been investigated that AMD is complex disorder 
and, both environmental and genetic factors equally distrib-
ute in the disease pathology. The various studies on AMD sug-
gested the role of VEGF in disease pathology.5,11–12 VEGF ligands 
regulate its functions through binding with tyrosine kinase re-
ceptors VEGFR-1 and VEGFR-2.13 Receptor VEGFR-2, plays im-
portant role in angiogenesis of endothelial cells amongst other 
receptors.14,15 

The significant associations have been shown in several genetic 
studies by SNP analysis of VEGF promoter and 5’ UTR sequenc-
es with the AMD pathology. It has been demonstrated that the 
‘CC’ genotype could influence the VEGF expression in serum of 
diabetic retinopathy patients in Japanese population.13 It has 
also been found that the AMD pathology was associated with 
the +405C allele in AMD cohort.13 Moreover, there are several 
studies which have demonstrated the conflicting results with 
CG genotype of VEGF gene and its association with diabetic 
retinopathy but the levels of VEGF was found to be higher 
in individuals carrying +405GG genotype in various popula-
tions.16,17 Haines et al have shown the correlation of VEGF, low 
density lipoprotein receptor- related protein 6 (LRP 6), and very 
low density lipoprotein receptor (VLDLR) with AMD pathology 
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Introduction

Neovascularization (new blood vessel forma-
tion) is a characteristic feature of several dis-
ease pathologies including cancer and age 
related macular degeneration (AMD). These 
newly formed blood vessels have tendency 
to spread the disease condition in the tissue 
due to their leaky nature. Neovascularization 

underlying choroid can percolate the Bruch’s membrane and 
disrupt the integrity of retinal pigment epithelium (RPE) layer. 
Neovascularization process is guided by several angiogenic fac-
tors including Platelet-derived growth factor (PDGF)1,2, matrix 
metalloproteinases (MMPs),3,4 Pigment epithelium-derived fac-
tor (PEDF)5, TGF-β and its receptors.6,7 Among all, vascular endo-
thelial growth factor (VEGF) is more potent to lead angiogenic 
process. Although, it has been found that TGF-β could induce 
the VEGF expression in RPE cells, with the involvement of MAP 
kinases, signifies the role of TGF beta as the pro-angiogenic pro-
tein in enabling angiogenic process.8 Apart from these angio-
genic factors, several pro-angiogenic factors (TIMPs family and 
FGF)3,4 are also involved in the process. Hence, neovasculariza-
tion is a complex process having role of both angiogenic and 
pro-angiogenic factors. Uncontrolled phenomenon of angiogen-
esis leads to the pathological condition like in cancer and AMD. 

AMD is the leading cause of irreversible blindness in the elderly 
people and is characterized by age related changes in the retina 

ABSTRACT

Background: Age related macular degeneration (AMD) is major devastating neurodegenerative disorder 
characterized by progressive irreversible vision loss in the elderly persons. In spite of several genetic and 
environmental factors, the role of VEGF and CFH predispose the pathological phenomenon in the AMD 
patients. 
Purpose: The aim of the study was to estimate the VEGF levels in the serum of AMD patients and its cor-
relation with co-morbidity of the participants. 
Methods: The study recruited the 98 AMD patients and 59 controls with proper consent of the participants 
as per the exclusion-inclusion criteria. The co-morbidity and socio-economic details were obtained by intro-
ducing the standard questionnaire amongst the participants. Serum levels of vascular endothelial growth 
factor (VEGF) was estimated by ELISA and compared with the control population of the study. The levels of 
VEGF in the serum of AMD patients and controls were compared with Mann-Whitney U-test. Kruskal Wal-
lis one-way analysis of variance (ANOVA) was employed to analyze more than two variables in the study. 
Results: Elevated level of VEGF was found in AMD patients as compared to controls. Surprisingly, we did 
not find significant changes among wet AMD subtypes i.e. minimal, predominant and classic wet AMD. 
However, we have demonstrated the intravitreal anti-VEGF treatment (avastin) in AMD patients could re-
duce the systemic VEGF levels although it was not significant. Moreover, the heart ailment in the AMD 
patients could also influence the VEGF levels. 
Conclusion: Our study is consistent with previous studies describing the imperative significance of VEGF 
in AMD pathology. However, our study did not reveal the role of VEGF in wet AMD progression but it is 
well established causative agent for the same. The increased levels of VEGF in heart ailment among AMD 
patients are significant.
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in Caucasian population suggesting the role of metabolizing 
genes and angiogenic genes in AMD pathophysiology.13 Mean-
while Churchill et al have also screened the 14 SNPs of VEGF 
promoter. The genotype +674 CC was found to be significantly 
associated with disease pathology. Moreover, the sequences 
‘CTCCT’ and ‘TCACC’ of SNPs +674, +4618, +5092, +9162 
and +9512 of VEGF gene by haplotype analysis have shown 
significant correlation with AMD in 45 patients as compared to 
age matched controls.18

Recently, increased mRNA expression of VEGF-A121 isoform 
was found in excised choroidal neovascular membrane tissue 
from AMD patients as compared to control. Moreover, the 
study has also suggested the other isoform of VEGF i.e. VEGF-
A165 in AMD cases.19 The expression of VEGF-A could progres-
sively affect the function of RPE cells in the mice. Mice with  
increased VEGF-A were found with abnormal morphology of 
RPE cells, reduced levels of retinal rhodopsins and impaired 
transport of retinoic acid between RPE and photoreceptors. The 
alfa and beta waves analyzed were also found to be distorted 
as compared to control mice.20 Similarly, Marneros et al have 
also demonstrated the altered morphology of RPE cell layer and 
distorted visual function in VEGF rpe-/- mice and demonstrated 
that VEGF function is independent on hypoxia inducing factor-
1α (HIF-1 α).21 Several genetic polymorphism studies have also 
shown the association with AMD pathology. Several anti-VEGF 
treatments are available currently which includes aflibercept, 
bevacizumab, pegaptanib, ranibizumab etc. targeting different 
sites of VEGF protein to inhibit its functions. 

Previously, we had shown the increased expression of VEGF re-
ceptor2 (VEGFR2) alongwith single nucleotide polymorphism 
(SNP) which were also found to be associated with AMD pa-
thology.22 In this study we have estimated the levels of VEGF 
in AMD patients.

Methodology

Participants

We have recruited 98 AMD and 59 control participants for 
this study from outdoor patient care facility of Advanced Eye 
Centre, PGIMER, Chandigarh, INDIA. The participants were re-
cruited after getting their approval and sign of consent form. 
The ethical approval of the study has been taken from Insti-
tute Ethical Committee (IEC) vide letter No PGI/IEC/2015/881;  
dated 29.01.2015. 

AMD diagnosis

The AMD participants were included after their proper AMD di-
agnosis, which included fluorescein fundus angiography (FFA) 
and optical coherence tomography (OCT).23–26 The retinal spe-
cialist examined all the ophthalmic parameters like visual ac-
quity, dilated fundus examination and slit lamp biomicroscopy 
of anterior chamber of eye. 

Demographic information

Demographic parameters of subjects were collected by ad-
ministrating the standard questionnaire. The questionnaire in-
cludes demographic as well as general life style details of the 
participants.27–28 The participants were characterized on the 
basis of their smoking habit and associated co morbidity like 
cardiovascular problems, hypertension etc and summarized in 
table 1. 

Inclusion and exclusion criteria

The criteria were based on the number and size of drusen, and 
age of the participants. The subjects with age of 50 years or 
more were included in the study. The AMD participants who 
were having choroidal vascularization and/or geographic atro-
phy were included in the study after FFA examination. In case 
of dry AMD, the participants who had >5 drusen in at least one 
eye were recruited in AMD group. The control subject included 
those with age of 50 or more and with <5 drusen and lacking 
other diagnostic parameters of AMD pathology. 

The degenerative changes in their photoreceptors and retinal 
layers due to other ocular pathological condition like myopia, 
uveitis, retinal dystrophies, vein occlusion, diabetic retinopathy 
were excluded from the study. Moreover, those below 50 years 
of age were also excluded from study. 

Serum separation

The serum samples were obtained from the 4 ml blood collect-
ed in serum separator tubes (BD bioscience, USA) and allowed 
the tube to coagulate for 30 minutes. Further, the tubes were 
centrifuged at 1800rpm for 30 minutes at room temperature. 
The separated serum samples were collected. The samples were 
labeled and stored at –800C to perform ELISA. 

Table 1:  demographic characteristics of Controls and AMd 
patients

Variables AMd Controls

Total 98 59

Male 61 38

Female 37 21

Duration of disease¥ 25.6 M

Dry 29

Wet 69

Avastin treated 40

Not treated 29

Minimal Classic 7

Predom Classic 14

Occult 29

One Eye Affected 29

Both Eyes Affected 69

Alcoholic 31 15

Non Alcoholic 67 38

Smokers 41 10

Non Smokers 57 43

Vegetarian 51 29

Non Vegetarian 47 24

Age 65.31 ± 6 60 ± 13

Clinical and demographic details of subjects. AMD, age related macular 
degeneration; M, Months; Age, Age of onset; Values are mean ± SD 
or (percentage), ¥ Duration of disease is the interval between appear-
ance of first symptom of AMD and collection of sample. AMD subjects 
were asked to provide all clinical and demographic details at the age 
of disease-onset.
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Total protein estimation

Total protein estimation was done with the standard procedure 
of Bradford’s method as per the manufacturer’s instructions. 
The serum samples were diluted with distilled water upto 1500 
times. The standard curve was made using Bovine serum albu-
min (BSA). The coomassie brilliant blue G-250 dye (Bradford  
reagent) was used in 1:4 ratio. The absorbance was taken at  
595 nm using the ELISA reader (680XR model of Microplate 
reader, Biorad, Hercules, CA, USA). Quadratic fit or linear meth-
od was used to obtain standard curve. Total protein was used to 
normalize the VEGF levels.

VEGF ELISA

VEGF level in serum was analyzed by ELISA as per the manufac-
turer’s instructions (R&D, USA & Ray Bio, USA). The procedure 
was performed in duplicates. OD was taken at 450 nm in ELISA 
reader (Bio Rad, USA).

Statistics

Normality of the data was tested with the help of Q-Q plot 
and data was found not normally distributed. Two groups were 
compared by Mann-Whitney U-test and Kruskal Wallis one-way 
analysis of variance (ANOVA) followed by post-hoc was applied 
for more than two comparisons. Goodness of standard curve 
fit for ELISA and total protein were measure by R2 (Coefficient 
of determination). All statistical analysis were performed with 
SPSS 20.0 software.

Results

All the demographic characteristics of studied population are 
in Table 1. AMD patients were both segregated as dry and 
wet AMD. The wet AMD patients were further subdivided into 
minimal classic, predominant classic and occult. Several other 
demographic factors were taken into consideration which in-
cluded food habits (vegetarian vs non-vegetarian), smoking, 
co-morbidity (history of heart disease) etc. (Table 2). Serum 
VEGF expression (p = 0.034; z value = 2.11) was found to 
be higher in AMD cases as compared to controls (Figure 1). 
There was no significant difference in VEGF expression among 
dry and wet AMD patients (p = 0.187). Again the difference 
was not significant between minimal, predominant and classic 
wet AMD patients (p = 0.079). Moreover the history of heart 
disease was found to be associated with VEGF levels in AMD  
patients. VEGF level was found to be elevated in AMD patients 
as compared to controls (p = 0.031; Figure 2). The other factors 
like smoking history (p = 0.974), alcohol (p = 0.912), Food hab-
its (p = 0.076) and use of anti-inflammatory drugs (p = 0.912)  
did not show any association with VEGF level in AMD patients. 
Not surprisingly, the anti-VEGF treatment (Avastine treatment) 
was found to have reduced VEGF levels at the systemic levels 
but it was not significant (p = 0.058).

discussion

The expression of VEGF in serum has been found to be elevated 
in AMD patients as compared to controls but no significant 
difference was observed between wet and dry AMD patients 
which suggests that VEGF is involved in both pathologies i.e. 
wet and dry form of AMD or possibly in progression of dry form 
of these patients into wet AMD. Functional studies of VEGF 
gene have revealed that the AMD progression could be suc-
cessfully altered through targeting of this gene in mouse model 

Table 2: Serum VEGF levels comparison in AMd and controls

Subjects VEGF No. Mean Rank Z Value P value

AMD 98 84.96

Control 59 69.10 2.11 0.034

Dry 29 43.66

Wet 69 51.96 1.36 0.187

Male 61 49.95

Female 37 48.76 0.202 0.840

Avastin treated 40 38.90

Not treated 29 29.62 1.89 0.058

Minimal Classic 7 7.57

Predom Classic 14 12.71 1.791 0.079

Occult 29 19.86 1.579 0.121

One Eye Affected 29 53.59

Both Eyes Affected 69 47.78 0.922 0.356

Alcoholic 31 49.03

Non Alcoholic 67 49.72 0.111 0.912

Smokers 41 49.42

Non Smokers 57 49.61 0.032 0.974

Vegetarian 51 54.39

Non Vegetarian 47 44.19 1.774 0.076

Anti inflammatory use 63 47.78

No Anti inflammatory 32 48.44 0.110 0.912

Heart Disease 11 40.09

No heart Disease 48 27.69 2.16 0.031

of wet AMD.28,29 These studies guide AMD research such that 
VEGF mediated pathology of wet AMD could be understood 
with additional evidence from various populations across the 
world. Consequently, most of AMD treatment strategies are 
only confined to targeting of VEGF molecules in order to sup-
press the disease phenotypes. The induction of human RPE and 
choroidal cells by chemokine cocktail (IFN-γ+ TNF-α+IL-1β) has 
been known to increase the production of VEGF-A and VEGF-
C by over 10 times with the activation of proteins involves in 
JAK-STAT and NF-β pathways. Such studies suggest that the 
chemokines have important role in the regulation of angio-
genic pathways and their molecules to influence pathologi-
cal changes in the RPE cells and choroidal tissue.9,30 We have 
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Fig. 1: Expression levels of VEGF in serum of AMD patients with comparison of controls. Representative boxes include the values from first quartile 
(25%) to third quartile (75%). The outliers in the experiments are shown with circles. The values of VEGF levels normalized with protein of the serum. 
AMD: age related macular degeneration; pg: picogram; µg: microgram; VEGF: vascular endothelial growth factor.

Fig. 2: VEGF Serum levels in heart ailment of AMD patients. The plotted values in the boxes includes from first quartile (25%) to third quartile (75%). 
The outliers and extreme values are designated with circles and asterisk respectively. The expression levels of VEGF (pg) standardized with total protein 
(µg). AMD: age related macular degeneration; pg: picogram; µg: microgram; VEGF: vascular endothelial growth factor.
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investigated the monocyte chemoattractant protein-1 (MCP-1 
or CCL2) and its receptor (CCR2) and reported its association 
with Indian AMD. We demonstrated the CCR2 (rs1799865) and 
CCL2 (rs4586) polymorphism was significantly associated with 
AMD pathogenesis. Moreover, the expression of both genes 
was also found to altered in AMD patients as compared to 
controls.31 Additionally, we have also examined the other che-
mokines like CCR-3 (G-protein coupled receptor) and eotaxin-2 
in Indian AMD patients and reported these to be associated 
with disease phenotype.32,33 Both chemokines are involved in 
recruitment of eosinophils and other inflammatory cells which 
reveals that their actions are exerted through inflammatory 
cells recruitment and activation which might further result in 
increased VEGF expression. 

AMD and cardiovascular diseases (like coronary heart disease) 
share common pathological features including deposition of li-
poproteins and impair angiogenesis.34 Smoking, age, hyperten-
sion, high blood cholesterol levels etc are known widespread 
causative agents for both diseases.35 In this study we have shown 
that VEGF level was less in AMD patients without heart disease 
as compared to AMD patients with history of heart disease. Simi-
larly, the homeostasis between hemorheologic factors (e.g. von 
Willebrand factor, fibrinogen, blood viscosity etc), VEGF levels 
and endothelial dysfunction were shown to be impaired in both 
AMD and hypertensive patients sharing common pathological 
changes including angiogenic (VEGF) and plasma factors.36,37 

Some studies with Avastin treatment in AMD patients have re-
ported decreased VEGF levels in vitreous as well as in systemic 
circulation.32,33 In this study, AMD patients with anti-VEGF (Avas-
tin) treated group did not show any significant reduction of sys-
temic VEGF levels but it was found that there was a trend of its 
decrease in treated group. Our data did not show that VEGF 
was overexpressed in wet AMD as compared to dry AMD even 
though the role of VEGF is well defined in wet AMD progression. 
32,33 Together these studies indicate a need to undertake Mende-
dial Randomization analysis of SNP-Biomarker involvement so 
that this complex disease can be successfully predicted and 
personalized medicine can be instituted appropriately. Levels of 
VEGF in this study is supporting and consistent with previous 
discoveries in the field that showing the increased VEGF levels in 
the serum, human choroids and RPE cells.5,37,40
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Abstract Age-related macular degeneration (AMD) is a

devastating disease that results in irreversible central vision

loss. TLRs signaling pathway has been found to play an

important role in AMD pathogenesis as evidenced by

several studies. The objective of the study was to determine

the single nucleotide polymorphism (SNP) changes in

TLR3 in North Indian AMD patients. We recruited 176

patients comprising 115 AMD patients and 61 controls.

Real time PCR was used to evaluate the SNP changes at

rs3775291 locus. Pearson’s v2 test was used evaluate

association between various groups. No significant asso-

ciation in genotype and allele frequency was found in

AMD patients as compared to control. The results suggest

that AMD pathology in North Indian AMD patients is not

affected by TLR3 signaling but it could be influenced by

other genetic or environmental factors unique to North

India.

Keywords Age-related macular degeneration � TLR3 �
Single nucleotide polymorphism � Signaling � Genotype �
Allele frequency

Introduction

Age is a risk factor for degenerative diseases like Age-related

macular degeneration (AMD). AMD is an ocular disease that

causes central vision loss in individuals with aging. It is

considered as the main cause of irreversible blindness in the

aged population, with a prevalence of 12 % after 80 years of

age [1]. AMD is characterized by degenerative and neovas-

cular changes occurring between the neural retina and the

underlying choroid, which causes progressive loss of central

vision. With increase in elderly population, it is estimated that

by 2020 the number of AMD patients in the US and India will

rise further [2]. The etiology of AMD is associated with both

genetic as well as environmental risk factors which may vary

between populations. The immune components, complement

system, and Toll-like receptors (TLRs), which act as pattern

recognition (PRR) molecules for innate immune system, may

participate in progression of AMD. TLRs consist of 10–12

families of type-I integral membrane receptors which are

known to be expressed on different cell types including eye

tissues, and recognize pathogen-associated microbial pattern

(PAMP) and consequently initiate inflammatory responses [3,

4]. These TLR receptors function in response to their

respective ligands in two ways: by stirring up the phagocy-

tosis of the target molecule and by prompting the signal

pathways that can provoke the expression of cytokines and

other inflammatory mediators [5, 6]. These augmented and

persisting inflammatory responses in retinal pigment epithe-

lium (RPE) cells, by the means of complement system, TLR

signaling, or through the co-activation of both, can stimulate

the drusen formation along with aggregation of other lipo-

proteins and activated immune system components in mac-

ula. Therefore, it remains a critical molecule, which facilitates

the disruption of the inflammatory cascade which is respon-

sible for AMD [7, 8]. Additionally, viral and bacterial entities
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may aggravate the inflammation that may initiate the pro-

gression of AMD pathogenic features. The TRIF-dependent

process utilizes TLR3 and TLR4 receptors activating the IRF3

which ultimately induces the NFjB in a similar manner [9].

Apart from the current AMD treatment, the preclinical study

on mice, by knocking down the function of TLR3 with siR-

NA, efficiently suppressed the angiogenesis in these mice

[10] in target and sequence independent manner. Similarly,

when targeted siRNA was not internalized inside the cells, it

stimulated the degeneration of retinal cells by TLR3-induced

caspase-3 pathway [11] which highlights the importance of

TLR3 in AMD. Additionally, expression pattern of TLR-3

was found to be high in wet AMD at both mRNA level as well

as at protein level [12] and also on RPE cells obtained from

donor AMD patients [13], which signifies the abnormal

expression pattern of TLR 3 in AMD pathogenesis. The

genetic changes at particular loci in these TLRs family

receptor’s genes are known to be associated with abnormal

innate immunity regulation and progression of several dis-

eases. Zareparsi et al. [14] have described strong association

between TLR4 (TLR4, a bacterial endotoxin receptor) vari-

ants and increased risk of AMD susceptibility [15]. The

association of TLR3 polymorphism and their role in AMD

pathogenesis is not well defined because of the conflicting

results in different populations. Yang et al. [16] showed that

rs3775291 polymorphism in TLR3 confers resistance against

geographic atrophy (GA). However, Cho et al. [17] did not

report any association between TLR3 polymorphism and

AMD pathogenesis. Edwards et al. reported that in rs3775291

the minor allele frequencies differed from those reported by

Yang et al. [18]. We examined the TLR3 polymorphism and

their association with AMD progression or occurrence of

AMD in North Indian AMD patients who have unique dietary

life style; we performed the single nucleotide polymorphism

(SNP) analysis of TLR3 gene (rs3775291) by using real time

PCR.

Materials and methods

Subjects

The Ethical Committee of Postgraduate Institute of

Medical Education and Research, Chandigarh, India has

approved the study vide letter No Micro/10/1411. A signed

informed consent of participation in research was obtained

from all subjects. Study included 176 case–control samples

consisted of 115 AMD patients and 61 healthy controls.

AMD diagnosis

The diagnosis of AMD pathogenesis was substantiated

by fluorescein fundus angiography (FFA) and optical

coherence tomography (OCT). A retina specialist also

performed visual assessment by ophthalmologic examina-

tion like dilated fundus examination, visual acuity mea-

surement, and slit lamp biomicroscopy of anterior segment.

Demographic characterization

The demographic information of participants was obtained

by administering the standard AMD questionnaire which

included all aspects of life style and other co-morbidities.

We have categorized the AMD patients into smoker and

non-smokers in order to assess the effect of smoking in

TLR3 polymorphism. The patients who consumed at least

3 cigarettes in a day were defined as smokers. The

comorbidity was defined by existence of cardiovascular,

metabolic, or hypertension disorders communicated by the

physician. The demographic characteristics of all partici-

pants have been summarized in Table 1.

Inclusion and exclusion criteria

The exclusion and inclusion criteria of participant were

based on age of patient, size, and number of drusen. FFA

examination was conducted to characterize the advanced

Table 1 Demographic characteristics of controls and AMD patients

Variables AMD Controls

Total 115 61

Wet AMD 84 (47.7 %) –

Dry AMD 31 (17.6 %) –

Minimal classic 7 (11.9 %) –

Predominant Classic 16 (27.1 %) –

Occult 36 (61.0 %) –

Sporadic cases 105 (91.3 %) –

Familial cases 10 (8.7 %) –

Duration of diseasea 23 ± 2.6 (M) –

Smokers 50 (43.5 %) 11 (20 %)

Non-Smokers 65 (56.5 %) 44 (80 %)

Alcoholic 37 (32.2 %) 17 (30.9 %)

Non-alcoholic 78 (67.8%) 38 (69.1 %)

Vegetarian 61 (53%) 31 (56.4 %)

Non-vegetarian 54 (47%) 24 (43.6 %)

Age 64.97 ± 7.1 60.38 ± 13.2

Male 75 (65.2 %) 40 (65.6 %)

Female 40 (34.8 %) 21 (34.4 %)

Clinical and demographic details of subjects. AMD age-related

macular degeneration, M Months, Age Age of onset, Values are

mean ± SD or (percentage)
a Duration of disease is the interval between appearance of first

symptom of AMD and collection of sample. AMD subjects were

asked to provide all clinical and demographic details at the age of

disease-onset
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form of AMD i.e., choroidal neovascularization and geo-

graphic atrophy. The inclusion criteria for AMD group

included those with an age of 50 years or more with cho-

roidal neovascularization and/or dry AMD with[5 drusen

in at least one eye. The participants included in control

group included those with age of 50 years or older with no

drusen or less than 5 drusen without fulfillment of diag-

nostic criteria for AMD.

The exclusion criteria included the occurrence of

degenerative changes in photoreceptors due to other ocular

diseases like myopia, retinal dystrophies, vein occlusion,

diabetic retinopathy, uveitis, or other diseases. The par-

ticipants were not included below the age of 50 years.

Moreover, participants were excluded who had limitation

of papillary dilation or other problems which prevent the

adequate fundus photography [19].

DNA extraction

5 ml blood sample was withdrawn from all the subjects

who participated in the study. The blood sample was fur-

ther kept at room temperature for 3–4 h. The supernatant

was collected and pipetted on Histopaque-1077 in equal

volumes (Sigma, USA) to purify PBMCs from whole

blood. PBMCs were processed to extract genomic DNA by

extraction kit (INVITROGEN and QIAGEN) as per the

instructions. The extracted DNA was stored in -20 �C

until SNP analysis.

Real time PCR

Real time PCR was performed using 48 wells Step OneTM

real time PCR (Applied Biosystems Inc., Foster city, CA).

The genotyping was done using TaqMan� SNP Genotyp-

ing Assays (Applied Biosystems) as per the instructions of

manufacturer. Real time PCR was performed for 20.0 ll of

volume containing 10 ll of master mix; 5 ll Assay

(Applied Biosystems); and genomic DNA added at the

concentration of 20 ng/ll. The final volume of 20 ll was

made up with molecular biology grade water. The reaction

was carried out by using two reporter dyes VIC and FAM.

PCR mix without DNA was defined as negative control.

The amplification product-based SNP analysis was carried

out by using the Software StepOneTM v 2.0 (Applied

Biosystems Inc., Foster city, CA). The fluorescence mea-

surement was calculated by Rn value generated from PCR

amplification.

Statistical analysis

The association between various groups was studied by

Pearson’s v2 test. Odds ratios (ORs) with 95 % CI and

genotypic associations were estimated by binary logistic

regression. The level of significance at p B 0.05 was

considered to be significant. Statistical analysis was per-

formed with statistical package and service solutions

(SPSS; IBM SPSS Statistics 20.0, Chicago, Illinois, USA)

20.0 software.

Results

The description of genotype and alleles frequency has been

summarized in Tables 2 and 3. The genotype and allele fre-

quency of TLR3 was not found to be significant in AMD. GG

or AG was not frequent in AMD (OR value = 0.093,

p = 0.112, CI = 0.005–0.1.73, OR = 0.163 and p = 0.222,

CI = 0.009–2.99, respectively, Table 2).

The other demographic variants like food and smoking

habits and co-morbidity were not found to be associated

with AMD phenotype (Table 4). There was no significant

frequency of allele G in TLR3 which was found to be

Table 2 Effect of TLR3 rs3775291 variant on disease phenotype

Genotype Number (frequency) Unadjusted p value Multivariate analysis, adjusted for age and gender

OR 95 % CI p value OR 95 % CI p value

TLR3 rs3775291

AMD Controls

AA 6 (0.05) 0 Reference Reference

AG 33 (0.30) 27 (.44) 0.093 0.005–1.73 0.112 * * *

GG 73 (0.65) 34 (.56) 0.163 0.009–2.99 0.222 * * *

Wet AMD Dry AMD

AA 5 (0.06) 1 (.03) Reference Reference

AG 22 (0.27) 11 (.37) 0.400 0.041–3.855 0.428 5.343 0.242–11.79 0.289

GG 55 (0.67) 18 (.60) 0.611 0.067–5.58 0.662 0.311 0.022–4.465 0.390

* The Mantel-Haenszel common odds ratio estimate is asymptotically normally distributed under the common odds ratio of 1.000 assumption.

So is the natural log of the estimate
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significant in AMD patients (OR = 1.130, p = 0.655,

CI = 0.660–1.936, Table 3). This difference was not sig-

nificant in wet and dry AMD when genotypes and allele

frequencies were analyzed (Tables 2 and 3).

We analyzed both age and gender as a risk factor vari-

ants in AMD progression. The multiple regression analysis

was carried out after adjusting the age, gender, and the

difference was not significant between AMD and control

participants for both AG and GG alleles (Table 2).

Discussion

TLR3 transmembrane protein transduces the signal gener-

ated by double stranded RNA and has been found to be

responsible for alteration of the risk of AMD pathogenesis

[16, 20]. TLRs mainly participate in recognition of infec-

tious agents and clearance of highly potential infectious

self immunogenic molecules [21, 22]. Both endogenous

(e.g., phagocytose nucleosome, sn ribonucleoproteins, and

necrotic cells) and exogenous (ssRNA & dsRNA) RNA can

stimulate TLR signaling.

Effect of rs3775291 polymorphism

The Leu412Phe (rs3775291) polymorphism is localized in

the coding region which forms the TLR3 receptor ectodo-

main necessary for ligand binding and dimerization of

domain after activation of TLR3 receptor [23]. The struc-

ture of TLR3 has revealed that Leu412Phe is near the site of

glycosylation (Asn413) and is necessary for receptor acti-

vation and ligand-binding surface for dsRNA [24, 25].

Binding of ligand with TLR3 may lead to changes in

conformation and promote dimerization of TLR3 receptor.

TLR3 receptor is required for signal transduction [26, 27].

Therefore, the activation of TLR3 and TLR7 is changed by

polymorphism in these amino acids through altered ligand

binding or dimerization which has shown in the Fig. 1

representing the AMD pathogenesis mediated by TLR3

signaling. The TLR3-mediated signaling may be activated

Table 3 Allele frequency of

TLR-3 in AMD and normal

controls

Allele Number (frequency) OR 95 % CI p value

TLR3 rs3775291

AMD Controls

A 45 (0.20) 27 (0.22) Reference

G 179 (0.80) 95 (0.78) 1.130 0.660–1.936 0.655

Wet AMD Dry AMD

A 32 (0.20) 13 (0.22) Reference

G 132 (0.80) 47 (0.78) 1.141 0.552–2.357 0.721

Table 4 Logistic regression of the association of TLR3 and AMD stratified by smoking and comorbidity

Genotype Number (frequency) Unadjusted p value Multivariate analysis, adjusted

for age and gender

OR 95 % CI p value OR 95 % CI p value

TLR3 rs3775291

Non-vegetarian AMD Vegetarian AMD

AA 1 (0.02) 5 (0.09) Reference

AG 20 (0.38) 13 (0.22) 7.692 0.804–73.55 0.077 6.924 0.800–59.90 0.08

GG 32 (0.60) 41 (0.69) 3.902 0.434–35.08 0.224 0.196 0.019–2.035 0.172

Smokers AMD Non-Smokers AMD

AA 4 (0.82) 2 (0.03) Reference

AG 16 (0.33) 17 (0.27) 0.479 0.075–2.932 0.419 2.112 0.368–12.13 0.402

GG 29 (0.59) 44 (0.70) 0.3295 0.056–1.917 0.216 0.333 0.046–2.431 0.279

AMD with comorbidity AMD without comorbidity

AA 5 (0.06) 1 (0.03) Reference

AG 22 (0.28) 11 (0.37) 0.400 0.041–3.855 0.428 2.800 0.219–35.81 0.429

GG 53 (0.66) 18 (0.60) 0.588 0.064–5.382 0.639 0.551 0.048–5.071 0.551

The value could not be complied because of the equal frequencies
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by pro-inflammatory molecules released by adjacent cells,

by pathogen-associated molecules or by exogenous and

endogenous sources of dsRNA. Many studies have shown

the role of diet and smoking in AMD progression and

found greater level of extracellular deposits (e.g., lipid

peroxidation derivatives, autofluorescent byproducts of

phototransduction, extracellular matrix, inflammatory pro-

teins, and cellular debris) between Bruch’s membrane

(BM) and RPE cells [28]. These deposits accumulate and

TLR3-mediated signaling enables clearance of these

deposits by activation of macrophages.

Since the North Indian population catered to by this

institute consists of non-smokers, we analyzed the TLR3

polymorphism in AMD patients. Our findings did not show

any significant TLR3 polymorphism which suggests that

the pathology of AMD is not influenced by TLR3 signaling

in North Indian AMD patients. We did not study the entire

TLR3 signaling or the role of environmental stimuli but

this could be the subject of future analysis. Therefore, at

this time, this statement remains speculative in the absence

of substantive data in its support. However, Yang et al. [16]

have examined the effect of this polymorphism in Ameri-

can population of European descent. They genotyped the

rs3775291 polymorphism for 441 patients with CNV, 232

patients for GA, 152 patients with soft confluent drusen,

and 359 controls and found the significant association of

‘‘T’’ allele providing protection against GA with

p = 0.005; OR for geographic atrophy in heterozygotes,

0.712; 95 % CI, 0.503–1.00; and OR for homozygotes,

0.437; 95 % CI 0.227– 0.839. The SNP was not found to be

significantly associated with CNV and soft confluent dru-

sen. These results revealed that this SNP is directly related

to GA in AMD pathogenesis and may have protective

effect by reducing the dsRNA-mediated RPE cells apop-

tosis. Meanwhile, Edwards et al. [18] have also reported

the association of non-synonymous polymorphism

rs3775291 for TLR3 and rs179008 TLR73 polymorphism

with pathogenesis of AMD. They have found marginally

associated alleles and genotype frequency for TLR3, TLR4,

and TLR7 and did not exclude the role of TLRs signaling in

AMD pathogenesis. Apart from these studies, Cho et al.

[17] have carried out TLR3 polymorphism in two SNPs

rs3775291 and rs4986790 by examining the case–control

samples. They did not observe any statistically significant

correlation in polymorphism and AMD pathology. There

are other studies demonstrating the genotypic variation of

complement components (C2, C3, CFH) and AMD sus-

ceptible genes (LOC387715/ARMS2/HTRA1) which have

been found to be concurrent with the presence to GA but

not with the progression of GA, on the contrary, genetic

variation of APOE and TLR3 did not show such relation

with the presence of GA [29, 30].

Our finding is consistent with reports that do not suggest

polymorphism of TLR3 receptor to mediate signaling pro-

cess in clearance of extracellular debris or apoptosis of

RPE cells by NF-kB-mediated signaling [17, 20]. The

Fig. 1 Schematic

representation of pathogenesis

of AMD mediated by TLR3

signaling process. a Fragmented

dsRNA obtained from

digestions of Alu

retrotransposon and endogenous

viral dsRNA genome. b Binding

of fragmented dsRNA on

ectodomain of TLR3 rerceptor.

c Conformational changes and

dimerization of TLR3 receptor

induced by binding of dsRNA

fragments
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clearance of extracellular debris has been found to be

mediated by recruiting macrophages at the site of deposi-

tion. Recently, Wornle et al. have reported the pro-

inflammatory and chemokines response of TLR3 signaling

after stimulation with poly (I:C) RNA on human retinal

pigment epithelial cells (ARPE-19) and found dose

dependent increased expression of TLR3 and RIG-I (reti-

noic acid inducing gene-I, cell receptor recognize viral ds

RNA) concomitantly with increased expression of proin-

flammatory cytokines like IL-6, TNF-a, IL-8, ICAM-1, and

b-FGF, but the expression of VEGF and PEDG was not

found to be influenced [31]. As we correlate these findings

with our previous work which revealed the elevated level

of serum MCP-1 in both wet and dry AMD patients [32],

the absence of association with TLR3 polymorphism sug-

gests a dominant role of cellular inflammatory response

and recruitment of macrophages independent of TLR3

pathway. Klettner et al. [33] have also reported the

increased expression of VEGF levels after being exposed to

Poly I:C in a dose-dependent manner without involvement

of TLR3 signaling mechanism. Further studies should,

therefore, examine the other gene loci in North Indian

AMD phenotypes. Our previous studies strengthen the

redundancy of TLR3 [19, 32, 34, 35] (Fig. 2). The role of

environmental factors has been implicated in AMD. Apart

from age, several environmental factors such as body mass

index (BMI), smoking, hypertension, alcohol consumption,

sun light exposure, and diet habits have been found to be

associated with AMD [36–38]. Environmental factors are

known to introduce the epigenetic changes by regulating

the protein or by altering the nucleotide sequence in the

genome. It has also been documented that as the age pro-

gresses, the methylation is increased several folds in the

genome [39]. The methylated promoter of receptor for

advanced glycated end products (RAGE) may stimulate the

formation of aggregates along with advanced glycated

products which is the hallmark of age related diseases [40].

However, the precise mechanism of how environmental

factors introduce changes in the gene remain unclear. Our

analysis of environmental factors did not show any asso-

ciation with TLR3 polymorphism. Therefore, we propose

that AMD pathology is predominantly influenced by

genetic factors like MCP-1, VEGFR2, CFH, and oxidative

stress and not by TLR3 as shown in our previous studies.

However, additional studies with larger sample size can

validate such studies.
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Does DcR1 (TNF-related
apoptosis-inducing-ligand Receptor 3)
have any role in human AMD
pathogenesis?
Akshay Anand1*, Neel K. Sharma1*, Ramandeep Singh2*, Amod Gupta2, Sudesh Prabhakar1,
Neeru Jindal2, Arvind K. Bhatt3, Suresh K. Sharma4 & Pawan K. Gupta1

1Neuroscience Researh Lab, Department of Neurology, Post Graduate Institute of Medical Education and Research (PGIMER),
Chandigarh, India, 2Department of Ophthalmology, Post Graduate Institute of Medical Education and Research (PGIMER),
Chandigarh, India, 3Department of Biotechnology, Himachal Pradesh University, Shimla, India, 4Department of Statistics, Panjab
University, Chandigarh, India.

It has been postulated that there is a link between age related degenerative diseases and cancer. The
TNF-related apoptosis-inducing ligand (TRAIL) has been shown to selectively kill tumor cells by binding to
pro-apoptotic and anti-apoptotic receptors. Our aim was to study the levels of anti-apoptotic receptor
(DcR1) in age related macular degeneration (AMD) and controls. AMD patients (115) were classified into
two groups: Dry and Wet AMD. Wet AMDs were further classified into occult, predominant classic and
minimal classic. 61 healthy individuals were recruited as normal controls. After normalization with total
protein, DcR1 levels were analyzed by ELISA. Mann Whitney U-statistic was used for analysis of DcR1
ELISA results. We have observed DcR1 levels in serum sample which were significantly lower in AMD
patients as compared to controls (p 5 0.001). On the other hand, we did not find difference in DcR1 levels
between wet and dry AMD. The present study defines the plausible role of DcR1 in AMD pathology
signifying a new therapeutic target for AMD.

A
ge is the most important risk factor for neurodegenerative disorders including age-related macular
degeneration (AMD)1. It is a leading cause of irreversible vision loss in elderly in both the developed
as well as developing world. The disease is broadly classified according to the severity of disease. It has

been reported that about two million individuals are affected with AMD in United Kingdom2 and statistics on
AMD in India show frequency varies from 2.7% early AMD to 0.6% late AMD in South India to 4.7% in North
India3. The major hallmark characteristic of early AMD is the presence of drusen. Drusen are tiny accumulations
of extracellular material which accumulate between the retinal pigment epithelium and Bruch’s membrane of the
eye. The drusen consists of lipoproteins (especially Lipoprotein E), complement system components
(Complement factor H, complement factor B and complement factor C etc.), apolipoproteins (apolipoproteins
B48 and B100), clusterin and some exosome molecules [CD63 (Cluster of Differentiation 68), LAMP2
(Lysosome-associated membrane protein 2), and CD81(Cluster of Differentiation 81) etc)4. There are two types
of AMD i.e. Dry AMD and Wet AMD. Dry AMD is marked by drusen or depigmentation caused by products of
the photoreceptors and retinal pigment epithelium (RPE). Wet AMD is caused due to the growth of abnormal
blood vessels below the retina and RPE, which results in subretinal bleeding and consequent scar formation
occluding vision. This may affect any one or both of the eyes. Patients with dry AMD may progress into wet AMD.
Several genetic and environmental factors have already been associated with AMD. Among the genetic factors,
the genes which are involved in cell apoptosis and its regulation have not been much investigated in AMD.
However, apoptosis plays a major role in pathology of AMD5. In this study, we measured the expression level of
DcR1 in serum of AMD patients. Previously, many genetic studies have confirmed the role of various genes in
AMD by use of whole blood from AMD patients of similar sample size6–9. The disease progression is characterized
by impairment of regulatory processes like apoptosis, chronic inflammation, increase in cell numbers, invasive-
ness etc. Moreover, there are some common risk factors and underlying molecules for AMD and cancer like
smoking, complementary factor H (CFH) with inflammation being main mediator in the progression of diseases
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pathology10. TNF-related apoptosis-inducing ligand (TRAIL) acts as
antitumor agent, which induces apoptosis in cancer cells. TRAIL is a
cytokine and can bind with four receptors i.e. Death receptor 4 (DR4)
and Death receptor 5 (DR5) (pro-apoptotic) and with anti-apoptotic
(DcRs), Death receptor 1 (DcR1) and Death receptor 2 (DcR2)11. By
binding with DR4 or DR5 receptors TRAIL can induce apoptosis by
caspase-8 dependent manner which further activates the effector
caspases like caspases-3, 6,7 etc. DcR1 is a GPI-anchored member
of the tumor necrosis factor receptor (TNFR) super family which is
also known as CD263, TRID and TRAIL-R3. It is not expressed in all
tumors. It includes a transmembrane domain and an extracellular
TRAIL binding domain. It does not contain a functional death
domain. It acts as TRAIL decoy receptor by reducing the apoptosis.
The TRAIL’s binding to DcR1 or DcR2 stimulate the NFk-b leading
to activation of transcription genes antagonizing apoptotic mechan-
isms or promoting inflammation. Decoy receptors after binding to

TRAIL inhibit the TRAIL-induced apoptosis by inhibiting binding to
proapoptotic receptors i.e. DR4 and DR5.

In this study, we hypothesized that the lower levels of DcR1 in
serum of AMD patients may provide an environment conducive for
degenerative processes. TRAIL binding and therefore, DcR1 media-
ted anti-apoptotic process may not be active which may lead to
photoreceptor degeneration leading to AMD.

Results
Summary statistics of main variables has been reported in Table 1.
The serum concentration of DcR1 is shown in Table 2. DcR1 serum
levels were skewed therefore, Kruskal-Wallis test was applied for
statistical comparison. The serum concentration of DcR1 was found
to be lower in AMD cases as compared to controls (Table 2,
Figure 1A, p 5 0.0001). Difference was not significant between
serum concentration of DcR1 in dry and wet AMD (Table 2,
Figure 1B, p 5 0.093). The levels of dry and wet AMD were signifi-
cantly lower as compared to normal controls (Figure 1B, p 5 0.001 &
0.0001 respectively). To estimate the predictive value of DcR1, serum
levels of DcR1 were again segregated into minimal classic, predom-
inant classic and occult AMD. No significant difference was found
between the wet AMD subgroups (Table 2). While adjusting the risk
factors to AMD an independent analysis was carried out. Important
risk factors like smoking, alcohol, food habits, diabetes and heart
diseases were analyzed to examine their association with DcR1.
However, no significant difference observed between AMD smokers
versus AMD never smokers, alcohol consumers versus never alcohol
consumers, vegetarian versus non vegetarian, diabetic versus non
diabetic, AMD with heart disease versus AMD without heart disease
and Male versus female (Table 2). When multivariate analysis was
carried out with adjustment for age, smoking, alcohol, food habits,
diabetes and heart disease, we found significant difference between
AMD and controls (OR 5 11.181, p 5 0.001).

The association between levels of DcR1 in AMD and age have been
computed using Chi square (x2 5 3.929, p 5 0.141), which shows
that there is no significant association between age and DcR1 levels.
However, the association between severity of AMD and levels of
DcR1 was significant (x2 5 5.982, p 5 0.014). The prediction equa-
tion for AMD, by considering DcR1 levels as independent variable,
shows that 74.4% of the cases have been correctly classified with

Table 1 | Demographic characteristics of Controls and AMD
patients

Variables AMD Controls

Total 115 61
Wet AMD 84 ----
Dry AMD 31 ----
Sporadic Cases 105 ----
Familial Cases 10 ----
Duration of disease¥ 23 6 2.6 (M) ----
Smokers 50 11
Non Smokers 65 44
Alcoholic 37 17
Non-alcoholic 78 38
Vegetarian 61 31
Non-vegetarian 54 24
Age 64.97 6 7.1 60.38 6 13.2
Heart Disease 16 ----
No Heart Disease 60 55
Male 75 40
Female 40 21

Demographic and clinical details of subjects. Age, Age of onset; M, Months; ¥ Duration of disease
is the interval between appearance of first symptom of AMD and collection of sample. Values are
mean 6 SD.

Table 2 | Comparison of serum DcR1 levels between control, AMD and their subtypes along with odds ratio (adjusted for covariates)

Mann Whitney
Statistic Unadjusted p value

Multivariate analysis adjusted for, age smoking, alcohol,
food habits, diabetes and heart disease

Subjects Mean Rank Z -Value p-value Odd Ratio CI (95%) p- value

AMD 48.12 5.762 0.0001* 11.181 2.67–46.7 0.001
Control 86.32
Dry 41.85
Wet 33.29 1.681 0.093 0.296 0.049–1.790 0.182
Minimal Classic 17.00
Predominant Classic 12.11 0.867 0.386 * * *
Occult 20.05 0.611 0.541 * * *
Alcoholic 38.38
Non Alcoholic 35.56 0.538 0.591 0.286 0.021–3.892 0.347
Smokers 37.40
Non Smokers 35.86 0.308 0.758 0.457 0.053–3.962 0.477
Vegetarian 38.19
Non Vegetarian 34.71 0.704 0.481 0.964 0.165–5.638 0.968
Heart Disease 28.00
No heart Disease 25.57 0.445 0.671 0.529 0.044–6.309 0.614
Diabetic 33.62
No Diabetes 35.93 0.370 0.711 1.727 0.246–12.136 0.583
Male 37.09
Female 35.52 0.308 0.758 0.182 0.011–2.99 0.233

*Odds ratio can not be computed (with reference category as minimal classic) because of the constant values.
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model authenticity of 74.4% and close confidence intervals for ROC
curve. The area under ROC was 0.75 (p 5 .0001) with standard error
of 0.044 and confidence interval of 0.660–0.834 (Figure 2).

Discussion
In a number of diseases, apoptosis plays a major role in development
of disease pathology like AMD and retinitis pigmentosa. AMD
causes a gradual loss of central vision due to the death of photore-
ceptors in the retina especially in central part of retina called the
macula. The study was performed to determine whether the differ-
ence in the levels of serum DcR1 are associated with AMD. We
showed that the DcR1 expression decreased significantly in patients
of AMD as compared to controls irrespective of other environmental
factors that indicates the noon redundant role of DcR1 mediated
processes independent of these factors. Additionally, we also did
not find the considerable difference in serum DcR1 levels in between
dry AMD and wet AMD indicating apoptosis as a common phenom-
enon in both types of AMD.

In pathological processes of many degenerative diseases, apoptosis
and necrosis play an important role. Histochemical and ultrastruc-
tural analysis shows that during AMD, RPE cells overlying drusen
degenerate because of necrosis12. Initiation of necrosis in cells results
in morphological modifications, membrane rupture which may lead
to release of cytoplasmic contents from the cell. Necrotic material
from these cells is believed to activate the complement, inducing
inflammation in local tissue. Krabb et al has also shown that histones,
which are released during necrosis, also constitute drusen13 leading to
RPE atrophy which further results in geographic atrophy. There are
several studies which have simultaneously implicated the role of
apoptotic processes in degeneration of photoreceptors, retinal pig-
ment epithelium (RPE) and inner nuclear layer (INL) in AMD14. It
has already been reported that reduced expression of DcR1 was
associated with sensitivity to TRAIL in many cell lines of cancers15.
In carcinomas, it has also been examined that lack of expression of
the DcRs may provide them extra susceptibility to apoptosis induced
by TRAIL16.

However, apoptotic action mediated by TRAIL has been shown to
be exerted by participation of p53 thus exacerbating anti-tumor
activity by down regulating the DcR1 expression in colon cancer17.
Moreover, it has been found to be overexpressed in the p53 mutated
cell line. Recently, Ambati et al have also examined the role of p53 in
retinal angiogenesis and have found disruption of p53 transcrip-
tional network can abolish the anti-angiogenic activity of Nutlin3
(drugs commonly used in cancer). Even though the group did not
show any relation with DcR1 or DcR2 receptors the role of DcR1

in apoptotic process could be examined in the context of p53
processes18. Several mouse models for retinal degeneration have been
established by genetic manipulations in several retinal related genes
and also created by light injury of retinal layers in which apoptosis
contributes towards photoreceptor cell death19–21. Human retinitis
pigmentosa, serous retinal detachment and pathologic myopia are
characterized by similar pathologic photoreceptor apoptosis22,23.
In glaucoma retinal ganglion cells also undergo apoptosis24.
Additionally, it was also shown that the number of TUNEL-positive
cells in the retinal pigment epithelium, choroid, outer nuclear layer,
and inner nuclear layer are significantly more in AMD eyes as com-
pared to control eyes, signifying that these cells may possibly die by
apoptosis12. Therefore, these studies have revealed that main cause of
photoreceptor death in retinal and other diseases presumably regu-
lated by TRAIL signaling. Due to low levels of DcR1, TRAIL has
increased affinity to bind with TRAILR1 or TRAILR2 which results
in receptor oligomerization and initiation of apoptosis. Enhanced

Figure 1 | (A) Serum levels of DcR1 in AMD and controls. (B) Serum levels of DcR1 in dry, wet and normal controls. pg, picogram; mg, microgram.

Figure 2 | Receiver operating characteristic (ROC) obtained from binary
logistic regression model which generates significant predictors of AMD.
Area under the curve is reported to be 75%.
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apoptosis can result in tissue degeneration, a feature of AMD, while
reduced apoptosis results in accumulation of immune cells.
Therefore, cellular protection protocols engage a delicate balance
in pro- apoptotic and anti-apoptotic factors. Apoptosis involves
two major signaling pathways: the extrinsic death pathway and
intrinsic death pathway. Extrinsic pathway is initiated through apop-
totic signal transduction cascades mediated by members of TNFR
while intrinsic death pathway is mediated by pro-apoptotic and anti-
apoptotic Bcl2 family proteins at the mitochondria25.

We did not find any difference in the levels of DcR1 for dry and
wet AMD and the difference was not found to be significant for wet
AMD subtypes. However, after categorizing DcR1 levels (below and
above median) the association with severity of AMD was found to be
significant but it was not significant with age. While analyzing the
other risk factors to AMD, no association of DcR1 levels was
observed. Death of photoreceptor cells is the main cause in the
pathogenesis of AMD. We have attempted to predict AMD based
on DcR1 levels (below and above median) using logistic regression,
which showed 74.4% model predictivity and AUC is 0.75. The mod-
erate value of AUC may be used to diagnose AMD patients with very
less standard error. TNF-related apoptosis inducing ligand stimu-
lates apoptosis and DcR1 is believed to act as dominant-negative
receptor for TNF-related apoptosis sensitising ligand. Due to low
levels of DcR1, the levels of TNF-related apoptosis inducing ligand
may be enhanced resulting in apoptosis mediated AMD. The present
study highlights that the lower levels of DcR1 may be associated with
AMD however additional mechanistic studies can shed more light on
the putative mechanism.

Conclusion
Conclusively, this study substantiates the role of apoptosis mediated
by DcR1 receptor. A bigger study is imperative. An effective method
of neuroprotection based on targeting of DcR1 could potentially
supplement the current treatment strategies for this disorder.

Methods
Study population. A signed informed consent was taken from each participant.
Individuals with AMD were recruited from advanced eye centre, PGIMER,
Chandigarh, India. We included 176 cases which contained 115 AMD samples (75
male and 40 females) and 61 normal healthy controls (40 male and 21 females) after
obtaining a signed informed consent as per inclusion exclusion criteria. The unrelated
attendants like spouses who accompanied AMD patients to Eye clinic were recruited
as controls. The samples were collected at the same site using same procedure by the
same individual. Ethical clearance was taken from the Ethics Committee of the
Institute vide letter No Micro/10/1411.

Inclusion and exclusion criteria. Inclusion criteria included the age of 50 years or
older with the diagnosis of age related macular degeneration defined by choroidal
neovascularization and/or dry AMD with at least five drusen in one eye. The controls
were of 50 years or older without drusen and without any AMD diagnostic criteria.
Exclusion criteria excluded the retinal diseases in the outer retinal layers and/or
photoreceptors (other than AMD) like central serous retinopathy, high myopia,
diabetic retinopathy, retinal dystrophies, uveitis, vein occlusion and other problems
that precluded satisfactory stereo fundus photography. These situations contain
occluded pupils due to ocular diseases like cataracts, opacities and synechiae9.

Diagnosis of AMD. A retina consultant examined the patients for best corrected
visual acuity (BCVA), intraocular pressure, slit lamp biomicroscopy (SLB) of anterior
and posterior segment with 90D lens and indirect ophthalmoscopy for peripheral
fundus examination. All patients underwent fluorescein fundus-angiography (FFA)
and optical coherence-tomography (OCT). AMD diagnosis was based on
ophthalmoscopic and FFA findings10.

Demographic profile. The demographic detail was taken by a trained interviewer
after getting signed consent form using a risk factor questionnaire9. The detail (age,
sex, race, cigarette smoking, food habit, alcohol intake, diabetes and heart diseases)
was self reported by participants. Smokers were districted as those having smoked at
least three cigarettes per day or 54-boxes for at least 6 contiguous months and were
separated further into never smokers and smokers. Non-vegetarian patients were
distincted as those consuming meat, chicken,or fish for at least 6 contiguous months
and alcohol consumer patients were defined as those having rum, whiskey, wine or
homemade alcohol for at least 6 contiguous months. Heart diseases were determined

based on the participant’s answers to whether a physician had ever told them about
this finding and whether they had ever taken medicine for this situation10.

Serum separation. Blood samples were collected from all individuals for carrying out
ELISA. About 4.0 ml of blood was collected in a serum separator tube (BD
Biosciences, USA) and was left for 30 minutes at room temperature to allow it to clot
and after centrifugation at 3000-rpm for 30 minutes, serum was separated. The
samples were labeled, coded and stored to study the levels by established procedures
described below.

Total protein estimation. Total serum proteins for normalization of DcR1 levels
from ELISA was done by Bradford assay. The procedure was carried out according to
manufacturer’s recommendations. In double distilled water, serum samples were
diluted upto 1500 times. The standard curve was generated by using protein Bovine
Serum Albumin (BSA). Standard protein BSA and samples were mixed in ratio 451
with coomassie brilliant blue G – 250 dye (Bradford reagent) followed by incubation
at room temperature for about 15 minutes on shaker. The absorbance was taken at
595 nm in 680XR model of Microplate reader (Biorad, Hercules, CA, USA). Standard
curve was generated with quadratic fit or linear models11.

ELISA. ELISA for DcR1 was performed according to the manufacturer’s protocol
(Abcam, Cat no ab46018). Sample serum assays were performed in duplicate.
Standard DcR1 was assayed over a concentration range of 10000–312.5 pg/ml in
duplicates for each experiment. The assay recognizes both natural and recombinant
human DcR1 and the sensitivity of assay was ,147 pg/ml. Appropriate blanks were
also incorporated into experimental design. Normalization was done with total
protein.

Statistical analysis. The assumption of normality was tested with the help of Normal
Quantile plot (Q-Q plot) and it was observed that data was not normally distributed.
Mann-Whitney U-test was, therefore, applied for comparing the two groups. For
comparing more than two groups, Kruskal Wallis one-way analysis of variance
(ANOVA) followed by post-hoc was applied for multiple comparisons. The p # 0.05
was considered significant. The measure R2 (Coefficient of determination) was used
to determine the goodness of standard curve fit for ELISA and total protein. All
statistical analysis such as linear regression, quadratic fit and test of significance were
performed with statistical product and service solutions (SPSS; IBM SPSS Statistics
20.0, Chicago, Illinois, USA) 20.0 software. Receiver operating characteristic (ROC)
curve, which is defined as a plot of true positive rate (test sensitivity) versus false
positive (1-specificity) rate for different cut-off points of DcR1 levels was drawn for
predicted model. Area under the ROC curve is considered as an effective measure of
inherent validity of a diagnostic test.
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CC chemokine receptor-3 (CCR3) is involved in angiogenic processes. Recently, CCR3 was accounted to par-
ticipate in choroidal neovascularization (CNV) and CCR3 targeting was reported to be superior to standard
antivascular endothelial growth factor-A (VEGF-A) administration when tested in an artificially induced
CNV in animals. As human CCR3 studies are lacking in age-related macular degeneration (AMD) patients
we sought to determine if CCR3 has any association with inflammatory processes that occur in CNV. A total
of 176 subjects were included on the basis of inclusion criteria. Real time PCR was used to analyze the single
nucleotide polymorphism in CCR3 of AMD (115) and normal controls (n = 61). Genotype frequency was ad-
justed for possible confounders like cigarette smoking, alcohol, meat consumption and other risk factors.
Chi-square test was used for analysis of polymorphism. The genotype distribution of CCR3 (rs3091250) poly-
morphism was significantly different in AMD patients in the Indian population. GT (heterozygous) and TT
(homozygous) at the rs3091250 SNP increased risk of AMD as compared to the GG genotypes (OR = 4.8,
CI 95% = 2.2–10.8 and OR = 4.1, CI 95% = 1.6–10.1 respectively). Subgroup analysis of AMD patients in
wet and dry revealed no significant differences. There was no significant difference for rs3091312 in AMD
and control group. A significant association between AMD and CCR3 (rs3091250) polymorphism localized
on chromosome 3p21.3 was detected. The results suggest the possible contribution of rs3091250, a new
predisposing allele in AMD.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Age-related macular degeneration (AMD) is a primary cause of
central vision loss in the aged in industrialized countries (Cook et
al., 2008). Symptoms of AMD may appear in one or in both eyes.
Early symptoms include metamorphopsia or blurring of central vi-
sion. AMD is characterized by the development of drusen in Bruch's
membrane, the degeneration of the macular retinal pigment epitheli-
um (RPE), geographic atrophy and neovascularization.

According to clinical age-related maculopathy grading system,
age-related maculopathy grades are: without drusen, several minute
drusen and no RPE changes, retinal RPE alteration but no drusen, both
small drusen and RPE changes, several large and intermediate-size

drusen, RPEdetachment, geographic atrophy and choroidal neovascular
membrane with disciform scarring (Seddon et al., 2006).

It is established that there is a complex participation of environ-
mental and genetic factors in the pathogenesis of AMD. In comple-
ment system, microglial recruitment, inflammation, DNA repair, and
neovascularization activation studies have identified numerous
AMD-associated genes (Ding et al., 2009).

A lot of the earlier works done on genetic factors impacting AMD
have been focused on single nucleotide polymorphisms (SNPs). Al-
though extremely significant statistical relations between various single
nucleotide polymorphisms and AMD have been discovered, they do not
account for the whole genetic aspect of the disease. It is supposed that
complement activation resulting from dysfunction of CC chemokines
may contribute to inflammation. The infiltration of monocytes is ac-
companied by inflammatory chemokines as key mediators.

Studies recently indicated that inflammation plays a fundamental
role in the development of CNV (Rohrer et al., 2009). Additionally, ge-
netic evidence has identified variations in multiple genes (Sharma et
al., 2009). Studies had also investigated the role of asthma with AMD
and found that asthma could be a risk factor for AMD (Sun et al.,
2012).

In senescent mice deficient in monocyte chemoattractant protein-1
(CCL2, also known as MCP-1) or its receptor we earlier described the
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spontaneous development of CNV postulating its key role in AMD path-
ogenesis (Ambati et al., 2003). We hypothesized that CCR3 is also in-
volved in similar processes and any polymorphism in this gene may
consequence in chronic inflammation by continued activation of the
complement system contributing to the pathogenesis of AMD.

Antivascular endothelial growth factor treatment is currently used
for wet AMD patients (The CATT Research Group, 2011). Even though
Eghøj and Sorensen (2012) showed that out of the 1076 eyes, a total
of 20 (2%) eyes met the criteria for tachyphylaxis i.e. drug did not re-
spond at the time of reactivation of CNV in AMD patients who had
responded to the treatment initially anti-VEGF-A therapy produces
dysfunction and damage to the outer and inner murine retina
(Nishijima et al., 2007; Saint-Geniez et al., 2008), raising a question
of recurrent CNV or potential retinal toxicity. In this context it is per-
tinent to review the report of Takeda et al. who reported that the
G-protein-coupled receptor (GPCR), CCR3 is important in neovascular
AMD showing that CCR3 neutralizing antibodies are more effective
than VEGF-A neutralizing antibodies in inhibiting the CNV in mice
model (Takeda et al., 2009). Furthermore, genetically engineered
mice that were lacking in CCR3 or its ligands were also protected to
some extent from the effect of laser injury on the choroidal vascula-
ture (Takeda et al., 2009). Additional evidence also supports its role
in CNV (Ahmad et al., 2011). However, a study recently showed that
CCR3 was not significant in CNV development when using a Matrigel
CNVmodel (Li et al., 2011). Therefore, further study regarding the po-
tential role of CCR3 in AMD is needed.

CCR3 is a receptor for eotaxin found on the surface of a variety of
cells, including white blood cells. It is most commonly related with
mast cells and eosinophils that play a main role in allergic reactions
(Pope et al., 2005) as well as angiogenesis (Takeda et al., 2009).
CCR3 gene is located on the short arm of chromosome 3. AMD is a
complex disease, which is influenced by genetic and environmental
factors. The absence of any such genetic association studies of CCR3
and AMD prompted us to explore the role of this chemokine in
these patients. We therefore wanted to determine the polymorphism
of CCR3 in the human AMD patients.

2. Materials and methods

The study population included 176 subjects, which include 115
AMD patients and 61 normal healthy controls from the Advanced
Eye Center, Post-Graduate Institute of Medical Education and Re-
search, Chandigarh, India. 50 years or older AMD patients with the di-
agnosis of advanced AMD including geographic atrophy and/or
choroidal neovascularization with drusen more than five in at least
one eye were incorporated in the study. The controls in the study in-
cluded those more than 50 years of age with the absence of other di-
agnostic criteria for AMD.

The exclusion criteria defined retinal diseases involving the photo-
receptors and/or outer retinal layers other than AMD loss such as high
myopia, central serous retinopathy, retinal dystrophies, diabetic reti-
nopathy, vein occlusion, uveitis or similar outer retinal diseases that
have been present before an age of 50 and opacities of the ocular
media, limitations of pupillary dilation or other problems enough to
preclude sufficient stereo fundus photography. These conditions in-
clude cataracts, opacities due to ocular diseases and occluded pupils
due to synechiae. Ethical approval was taken for the study by the In-
stitute Ethics Committee, Post-Graduate Institute of Medical Educa-
tion and Research, Chandigarh, India vide letter No Micro/10/1411.
Informed consent was taken in the approved format endorsed by
the Institute Ethical Committee.

2.1. Ophthalmic examination

Patients underwent complete clinical ophthalmic examination by a
retina specialist for best corrected visual acuity, slit lamp biomicroscopy

of anterior segment and dilated fundus examination. All AMD patients
were subjected to fluorescein fundus angiography (FFA) and optical co-
herence tomography (OCT). The diagnosis of AMD was based on oph-
thalmoscopic and FFA findings.

2.2. Demographic characterization

All the subjects were informed of the purpose of the study and
interviewed. Awritten informed consentwas taken from individual par-
ticipants. The risk factor questionnaire included information about
demographic characteristics such as cigarette smoking, alcohol intake,
food habit, comorbidity etc. Smokers were defined as those having
smoked at least three cigarettes per day or 54 boxes for at least
6 months andwere segregated further into smokers and never smokers.
Non-vegetarian patients were defined as those having chicken, meat or
fish for at least 6 months and alcoholic patients were defined as those
having whiskey, rum, wine or homemade alcohol for at least 6 months.
Co-morbidity was determined based on the participant's responses to
whether any physician had told them for diagnosis of stroke, migraine
or any heart diseases. Subjects were also asked to report any prior diag-
nosis of any neurological, cardiovascular or metabolic disorders etc.

2.3. Selection of single-nucleotide polymorphisms

The SNPs used in our study have been previously examined for
other allergic and inflammatory diseases like asthma, because like
CNV, asthma is a multifactorial disorder with both genetic and envi-
ronmental factors (Mizutani et al., 2009). Because some of the mech-
anisms of progression of both CNV and asthma are similar (Sun et al.,
2012), we hypothesized that there is an association between these
diseases. Previously several population-based studies have accounted
asthma to be associated with elevated risk of developing CNV.

2.4. DNA isolation

DNA was extracted using DNA extraction kits (Qiagen) as per the
instructions provided by the manufacturer. Extracted DNAwas stored
at 4 °C to further investigate the polymorphism in CCR3 gene.

2.5. Real time PCR

Real time PCR was used to analyze SNPs and was performed in the
48 well model StepOne™ (Applied Biosystems Inc., Foster city, CA)
using published TaqMan® SNP Genotyping Assays. Real time PCR was
carried out for 20.0 μl volume containing 10 μl master mix, 5 μl Assay
(Applied Biosystems) and 20 ng DNA was added to make the volume
20.0 μl. TaqMan® SNP Genotyping Assays (Applied Biosystems) was
used to carry out all reactions according to the manufacturer's recom-
mendations. Two reporter dyes FAM and VIC were used to label the Al-
lele 1 and 2 probes and 5' Nuclease Assay was carried out. Negative
controls in the PCR mix did not contain DNA. PCR amplification and
SNP estimation were done by StepOne TM v 2.0 software (Applied
Biosystems Inc., Foster City, CA). Sequence Detection System (SDS) soft-
ware was used to import the fluorescence measurements made during
the plate read to plot fluorescence (Rn) values after PCR amplification.

2.6. Statistical analysis

Genotypes estimated by the real time PCR for each mutation were
stratified for homozygosity and heterozygosity for the respective allelic
variants. Between various groups associationwas analyzed by Pearson's
chi-square test. Genotype distributions were analyzed by logistic re-
gression, integrating adjustments. Genotypic associations and odds
ratios (ORs)with 95% confidence intervals (CI)were estimated by bina-
ry logistic regression. The p ≤ 0.05 was considered to be significant.
SPSS 20.0 software was used to perform statistical analysis.

107N.K. Sharma et al. / Gene 523 (2013) 106–111

143



3. Results

The summary statistics of the important variables have been
reproduced in Table 1. In a case–control study of 176 subjects, common
genetic variants in CCR3were analyzed. Tables 2 and 3 show the SNPs of
CCR3 in AMD and normal controls. While examining rs3091250 loci a
significant differencewas observed for the genotype and allele frequen-
cy. Both the heterozygous (GT) and homozygous (TT) genotypes at
rs3091250 SNP were found to be significantly more frequent in AMD
patients (Table 2, Fig. 1A, OR = 4.8, CI 95% = 2.2–10.8, p = 0.001
and OR = 4.1, CI 95% = 1.6–10.1, p = 0.002 respectively). While ex-
amining rs3091312 loci no significant difference was found for AMD
and controls (Table 2, Fig. 1A). However, the T allele frequency was
found to be significant among AMD patients for both SNPs (Table 3,
Fig. 1C). We did not observe any significant difference in genotype
and allele frequency for wet and dry AMD patients (Tables 2, 3,
Figs. 1B and D). Logistic regression analysis in both SNPs for food
habit, smoking, alcohol and comorbidity did not show any difference
(Table 4, Fig. 2). The difference was also not significant when compari-
son was made between familial patients, number of eyes affected,

gender and wet AMD patients including minimally classic, predomi-
nantly classic and occult (data not shown).

The association of genetic polymorphism and other risk factors was
analyzed by using logistic regression. We analyzed age, gender and
smoking as risk factors which are known to be associated with AMD
previously. To account for gender, age and smoking effects, we did a lo-
gistic regression analysis with gender, age, smoking and genotypes as
independent variables. The results confirmed the significant association
between the GT and TT genotype of rs3091250 and AMD (Table 2).

4. Discussion

AMD is a serious progressive irreversible disease influenced by ge-
netic and other environmental factors. Our previous studies showed
that MCP1/Ccr2 deficient mice show features of AMD. Combined
with recent studies establishing CCR3 as an emerging candidate for
AMD pathogenesis the focus has shifted on its role in AMD. CCR3 is
the major chemokine receptor on basophils and eosinophils (Heath
et al., 1997) and its ligands are important elements for the basophils,
chemotaxis and activation of eosinophils at the place of allergic in-
flammation (Grimaldi et al., 1999).

In the present study we examined the two CCR3 SNPs and discov-
ered that theGT and TT genotypes from rs3091250 could be responsible
for AMD. This is the first study showing the relationship of rs3091250
with AMD, importantly from the Indian subcontinent. Mutation can af-
fect the effectiveness of gene transcription, which in turn can change
levels of mRNA and, thus, protein levels in general. Mutations in CCR3
may alter the levels of CCR3 in blood. It has been earlier reported that ac-
tivated CCR3 promotes choroidal endothelial cell (CEC) migration, thus
causing Rac 1 and VEGFR2 activation resulting to neovascular AMD
(Wang et al., 2011). The function of CCR3 is to activate and recruit eosin-
ophils to the site of inflammation and stimulate macrophage activation.
Activated eosinophils can release reactive oxygen species which contrib-
ute to host tissue damage during chronic inflammatory responses.

We assume these results have strong implications for developing
new approaches for targeting CCR3 in AMD. These results indirectly
support the results of Takeda et al. who demonstrated that CCR3 is
a therapeutic agent as compared to others for AMD (Takeda et al.,
2009), demonstrating that CCR3 may influence the pathogenesis of
the disease. CCR3 blockade had been shown to be extra effective in
reducing CNV development than VEGF-A neutralization. However, Li
et al. (2011) showed that CCR3 was not involved in CNV induced by

Table 1
Demographic characteristics of controls and AMD patients.

Variables AMD Controls

Total 115 61
Wet AMD 84 (73.04%) –

Dry AMD 31 (26.96%) –

Sporadic cases 105 (91.3%) –

Familial cases 10 (8.7%) –

Duration of diseasea 23 ± 2.6 (M) –

Smokers 50 (43.5%) 11 (20%)
Non-smokers 65 (56.5%) 44 (80%)
Alcoholic 37 (32.2%) 17 (30.9%)
Non-alcoholic 78 (67.8%) 38 (69.1%)
Vegetarian 61 (53%) 31 (56.4%)
Non-vegetarian 54 (47%) 24 (43.6%)
Age 64.97 ± 7.1 60.38 ± 13.2
Male 75 (65.2%) 40 (65.6%)
Female 40 (34.8%) 21 (34.4%)

Clinical and demographic details of subjects. AMD, age-related macular degeneration;
M, months; Age, age of onset; Values are mean ± SD or (percentage). AMD subjects
were asked to provide all clinical and demographic details at the age of disease-onset.

a Duration of disease is the interval between appearance of first symptom of AMD
and collection of sample.

Table 2
Effect of CCR3 rs3091250 and CCR3 rs3091312 variants on disease phenotype.

Genotype Number (frequency) Unadjusted p-value Multivariate analysis, adjusted for age, gender and
smoking

OR 95% CI p-Value OR 95% CI p-Value

CCR3 rs3091250
AMD Controls

GG 35 (0.32) 41 (0.68) Reference Reference
GT 46 (0.42) 11 (0.18) 4.8 2.2–10.8 0.001 6.180 2.25–16.93 0.0001
TT 28 (0.26) 8 (0.14) 4.1 1.6–10.1 0.002 0.118 0.031–0.452 0.002

Wet AMD Dry AMD
GG 26 (0.33) 9 (0.31) Reference Reference
GT 29 (0.36) 17 (0.59) 0.59 0.22–1.55 0.28 1.658 0.594–4.626 0.334
TT 25 (0.31) 3 (0.10) 2.88 0.699–11.90 0.14 2.085 0.582–7.463 0.259

CCR3 rs3091312
AMD Controls

AA 39 (0.36) 32 (0.52) Reference Reference
AT 32 (0.30) 15 (0.25) 1.75 0.80–3.78 0.154 1.677 0.690–4.07 0.254
TT 36 (0.34) 14 (0.23) 2.10 0.97–4.57 0.059 0.633 0.255–1.56 0.323

Wet AMD Dry AMD
AA 22 (0.28) 7 (0.25) Reference Reference
AT 32 (0.40) 10 (0.36) 1.01 0.33–3.08 0.97 1.644 0.547–4.942 0.376
TT 25 (0.32) 11 (0.39) 0.72 0.23–2.18 0.56 .546 0.143–2.078 0.374
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gelatinous protein presumably because the model used did not em-
ploy aged mice, a known factor associated with AMD.

Themechanism of development of both AMD and asthma appears to
share a commonmechanism. During the last few years some population
based studies accounted that high risk of developing CNV is associated
with a history of asthma (Sun et al., 2012). However, other studies
have not shown any association between CNV and asthma (Moorthy et
al., 2011). Therefore, the association between these two diseases eludes
us. After analyzing the asthma related SNPs in AMD patients, we specu-
late that the mechanism of development of both diseases is far from

being dissimilar. Previously, whole-genome scans have also suggested
that a gene cluster of CC chemokine receptors, including CCR3 on chro-
mosome region 3p21–24 is linked to asthma (Ober et al., 2000).

Interestingly, rs3091250 mutation is also reported in aspirin-
intolerant asthma patients (Kim et al., 2008). Mutation in CCR3
gene was associated with asthma in a British population (Fukunaga
et al., 2001) and not in Japanese (Kim et al., 2008), Taiwanese
(Wang et al., 2007), and Korean populations. Three intronic CCR3
SNPs (−22557G/A,−520T/G,−174C/T) were identified in a Korean
population (Lee et al., 2007).

Our study showed the non-redundant role of CCR3 in pathogene-
sis of AMD and may encourage multi-ethnic studies to verify the evi-
dence presented here.

It is pertinent to note thatmany of the important risk factors were in-
vestigated in the present study, for example, several epidemiological in-
vestigations have found an association between smoking, alcohol,
comorbidity, other risk factors and increased risk of development of
AMD (Brody et al., 2001; Pons andMarin-Castaño, 2011), but our results
did not show any association with smoking, alcohol, food habit and
comorbidity.

For early detection of CNV, CCR3 could represent a novel marker with
capacity to be exploited as new therapeutic entity through future studies.
Abundant levels of CCR3-specific binding molecule spotted in the retina
could be suggestive of AMD. Early detection of AMDmay allow treatment
to be initiated early. Additional immunolocalization and molecular stud-
ies utilizing autopsy specimens are imperative in order to verify the
claims held by this study. Besides, future studies can explore the associa-
tion of CCR3 polymorphism in Caucasian populations.

Table 3
Allele frequency of CCR3 rs3091250 and CCR3 rs3091312 in AMD and normal controls.

Allele Number (frequency) OR 95% CI p-Value

CCR3 rs3091250
AMD Controls

G 116 (0.53) 93 (0.78) Reference
T 102 (0.47) 27 (0.22) 3.02 1.8–5.01 0.001

Wet AMD Dry AMD
G 81 (0.51) 35 (0.60) Reference
T 79 (0.49) 23 (0.40) 1.48 0.80–2.73 0.20

CCR3 rs3091312
AMD Controls

A 110 (0.51) 79 (0.65) Reference
T 104 (0.49) 43 (0.35) 1.73 1.09–2.74 0.018

Wet AMD Dry AMD
A 76 (0.48) 24 (0.43) Reference
T 82 (0.52) 32 (0.57) 0.80 0.43–1.49 0.499

Fig. 1. A) Univariate logistic regression analysis in AMD/control as dependent variable and CCR3 rs3091250 and CCR3 rs3091312 polymorphism as independent variable. B) Uni-
variate logistic regression analysis in wet/dry AMD patients as dependent variable and CCR3 rs3091250 and CCR3 rs3091312 polymorphism as independent variable. C) Univariate
logistic regression analysis in AMD/Control as dependent variable and CCR3 rs3091250 and CCR3 rs3091312 allele frequency as independent variable. D) Univariate logistic regres-
sion analysis in wet/dry AMD patients as dependent variable and CCR3 rs3091250 and CCR3 rs3091312 allele frequency as independent variable.
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Table 4
Logistic regression of the association of CCR3 rs3091250, CCR3 rs3091312 and progression of AMD stratified by comorbidity, food habits, smoking and alcohol.

Genotype Number (frequency) Unadjusted p-Value Multivariate analysis, adjusted for age
and gender

OR 95% CI p-Value OR 95% CI p-Value

CCR3 rs3091250
AMD with comorbidity AMD without comorbidity

GG 23 (0.29) 11 (0.41) Reference
GT 33 (0.41) 12 (0.44) 1.31 0.49–3.49 0.582 0.771 0.288–2.063 0.605
TT 24 (0.30) 4 (0.15) 2.86 0.79–10.31 0.106 3.880 0.878–17.150 0.08

Non-vegetarian AMD Vegetarian AMD
GG 16 (0.32) 19 (0.32) Reference
GT 20 (0.40) 26 (0.44) 0.91 0.37–2.21 0.841 0.997 0.408–2.439 0.994
TT 14 (0.28) 14 (0.24) 1.18 0.43–3.21 0.735 0.884 0.300–2.604 0.823

Smokers' AMD Non-smokers' AMD
GG 17 (0.35) 18 (0.29) Reference
GT 17 (0.35) 29 (0.48) 0.62 0.25–1.51 0.295 1.631 0.594–4.482 0.343
TT 14 (0.30) 14 (0.23) 1.05 0.39–2.86 0.910 1.141 0.328–3.969 0.836

Alcoholic Non-alcoholic
GG 11 (0.305) 24 (0.33) Reference
GT 14 (0.390) 32 (0.44) 0.954 0.36–2.46 0.923 0.781 0.249–2.455 0.672
TT 11 (0.305) 17 (0.23) 1.411 0.49–3.99 0.516 1.514 0.446–5.136 0.506

CCR3 rs3091312
AMD with comorbidity AMD without comorbidity

AA 26 (0.35) 12 (0.4)
AT 22 (0.29) 9 (0.3) 1.12 0.40–3.17 0.819 0.767 0.258–2.280 0.633
TT 27 (0.36) 9 (0.0) 1.38 0.50–3.83 0.53 1.494 0.519–4.295 0.457

Non-vegetarian AMD Vegetarian AMD
AA 19 (0.39) 20 (0.34) Reference
AT 13 (0.26) 19 (0.33) 0.72 0.28–1.85 0.49 0.705 0.273–1.821 0.471
TT 17 (0.35) 19 (0.33) 0.94 0.38–2.33 0.89 1.206 0.491–2.966 0.683

Smokers' AMD Non-smokers' AMD
AA 16 (0.36) 23 (0.37) Reference
AT 14 (0.31) 18 (0.29) 1.11 0.43–2.87 0.817 0.812 0.281–2.346 0.700
TT 15 (0.33) 21 (0.34) 1.02 0.40–2.57 0.955 1.014 0.356–2.890 0.979

Alcoholic Non-alcoholic
AA 13 (0.39) 26 (0.34) Reference
AT 8 (0.25) 24 (0.32) 0.66 0.23–1.88 0.445 1.255 0.379–4.155 0.709
TT 12 (0.36) 26 (0.34) 0.92 0.35–2.39 0.869 1.060 0.247–3.242 0.918

Fig. 2.Univariate logistic regression analysis in comorbidity, food habit, smoking and alcohol as dependent variable and CCR3 rs3091250&CCR3 rs3091312 polymorphismas independent variable.
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We aimed to identify the role of vascular endothelial growth factor (VEGF) and mono-
cyte chemoattractant protein (MCP-1) as a serum biomarker of symptomatic carotid
atherosclerotic plaque in North Indian population. Individuals with symptomatic carotid
atherosclerotic plaque have high risk of ischemic stroke. Previous studies from western
countries have shown an association between VEGF and MCP-1 levels and the incidence
of ischemic stroke. In this study, venous blood from 110 human subjects was collected, 57
blood samples of which were obtained from patients with carotid plaques, 38 neurological
controls without carotid plaques, and another 15 healthy controls who had no history of
serious illness. Serum VEGF and MCP-1 levels were measured using commercially avail-
able enzyme-linked immunosorbent assay.We also correlated the data clinically and carried
out risk factor analysis based on the detailed questionnaire obtained from each patient. For
risk factor analysis, a total of 70 symptomatic carotid plaque cases and equal number of
age and sex matched healthy controls were analyzed. We found that serum VEGF levels in
carotid plaque patients did not show any significant change when compared to either of the
controls. Similarly, there was no significant upregulation of MCP-1 in the serum of these
patients.The risk factor analysis revealed that hypertension, diabetes, and physical inactiv-
ity were the main correlates of carotid atherosclerosis (p < 0.05). Prevalence of patients
was higher residing in urban areas as compared to rural region. We also found that patients
coming from mountain region were relatively less vulnerable to cerebral atherosclerosis
as compared to the ones residing at non mountain region. On the contrary, smoking, obe-
sity, dyslipidemia, alcohol consumption, and tobacco chewing were not observed as the
determinants of carotid atherosclerosis risk in North India (p > 0.05). We conclude that
the pathogenesis of carotid plaques may progress independent of these inflammatory
molecules. In parallel, risk factor analysis indicates hypertension, diabetes, and sedentary
lifestyle as the most significant risk factors of ischemic stroke identified in North India.This
could be helpful in early identification of subjects at risk for stroke and devising health care
strategies.

Keywords: carotid atherosclerotic plaque, vascular endothelial growth factor, serum protein levels, monocyte
chemoattractant protein, enzyme-linked immunosorbent assay

INTRODUCTION
Stroke continues to be the principal contributor of functional
impairment and disability in adults and is the second lead-
ing cause of death worldwide (Feigin, 2005). It is character-
ized by a sudden reduction of blood flow in an area of the
brain resulting in neurological deficits. Ischemia can produce a
transient ischemic attack (TIA) (Kiely et al., 1993) which was
defined as acute onset of focal neurological deficit lasting less
than 24 h. Deposition of atherosclerotic lesions/plaque in carotid
arteries may produce a high risk of ischemic stroke (Aydiner
et al., 2007). Therefore, the identification of molecular biomark-
ers in serum of patients presenting with carotid plaque would
assist in the early detection of patients at risk for the ischemic
stroke.

Vascular endothelial growth factor (VEGF) has been strongly
implicated in brain ischemia (Cobbs et al., 1998). It plays a variety
of roles in the disease process, such as forming new and porous
blood vessels through a process known as angiogenesis, which
stimulates endothelial cells to proliferate and migrate to areas
of the brain affected by ischemia (Ferrara et al., 1991; Dvorak
et al., 1995; Nagy et al., 2002; Hoeben et al., 2004). In addi-
tion to its known role as an angiogenic growth factor, VEGF
confers neuroprotection by reducing the neurological damage
that occurs after ischemic insult (Yang et al., 2012). VEGF and
its receptor VEGFR1/soluble form of full-length transmembrane
receptor (sflt-1) are expressed at significantly higher levels in rat
neurons after occlusion of the middle cerebral artery (Lennmyr
et al., 1998). Analysis of human post-mortem brain tissue after an
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ischemic stroke has shown that different isoforms of VEGF, includ-
ing VEGF165 and VEGF189, as well as their soluble receptors, are
expressed at higher levels than in samples from patients without
ischemic stroke (Krupinski et al., 1999). Because VEGF plays a
crucial role in physiological and pathophysiological angiogenesis,
measurement of VEGF in serum is of diagnostic and prognostic
value as a marker for atherothrombotic disease. Moreover, inflam-
matory cytokines that are induced by VEGF, such as monocyte
chemoattractant protein (MCP-1) have been previously shown
to be involved in the pathogenesis and progression of carotid
atherosclerosis (Yamada et al., 2003). Therefore, to further elu-
cidate the role of VEGF and MCP-1 as potential biomarkers in
ischemic stroke, we sought to estimate their levels in the sera of
stroke patients presenting with carotid atherosclerotic plaques in
the North Indian population.

MATERIALS AND METHODS
The study was initiated after getting approval from the ethics com-
mittee of the Institute. The study was conducted in the Doppler
laboratory, Department of Neurology, Post Graduate Institute of
Medical Education and Research (PGIMER), Chandigarh, India.

Following were the Inclusion criteria for enrollment:

1. Patients of ischemic stroke/TIA > 15 years of age
2. Stroke in the anterior circulation confirmed by neuroimaging-

Cranial CT or MRI scan
3. Presence of extracranial atherosclerotic disease on cervical

duplex ultrasound
4. Fully informed consent available

The Exclusion criteria were:

1. Patients of hemorrhagic stroke or venous strokes
2. Patients with cardioembolic strokes or family history of

thrombotic predisposition
3. Patients with short neck, bony abnormality precluding a

cervical duplex study
4. Patients with a high cervical bifurcation on duplex ultrasound
5. Pregnancy

SUBJECTS FOR VEGF AND MCP-1 ESTIMATION
We defined symptomatic carotid atherosclerotic plaque as aggrega-
tion of plasma lipids (especially cholesterol), cells (smooth muscle
cells and monocytes/macrophages), and connective tissue matrix
(proteoglycans) in carotid artery as detected by duplex ultra-
sound (Garcia and Khang-Loon, 1996). Symptomatic patients
with age above 15 years; TIA; left or right hemiparesis underwent
duplex ultrasound with carotid atherosclerotic plaque. Detected
in anterior circulation were included in the study.

Patients who had symptoms of TIA but were not positive for
carotid plaque as reported by Doppler ultrasound constituted the
neurological controls. All volunteer asymptomatic family mem-
bers and individuals who accompanied the patients with no history
of serious illness constituted the healthy control group. Healthy
controls were not subjected to Doppler examination. However,
after informed consent, their blood samples were collected and
further processed in the neuroscience research lab. The blood sam-
ples of all the patients as well as controls were collected randomly

without considering any time limit. It should be noted that the
patients who came for follow up a few months after they encoun-
tered stroke were also included in the study. Table 1 shows the study
population for protein estimation and the duration of disease for
patients and neurological controls.

The severity of carotid atherosclerosis was graded according
to the stenosis percentage. (1) Mild: with intima media thickness
(IMT) >0.08 cm in CCA (common carotid artery) (2) Moderate:
stenosis <50% in ICA (internal carotid artery) (3) Severe: stenosis
>50% in ICA (internal carotid artery).

VEGF and MCP-1 estimation
Vascular endothelial growth factor and MCP-1 protein levels
secreted in the serum of ischemic stroke patients and controls
were quantified by enzyme-linked immune assay (Quantikine kits
obtained from R&D Systems). All samples were analyzed in dupli-
cate and subsequently used in all further statistical analysis. The
assay sensitivity was 5.0 pg/ml for VEGF and 9.0 pg/ml for MCP-1.

Total protein and bovine serum albumin estimation
Total protein and albumin were estimated using Biorad protein
assay kit. Five dilutions of a protein standard (representing pro-
tein solution to be tested) were prepared. Protein solutions were
assayed in duplicate at linear range of 8.0 mg/ml to 80 mg/ml
approximately. Standard and sample solution of 160 ml each were
dispensed into different microtiter plate wells followed by addi-
tion of 40 ml of dye reagent concentrate. Multi channel pipet (to
dispense the reagent) was used to mix sample and reagent thor-
oughly followed by incubation for 5 min at room temperature.
Then absorbance was measured using microplate enzyme-linked
immunosorbent assay (ELISA) reader at 595 nm and samples
were analyzed for total protein. Levels of VEGF and MCP-1 were
normalized to total protein and further subjected to statistical
analysis.

RISK FACTOR ANALYSIS
The patients with carotid atherosclerotic disease and equal num-
ber of age and sex matched healthy controls were analyzed. All
the IS patients were interviewed after the duplex ultrasound and
the clinical and socio-demographic details including hyperten-
sion, diabetes, and lipid profile were tabulated in a pre-validated
questionnaire. Socio-demographic details such as body mass index

Table 1 | Study Population for VEGF and MCP-1 estimation.

Sample

size (n)

Number of symptomatic patients and

controls related to duration of disease

1–3

weeks

1–6

months

7–12

months

More than 12

months

Stroke (with

carotid plaque)

57 7 30 5 8

Neurological

controls (without

carotid plaque)

38 6 19 4 9

Healthy controls 15
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(BMI), alcohol consumption, tobacco chewing, smoking, physical
inactivity, geographic location (rural/urban), topographic region
(mountaineer/plain) was also included. Similar details were col-
lected from controls. Proper informed consent was taken from all
the participants. Those who were unable to give their consent were
recruited on the basis of an accompanying person’s signed agree-
ment. Illiterate people who were not capable to read the agreement
were explained the content of the form verbally and were asked to
place their thumbprints on the form.

MEASURES
Age and gender of the patients and controls was recorded in the
clinical pro forma. Most of the variables are self explanatory or
otherwise stated.

CLINICAL PARAMETERS
Hypertension
Patients were categorized as hypertensive if the blood pressure
was more than 140/90 mmHg or there was a history of receiving
anti-hypertensive medications.

Diabetes mellitus
Patients were interviewed whether they were diabetic or non-
diabetic. They were confirmed diabetic if their fasting plasma
glucose was more than 126 mg/dl as per their reports or if they
were receiving any anti-diabetic medications.

Lipid profile
Levels of total cholesterol, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), and triglycerides were noted from
patients. Patients who did not have lipid test reports were asked to
undergo the test and report the levels.

SOCIO-DEMOGRAPHIC PARAMETERS
Body mass index
Patients whose BMI was in the range 25–29.9 were considered
overweight and whose BMI fell between 30 and 34.9 were obese.

Smoking
Smoking was classified into two categories: current smokers and
non-smokers. Current smokers represented as reported when
interviewed. Former smokers included those who smoked for a
period of 10 years before stroke onset. Non-smokers were defined
as those who had never smoked in their lifetime and the ones who
had quit for more than 10 years before the onset of disease.

Physical inactivity
On the basis of low (only walking), moderate, or vigorous exer-
cise, patients were classified as physically active and non-active.
Low (only walking) activity was under physically inactive cate-
gory while moderate and vigorous activity was grouped under
physically active category.

Alcohol consumption
Patients were categorized into alcohol consumers and non-alcohol
consumers on the basis of alcohol intake. Amount of alcohol was
also recorded in the questionnaire from alcohol consumers.

STATISTICAL ANALYSIS
For VEGF and MCP-1 estimation, Mann–Whitney U test was used
and p < 0.05 was considered statistically significant. Chi-square
test (Pearson Uncorrected) was used as a test of significance for
socio-demograhic analysis and p-value less than 0.05 was consid-
ered as significant. Whenever the values in any of the cells of the
contingency table were below 10 Fisher’s exact test was applied.

RESULTS
The study population comprised of 110 subjects of whom 57
symptomatic patients with carotid plaque, 38 symptomatic neu-
rological controls without carotid plaque, and asymptomatic 15
healthy controls were enrolled for VEGF and MCP-1 estimation.
Baseline characteristics of the study population for risk factor
analysis are described in Table 2. Prevalence of IS in North India
was found more in men than women (71.4% in men). The disease
is more commonly seen in elderly people (51.4%). Our results
revealed that there was no significant upregulation of VEGF in
carotid plaque cases as compared to controls. We also studied
MCP-1 levels but here also we did not observe any significant
upregulation.

SERUM VEGF LEVELS IN CAROTID PLAQUE PATIENTS
The mean of the VEGF concentration in serum of carotid plaque
patients versus healthy controls was 9.7 ± 0.798 pg/ml while the
mean VEGF concentration in serum of carotid plaque patients
versus neurological controls was 16.468 ± 1.48 pg/ml. VEGF levels
were not found to be significantly elevated in patients as compared
to either of the controls (p > 0.05) (Figure 1).

SERUM MCP-1 LEVELS IN CAROTID PLAQUE PATIENTS
The mean of the MCP-1 concentration in serum of carotid plaque
patients versus healthy controls was 4.913 ± 0.22 pg/ml while the
mean MCP-1 concentration in serum of carotid plaque patients
versus neurological controls was 3.904 pg/ml. We did not observe
any significant alteration in MCP-1 levels when compared to either
of the controls (p > 0.05) (Figure 2).

GEOGRAPHICAL DISTRIBUTION, DEMOGRAPHY, AND RISK FACTOR
ANALYSIS
Clinical details and socio-demographic characteristics of carotid
plaque patients in North India are described in Table 3. The risk
factor analysis revealed that hypertension, diabetes, and physical
inactivity were the main correlates of carotid atherosclerosis

Table 2 | Baseline characteristics of study population for

clinical/socio-demographic analysis.

Number of carotid plaque patients 70

Men 50 (71.4%)

Mean age (years) 59.3 ± 12.2 years

Range (years)

30–39 2.9%

40–49 17.6%

50–59 27.9%

60 and above 51.4%
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FIGURE 1 | Levels of VEGF in serum of stroke patients, healthy controls, and neurological controls. Group means were plotted ±SE. No significant
difference was observed among the given conditions (p > 0.05). Data was analyzed by Mann–Whitney Test. Levels of VEGF were normalized to total serum
protein. (S, Stroke Patients; NC, Neurological Controls; HC, Healthy Controls).

FIGURE 2 | Levels of MCP-1 in serum of stroke patients, neurological control, and healthy control subjects. Group means were plotted ±SE. No
significant difference was observed among the given conditions (p > 0.05). Data was analyzed by Mann–Whitney Test. Levels of VEGF were normalized to total
serum protein. (S, Stroke Patients; NC, Neurological Controls; HC, Healthy Controls).
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Table 3 | Clinical details and socio-demographic characteristics of

ischemic stroke patients in North India.

Clinical details Prevalence

(%)

Socio-demographic

characteristics

Prevalence

(%)

Hypertension 72.7 Smoking 20.5

Diabetes 28.7 Alcohol consumption 29.4

Total cholesterol Physical inactivity 82.08

250–390 mg/dl (high) 5 Tobacco

consumption

6

<250 97 Obesity 6

HDL cholesterol Fish consumption 33.8

<40 mg/dl (high risk) 38.8 Non-vegetarian 56

>40 mg/dl 61.1 BMI; overweight

subjects

28

Triglycerides Topography (plain

region)

88.05

>225 mg/dl (high risk) 8.5 Geographic location

(urban)

70

<225 mg/dl 88.5

LDL cholesterol

>160 mg/dl (high risk) 4.8

<160 mg/dl (protective) 95

LDL, low-density lipoprotein; HDL, high-density lipoprotein; BMI, body mass

index.

(p < 0.05). Prevalence of patients was higher residing in urban
areas as compared to rural region. We also found that patients
coming from mountaineer region were relatively less vulnerable
to cerebral atherosclerosis as compared to the ones residing in
non-mountainous region. On the contrary, smoking, obesity, dys-
lipidemia, alcohol consumption, and tobacco chewing were not
observed as the determinants of carotid atherosclerosis risk in
North India (p > 0.05). Table 4 illustrates the odd ratios, relative
risk at 95% confidence interval and the p-values of clinical and
socio-demographic parameters.

DISCUSSION
Ischemic stroke has become a major health problem worldwide
(Murray and Lopez, 1997), and therefore it is crucial to identify
novel biomarkers and preventive strategies for the treatment of
the disease. Brain ischemia accounts for a significant proportion
of all strokes, and atherosclerosis is considered to be the major
cause of most of the brain infarcts (Fuster et al., 1992; Ross,
1999). The atheromatous plaques represent a series of specific
cellular and molecular responses that include lipoprotein, hemato-
logic, and inflammatory components (Ross, 1999). Various reports
have shown that inflammation may promote atherosclerosis and
plaque formation by elevating serum levels of fibrinogen (Ernst
and Koenig, 1997), leukocytes (Ernst et al., 1987), clotting factors
(Juhan Vague et al., 1996), and cytokines (Dinerman et al., 1990)
and by altering the metabolism of endothelial cells and mono-
cyte/macrophages (Dinerman et al., 1990; Celletti et al., 2001).
Viral and bacterial infections reflected in elevated levels of vari-
ous acute-phase proteins (Mattila, 1989) may be partly responsible
for the inflammatory processes which in turn may be associated

Table 4 | Risk factors of IS with odd ratios, relative risks at 95% CI and

p-values; p-values < 0.05 significant.

Variables Odds ratio

(OR) 95%

confidence

interval

Relative risks

(RR) 95%

confidence

interval

p-value

*Hypertension 12.06 (4.7–31.5) 3.06 ( 2.04–4.46) <0.001

*Diabetes# 4.68 (1.50–15.5) 1.73 (1.19–2.13) 0.003

Alcohol consumption 1.26 (0.57–2.79) 1.11 (0.76–1.56) 0.519

Smoking 1.92 (0.72–5.19) 1.32 (0.85–1.78) 0.148

Obesity# 0.92 (0.19–4.18) 0.95 (0.32–1.73) 1.000

Geographic location 1.53 (0.70–3.34) 1.23 (0.84–1.89) 0.243

BMI (25–29.9 kg/m2) 1.05 (0.46–2.38) 1.03 (0.64–1.52) 0.886

Tobacco consumption# 1.83 (0.27–15.0) 1.27 (0.45–1.85) 0.683

*Physical inactivity 4.73 (2.0–11.1) 1.95 (1.3–2.6) <0.001

*Statistically significant variable.
#Fisher’s exact test.

with the occurrence of ischemic symptoms (Mattila et al., 1998).
A study identified a particular protein in the sera of healthy sub-
jects, which was initially absent in acute ischemic stroke patients
and reappeared after treatment (Kashyap et al., 2006). This finding
suggests that the protein may be useful as an important diagnostic
marker. Moreover, several growth factors, such as basic fibroblast
growth factor (bFGF), VEGF, and MCP-1 are known to play an
essential role in mediating recovery in ischemic stroke patients.

The main objective of the current study was to improve our
knowledge about the potential biomarkers in the sera of patients
presenting with carotid plaque. Since carotid atherosclerotic
lesions may develop ischemic stroke, a better understanding and
identification of these biomarkers may lead to improved patient
care and novel therapeutic approaches for treatment of ischemic
stroke. Our study revealed no alteration in the levels of VEGF and
MCP-1 after ELISA was conducted. We used various parameters
such as socio-demographic variables based on certain risk factors
for carotid plaque development such as advanced age, sex, hyper-
tension, diabetes mellitus, and physical inactivity. The male/female
sex ratio for stroke in India has been estimated to be 1.7:1 (Sethi,
2002). We noticed that elderly people above 60 years of age are
the most affected individuals (51.4%) with men more likely to
develop the disease compared to women (71.4% men). In relation
to this we report a significant association of hypertension with
increased risk of stroke [R 12.06 at 95% CI (4.7–31.5); p < 0.05].
Similarly, diabetes mellitus is identified as a putative risk factor
for stroke in case-control studies. Our data showed that diabetic
individuals are more vulnerable to the disease compared with
the ones whose blood sugar level is normal. A significant asso-
ciation of diabetes with the risk of ischemic stroke identifies it
to be an important risk factor in North Indian population, like
previous studies [OR 4.68 at 95% CI (1.50–15.5); p < 0.05]. It
is interesting to report there is a conflicting finding published as
Dubbo study which did not report diabetes as a risk factor for
stroke (Simons et al., 1998). Several lines of evidence suggest a
link between physical inactivity and ischemic heart disease (Batty,
2002). Our data is consistent with the previous reports suggesting
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physical inactivity to be significantly associated with stroke risk
(Paffenbarger and Wing, 1967; Wannamethee and Shaper, 1992;
Hu et al., 2000) [OR 4.73 at 95% CI (2.0–11.1); p < 0.05]. This
finding is consistent with the previous reports (Lanska, 1993).
On the other hand no significant association of obesity, smoking,
dyslipidemia, alcohol, and tobacco consumption with the stroke
risk was found. The result is consistent with the Dubbo study
that revealed alcohol intake and smoking as a non-determinant
of stroke and indirectly supports of previous studies in which
high alcohol consumption has been associated to stroke risk in
comparison to moderate consumption. (Gill et al., 1991; Jamrozik
et al., 1994; Caicoya et al., 1999; Malarcher et al., 2001). We also
did not find any significant linkage of dyslipidemia with the risk
of stroke in this report. This may be due to the fact that most
of the stroke patients were being followed up and were put on
medications. The current finding reveals that the prevalence of
stroke was greater among stroke patients residing in urban places
(Brown et al., 1996; Sacco et al., 1998; Fang, 2012) than the ones
from rural areas but the difference was not statistically significant.
The causes to this observation have previously been pointed out to
result from less active lifestyle of urban residents than their rural
counterparts (Banerjee and Das, 2006; Joshi et al., 2006). There-
fore, urbanization might play a crucial role in the pathogenesis of
the disease.

This finding is not in agreement with those of many previous
reports from outside India where serum VEGF level was found
to be upregulated in patients of ischemic stroke. The probable
reason for unaltered expression of VEGF in systemic blood flow
is enigmatic. We ascribe this unusual finding to limited release of
this growth factor localized in and around the damaged tissue than
being secreted in circulating blood stream or partly a result of acti-
vated negative feedback system (with a speculation that increased
VEGF expression in ischemic penumbra may produce a molecular
mediator that may turn on an inhibitory feedback mechanism).
Expectedly, MCP-1 being induced by the upregulation of VEGF,
its level was also found to be equally unaltered (Marumo et al.,
1999). Since Cooper et al. (1999) observed an elevated expression
of VEGF in experimental diabetes many studies have estimated
the VEGF levels in different diseases (Slevin et al., 2000; Andrew
et al., 2002; Blann et al., 2002). Also an enhanced expression of
MCP-1 in patients with ischemic stroke and myocardial infarction
have been observed in some studies (Arakelyan et al., 2005). It has
been suggested that lifestyle of an individual has great impact on
risk factors associated with stroke (Welin et al., 1987). Individuals
with hypertension and diabetes have twice to sixfold chances of
having stroke as per published reports (Kannel and McGee, 1979;
Wolf et al., 1992; Burchfiel et al., 1994). Similarly, the results of

Framingham Heart Study revealed the effect of diabetes on cere-
bral and peripheral arteries (Benjamin et al., 1998). Individual
studies in India have estimated the prevalence rate of the ischemic
stroke from 21/100,000 for individuals in 20–40 years of age group
to 625/100,000 above 60 years age and 27–34/100,000 in the 35–44
age group to 822–1116/100,000 above 75 years age (Bansal et al.,
1973; Razdan et al., 1989; Dhamija et al., 2000; Dalal, 2008; Srid-
haran, 2009). Moderate physical exercise is reported to reduce
the depression rate and prevents the occurrence of heart disease
and stroke by lowering the blood pressure and raising the level
of HDL cholesterol in blood (Shephard, 1997; Thompson et al.,
2003) which are in support to a study done in Italian popula-
tion which stated that moderate amount of exercise may help
in reducing the risk of stroke (Menotti and Seccareccia, 1985).
The current data shows that people residing at mountain region
have low rates of stroke as compared to the ones residing at
plain region. Another modifiable factor, cigarette smoking, has
been reported to be associated with all types of stroke includ-
ing ischemic stroke, intra-cerebral, and subarachnoid hemorrhage
(Shinton and Beevers, 1989; Juvela et al., 1993; Kurth et al., 2003).
In addition, risk of having stroke declines when smoking is discon-
tinued (Feigenbaum, 1993). In view of these contradictory reports,
alcohol consumption, dyslipidemia, and smoking as a stroke pre-
dictor remain controversial pending population-based prospective
studies.

The present study had some limitations like risk factors in
other subtypes of stroke, socio-demographic parameters such as
depression or stress were not assessed as well as no mechanistic
information regarding stroke prevention and rehabilitation was
provided. Still there is a great promise in the search for serum
biomarkers to help in the prognosis of atherosclerotic disease but
many theoretical and practical challenges stand in the way. Fur-
ther performing studies with a large patient cohort focusing on
risk factors of stroke are however, necessary to examine additional
biomarkers including VEGF and MCP-1 with reduced sample time
after stroke onset to corroborate this preliminary data.
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New Biomarker for Neovascular Age-Related
Macular Degeneration: Eotaxin-2

Neel Kamal Sharma,1 Sudesh Prabhakar,1 Amod Gupta,2 Ramandeep Singh,2

Pawan Kumar Gupta,1 Pramod Kumar Gupta,3 and Akshay Anand1

Recently, eotaxin–CCR3 was reported to play an important role in choroidal neovascularization (CNV) devel-
opment and was documented to be superior than vascular endothelial growth factor-A treatment when tested in
CNV animals. As eotaxin studies are lacking in the human age-related macular degeneration (AMD) patients,
we sought to determine whether eotaxin-2 (CCL24) has any association with inflammatory processes that occur
in CNV. CCL24 levels were determined by enzyme linked immunosorbant assay (ELISA) after normalization to
total serum protein and levels of ELISA were correlated to various risk factors in about 133 AMD patients and 80
healthy controls. The CCL24 levels were significantly higher in wet AMD patients as compared with dry AMD
and normal controls. There was a significant difference when compared among wet AMD patients (i.e., mini-
mally classic, predominantly classic, and occult). We also report significant difference in the CCL24 levels of
Avastin-treated and untreated AMD patients. This study shows that CCL24 levels were found to be significantly
increased in AMD patients despite Avastin treatment as compared with normal controls and those without
Avastin, indicating that CCL24 may have an association with CNV and may be an important target to validate
future therapeutic approaches in AMD in tandem with Avastin treatment.

Introduction

Age-related macular degeneration (AMD) is among
the commonest causes of blindness across the world.

There are about 30–50 million people affected globally in
which 90% of vision loss is due to wet form of AMD (Ambati
et al., 2003). It is estimated that by 2020 about 2.95 million
people in the United States will have advanced AMD and
data on AMD in India show that prevalence from 2.7% (early
age related macular degeneration [ARMD]) to 0.6% (late
ARMD) in South India to 4.7% in North India (Azad et al.,
2007). The pathogenesis of AMD is complex and many risk
factors, such as age, family history, and smoking, have ear-
lier been implicated in the pathogenesis of AMD. The wet
AMD is the severe form of disease causing blindness while
the dry form is the milder variant characterized by geo-
graphic atrophy. Earlier studies in genetics, environment,
and demography association have failed to conclusively es-
tablish any potential predictor of AMD. Besides, very few
studies have been conducted in Indian subcontinent. Cur-
rently, there is no treatment for this disease and successful
targeting of abnormal choroidal neovascularization (CNV)
remains critical in reducing the burden of disease. One of the
standard treatments in opthalmology practice includes the
use of anti-vascular endothelial growth factor (anti-VEGF)

therapy, such as Avastin (bevacizumab) or Lucentis (ranibi-
zumab). Anti-VEGF that constitutes these drugs have,
therefore, emerged as one of the treatments for patients with
CNV but this does not completely treat AMD with only
about one-third of patients are believed to benefit from it.
Early diagnosis and better cure of CNV may increase the
success rate of such intervention. There are many human and
animal studies that have reported the role of various genes
responsible for AMD. Many multiple genetic studies have
established the role of inflammation in AMD. For example,
CFH gene is involved in the complement pathway; the
complement component 2 gene and the complement factor B
gene have repetitively been associated with AMD (Maller
et al., 2006). It is believed that complement activation re-
sulting from dysfunction of these genes may contribute to
inflammatory response. In the infiltration of monocytes for
inflammation, CCL2 and CCR2 are the key mediators. We
previously described the spontaneous development of CNV
in senescent mice deficient in monocyte chemoattractant
protein-1 (CCL2, also known as MCP-1) or its receptor pos-
tulating its key role in AMD pathogenesis (Ambati et al.,
2003b). CCL2 thus plays an important role in regulating
monocyte trafficking to sites of inflammation besides CCR1,
CFH, and CCR5 whose association with eotaxin 2 (CCL24)
has not been adequately studied. The eotaxins are a family of
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CC chemokines that direct the recruitment of inflammatory
cells, in particular, eosinophils, to locations of allergic in-
flammation. CCL24 induced chemotaxis of eosinophils as
well as basophils, with a typically bimodal concentration
dependence, and the release of histamine and leukotriene C4
from basophils that had been primed with interleukin-3 (IL-
3) (Forssmann et al., 1997). CCL24 interacts with chemokine
receptor CCR3 to induce chemotaxis in eosinophils (White
et al., 1997). It is most frequently associated with eosinophils
and mast cells that play a major role in allergic reactions
(Teixeira et al., 1997; Humbles et al., 2004; Pope et al., 2005) as
well as angiogenesis (Salcedo et al., 2001) and have previ-
ously been analyzed in serum by ELISA (Kagami et al., 2003;
Jahnz et al., 2005; Manousou et al., 2010; Mo et al., 2010).

We hypothesized that CCL24 is also involved in similar
processes that result in chronic inflammation by sustained
activation of complement system contributing to the patho-
genesis of AMD. This CCL24 is located on human chromo-
some 7. Takeda et al. (2009) had recently shown that the
CCL11 and CCL24 protein levels increased in wild-type mice
after laser injury and the CCL11 and CCL24 neutralizing
antibodies are more effective than VEGF-A neutralizing an-
tibodies (68.63% vs. 57.64%) at inhibiting laser-induced CNV
in mice, indicating their causal role in pathogenesis of AMD.
They showed that eotaxin–CCR3 signaling has an active role
in CNV: in vitro, eotaxin–CCR3 stimulates proliferation of
human choroidal endothelial cells, and in a mouse model of
CNV involving laser injury to the eye, intraocular adminis-
tration of eotaxin and CCR3-specific neutralizing antibodies
or a small inhibitor molecule reduces the laser-induced pa-
thology. Further, genetically engineered mice that were defi-
cient in eotaxin or its receptor CCR3 were also protected to
some extent from the effect of laser injury on the choroidal
vasculature. It was also reported that the mRNA for ligands of
CCR3 (CCL11, CCL24, and CCL26) was increased in response
to hydrogen peroxide challenge (Wang et al., 2011). Another
contradictory report sought to dispel any association of AMD
with CCR3. Li et al. (2011) provided evidence from animals
that VEGF-A neutralizing antibodies significantly suppressed
CNV as compared with CCR3, thus playing no significant role
in CNV development. We therefore estimated the expression
of CCL24 in the serum of human AMD patients which
was previously shown as constitutively expressed eosinophil
chemokine likely to be involved in homeostatic, allergen-
induced, and IL-4-associated immune responses (Zimmer-
mann et al., 2000).

Materials and Methods

Ethical clearance

Ethical clearance was obtained for this study by the In-
stitute Ethics Committee, Postgraduate Institute of Medical
Education and Research, Chandigarh, India (vide letter No.
Micro/10/1411). Informed consent was obtained in the pre-
scribed format endorsed by the Institute Ethical Committee.

Inclusion and exclusion criteria

Fifty years or older AMD patients with the diagnosis of
advanced AMD as defined by geographic atrophy and/or
CNV with drusen more than 5 in at least one eye were in-
cluded in the study. The controls in the study included those

above 50 years with no drusen and absence of other diag-
nostic criteria for AMD.

The exclusion criteria included the retinal diseases in-
volving the photoreceptors and/or outer retinal layers other
than AMD loss, such as high myopia, retinal dystrophies,
central serous retinopathy, vein occlusion, diabetic retinop-
athy, uveitis or similar outer retinal diseases that have been
present prior to the age of 50 and opacities of the ocular
media, limitations of pupillary dilation, or other problems
sufficient to preclude adequate stereo fundus photography.
These conditions include occluded pupils due to synechia,
cataracts, and opacities due to ocular diseases.

Ophthalmic examination

All the patients were examined by a retina specialist for
best corrected visual acuity, slit lamp biomicroscopy of an-
terior segment, and dilated fundus examination. All AMD
patients were subjected to fluorescein fundus angiography
(FFA) and optical coherence tomography. The diagnosis of
AMD was based on ophthalmoscopic and FFA findings.
AMD patients were divided into wet and dry AMD patients.
Wet AMD patients were further divided into minimally
classic AMD, predominantly classic AMD, and occult AMD
(Shah and Del Priore, 2009).

Serum separation

About 4.0 mL of blood sample was collected and left for
1 h at 37�C to allow it to clot and serum was subsequently
separated in serum separator tube (BD Biosciences) after
centrifugation at 3000 rpm for 30 min.

Total protein estimation

Total protein was estimated using Bradford assay. The
estimation of total protein was performed according to
manufacturer’s recommendations. Briefly, serum samples
were diluted 1500 times in double-distilled water. Bovine
serum albumin (BSA) served as the standard. Diluted sam-
ples and BSA standard protein were mixed with coomassie
brilliant blue G-250 dye (Bradford reagent) in 4:1 ratio fol-
lowed by incubation at room temperature for 10–15 min. The
absorbance was read at 595 nm in Microplate reader (680XR;
BioRad). The standard curve of BSA was estimated with
linear or quadratic fit models.

Eotaxin quantitation

The expression of CCL24 was analyzed using commercially
available enzyme-linked immunosorbant assay (RayBio; Cat.
No. ELH-Eotaxin2-001) as per manufacturer’s protocol and
absorbance was read at 450 nm using 680XR model of Mi-
croplate reader (BioRad). Sample assays were performed in
duplicate. This assay recognizes recombinant and natural
human CCL24 with detection range of 0.87–5.2 pg/mL. The
linear regression analysis was used to generate the standard
curve for CCL24 estimation in both patients and controls. All
the values were normalized to total serum protein.

Demographic characterization

A trained staff interviewed all subjects using a standard-
ized risk factor questionnaire. A written informed consent
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form signed by each participant, which included the written
risk factor questionnaire, was taken from each participant. The
risk factor questionnaire included information about demo-
graphic characteristics, cigarette smoking, alcohol intake, and
others. Smokers were defined as having smoked at least one
cigarette per day for at least 6 months and segregated into
smokers and nonsmokers. Hypertension was defined as
systolic blood pressure ‡ 140 mm Hg, diastolic blood pressure
‡ 90 mm Hg at examination, or diagnosed by a physician
previously and self-reported by the participant’s responses to
whether a physician had ever informed them of this diagnosis
and whether they had ever taken medications for this condi-
tion. Similar protocols have been used earlier in previous
studies (Tin et al., 2002). Subjects were also asked to report any
prior diagnosis of stroke, use of antihypertensive medications,
diabetes, migraine, and history of heart diseases.

Statistical analysis

The study was analyzed in three phases. In the first phase,
79 subjects were recruited during the year of 2008–2009 for
preliminary study, which included 47 AMD patients (32 wet
and 15 dry patients) and 32 controls. Later, the second phase
of the study was initiated by including additional 134 sub-
jects during the year of 2009–2011; this included 86 AMD
patients (23 dry AMD and 63 wet AMD) and 48 healthy
controls. Out of 86 AMD and 48 control samples, about 4
samples were destroyed due to unforeseen reasons, includ-
ing handling or delayed refrigeration.

The statistical analysis for this study was executed at three
stages. First stage or Phase I stage analysis was mainly
confined to assess the significant variation of the eotaxin-2
levels between AMD and control subjects along with the role
of hypertension in moderating eotaxin-2 levels. The data
were thus analyzed using independent t-test and analysis of
variance (ANOVA) with post hoc analysis at 5% level of
significance under the pretext objectives, whereas descriptive
statistics was represented by scatter diagram and table.
Second stage or Phase II analysis was also conducted in a
similar fashion. However, the final analysis was based on
complete data of 213 observations that included 38 dry
AMD, 95 wet AMD, and 80 healthy controls. The final
analysis included 184 observations, because 29 observations
had to be abandoned as one or more observations of par-
ticular variables were missing. Under this study, almost all
probable risk factors of AMD were recorded for each pa-
tient/control, which has been included in the extended
analysis. Descriptive study in the final analysis is presented
using tabular and graphical methods using appropriate
measures of central tendency/dispersion based on the nature
of variables. To obtain the most significant factor that influ-
enced the CCL24 levels, a linear model was applied using
CCL24 as dependent variable and other factors as indepen-
dent variables. All statistical analyses were performed in R
version 2.13.0 (2011-04-13).

Results

Phase I study was performed to validate the hypothesis
whether levels of CCL24 are associated with AMD patho-
genesis in patients of Indian origin. The outcome of the study
endorsed the hypothesis at 5% level of significance. Hence,
the study was extended in Phase II and Phase III including

additional patients and controls. Therefore, the study was
conducted in three phases in order to validate the new
findings and accord significance to the results. The demo-
graphic details of all AMD patients and controls are re-
produced in Table 1.

Levels of CCL24 in AMD and controls

The role of CCL24 in pathogenesis of AMD patients be-
came apparent after completion of all phases of analysis.
ANOVA followed by Fisher’s least significant difference post
hoc analysis showed that CCL24 levels were significantly
elevated in wet AMD (0.0236 pg/mg) patients as compared
with the dry AMD (0.0167 pg/mg) and controls (0.0130 pg/
mg) (Table 2; Fig. 1A–C and Fig. 3; p = 0.02 and p = 0.0001,
respectively). Parametric unpaired, independent 2-tailed
Student’s t-test revealed significant difference in CCL24
levels between AMD patients (0.0216 pg/mg) and controls
(0.0130 pg/mg) (Table 2; Fig. 2; p = 0.0001). In all three phases,
the levels of CCL24 were found to be increased in AMD
patients. Further, the difference was significant when

Table 1. Demographic Characteristics of Controls

and Age-Related Macular Degeneration Patients

Variables AMD Controls

Total 133 80
Wet AMD 95 (71.4%) –
Dry AMD 38 (28.6%) –
Duration of disease*

(months)
23 – 2.6 –

Age** (years) 66.56 – 7.6 54.24 – 7.01
CCL24 (pg/mg) 0.0216 – 0.016 0.0130 – 0.008
Men 88 (66.2%) 57 (71.2%)
Women 45 (33.8%) 23 (28.7%)

Age, age of onset; values are mean – SD or (percentage). AMD
subjects were asked to provide all clinical and demographic details
at the age of disease onset.

*Duration of disease is the interval between appearance of first
symptom of AMD and collection of sample.

**Unpaired, independent 2-tailed Student’s t-test analysis showed
that mean age differs significantly among the groups ( p = 0.02).

AMD, age-related macular degeneration.

Table 2. Comparison of CCL24 Levels Among

Age-Related Macular Degeneration Patients

and Normal Controls

Study Subjects n p-Value

Phase I AMD/Control 47/32 0.0001
Dry/Control 15/32 0.07
Wet/Control 32/32 0.02
Dry/Wet 15/15 0.99

Phase II AMD/Control 83/44 0.0001
Dry/Control 22/44 0.50
Wet/Control 61/44 0.0001
Dry/Wet 22/61 0.02

Phase III (total) AMD/Control 130/76 0.0001
Dry/Control 37/76 0.34
Wet/Control 93/76 0.0001
Dry/Wet 37/93 0.02
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compared between the wet AMD patients. The levels were
significantly elevated in the occult (0.026 pg/mg) and pre-
dominantly classic AMD (0.021 pg/mg) as compared with
minimally classic AMD (0.009 pg/mg) (Fig. 4). CCL24 levels
were significantly increased in the individuals with one eye

FIG. 1. (A) Diagnosis-wise distribution of CCL24 (Phase I).
(B) Diagnosis-wise distribution of CCL24 (Phase II). (C) Di-
agnosis-wise distribution of CCL24 (Total).

FIG. 2. Serum levels of CCL24 in age-related macular de-
generation (AMD) and normal controls. Boxes include values
from first quartile (25th percentile) to third quartile (75th
percentile). Lower and upper error bars refer to 10th and 90th
percentile, respectively. The black horizontal line in the box
represents median for each dataset. The symbol # indicates
significant difference ( p < 0.05) between the given conditions.
Levels of CCL24 were normalized to total protein. Outliers are
shown in circles. Data were analyzed by parametric unpaired,
independent 2-tailed Student’s t-test. The symbol # indicates
significant difference among the groups ( p < 0.05). pg, picto-
gram; mg, microgram.

FIG. 3. Serum levels of CCL24 in dry AMD, wet AMD, and
normal controls. Boxes include values from first quartile (25th
percentile) to third quartile (75th percentile). Lower and upper
error bars refer to 10th and 90th percentile, respectively. The
black horizontal line in the box represents median for each
dataset. The symbol # indicates significant difference ( p < 0.05)
between the given conditions. Levels of CCL24 were nor-
malized to total protein. Outliers are shown in circles. Data
were analyzed by analysis of variance (ANOVA) followed by
Fisher’s least significant difference (LSD) post hoc analysis
among the groups. pg, pictogram; mg, microgram.
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(0.0201 pg/mg) or both eyes affected (0.0226 pg/mg) as com-
pared with normal controls (Fig. 5).

Effect of Avastin treatment on CCL24

CCL24 levels were also compared between wet variant of
AMD patients who received single Avastin treatment (dose

1.25 mg in 0.05 mL) and those who did not (Table 3) in a final
phase analysis. CCL24 levels were significantly elevated in
the wet AMD patients (0.0273 pg/mg) who received Avastin
treatment as compared with those wet AMD patients who
did not receive Avastin treatment (0.0134 pg/mg) ( p-value =
0.0001 at a= 0.05; Fig. 6).

Risk factors associated with CCL24

A separate analysis was carried out while adjusting the
risk factors to AMD. Important risk factors that induced al-
terations in CCL24 levels included smoking, alcohol, and
hypertension. The results shown in Table 4 were obtained by
segregating AMD patients and controls based on hyperten-
sion status, revealing that CCL24 levels vary significantly
within hypertensive and nonhypertensive AMD patients.
The CCL24 levels were also found significant when it
was compared between hypertensive AMD patients and

FIG. 4. Serum levels of CCL24 in minimally classic (MC),
predominantly classic (PC), and occult AMD patients. Values
are plotted as mean – standard error in the bar diagram. Data
were analyzed by unpaired, independent 2-tailed Student’s
t-test. The symbol # indicates significant difference among
the groups ( p < 0.05). Levels of CCL24 were normalized to
total protein.

FIG. 5. Serum levels of CCL24 in AMD patients in one eye
affected (OEA), both eyes affected (BEA), and normal con-
trols. Values are plotted as mean – standard error in the bar
diagram. Data were analyzed by unpaired, independent 2-
tailed Student’s t-test. The symbol # indicates significant
difference among the groups ( p < 0.05). Levels of CCL24
were normalized to total protein.

Table 3. Comparison of CCL24 Levels Among

Avastin and Non-Avastin Wet Age-Related

Macular Degeneration Patients

Study Subjects n p-Value

Total Wet AMD patients who
received Avastin treatment

68 0.0001

Wet AMD patients who did
not receive Avastin treatment

25

FIG. 6. Serum levels of CCL24 in Avastin-treated and not
treated wet AMD. Boxes include values from first quartile
(25th percentile) to third quartile (75th percentile). Lower
and upper error bars refer to 10th and 90th percentile, re-
spectively. The black horizontal line in the box represents
median for each dataset. The symbol # indicates significant
difference ( p < 0.05) between the given conditions. Levels of
CCL24 were normalized to total protein. Outliers are shown
in circles. Data were analyzed by parametric unpaired, in-
dependent 2-tailed Student’s t-test. The symbol # indicates
significant difference among the groups ( p < 0.05). pg, pic-
togram; mg, microgram.
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hypertensive healthy controls (Table 4; Fig. 7). We did not
find any significant difference between smoker/nonsmoker
and alcoholic/nonalcohlic AMD patients (Tables 5 and 6).
However, when AMD smokers and control smokers were
analyzed for CCL24 levels, it was found to be upregulated in
the former; similar trends were seen when compared with
alcohol consumer AMD and alcohol consumer controls (Ta-
bles 5 and 6; Figs. 8 and 9). But there was no significant

difference between AMD smokers versus AMD nonsmokers
and alcohol consumers versus nonconsumers, thus enhanc-
ing reliability of end points assessed. The variable selection
tool utilizing the linear model was applied to uncover the
association between risk factors and altered CCL24 levels
suggesting hypertension to have etiopathological association
with AMD. The data remained unchanged whether it was
analyzed from two categories [AMD and control; Akaike
information criteria (AIC) = - 1588.1] or three categories (dry
AMD, wet AMD, and healthy control; AIC = - 1590.6) (AIC:
whose lowest value provides best model fit among all pos-
sibilities). Further, multivariate analysis was applied using
CCL24 as a dependent variable and diagnosis and hyper-
tension as an independent variable, which revealed similar
outcomes, that is, significant difference at a = 0.05. However,
hypertension was found to be significant at a= 0.1. Box plots
shown in Figures 2, 3, and 7–9 depict the distribution of
CCL24 levels varied by AMD and controls (Figs. 2 and 3)
and the same has been stratified to see the impact of hy-
pertension, smoking, and alcohol (Figs. 7–9). In addition to
the significant changes in CCL24 levels, these box plots also
depict a few outliers.

Discussion

AMD is one of the devastating disorders affecting central
vision. Many studies have attempted to associate various

Table 4. Comparison of CCL24 Levels Among

Hypertensive and Nonhypertensive Age-Related

Macular Degeneration Patients and

Normal Controls

Study Subjects n p-Value

Phase I Control HT/Control NHT 7/21 0.69
AMD HT/AMD NHT 21/26 0.08
Control HT/AMD HT 7/21 0.08

Phase II Control HT/Control NHT 9/35 0.43
AMD HT/AMD NHT 37/44 0.06
Control HT/AMD HT 9/37 0.0001

Phase III
(total)

Control HT/Control NHT 11/56 0.82

AMD HT/AMD NHT 58/70 0.05
Control HT/AMD HT 11/58 0.002

HT, hypertensive; NHT, nonhypertensive.

FIG. 7. Serum levels of CCL24 in hypertensive and non-
hypertensive AMD and normal controls. Boxes include val-
ues from first quartile (25th percentile) to third quartile (75th
percentile). Lower and upper error bars refer to 10th and
90th percentile, respectively. The black horizontal line in the
box represents median for each dataset. The symbol # indi-
cates significant difference ( p < 0.05) between the given con-
ditions. Levels of CCL24 were normalized to total protein.
Outliers are shown in circles. Data were analyzed by ANO-
VA followed by Fisher’s LSD post hoc analysis among the
groups. pg, pictogram; mg, microgram; N HT AMD, non-
hypertensive AMD; HT AMD, hypertensive AMD; N HT
Controls, nonhypertensive controls; HT Controls, hyperten-
sive controls.

Table 5. Comparison of CCL24 Levels Among

Age-Related Macular Degeneration Smokers

and Nonsmokers and Normal Controls

Study Subjects n p-Value

Phase I Control Smk/Control N-Smk 7/21 0.09
AMD Smk/AMD N-Smk 23/24 0.05
Control Smk/AMD Smk 7/23 0.11

Phase II Control Smk/Control N-Smk 10/34 0.34
AMD Smk/AMD N-Smk 34/49 0.85
Control Smk/AMD Smk 10/34 0.0001

Phase III
(total)

Control Smk/Control N-Smk 12/55 0.93

AMD Smk/AMD N-Smk 57/73 0.79
Control Smk/AMD Smk 12/57 0.01

Smk, smoker; N-Smk, nonsmoker.

Table 6. Comparison of CCL24 Levels Among Alcohol

Consumer and Nonalcoholic Age-Related Macular

Degeneration Patients and Normal Controls

Study Subjects n p-Value

Phase I Control Al/Control N-Al 7/16 0.67
AMD Al/AMD N-Al 18/29 0.41
Control Al/AMD Al 7/18 0.04

Phase II Control Al/Control N-Al 11/33 0.6
AMD Al/AMD N-Al 22/61 0.3
Control Al/AMD Al 11/22 0.01

Phase III (total) Control Al/Control N-Al 18/49 0.56
AMD Al/AMD N-Al 40/90 0.16
Control Al/AMD Al 18/40 0.01

Al, alcoholic; N-Al, nonalcoholic.
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biomarkers and candidate targets in the pathogenesis of
AMD. Our earlier studies that showed that CCL2/CCR2-
deficient mice exhibit features of AMD when combined with
recent studies establishing CCL24 as an emerging candidate
for AMD pathogenesis result in launching of CCL2 and
CCL24 analysis in serum of AMD patients. The data pre-
sented here are limited to CCL24 analysis.

This study was conducted to determine whether differ-
ences in levels of serum CCL24 exist between patients with
AMD and healthy controls. Our results indicate that the
CCL24 expression level increased significantly in wet type of
AMD patients as compared with dry type of AMD and
normal controls. Within the wet AMD group, the levels were
significantly higher in occult and predominantly classic
AMD as compared with minimally classic AMD. This may
be due to the increase in the inflammatory cells in occult and
predominantly classic AMD because CCL24 is secreted by
inflammatory cells such as macrophages and eosinophils.
We believe these observations to have strong implications for
evolving new strategies for targeting CCL24 in wet AMD.
These results indirectly support the results of Takeda et al.
(2009) who very recently showed that eotaxin and its re-
ceptor is a potential therapeutic agent as compared to others

for treating wet AMD (Forssmann et al., 1997), indicating that
CCL24 may impact the pathogenesis of the disease. CCL24
blockade had been shown to be more effective at inhibiting
CNV development than VEGF-A neutralization. As anti-
VEGF drugs, such as Lucentis and Avastin, are one of the
most effective tools currently available to combat CNV.
Many argue that unlike VEGF-A blockade, CCL24 blockade
could be less toxic to the retina and holds potential for AMD
treatment (Forssmann et al., 1997). The intravitreal injection
of Avastin causes many problems, as it is associated with
significant risk of acute intraocular inflammation that may
result in significant visual loss (Wickremasinghe et al., 2008;
Georgopoulos et al., 2009; Johnson et al., 2010) and increase
the intraocular pressure (Good et al., 2011). For promoting
inflammation, eotaxin–CCR3 interaction is likely to represent
a major mechanism (Yawalkar et al., 1999). Our report pro-
vides evidence directly from human samples showing that
CCL24 levels increase substantially in the Avastin-treated
patients as compared with the untreated AMD patients. With
this background it is important to review our knowledge
about eotaxins that are of three types, namely, eotaxin-1/
CCL11 (Ponath et al., 1996), eotaxin-2/CCL24 (Forssmann et al.,

FIG. 8. Serum levels of CCL24 in AMD smokers and con-
trol smokers. Boxes include values from first quartile (25th
percentile) to third quartile (75th percentile). Lower and
upper error bars refer to 10th and 90th percentile, respec-
tively. The black horizontal line in the box represents median
for each dataset. The symbol # indicates significant difference
( p < 0.05) between the given conditions. Levels of CCL24
were normalized to total protein. Outliers are shown in cir-
cles. Data were analyzed by parametric unpaired, indepen-
dent 2-tailed Student’s t-test. The symbol # indicates
significant difference among the groups ( p < 0.05). pg, pic-
togram; mg, microgram.

FIG. 9. Serum levels of CCL24 in alcohol consumer AMD
and alcohol consumer controls. Boxes include values from
first quartile (25th percentile) to third quartile (75th percen-
tile). Lower and upper error bars refer to 10th and 90th
percentile, respectively. The black horizontal line in the box
represents median for each dataset. The symbol # indicates
significant difference ( p < 0.05) between the given conditions.
Levels of CCL24 were normalized to total protein. Outliers
are shown in circles. Data were analyzed by parametric
unpaired, independent 2-tailed Student’s t-test. The symbol #
indicates significant difference among the groups ( p < 0.05).
pg, pictogram; mg, microgram.
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1997), and eotaxin-3/CCL26 (Kitaura et al., 1999). All of these
activate the C-C chemokine receptor-3 and share (Daugherty
et al., 1996; Kitaura et al., 1996) several functions like eosinophil
chemoattraction and activation (Luster and Rothenberg,
1997; Rothenberg, 1999; Shahabuddin et al., 2000). Eotaxin-2,
also known as myeloid progenitor inhibitory factor-2, is a
member of the CC chemokine subfamily and is designated as
CCL24. Further, it is also known that lipopolysaccharide and
Interleukin-4 (IL-4) differentially regulate the expression of
eotaxin-2 in monocytes and macrophages. Functionally, eo-
taxin-2 is more closely related to eotaxin-1/CCL11 and eotaxin-
3/CCL26. The three proteins share low sequence homology but
have been shown to be potent eosinophil chemoattractants that
bind and activate the chemokine receptor CCR3, a receptor that
is highly expressed in eosinophils. CCL24 also has the ability to
suppress myeloid cell proliferation, a biological function not
shared by eotaxin (Petkovic et al., 2004).

CCR3 has also recently been designated as CD193 (cluster
of differentiation 193). The protein encoded by this gene is a
receptor for C-C-type chemokines. It belongs to family 1 of
the G protein–coupled receptors. This receptor binds and
responds to a variety of chemokines, including eotaxin-2
(CCL24), eotaxin-3 (CCL26), MCP-3 (CCL7), MCP-4
(CCL13), and RANTES (CCL5). In addition, it has been
shown that eotaxin–CCR3 is expressed on the surface of
CNV vessels in humans but is absent from normal retinal
vascular tissue. Our report uncovers the nonredundant role
of CCL24 in pathogenesis of AMD and may stimulate mul-
ticenter and multiethnic studies to verify the evidence pre-
sented here. It is pertinent to note that many of the important
molecules being investigated in the recent studies bear direct
association with lifestyle risk factors; for instance, many ep-
idemiology studies have found an association between hy-
pertension, smoking, and increased risk of AMD (Hogg et al.,
2008; Kabasawa et al., 2011). Our results also showed asso-
ciation of hypertension with levels of CCL24 in the AMD
patients analyzed, but the difference between smoker/non-
smoker and alcoholic/nonalcohlic AMD patients was not
significant. Hypertension may increase the oxidative stress
known to be associated with AMD resulting in expression of
CCL24 in choroidal endothelial cells and its ligands in RPE
(Chong et al., 2008). Notwithstanding AMD as an eye dis-
order, the analysis of serum is consistent with several pre-
vious reports in both retina and brain (Sharma et al., 2009;
Baas et al., 2010; Vinish et al., 2010). Therefore, CCL24 could
represent a novel biomarker for early detection of CNV with
potential to be targeted as a new therapeutic entity through
future studies. Early analysis of CCL24 in patients presenting
with CNV—prior even to the lesion entering the subretinal
space, compared to other progressive stages of AMD—could
shed light on whether CCL24 is causally related to AMD or is
the consequence of CNV. Thus, at this point, we are unable
to speculate whether CCL24 precedes CNV. A logistic lon-
gitudinal study is implicated to address such outstanding
questions. Abundant quantity of CCL24-specific binding
molecule either detected in the retina or choroid could be
indicative of CNV. Early detection may allow for therapy to
be initiated early, even before CNV takes place, thereby re-
sulting in halting the disease. In addition, labeling of CCL24
molecules can be used to monitor the progress of therapy.

Our observations concluded that higher levels of serum
CCL24 are associated with AMD patients despite Avastin

treatment as compared with normal controls and those
without Avastin, indicating that CCL24 may have an asso-
ciation with CNV and may be an important target to validate
future therapeutic approaches in AMD in tandem with
Avastin treatment but other ligands need to be studied be-
fore concluding that CCL24 is the only one among other
ligands to be involved in the study. Additional immuno-
histochemical and biochemical investigations in autopsy
specimens are needed to verify the claims held by this study.
Besides, future studies can focus on the association of CCL24
levels in various populations with previously reported ge-
netic risk factors.
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Background and purpose: North Indian patients with amyotrophic lateral sclerosis

(ALS) exhibit substantially extended survival time after onset of the disease as com-

pared to their Western counterparts. Earlier, we found that vascular endothelial

growth factor-A (VEGF-A) may be associated with increased survival of these

patients. We now measured soluble vascular endothelial growth factor receptor-1

(sVEGFR1), an inhibitor receptor for VEGF-A, in these patients with ALS.

Methods: Patients with sporadic ALS (n = 36) attending the Neurology Outpatient

at Post Graduate Institute of Medical Education and Research (PGIMER) at

Chandigarh were included on the basis of El Escorial criteria. The sVEGFR1 levels

were analyzed in serum of these patients using enzyme-linked immunosorbent assay

(ELISA) and compared with normal controls (n = 36).

Results: Soluble vascular endothelial growth factor receptor-1 was found to be

decreased significantly in serum of patients with ALS. Serum obtained from definite

ALS revealed significantly lower sVEGFR1 as compared to probable ALS. However,

there was no difference in serum sVEGFR1 levels between male and female patients

with ALS.

Conclusions: Soluble vascular endothelial growth factor receptor-1 downregulation

may result in increased serum VEGF-A reported previously in our patients with ALS

and may indicate the activation of compensatory mechanism in response to neu-

rodegeneration. The lower serum sVEGFR1 levels may have a possible clinicopath-

ological association, if not causal, to the extended survival of North Indian patients

with ALS; however, the result needs further investigations particularly in comparable

Caucasian ALS population.

Introduction

Amyotrophic lateral sclerosis (ALS) is a motor neuron

disorder with multifactorial pathogenesis. Existing re-

ports suggest that delivery of angiogenic factor vascular

endothelial growth factor-A (VEGF-A) activates PI3-

K/Akt anti-apoptotic pathway and thus delays the

onset and progression of ALS in superoxide dismutase-

1-mutated transgenic mouse model [1,2]. On the other

hand, soluble vascular endothelial growth factor

receptor-1 (sVEGFR1) is believed to scavenge VEGF-A

ligand effectively, and reducing VEGF-A-mediated

angiogenesis and inhibiting the response of VEGF-A,

[3]; however, there is no earlier attempt to investigate

the role of sVEGFR1 in pathogenesis of ALS.

sVEGFR1 is a 110-kDa truncated protein resulting

from alternate splicing of VEGFR1 mRNA and to

some extent by proteolytic cleavage of full length 180-

kDa VEGFR1 protein [4]., We have recently hypothe-

sized that increased levels of VEGF-A, by virtue of its

angiogenic and neurotrophic nature, may account for

significantly enhanced survival of North Indian patients

with ALS [5]. Because sVEGFR1 is anti-angiogenic,

sVEGFR1 was analyzed in serum of these patients to

test whether decreased level of sVEGFR1 could be a

possible factor in enhanced survival duration of these

patients.

Subjects and methods

Thirty-six patients diagnosed with ALS were recruited

after obtaining informed consent as per institute ethical

committee guidelines. Ethical approval was obtained by

the institute�s ethical committee, PGIMER, 160012
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Chandigarh, India (No. 7055-PG-1Tg-05/4348-50). All

patients were sporadic in nature and born in Northern

India. Of the patients included, 17 patients fulfilled the

�El Escorial criteria� for definite ALS, 10 individuals

fulfilled the criteria for �probable ALS�, and nine

patients for �possible ALS� at the time of sample

collection. Based on revised ALS-Functional Rating

Score (ALSFRS-r), seven patients were characterized

by respiratory insufficiency along with orthopnea and

dyspnea, although none of the patients needed respi-

ratory support. ALSFRS-r further revealed that there

were 23 ALS patients with moderate impairment and 13

presented with mild neurological impairment. Patients

with history of stroke, pre-eclampsia, diabetic neurop-

athy, glaucoma or those on riluzole, anti-inflammatory

drugs, or other treatments were excluded. The study

also included 36 genetically unrelated healthy controls

without any complaints of hypertension, diabetes, heart

disease etc. for comparison. The clinical and biochem-

ical details of the subjects have been shown in Table 1.

Serum preparation

In serum separator tube, 4.0 ml of blood was collected

(SST) (BD Biosciences, Franklin Lakes, NJ, USA) and

allowed to clot for 30 min at room temperature before

centrifugation for 15 min at 280 g to separate serum.

Serum was stored at )80�C within 1 h of sample col-

lection until assayed.

sVEGFR1 quantitation

Serum sVEGFR1 was quantitated using sandwich

enzyme-linked immunosorbent assay (ELISA; Cusa-

biotech, Wuhan-Hubei Province, China; Catalog no.

CSB-E11885h) as per manufacturer�s instructions, and
absorbance was read at 450 nm using 680XR model of

Microplate reader (Biorad, Hercules, CA, USA). ELISA

assay kit detects natural unbound human sVEGFR1

with detection range 156–10 ng/ml. Standard curve was

generated using linear regression to calculate sVEGFR1

values in patients and normal controls followed by nor-

malization with total serum protein.

Statistical analysis

Because the data were normally distributed, parametric

student t-test was used for statistical analysis. Normal

distribution of the dataset was checked using quintile–

quintile (Q–Q) plots. The values were represented as

mean ± SE (standard error). The P-value was consid-

ered significant at £0.05. All statistical analysis was

performed by statistical package and service solutions

(SPSS; IBM corporation, Armonk, NY, USA) 16

software. Analysis was performed by two independent

masked research workers.

Results

The ELISA analysis showed that the level of serum

sVEGFR1 was decreased in the ALS samples when

compared to controls (Fig. 1a; P = 0.039 and Fig-

ure S1A).

To evaluate prognostic value of sVEGFR1, serum

levels of sVEGFR1 were further segregated amongst

definite, probable, and possible ALS patients. We

observed significantly reduced sVEGFR1 in definite

ALS as compared to controls and probable ALS

(Fig. 1b; P = 0.002 and P = 0.048, respectively, and

Figure S1B); however, the difference was not significant

between the probable and possible ALS when com-

pared to controls (Fig. 1b; P > 0.05 and Figure S1B).

Because patients and controls are not gender mat-

ched, serum sVEGFR1 levels were compared between

men and women (in controls and in patients). The levels

were found to be comparable between male and female

control group (P = 0.889). Similarly, the difference in

serum sVEGFR1 levels was not significant between

male and female patients with ALS (P = 0.168) (data

not shown).

Discussion

The median survival duration of 114.83 ± 25.9 (SE)

months has been earlier reported in 1153 Indian

patients with ALS after disease onset. This duration for

male Indian patients was 110 ± 27.4 (SE) months and

Table 1 Characteristics of subjects

Subjects Age (years)a M/F (n) Age of onset (years) Disease duration (months)b B/L (n) Total serum protein (g/l)a

ALS 47.5 ± 12.3 30/06 46.0 ± 12.7 18.9 ± 13.1 04/32 47.1 ± 24.2

Controls 42.6 ± 12.6 26/10 45.3 ± 28.4

Clinical and biochemical summary of subjects. n, Number; M, male; F, female; B, bulbar; L, limb; g, gram; l, litre; CSF, cerebrospinal fluid; ALS,

amyotrophic lateral sclerosis; Age, age of onset, duration of disease and total serum protein are indicated as mean ± standard deviation (SD).
aUnpaired, independent 2-tailed student t-test showed that mean age and mean concentration of total protein in serum did not differ significantly

between the groups (P > 0.05); bDuration of disease is the interval between appearance of first symptom of ALS and collection of sample. ALS

subjects were asked to provide all clinical details at the age of disease onset.
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that for female patients was 118.9 ± 6.3 (SE) months

[6]. This is in contrast to the patients from Western

countries who survive upto 3–6 years after disease onset

[7]. The analysis of sVEGFR1 in North Indian patients

with ALS, thus, provides a maiden opportunity to

understand the pathogenesis of ALS disease as these

patients exhibit significantly extended survival duration

after onset of disease.

The significantly reduced serum sVEGFR1 levels in

our patients with ALS suggest the clinicopathophysio-

logical relevance of serum in ALS pathogenesis, partic-

ularly in definite ALS. It must be pointed out that there

is no earlier evidence to corroborate or contradict these

findings. At this point, we are unable to speculate whe-

ther this is a response to or a consequence of respiratory

problems, amyotrophy, genetic polymorphisms, or

environmental factors such as diet, demography. Nev-

ertheless, it is pertinent to note that our analysis did not

show any significant reduction in sVEGFR1 in seven

ALS patients with respiratory dysfunction, indicating

that hypoxia may not be associated with altered

sVEGFR1 (Fig. 1c; Table 2 and Figure S1C).

Because sVEGFR1 hampers angiogenesis by

sequestering VEGF-A [3], its downregulation in serum

samples is suggested to enhance the serum VEGF-A as

also reported earlier in the same patients with ALS [5].

Whether the reduced serum sVEGFR1 increases the

cerebrospinal fluid (CSF) VEGF-A to induce anti-

apoptotic pathways and ameliorate glutamate excito-

toxicity in the central nervous system (CNS) or not, the

role of reduced serum sVEGFR1 (and increased serum

VEGF-A) in enhancing the blood perfusion through

blood collaterals to dying peripheral motor neurons

and skeletal muscles cannot be ruled out [8]. It may

further contribute toward maintenance of neuromus-

cular junctions by increasing sprouting of nerve endings

as a possible compensatory response to the injury [9].

Regardless of the association of reduced sVEGFR1

with ALS, its direct role in prolonged survival of North

Indian patients with ALS awaits a crosscultural and

crossethnic comparison with comparable Caucasian

patients with ALS.

This study also emphasizes the need of screening of

regulatory sequences of sVEGFR1 and VEGF-A for

subtle genetic and epigenetic changes in larger cohorts

of Indian and Western ALS where patients could be

categorized amongst short and long survivors, to

examine if sVEGFR1 actually contributes in the

Figure 1 (a) Level of sVEGFR1 in serum of patients with ALS and normal controls. (b) Level of sVEGFR1 in serum of definite, probable,

possible ALS patients and normal controls. (c) Serum sVEGFR1 in ALS patients with respiratory dysfunction and without respiratory

dysfunction. Values are plotted as mean ± SE (Standard error) in the bar diagram. Data were analyzed by unpaired, independent 2-tailed

student t-test. #Significant difference between the groups (P < 0.05). Levels of sVEGFR1 were normalized to total serum protein. ALS,

amyotrophic lateral sclerosis; sVEGFR1, soluble vascular endothelial growth factor receptor-1; ng, nanogram; lg, microgram. The same

data have also been reproduced in nanogram of sVEGFR1/ml of serum and shown as Figure S1.
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enhanced survival and if so, the molecular mechanisms

involved.

The finding that sVEGFR1 levels were significantly

decreased in definite ALS and were not significantly

different between probable and possible ALS as com-

pared to controls (Fig. 1b) may indicate that sVEGFR1

finds importance in later stages of the disease only and

may not be implicated in early stages of disease. This

suggests that alteration of sVEGFR1 serum levels may

be secondary to primary motor neuron degeneration,

and not causally contribute to disease pathogenesis. It

may nevertheless play a role during disease progression

at later stages and supports the utility of sVEGFR1 as

prognostic marker for ALS.

Although the direct association of serum sVEGFR1

with CNS pathology in the diseases like ALS has not

been adequately substantiated, such studies provide

significant information about disease pathogenesis.

The present findings, therefore, can be validated in

brain autopsies or CSF samples of patients with ALS.

Earlier, serum has been investigated in many neuro-

degenerative disorders including Parkinson�s disease

[10].

A head-to-head comparison of sVEGFR1 between

ALS and other neurological controls can further vali-

date its utility as possible diagnostic and/or prognostic

marker of ALS. A strategy to augment VEGF-A by

inhibiting sVEGFR1 expression may be a useful ther-

apeutic approach to ameliorate this devastating disor-

der and should be tested.

Conclusion

Although the study does not conclusively establish any

causal relationship between reduced sVEGFR1 and

increased survival of sporadic North Indian patients

with ALS, a possible clinicopathological, etiological, or

epidemiological association of reduction in this factor

with survival warrants inter-cultural and inter-ethnic

investigations.
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Vascular endothelial growth factor-A (VEGF-A)
and chemokine ligand-2 (CCL2) in Amyotrophic
Lateral Sclerosis (ALS) patients
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Abstract

Background: Vascular endothelial growth factor-A (VEGF-A) and chemokne ligand-2 (CCL2) levels have been
examined in Amyotrophic Lateral Sclerosis (ALS) patients in Western countries. We measured these values in North
Indian ALS patients, since these patients display considerably enhanced survival duration.

Methods: Sporadic ALS patients were included on the basis of El Escorial criteria. VEGF-A and CCL2 levels were
analyzed in serum and cerebrospinal fluid (CSF) of 50 ALS patients using enzyme linked immunosorbent assay
(ELISA) and compared with normal controls. Their levels were adjusted for possible confounders like cigarette
smoking, alcohol and meat consumption.

Results: Contrary to previous studies, VEGF-A was found to be elevated significantly in serum and CSF in ALS
patient population studied. We also found an increase in CCL2 levels in CSF of these ALS patients. Serum and CSF
from definite ALS revealed higher VEGF-A as compared to probable and possible ALS. CCL2 was unaltered
between definite, probable and possible ALS. Univariate and multivariate analysis revealed a lack of association of
smoking, alcohol and meat consumption with VEGF-A and CCL2 levels.

Conclusions: VEGF-A upregulation may indicate an activation of compensatory responses in ALS which may reflect
or in fact account for increased survival of North Indian ALS patients after disease onset. The intrathecal synthesis
of CCL2 suggests the involvement of adult neural stem cells and microglial activation in ALS pathogenesis which
needs further investigation.

Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder with genetic and clinical heterogeneity.
Existing evidence suggests that Vascular endothelial
growth factor-A (VEGF-A) delivery delays the onset and
progression of ALS in superoxide dismutase-1 (SOD1)
mutated transgenic mouse model by activating PI3-K/
Akt anti apoptotic pathway [1,2]. VEGF-A also shown to
be involved in proliferation and differentiation of adult
mouse neural progenitor’s cells [3]. On the other hand,
chemokine ligand-2 (CCL2), a proinflammatory mole-
cule, enhances microglial recruitment after injury to
central nervous system (CNS) and exacerbates ALS [4].

It has been observed that CCL2 knockout mice have
reduced involvement of immune cells and are resistant
to stroke and autoimmune encephalomyelitis [5,6].
Reports suggest that VEGF-A165, a major isoform of
VEGF-A, and CCL2 may interact in synergistic manner
to mount a response to disease [7]. We therefore
hypothesized that VEGF-A-CCL2 axis plays a crucial
role in ALS pathogenesis and could be a target for
development of future therapy for ALS.

Subjects and methods
50 patients diagnosed with ALS were recruited after
obtaining informed consent as per institute ethical com-
mittee guidelines (No. 7055-PG-1Tg-05/4348-50). All
patients were born in Northern India. Of the patients
examined, 25 patients fulfilled the “El Escorial criteria”
for definite ALS, 15 individuals fulfilled for probable
and 10 patients as possible ALS at the time of sample
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collection. Based on ALS-Functional Rating Score [8], 11
patients had respiratory insufficiencies alongwith
orthopnea and dyspnea, although none of the patients
needed respiratory support. There were 42 cases of limb
and 8 cases of bulbar onset ALS. Patients with history
of stroke, pre-eclampsia, diabetic neuropathy, glaucoma,
diabetes, those who have been receiving riluzole, anti
inflammatory drugs, antioxidants or other treatment
were excluded. 50 genetically unrelated healthy normal
controls without any complaints of hypertension, dia-
betes, heart disease etc were also included. Cerebrosp-
inal fluid (CSF) from 42 subjects without any CNS
disorders but undergoing routine spinal anesthesia for
surgery was collected and considered control sample.
Subjects were categorized as cigarette smokers and
never smokers, alcohol consumers and nonalcoholics,
vegetarian and non-vegetarian (or meat consumers)
through a questionnaire [9]. The characteristics of sub-
jects have been reproduced in Table 1.
Serum was separated from 4.0 ml blood collected in

serum separator tube (BD Biosciences, USA). ~2.0 ml
CSF was drawn in a sterilized container. Serum and CSF
was stored at -80°C until assayed.
Serum VEGF-A, CCL2 and CSF CCL2 was measured

using Quantikine sandwich enzyme linked immunosor-
bent assays (ELISA; R&D systems, USA) and read at 450
nm in 680XR microplate reader (Biorad, USA). CSF
VEGF-A levels were quantitated with QuantiGlo chemi-
luminescent assay (R&D systems), and read as relative
light units in luminometer (Biotek, USA). ELISA kits for
VEGF-A measured unbound natural human VEGF-A165

splice variant.
Mann Whitney U test and one-way analysis of var-

iance (ANOVA) followed by Fisher’s least significant dif-
ference (LSD) post hoc analysis was applied to analyze
skewed and normally distributed data respectively. As
smoking, alcohol and meat consumption may affect
VEGF-A and CCL2 levels, crude odds ratio (OR) of
their association was evaluated by univariate logistic
regression. Adjusted OR to investigate independent

effect of these covariates was computed using multivari-
ate logistic regression and c2 (chi square) test was per-
formed to calculate p-value. p-value was considered
significant at ≤ 0.05. Statistical analysis was performed
by statistical package and service solutions 16.

Results
ELISA indicates elevated serum VEGF-A in ALS as
compared to controls (Figure 1A; p = 0.046). Median
CSF VEGF-A concentration was significantly higher in
ALS patients than controls (Figure 1B; p = 0.0001). No
difference in serum CCL2 was observed between ALS
and controls (Figure 2A; p > 0.05). However, CSF CCL2
was found increased in ALS as compared to controls
(Figure 2B; p = 0.003). There was elevated serum
VEGF-A in definite ALS in comparison to controls,
probable and possible ALS (Figure 3A; p = 0.015, p =
0.033 and p = 0.017 respectively). Similarly, CSF from
definite ALS was reported to have statistically higher
VEGF-A than controls, probable and possible ALS (Fig-
ure 3B; p = 0.0001, p = 0.018 and p = 0.017 respec-
tively). However, serum and CSF CCL2 levels did not
differ among definite, probable and possible ALS (Figure
4A-4B; p > 0.05).
No association of cigarette smoking, alcohol and meat

consumption with VEGF-A (Table 2) and CCL2 (data
not shown) levels in serum and CSF was observed upon
univariate and multivariate analysis.

Discussion
Our study of North Indian ALS patients represents a
unique opportunity to understand the disease from a
distinct genetic perspective, given that these patients
bring a peculiar spectrum of extended life expectancy in
comparison to Western counterparts [10]. An earlier
Indian study has reported the median survival duration
of 114.83 ± 25.9(SE) months in 1153 ALS patients after
disease onset. The mean survival duration of male
patients was 110 ± 27.4(SE) months which was not sig-
nificantly different from mean survival duration of

Table 1 Characteristics of subjects

Subjects Age (y)† M/F
(n)

Age of
onset (y)

Disease duration‡

(mo)
Smokers

(n)
Alcohol

consumers (n)
Non-

vegetarian (n)
Total protein (g/l)†

CSF Serum

ALS 47.4 ± 12.4 38/12 46.2 ± 12.8 19.0 ± 12.7 12 12 20 0.43 ± 0.2 48.2 ± 26.7

Controls
(Serum)

40.0 ± 12.8 39/11 10 14 27 48.7 ± 28.7

Controls
(CSF)

43.4 ± 17.1 35/07 08 09 10 0.42 ± 0.1

Clinical and demographic summary of ALS cases and controls. n, Number; M, male; F, female; y, years; mo, months; g, gram; l, litre; CSF, cerebrospinal fluid; Age,
age of onset, duration of disease, CSF and serum total protein are indicated as mean ± standard deviation (SD). † One way ANOVA followed by LSD post hoc
analysis showed that mean age and, mean concentration of total protein in serum and CSF did not differ significantly among the groups (p > 0.05). ‡ Duration of
disease is the interval between appearance of first symptom of ALS and collection of sample. ALS subjects were asked to provide all clinical and demographic
details at the age of disease-onset.

Gupta et al. Journal of Neuroinflammation 2011, 8:47
http://www.jneuroinflammation.com/content/8/1/47

Page 2 of 8

172



Figure 1 Level of VEGF-A in serum (A) and CSF (B) of ALS patients and normal controls. Boxes include values from first quartile (25th
percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th percentile respectively. The thick horizontal line in
the box represents median for each dataset. Levels of VEGF-A were normalized to total serum and CSF protein respectively. Outliers and extreme
values are shown in circles and asterisk respectively. # indicates significant difference (p < 0.05) between the given conditions. Data was analyzed
by Mann Whitney U Test. ALS, Amyotrophic Lateral Sclerosis; VEGF-A, vascular endothelial growth factor-A; pg, picogram; μg, microgram.

Figure 2 Level of CCL2 in serum (A) and CSF (B) of ALS patients and normal subjects. Boxes include values from first quartile (25th
percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th percentile respectively. The thick horizontal line
in the box represents median for each dataset. Levels of CCL2 were normalized to total protein in the serum and CSF samples. Outliers and
extreme values are shown in circles and asterisk respectively. # indicates significant difference (p < 0.05) between the given conditions. Data was
analyzed by Mann Whitney U Test. ALS, Amyotrophic Lateral Sclerosis; CCL2, chemokine ligand 2; pg, picogram; μg, microgram.
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female [118.9 ± 6.3(SE) months] patients [11], while,
patients from USA and Europe make up 3-6 years of
survival time [12,13].
The increased serum VEGF-A in our ALS patients is

consistent with the existing report [14], and suggests
that serum is a pathophysiologically relevant fluid in
ALS, particularly in definite ALS, however, a few other
studies have failed to observe significant difference in
plasma and serum VEGF-A levels in ALS patients
[15,16].
The elevated CSF VEGF-A in ALS indicates possible

presymptomatic initiation of pathological events
and intrathecal production from degenerating motor
neurons, which is contrary to existing study where
decreased VEGF-A165 dependent neuroprotection in
ALS, due to reduced CSF VEGF-A, has been suggested
[15]. Since the impaired VEGF-A expression in early
ALS negatively influences the clinical outcome of the
disease [15], its upregulation suggests a compensatory
response, contributing to prolonged survival of our ALS
patients. It is speculated that North Indian ALS patients
generate increased VEGF-A or stimulate glutamate
receptor-2 expression to ameliorate excitotoxicity
[17,18]. We are unable to conclude whether this
response is a consequence of amyotrophy, hypoxia,

dietary or other environmental factors, or some subtle
genetic differences [14,15].
Further analysis shows significantly increased VEGF-A

in 11 ALS patients with respiratory dysfunction indicat-
ing a possible association with hypoxia (Figure 5A-5B;
Table 3). Elevated VEGF-A in serum and CSF of definite
ALS suggests extensive involvement of neuroaxis and
relatively higher degree of neurodegeneration and regen-
eration than probable and possible variants. No signifi-
cant difference in median disease duration between
definite [14(4-36) months], probable [16(3-72) months]
and possible ALS [14(9-24) months] cases was observed.
It must be pointed out that while the disease duration
was accurately documented, the actual survival time of
patients after disease onset could not be ascertained.
Intrathecal secretion of CCL2 may offer neuroprotec-

tion against glutamate excitotoxicity either by reducing
N-Methyl-D-aspartate (NMDA)-dependant release of
glutamate and/or increasing astrocytes efficiency to clear
synaptic cleft glutamate [19]. CCL2 promotes CCR2 and
CCR5 expressing C17.2 neural progenitor cell migration
and their differentiation into neuronal and glial pheno-
type [20,21]. CCL2 is also known to be angiogenic and
participates in hypoxia inducible factor-1a induced
VEGF-A expression [7]. Likewise, VEGF-A upregulates

Figure 3 Level of VEGF-A in serum (A) and CSF (B) of definite ALS, probable ALS, possible ALS patients and normal subjects. Boxes
include values from first quartile (25th percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th
percentile respectively. The thick horizontal line in the box represents median for each dataset. Levels of VEGF-A were normalized to total
protein in the serum and CSF samples. Outliers and extreme values are shown in circles and asterisk respectively. # indicates significant
difference (p < 0.05) between the given conditions. Data was analyzed by Mann Whitney U Test. ALS, Amyotrophic Lateral Sclerosis; VEGF-A,
vascular endothelial growth factor-A; pg, picogram; μg, microgram.
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CCL2 expression by activating nuclear factor-kB via
extracellular signal-regulated kinases (ERK) pathways in
microglia [22]. Hence, it is possible that VEGF-A-CCL2
axis plays a crucial role in ALS pathogenesis.
The comparison between normal and neurological con-

trols showed relatively pronounced increase in VEGF-A
and CCL2 in the latter thus limiting the utility of these
as biomarkers in ALS, however, further analysis of this
data is being conducted by including homogeneous

Parkinson’s disease controls instead of the heterogeneous
neurological controls used (data not shown).
Regardless of the reason, it is clear that elevated

VEGF-A is associated with prolonged survival of Indian
ALS patients. At this time, we have no explanation for
the basis of this finding, but discuss its therapeutic
potential. Increasing brain levels of VEGF-A by genetic
engineering, direct infusion or stem cell transplantation
may provide limited but significant prolonged life

Figure 4 Level of CCL2 in serum (A) and CSF (B) of definite ALS, probable ALS, possible ALS patients and normal subjects. Boxes
include values from first quartile (25th percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th
percentile respectively. The thick horizontal line in the box represents median for each dataset. Levels of CCL2 were normalized to total protein
in the serum and CSF samples. Outliers and extreme values are shown in circles and asterisk respectively. No significant difference (p > 0.05) was
found between the given conditions. Data was analyzed by Mann Whitney U Test. ALS, Amyotrophic Lateral Sclerosis; CCL2, chemokine ligand 2;
pg, picogram; μg, microgram.

Table 2 Crude and adjusted OR for VEGF-A levels in smokers, alcohol and meat consumers

OR (95% CI)† p* Adj. OR (95% CI) ‡ p*

Serum VEGF-A

Smoking 1.4 (0.4-4.5) 0.5 0.7 (0.2-2.5) 0.6

Alcohol consumption 0.7 (0.2-2.2) 0.6 0.9 (0.3-3.0) 0.9

Meat consumption 1.5 (0.5-3.9) 0.4 1.4 (0.5-4.0) 0.7

CSF VEGF-A

Smoking 1.4 (0.4-4.5) 0.4 0.7 (0.2-2.5) 0.6

Alcohol consumption 0.7 (0.2-2.2) 0.4 0.9 (0.3-3.0) 0.8

Meat consumption 1.5 (0.5-3.9) 0.2 1.4 (0.5-4.0) 0.2

Never smoking/Nonalcoholic/Vegetarian** 1.0 1.0

† Univariate logistic regression was used to evaluate crude OR. ‡ Multivariate logistic regression has been used to adjust the effect of smoking on VEGF-A levels
with alcohol and meat consumption as covariates. Likewise, effect of alcohol is adjusted for smoking and meat consumption, and meat consumption is corrected
for smoking and alcohol intake. * c2 (chi square test) was used to test the level of significance. ** Never smoking, nonalcoholic and vegetarian diet is considered
as reference group. OR, odds ratio; CI, confidence interval; Adj, adjusted.
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expectancy of afflicted patients. Animal and culture stu-
dies have documented that aside from promoting revas-
cularization, VEGF-A is a potent vasodilator, as well as
attractant of marrow stromal cells and to some extent,
hematopoietic stem cells [23]. Our results suggest that
etiological factor VEGF-A needs to be augmented along-
with regulation of inflammation, as noted here by con-
sistently increased CCL2, either by hematopoietic cell

transplantation or by defining other neurotrophic and
proinflammatory factors involved in ALS. Localized
stem cell therapy designed to restore lost neural tissue
presents subsequent therapeutic interventions [24]. Such
a multifaceted approach will be helpful in presympto-
matic identification of individuals who will develop ALS.
These individual thus can be treated to prevent ALS
from rapidly overwhelming the host defenses.

Figure 5 Level of VEGF-A in serum (A) and CSF (B) of ALS patients with respiratory dysfunction. Boxes include values from first quartile
(25th percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th percentile respectively. The thick
horizontal line in the box represents median for each dataset. Levels of VEGF-A were normalized to total serum and CSF protein respectively.
Outliers are shown in circles. # indicates significant difference (p < 0.05) between the given conditions. Data was analyzed by Mann Whitney U
Test. ALS, Amyotrophic Lateral Sclerosis; VEGF-A, vascular endothelial growth factor-A; pg, picogram; μg, microgram.

Table 3 Clinical summery of 11 ALS patients with respiratory dysfunction

ALS subjects El Escorial criteria ALSFRS-R Impairment Disease duration at sample collection (mo)‡

Patient 1 Definite 27 Moderate 12

Patient 2 Definite 23 Severe 12

Patient 3 Definite 18 Severe 24

Patient 4 Definite 16 Severe 18

Patient 5 Definite 29 Moderate 12

Patient 6 Definite 29 Moderate 04

Patient 7 Definite 29 Moderate 09

Patient 8 Definite 31 Moderate 08

Patient 9 Definite 35 Moderate 24

Patient 10 Probable 34 Moderate 12

Patient 11 Probable 35 Moderate 30

ALSFRS-R: ALS functional rating score-revised; Impairment was measured with ALSFRS-R. ‡ Duration of disease is the interval between appearance of first
symptom of ALS and collection of sample. Median disease duration in patients with respiratory dysfunction is 12(4-30) months whereas median duration of
disease was 17(3-72) months in patients without respiratory dysfunction, although the observed difference was not significant upon Mann-Whitney U analysis (p
> 0.05).
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The lack of association between smoking, alcohol and
meat consumption with VEGF-A and CCL2 enhances
the credibility of the results since these confounders
increased the endpoints assessed but did so regardless
of ALS status of the individual studied. The current
report thus reliably indicates that ALS is associated with
increased VEGF-A and CCL2 providing a foundation for
subsequent studies to examine if this result is a factor in
the enhanced survival of Indian ALS patients and if so,
the mechanisms involved.

Conclusions
Our study supports that VEGF-A and CCL2 may be
involved in enhancing the survival time of sporadic ALS
patients, however, comprehensive understanding of
growth factors network is required to unveil diagnostic
and therapeutic efficacy of these molecules.

Ethical approval
Ethical approval was obtained by institute ethical com-
mittee, PGIMER, Chandigarh, India - 160012 (No. 7055-
PG-1Tg-05/4348-50).

Abbreviations
ALS: amyotrophic lateral sclerosis; ANOVA: analysis of variance; CCL2:
chemokine ligand-1; CCR2: chemokine receptor-2; CSF: cerebrospinal fluid;
ELISA: enzyme liked immunosorbent assay; ERK: extracellular signal-regulated
kinases; LSD: least significant difference; NMDA: N-Methyl-D-aspartate; SE:
standard error; SOD1: superoxide dismutase 1; PI3-K: phosphatidylinositol 3-
kinases; VEGF: vascular endothelial growth factor.

Acknowledgements
We acknowledge ICMR (Indian Council of Medical Research), India, for
providing funds (No. 5/4 - 5/10/Neuro/2005 - NCD - I).

Author details
1Department of Neurology, Post Graduate Institute of Medical Education and
Research (PGIMER), Chandigarh-160012, India. 2Department of Statistics,
Panjab University, Chandigarh-160012, India.

Authors’ contributions
PKG Acquisition of data and writing of manuscript; SP inclusion of patients,
grant PI and clinical scoring; SS Statistical analysis; AA Interpretation and
analysis of data, grant co PI and editing of manuscript. All authors read and
approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 10 January 2011 Accepted: 13 May 2011
Published: 13 May 2011

References
1. Zheng C, Nennesmo I, Fadeel B, Henter JI: Vascular endothelial growth

factor prolongs survival in a transgenic model of ALS. Ann Neurol 2004,
56:564-567.

2. Li B, Xu W, Luo C, Gozal D, Liu R: VEGF-induced activation of the PI3-K/
Akt pathway reduces mutant SOD1-mediated motor neuron cell death.
Brain Res Mol Brain Res 2003, 111:155-164.

3. Meng H, Zhang Z, Zhang R, Liu X, Wang L, Robin AM, Chopp M: Biphasic
effects of exogenous VEGF on VEGF expression of adult neural
progenitors. Neurosci Lett 2006, 393:97-101.

4. Henkel JS, Engelhardt JI, Siklos L, Simpson EP, Kim SH, Pan T, Goodman JC,
Siddique T, Beers DR, Appel SH: Presence of dendritic cells, MCP-1, and
activated microglia/macrophages in amyotrophic lateral sclerosis spinal
cord tissue. Ann Neurol 2004, 55:221-235.

5. Hughes PM, Allegrini PR, Rudin M, Perry VH, Mir AK, Wiessner C: Monocyte
chemoattractant protein-1 deficiency is protective in a murine stroke
model. J Cereb Blood Flow Metab 2002, 22:308-317.

6. Huang DR, Wang J, Kivisakk P, Rollins BJ, Ransohoff RM: Absence of
monocyte chemoattractant protein 1 in mice leads to decreased local
macrophage recruitment and antigen-specific T helper cell type 1
immune response in experimental autoimmune encephalomyelitis. J Exp
Med 2001, 193:713-726.

7. Hong KH, Ryu J, Han KH: Monocyte chemoattractant protein-1-induced
angiogenesis is mediated by vascular endothelial growth factor-A. Blood
2005, 105:1405-1407.

8. Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D, Thurmond B,
Nakanishi A: The ALSFRS-R: a revised ALS functional rating scale that
incorporates assessmentsof respiratory function. BDNF ALS Study Group
(Phase III). J Neurol Sci 1999, 169:13-21.

9. Prabhakar S, Vinish M, Das CP, Anand A: Occurrence of PARK2 Mutations
in a Never-Smoker Population with Parkinson’s Disease in North India.
Neuroepidemiology 2010, 35:152-159.

10. Bradley WG: Commentary on Professor Stephen Hawking’s disability
advice. Annals of Neurosciences 2009, 16:101-102.

11. Nalini A, Thennarasu K, Gourie-Devi M, Shenoy S, Kulshreshtha D: Clinical
characteristics and survival pattern of 1,153 patients with amyotrophic
lateral sclerosis: experience over 30 years from India. J Neurol Sci 2008,
272:60-70.

12. Sorenson EJ, Stalker AP, Kurland LT, Windebank AJ: Amyotrophic lateral
sclerosis in Olmsted County, Minnesota, 1925 to 1998. Neurology 2002,
59:280-282.

13. Osuntokun BO, Adeuja AOG, Bademosi O: The prognosis of motor neuron
disease in Nigerian Africans. A prospective study of 92 patients. Brain
1974, 97:385-394.

14. Nygren I, Larsson A, Johansson A, Askmark H: VEGF-A is increased in
serum but not in spinal cord from patients with amyotrophic lateral
sclerosis. Neuroreport 2002, 13:2199-201.

15. Devos D, Moreau C, Lassalle P, Perez T, De Seze J, Brunaud-Danel V,
Destée A, Tonnel AB, Just N: Low levels of the vascular endothelial
growth factor in CSF from early ALS patients. Neurology 2004,
62:2127-2129.

16. Cronin S, Greenway MJ, Ennis S, Kieran D, Green A, Prehn JH, Hardiman O:
Elevated serum angiogenin levels in ALS. Neurology 2006, 67:1833-1836.

17. McCloskey DP, Hintz TM, Scharfman HE: Modulation of vascular
endothelial growth factor (VEGF) expression in motor neurons and its
electrophysiological effects. Brain Res Bull 2008, 76:36-44.

18. Bogaert E, Van Damme P, Poesen K, Dhondt J, Hersmus N, Kiraly D,
Scheveneels W, Robberecht W, Van Den Bosch L: VEGF protects motor
neurons against excitotoxicity by upregulation of GluR2. Neurobiol Aging
2008.

19. Madrigal JL, Leza JC, Polak P, Kalinin S, Feinstein DL: Astrocyte-derived
MCP-1 mediates neuroprotective effects of noradrenaline. J Neurosci
2009, 29:263-267.

20. Liu XS, Zhang ZG, Zhang RL, Gregg SR, Wang L, Yier T, Chopp M:
Chemokine ligand 2 (CCL2) induces migration and differentiation of
subventricular zone cells after stroke. J Neurosci Res 2007, 85:2120-2125.

21. Magge SN, Malik SZ, Royo NC, Chen HI, Yu L, Snyder EY, O’Rourke DM,
Watson DJ: Role of monocyte chemoattractant protein-1 (MCP-1/CCL2)
in migration of neural progenitor cells toward glial tumors. J Neurosci Res
2009, 87:1547-1555.

22. Marumo T, Schini-Kerth VB, Busse R: Vascular endothelial growth factor
activates nuclear factor-kappaB and induces monocyte chemoattractant
protein-1 in bovine retinal endothelial cells. Diabetes 1999, 48:1131-1137.

23. Schichor C, Birnbaum T, Etminan N, Schnell O, Grau S, Miebach S,
Aboody K, Padovan C, Straube A, Tonn JC, Goldbrunner R: Vascular

Gupta et al. Journal of Neuroinflammation 2011, 8:47
http://www.jneuroinflammation.com/content/8/1/47

Page 7 of 8

177

http://www.ncbi.nlm.nih.gov/pubmed/15389897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15389897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16269210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16269210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16269210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14755726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14755726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14755726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11257138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11257138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11257138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11257138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15498848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15498848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10540002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10540002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10540002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20571283?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20571283?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18550082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18550082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18550082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12136072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12136072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4434185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4434185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12488796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12488796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12488796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17130418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18395608?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18395608?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18395608?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19129402?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19129402?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17510981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17510981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19125409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19125409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10331420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10331420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10331420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16574102?dopt=Abstract


endothelial growth factor A contributes to glioma-induced migration of
human marrow stromal cells (hMSC). Exp Neurol 2006, 199:301-310.

24. El-Badri NS, Hakki A, Saporta S, Liang X, Madhusodanan S, Willing AE,
Sanberg CD, Sanberg PR: Cord blood mesenchymal stem cells: Potential
use in neurological disorders. Stem Cells Dev 2006, 15:497-506.

doi:10.1186/1742-2094-8-47
Cite this article as: Gupta et al.: Vascular endothelial growth factor-A
(VEGF-A) and chemokine ligand-2 (CCL2) in Amyotrophic Lateral
Sclerosis (ALS) patients. Journal of Neuroinflammation 2011 8:47.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Gupta et al. Journal of Neuroinflammation 2011, 8:47
http://www.jneuroinflammation.com/content/8/1/47

Page 8 of 8

178

http://www.ncbi.nlm.nih.gov/pubmed/16574102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16574102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16978054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16978054?dopt=Abstract


 

 

 

 

 

 

 

 

Genetic markers 
 

 

 

 

 

 

 

 

 

179



Contents lists available at ScienceDirect 

Genomics 

journal homepage: www.elsevier.com/locate/ygeno 

Gene networks determine predisposition to AMD 
Kaushal Sharmaa,b, Neel Kamal Sharmac, Ramandeep Singhd, Suresh Kumar Sharmab,e,  
Akshay Ananda,⁎ 

a Neuroscience Research Lab, Department of Neurology, Post Graduate Institute of Medical Education and Research, Chandigarh, India 
b Centre for Systems Biology and Bioinformatics, Panjab University, Chandigarh, India 
c Scientific Research Department, Armed Forces Radiobiology Research Institute, 8901 Wisconsin Avenue, Bethesda, MD 20889, United States of America 
d Department of Ophthalmology, Post Graduate Institute of Medical Education and Research, Chandigarh, India 
e Department of Statistics, Panjab University, Chandigarh, India  

A R T I C L E  I N F O   

Keywords: 
Age related macular degeneration 
Genotype interaction 
LIPC 
TIMP-3 
HTRA1 
Logistic regression 
Personalized medicine 

A B S T R A C T   

Purpose: AMD genetic studies have revealed various genetic loci as causal to AMD pathology. We have described 
the genetic complexity of Indian AMD by describing the interaction of genotypes and subsequent changes in 
protein expression under the influence of environmental factors. This can be utilized to enhance the diagnostic 
and therapeutic efficacy in AMD patients. 
Design: Genotype association was studied in 464 participants (AMD =277 & controls = 187) for eight genetic 
variants and their corresponding protein expression 
Methods: SNP analysis and protein expression analysis was carried out in AMD and controls in tandem with 
longitudinal assessment of protein levels during the course of AMD pathology. ANCOVA and contrast analysis 
were used to examine the genotypic interactions and corresponding alterations in protein levels. In order to 
identify the important genetic variants Logistic Regression (LR) modeling was carried out and to authenticate the 
model Area under the Receiver Operating Characteristic curve (AUROC) were also computed. 
Results: We have found genetic variants of rs5749482 (TIMP-3), rs11200638 (HTRA1), rs769449 (APOE) and 
rs6795735 (ADAMTS9) to be associated with AMD, concomitant with significant alterations of studied proteins 
levels. Analysis also revealed that the genetic interaction between APOE-HTRA1 genotypes and changes in LIPC 
levels (> 6 pg/ug) by one unit change in SNP, play a crucial role in AMD. LR model suggested that the seven 
factors (including both genetic and environmental) can be utilized to predict the AMD cases with 88% efficacy 
and 95.6% AUROC. 
Conclusion: Results suggest that diagnostic and therapeutic strategy for Indian AMD must include estimation of 
genetic interaction and concomitant changes in expression levels of proteins under influence of environmental 
factors.   

1. Introduction 

Age related macular degeneration (AMD) is characterized as multi- 
factorial heterogenous disease. AMD is characterized with deposition of 
drusen (constituted of lipoproteins, complement factors, oxidized lipids 
and pigment) between RPE (retinal pigment epithelium) and choroid in 
early ageing stage. Neovascular characteristics can be seen in advanced 
stage of AMD which can leak fluid in between retinal layers (wet AMD) 
and can further lead to atrophy of foveal photoreceptors (geographic 
atrophy) [1]. Both environmental and genetic factors have been asso-
ciated with AMD pathology. Results from the recent study performed on 
Caucasian population have found various genetic variants to be 

significantly associated with AMD pathogenesis [2]. Despite the 
growing knowledge in field of AMD genetics, there is no advancement 
in diagnostic and treatment strategies to combat AMD. However, a 
potential tool for early diagnosis may be developed with the help of 
genetic studies. Such a tool could include analysis of the genetic in-
teractions and complexity between of SNP variants along with their 
association with disease progression. Moreover, interaction between 
genetic variants, especially intronic SNPs with associated changes in 
expression pattern of protein, under the influence of environmental 
factors, can provide better insight of gene-phenotype correlation and 
may pave way towards the development of precise diagnostic tool for 
personalized medicine. This approach is lacking in most studies. 
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Association of socio-demographic data with genotype, and geno-
type-expression along with correlation analysis are key components in 
the study of complex diseases like AMD. It is postulated that such 
analysis may help in translation of basic research for societal need both 
from diagnostic and treatment point of view. To this end, it is important 
to ascertain the imperative role of candidate gene whether it is exerting 
its deleterious effect independently or by interacting with other genetic 
loci of an individual [3]. 

The present study was planned to map causal role of genetic and 
allelic variants among candidate genes and examine their correlation 
through protein expression profiles, AMD phenotypes and disease 
progression. We have also examined the association of socio-demo-
graphic parameters with the risk modifying genetic factors with var-
iants in single ethnic North-West Indian AMD population. ANCOVA 
(analysis of covariance) and contrast analysis revealed the impact of 
single nucleotide changes, especially intronic variants, on alteration in 
LIPC (hepatic lipase) levels by estimating SNP's interactions in AMD 
patients thereby suggesting the impact of intronic variants in AMD di-
agnosis and treatment modules. Additionally, logistic regression has 
revealed precise diagnosis of Indian AMD with 88% classification effi-
cacy (95.6% AUROC) by considering patient's age, food habits, diabetes 
and serum levels of IER3 (Immediate Early Response 3), HTRA1 (HtrA 
Serine Peptidase 1), and TIMP3 (tissue inhibitor of metalloproteinase 3) 
which may also be beneficial for management of AMD patients. 

2. Methodology 

2.1. Study design and recruitment of participants 

We had recruited AMD patients from Advanced Eye Centre, Post 
Graduate Institute of Medical Education and Research (PGIMER), 
Chandigarh, India. 277 AMD participants were recruited in the study. 
Age matched controls (n = 187) were also recruited from Joshi 
Foundation camps held in Chandigarh region. The participants were 
included in the study as per the inclusion-exclusion criteria approved by 
the Institute ethical committee after obtaining informed written consent 
(Fig. S1). 18 AMD participants were followed up. The study adhered to 
the Institute Ethical Committee guidelines as per approval No: PGI/ 
IEC/2005–06; dated: 23.07.2013 with matching approvals from Ethical 
Committee, Panjab University, Chandigarh (IEC No. 131A-1, dated: 
29.10.2014). Study protocols adhered to guidelines of Helsinki de-
claration. The characteristics of recruited subjects have been presented 
in Table 1. 

2.2. Clinical investigation and AREDS scoring of AMD patients 

Comprehensive ocular examination and AREDS scoring was per-
formed by retina specialist, Advanced Eye Centre, PGIMER, 
Chandigarh. Visual acuity, intra ocular pressure and fundus assessment 
of dilated eye were noted during clinical examination. AREDS scoring 
of AMD patients was carried out as per the AREDS criteria (Age-Related 
Eye Disease Studies) [4]. All AMD patients were screened through 
fluorescein fundus angiography in order to assess the morphology and 
number of drusen besides mapping the leakage in the retinal layers. 
Diagnosis of disease pathology was based on clinical findings of fluor-
escein angiographic and ophthalmoscopy. 

2.3. Socio-demographic details of the participants 

Socio-demographic details of participants were collected through a 
standardized questionnaire comprising of various activities of daily 
living (ADL) like food habits, smoking, alcohol consumption, habitat 
and comorbidities (supplementary file) etc along with clinical details of 
the participants. 

2.4. Genetic analysis and protein expression 

We undertook genetic analysis and expression profile of eight genes 
and their variants (Table S1). TaqMan assay was employed to identify 
the genetic variations in the population as per the manufacturer's in-
structions. Complete details are available as supplementary files. 

Similarly, in order to assess the expression of these genes, ELISA of 
the respective proteins was carried out in the serum of AMD patients 
and further compared with controls. The procedure was followed as per 
the guideline provided by the manufacturers. The levels of candidate 
proteins were normalized to the total protein concentration of the re-
spective samples. The complete procedure for both ELISA and total 
protein estimation is available in supplementary file. 

2.5. Statistical analysis 

Normality of current data was assessed by Normal Quantile plot (O- 
Q plot) and Kolmogorov- Smirnov (KeS) tests. Univariate and multi-
variate logistic regression analysis were used for association of genetic 
frequency with disease pathology in the population. Further, genotype 
frequency (both homozygous recessive and heterozygous) of studied 
SNPs was compared with socio-demographic data including smoking, 
food habits, sleeping hours etc using univariate and multivariate logistic 
regression (adjusted for sex, age, smoking, food habit) by calculating 
Odd's ratio (OR) with 95% confidence interval (CI). Interaction analysis 
(gene-gene interaction) was performed to establish the genotypes in-
teractions of significant SNPs found in the study. Moreover, fold 
changes in protein expression along with genotype interaction was also 
computed by contrast parameter analysis. To estimate the diagnostic 
efficacy and specificity of the logistic regression model to identify AMD 
cases from population was established through ROC curve and area 
under ROC (AUROC) curve. Independent t-test was employed to eval-
uate the differences in expression of proteins between two groups i.e. 
case (AMD) and control. Differential expression of protein with their 
respective SNP variant was also evaluated by one-way Analysis of 
variance (ANOVA). Spearman's correlation test was employed to find 
the correlation between analysed proteins in serum of the participants. 
p-value ≤0.05 was considered significant. All the statistical analysis 

Table 1 
Tabular representation of characteristics of Indian AMD patients. ¥missing va-
lues in the studied population.      

AMD features Phenotypes Number Percent (%)  

Gender AMD Male 171 61.73 
AMD Female 106 38.27 
Control Male 99 52.94 
Control 
Female 

88 47.06 

Age (average  ±  SD) AMD 68.30  ±  9.086  
Control 56.94  ±  11.266 

AMD phenotypes Dry AMD 42 15.2 
Wet AMD 91 32.9 
Bilateral AMD 144 52.0 

Uni-bilateral AMD phenotypes 
distribution 

Unilateral dry 42 15.16 
Unilateral wet 91 32.86 
Bilateral dry 28 10.10 
Bilateral wet 34 12.27 
Dry-wet 
bilateral 

82 29.61 

AMD phenotypes as per 
AREDS 

AREDS 3 56 20.2 
AREDS 4 33 11.9 
AREDS 5 188 67.9 

Avastin treatment¥ No Avastin 100 37.03 
Avastin 170 62.97 

Anti-AMD drug (vitamin's 
supplement) ¥ 

No AMD 
drugs 

80 29.53 

Anti-AMD 
drugs 

191 70.47 
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was performed using IBM SPSS Statistics version 20.0, Chicago, Illinois, 
USA software. 

3. Results 

3.1. Genotype association with Indian AMD 

We performed the genetic association of eight SNP variants with 
AMD pathology as mentioned in Table S1. Univariate and multivariate 
analysis of SNPs showed significant association of TIMP-3 (rs5749482), 
HTRA-1(rs11200638), APOE (rs769449; Apolipoprotein E) and 
ADAMTS9 (rs6795735; ADAM Metallopeptidase With Thrombospondin 
Type 1 Motif 9) genotypes with Indian AMD patients. Heterozygous ‘GC' 
genotype of SNP rs5749482 (TIMP-3) showed significant association 
with AMD pathology (95% CI = 1.132–3.358; OR = 1.949; 
p = 0.016), examined through univariate regression analysis. Results 
also revealed the higher frequency of homozygous ‘CC' of same SNP in 
AREDS 3 and 4 grade AMD patients as compared to AREDS 5, computed 
by univariate (95% CI = 0.011–0.926; OR = 0.101; p = 0.043) as well 
as multivariate (CI = 0.008–0.803; OR = 0.082; p = 0.032) logistic 
regression. Moreover, rs11200638 SNP (HTRA-1) also showed a strong 
association with AMD pathology. Genotyping results further showed a 
significantly higher frequency of homozygous ‘AA' genotype 
(rs11200638) in AMD patients in comparison to controls analysed 
through both univariate (95% CI = 0.148–0.493; OR = 0.270; 
p ≤0.0001) and multivariate (95% CI = 0. 161–0.668; OR = 0.327; 
p = 0.002) logistic regression. Similarly, homozygous ‘AA' genotype of 
rs11200638 SNP was also found to be significantly associated with 
AREDS 5 grade AMD as compared to AREDS 3–4. Genotype analysis of 
SNP rs769449 (APOE) with AMD pathology showed ‘AG’ genotype and 
its association with Indian AMD patients as compared to controls ana-
lysed by both univariate (95% CI = 1.265–4.173; OR = 2.298; 
p = 0.006) and multivariate (95% CI = 1.509–7.462; OR = 3.355; 
p = 0.003) logistic regression. However, we did not find any significant 
difference in genotype frequencies of rs769449 among different AMD 
subtypes. Moreover, rs6795735 SNP (ADAMTS9) also showed marginal 
difference in homozygous ‘CC' genotype frequency in AMD and controls 
participants, analysed by unadjusted logistic regression (95% CI 
=0.086–1.052; OR = 0.300, p = 0.060). While adjusting for age, 
smoking, sex, food habits and alcohol, homozygous ‘CC' genotype (of 
rs6795735 SNP) was found to be associated with AMD pathology 
through logistic regression analysis (95% CI =0.004–0.535; 
OR = 0.049, p = 0.013) (Table 2). Association analysis did not show 
any significant difference between genotype frequencies among AMD 
subtypes for rs6795735. We did not find any association of other SNPs 
including rs920915 (LIPC), rs9542236 (B3GALTL), rs3130783 (IER3) 
and rs8135665 (SLC16A8 or MCT3; Monocarboxylate transporter 3) 
with AMD pathology (Table S2). 

Receiver operating curve (ROC) curve was plotted (1-specificity 
along x-axis and sensitivity along y-axis) and AUROC was computed to 
assess the authenticity of logistic regression model performed on sig-
nificant genetic variants (APOE, TIMP-3 and HTRA1) and non-sig-
nificant SNPs to diagnose the AMD cases from normal controls. ROC 
curve was also plotted to compare genetic interaction between sig-
nificant (AUROC 60.2%, p = 0.082) and non-significant (AUROC 
57.3%, p = 0.211) intronic variant to predict Indian AMD. Results 
suggested that it is imperative to consider the genetic interaction ana-
lysis to the studied cumulative impact on disease phenotype. This may 
play crucial role in diagnostic efficacy of AMD patients and so on with 
treatment paradigm (Fig. S2). 

3.2. Association of allele frequencies with AMD 

Analysis showed that the allele frequencies of ADAMTS9, TIMP-3, 
HTRA1, APOE and LIPC SNPs are linked to AMD pathology (Table 2). 
Allele ‘C' of both pro-angiogenic SNPs including rs5749482 (TIMP-3) 

(95% CI = 1.258–3.073; OR = 1.966; p = 0.003) and rs6795735 
(ADAMTS9) (95% CI = 0.393–0.883; OR = 0.011; p = 0.011) showed 
higher frequencies in AMD as compared to controls, signifying the 
crucial role of neovascularization in AMD pathology. Results indicate 
significantly higher frequency of ‘C' allele of TIMP-3 rs5749482 in dry 
phenotype (AREDS 3 & 4) of AMD while comparing with wet (AREDS 5) 
(95% CI = 0.235–0.786; OR = 0.430; p = 0.005). Univariate logistic 
regression has also revealed the significant association of AMD with 
both ‘C' (95% CI = 1.084–2.233; OR = 1.556; p = 0.016) and ‘A' (95% 
CI = 1.210–3.760; OR = 2.135; p = 0.008) alleles of lipid metabo-
lizing genes (SNPs) involving rs920915 (LIPC) and rs769449 (APOE), 
respectively. Allele ‘A' frequency was also significantly much higher in 
dry (AREDS3-4) as compared to wet subtype (95% CI = 0.061–0.214; 
OR = 0.114; p ≤0.0001). Moreover, genetic variant of HTRA-1 
rs11200638 analysis also demonstrated the higher number of ‘A' allele 
in AMD cases in comparison to controls using univariate logistic re-
gression (95% CI = 0.307–0.595; OR = 0.427; p ≤0.0001). Results 
suggest the ‘A' as risk allele for disease progression due to higher 
number in wet AMD as compared to dry AMD phenotype (95% 
CI = 1.570–3.615; OR = 2.382; p ≤0.0001) (Table 2). Allele fre-
quencies which were not found to be associated with North-West Indian 
AMD are mentioned in Table S3. 

3.3. Association with socio-demographic factors 

By considering AMD as multifactorial disease known to be asso-
ciated with various genetic and environmental factors, we estimated the 
genetic association of SNPs with various socio-demographic parameters 
for their possible contribution to AMD pathology. Logistic regression 
analysis revealed that the sleeping pattern of AMD participant was 
found to be associated with ‘GC' and ‘CC' genotypes of TIMP3 
rs5749482 (95% CI = 0.163–0.876; OR = 0.378; p = 0.023) and LIPC 
rs920915 (95% CI = 1.551–10.558; OR = 4.047; p = 0.004), re-
spectively (Table 3). However, marginal association of sleeping pattern 
and ‘CC' genotype of ADAMTS9 rs6795735 was also observed in AMD 
pathology using multivariate logistic analysis (95% CI = 0.097–1.043; 
OR = 0.318; p = 0.059). Food habits of the AMD participants has also 
shown the association with ‘AG’ genotype of IER3 rs3130783 (95% 
CI = 0.236–0.995; OR = 0.485; p = 0.048). ‘CC' genotype of LIPC 
rs920915 has shown the marginal association with non-vegetarian diet 
by AMD patients while comparing with vegetarian participants (95% 
CI = 0.990–6.087; OR = 2.455; p = 0.053). Moreover, smoking habits 
and alcohol consumption were also found to be associated with geno-
types of HTRA1 rs11200638, APOE rs769449 and LIPC rs920915 
(Table 3). 

Logistic regression analysis results indicated that sleeping pattern, 
food habit, smoking and alcohol consumptions can play crucial role in 
AMD pathology by showing their significant association with various 
genotype. 

3.4. Protein expression in AMD 

Expression level of above mentioned genes showed significant al-
terations between AMD and controls. Results revealed the significant 
enhancement of pro-angiogenic proteins (ADAMTS9 and TIMP-3), lipid 
metabolizing proteins (including LIPC and APOE), regulatory proteins 
(e.g. HTRA-1, IER-3 and B3GALTL) and monocarboxylic protein 
transporter (e.g. SLC16A8) in AMD cases, in comparison to controls. On 
the contrary, expression of SLC16A8 proteins was significantly de-
creased in AMD patients as compared to control participants (Table 4). 
Comparing the levels between dry and wet AMD phenotypes, the results 
have shown the significantly higher levels of HTRA1 (p = 0.048) and 
LIPC (0.043) proteins in wet AMD as compared to dry AMD pathology 
in North Indian Population. Dry AMD subtype has revealed significantly 
enhanced expression of SLC16A8 in comparison to wet AMD (Fig. S3). 
Moreover, while analyzing AREDS subtypes, SLC16A8 was also 

K. Sharma, et al.   Genomics 113 (2021) 514–522

516
182



significantly increased in AREDS 4 as compared to AREDS 5 AMD pa-
tients (p = 0.017). Marginal alterations of B3GALTL levels (p = 0.073) 
have also been observed between the dry and wet AMD phenotypes 
(Fig. S3). Similarly, TIMP-3 expression between AREDS subtypes have 
also exhibited alteration between the AREDS subtypes (higher in 
AREDS 3 versus AREDS4) which was marginally significant (p = 0.057) 
(Fig. S3). 

Importantly, estimation of protein expression longitudinally can 

provide better insights into disease progression and involvement of 
particular cellular mechanism(s) based on ongoing treatment of AMD 
patients. We have thus analysed the expression of ADAMTS9, APOE, 
and IER-3 longitudinally with a minimum interval of one year. Results 
have shown significantly decreased serum IER-3 levels in AMD during 
the course of disease and the prescribed treatment paradigm indicating 
the mechanistic role of IER 3 in pathophysiology of Indian AMD (Table 
S5). 

Table 2 
Logistic regression and allele frequency distribution of genetic variants in Indian AMD. Logistic regression analysis to associate the genotype frequencies of various 
genetic variants with North-West Indian AMD using univariate and multivariate method. Association of allele frequencies of various genetic variants with North-West 
Indian AMD by univariate logistic regression.                 

genotypes Groups Unadjusted p-value Multivariate adjusted for age, sex, food habit, 
smoking, alcohol 

AIC BIC 

AMD Controls p-value OR 95% CI p-value OR 95% CI    

rs6795735 
(ADAMTS9) 

TT 114 52.5% 57 61.3% Ref         
CC 20 9.2% 3 3.2% 0.060 0.300 0.086–1.052 0.013 0.049 0.004–0.535 231.4 264.1 
CT 83 38.2% 33 35.5% 0.382 0.795 0.476–1.329 0.785 0.911 0.465–1.783   
T 311 71.7% 167 81.1% Ref        
C 123 28.3% 39 18.9% 0.011 0.011 0.393–0.883        

AREDS 3 & 4 
(dry) 

AREDS 5 (wet)          

rs6795735 
(ADAMTS9) 

TT 36 50.0% 78 53.8% Ref    
CC 9 12.5% 11 7.6% 0.245 0.564 0.215–1.481 0.185 0.497 0.176–1.398   
CT 27 37.5% 56 38.6% 0.888 0.957 0.522–1.754 0.851 0.941 0.499–1.774   
T 99 68.8% 212 73.1% Ref        
C 45 31.3% 78 26.9% 0.343 0.809 0.523–1.254        

AMD Controls         
rs5749482 (TIMP-3) GG 184 81.1% 77 67.5% Ref        

CC 5 2.2% 6 5.3% 0.090 2.868 0.850–9.677 0.397 2.178 0.360–13.195 288.8 322.4 
GC 38 16.7% 31 27.2% 0.016 1.949 1.132–3.358 0.146 1.657 0.839–3.274   
G 406 89.4% 185 81.1% Ref        
C 48 10.6% 43 18.9% 0.003 1.966 1.258–3.073        

AREDS 3 & 4 
(dry) 

AREDS 5 (wet)         

rs5749482 (TIMP-3) GG 53 72.6% 131 85.1% ref        
CC 4 5.5% 1 0.6% 0.043 0.101 0.011–0.926 0.032 0.082 0.008–0.803   
GC 16 21.9% 22 14.3% 0.110 0.556 0.271–1.141 0.176 0.598 0.284–1.259   
G 122 83.6% 284 92.2% Ref        
C 24 16.4% 24 7.8% 0.005 0.430 0.235–0.786        

AMD Controls         
rs11200638 (HTRA1) GG 42 20.7% 42 36.5% Ref        

AA 100 49.3% 27 23.5%  < 0.0001 0.270 0.148–0.493 0.002 0.327 0.161–0.668 291.1 324 
GA 61 30.0% 46 40.0% 0.335 0.754 0.425–1.339 0.945 0.976 0.490–1.944   
G 145 35.7% 130 56.5% Ref        
A 261 64.3% 100 43.5%  < 0.0001 0.427 0.307–0.595        

AREDS 3 & 4 
(dry) 

AREDS 5 (wet)         

rs11200638 (HTRA1) GG 20 29.9% 22 16.2% Ref        
AA 24 35.8% 76 55.9% 0.006 2.879 1.347–6.154 0.006 3.074 1.376–6.867   
GA 23 34.3% 38 27.9% 0.317 1.502 0.677–3.332 0.583 1.272 0.539–3.00   
G 73 50.7% 82 30.1% Ref        
A 71 49.3% 190 69.9%  < 0.0001 2.382 1.570–3.615        

AMD Controls         
rs769449 (APOE) GG 200 88.9% 94 77.7% Ref        

AA 0 0.0% 0 0.0%         
AG 25 11.1% 27 22.3% 0.006 2.298 1.265–4.173 0.003 3.355 1.509–7.462 286 315.9 
G 425 94.4% 215 88.8% Ref        
A 25 5.6% 27 11.2% 0.008 2.135 1.210–3.760        

AREDS 3 & 4 
(dry) 

AREDS 5 (wet)         

rs769449 (APOE) GG 63 86.3% 137 90.1% Ref        
AA 0 0.0% 0 0.0%         
AG 10 13.7% 15 9.9% 0.394 0.690 0.294–1.620 0.421 0.697 0.290–1.677   
G 99 68.8% 289 95.1% Ref        
A 45 31.3% 15 4.9%  < 0.0001 0.114 0.061–0.214        

AMD Controls         
rs920915 (LIPC) G 287 67.7% 101 57.4% Ref        

C 137 32.3% 75 42.6% 0.016 1.556 1.084–2.233       
AREDS 3 & 4 
(dry) 

AREDS 5 (wet)         

G 99 68.8% 289 95.1% Ref        
A 45 31.3% 15 4.9%  < 0.0001 0.114 0.061–0.214      
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Interestingly, HTRA1 (F = 3.901; p = 0.022) and LIPC (F = 7.295; 
p = 0.001) levels were also found to be significantly altered between 
the genotypes of SNPs of respective genes using ANOVA analysis. Post 
hoc results for HTRA1 showed marginally significant alterations in le-
vels between homozygous ‘AA' versus heterozygous ‘GA' with mean 

difference (MD) of 1.68 pg/ug units (95% CI = −0.0271-3.38; 
p = 0.055). Similarly, homozygous ‘GG’ versus homozygous ‘CC' 
(MD = −3.65 units; 95% CI = −6.09-1.22; p = 0.001) and hetero-
zygous ‘GC' versus homozygous ‘CC' (MD = 3.48 units; 955 
CI = 1.06–5.90; p = 0.002) have shown significant alteration in LIPC 
levels between them. Hence, results indicate that a defined genotype of 
HTRA1 and LIPC in Indian AMD (intra-group) can alter respective 
protein levels. This may be beneficial to for development of treatment 
strategy with or without existing Anti-VEGF therapy (Table S6). 

3.5. Protein expression in uni-bilateral AMD 

Results have shown no significant changes in the ADAMTS9, APOE, 
B3GALTL, HTRA1 and IER3 levels in serum of AMD patients with re-
spect to AMD phenotypes in both eyes. However, ANOVA analysis re-
vealed significant changes in expression in LIPC and SLC16A8 levels 
and showed marginal alteration in TIMP3 levels in Indian AMD pa-
tients. Intra-group assessment (post hoc) revealed a significant changes 
in LIPC levels between unilateral wet and unilateral dry AMD cases 
(p = 0.014). Similarly, alteration in SLC16A8 levels was observed be-
tween bilateral dry and unilateral wet (p = 0.013) and also marginally 
significant differences between bilateral dry and wet-dry bilateral AMD 
phenotype (p = 0.058) (Fig. 1A). TIMP-3 expressions also differed 
marginally between the groups (p = 0.056). However, we did not find 
significant alterations in protein levels while comparing unilateral and 

Table 3 
Association of covariates with genotype frequencies in Indian AMD patients using logistic regression analysis.             

Genotype Number (frequency) Unadjusted p value Multivariate analysis adjusted for age, sex 

P-value OR 95% CI P-value OR 95% CI  

ADAMTS9 rs6795735  
AMD disturbed sleep AMD normal sleep       

TT 47 56.0% 62 49.2% Ref      
CC 4 4.8% 15 11.9% 0.079 0.352 0.110–1.129 0.059 0.318 0.097–1.043 
CT 33 39.3% 49 38.9% 0.690 0.888 0.497–1.590 0.676 0.882 0.490–1.589  

TIMP3 rs5749482  
AMD disturbed sleep AMD normal sleep       

GG 77 90.6% 102 75.6% Ref      
CC 0 0.0% 5 3.7% 0.999 0.000 0.000 0.999 0.000 0.000 
GC 8 9.4% 28 20.7% 0.023 0.378 0.163–0.876 0.012 0.334 0.141–0.789  

HTRA1 rs11200638  
AMD Alcohol AMD Never alcoholic       

GG 10 15.4% 32 23.2% Ref      
AA 31 47.7% 69 50.0% 0.390 1.438 0.629–3.287 0.193 1.892 0.724–4.944 
GA 24 36.9% 37 26.8% 0.102 2.076 0.864–4.986 0.040 3.029 1.052–8.718  

IER3 rs3130783  
Vegetarian AMD Nonveg AMD       

AA 94 75.2% 90 87.4% Ref      
GG 3 2.4% 0 0.0% 0.999 0.000 0.000 0.999 0.000 0.000 
AG 28 22.4% 13 12.6% 0.048 0.485 0.236–0.995 0.057 0.491 0.237–1.020  

APOE rs769449  
AMD Smoker AMD non smoker       

GG 61 81.3% 137 92.6% Ref      
AA 0 0.0% 0 0.0%       
AG 14 18.7% 11 7.4% 0.015 1.691 1.108–2.580 0.031 2.907 1.103–7.664  

LIPC rs920915  
Vegetarian AMD Nonveg AMD       

GG 58 50.9% 42 43.3% Ref      
CC 9 7.9% 16 16.5% 0.053 2.455 0.990–6.087 0.063 2.407 0.954–6.070 
GC 47 41.2% 39 40.2% 0.646 1.146 0.641–2.049 0.661 1.143 0.630–2.071  

AMD Smoker AMD non smoker       
GG 37 54.4% 62 43.7% Ref      
CC 10 14.7% 15 10.6% 0.809 1.117 0.455–2.742 0.989 0.993 0.373–2.643 
GC 21 30.9% 65 45.8% 0.060 0.541 0.286–1.025 0.050 0.500 0.250–1.001  

AMD disturbed sleep AMD normal sleep       
GG 35 42.7% 60 48.8% Ref      
CC 17 20.7% 8 6.5% 0.007 3.643 1.426–9.307 0.004 4.047 1.551–10.558 
GC 30 36.6% 55 44.7% 0.829 0.935 0.508–1.720 0.817 0.929 0.498–1.734 

Table 4 
Differential expression of proteins in serum of AMD and their comparisons with 
controls.         

Proteins Group N Mean F-value t-value P-value  

ADAMTS9 (pg/ug) AMD 206 10.065 34.122 3.105 0.00206 
Controls 142 2.629 

APOE (pg/ug) AMD 206 0.026 18.619 2.526 0.011939 
Controls 155 0.0036 

B3GALTL (pg/ug) AMD 190 6.054 10.534 3.763 0.000201 
Controls 125 3.393 

HTRA1 (pg/ug) AMD 193 4.45 13.295 3.823 0.000158 
Controls 130 2.618 

LIPC (pg/ug) AMD 193 3.675 45.747 4.401  < 0.0001 
Controls 149 1.619 

TIMP3 (pg/ug) AMD 187 0.061 18.008 4.239 0.000029 
Controls 146 0.021 

IER3 (pg/ug) AMD 186 5.5 41.988 5.561  < 0.0001 
Controls 145 1.519 

SLC16A8 (pg/ug) AMD 187 0.841 24.551 −2.307 0.021696 
Controls 131 1.378 
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bilateral disease phenotypes for both dry as well as wet AMD. 
Results suggest the protein expression of LIPC, SLC16A8 and TIPM-3 

can be modulated based on clinical phenotypes and/or vice versa which 
can be correlated with clinical and treatment outcome of AMD patients. 

3.6. Genetic interactions influence protein expression 

To understand the heterogenic complexity in North-West AMD pa-
tients, we performed analysis of covariance (ANCOVA) between sig-
nificant genetic variants i.e. rs11200638 (HTRA-1), rs5749482 (TIMP- 
3) and rs769449 (APOE) and dissected the statistical interactions be-
tween them. Genotypes of both rs769449 (APOE) and rs11200638 
(HTRA-1) showed significant interaction between them (B = 0.782; 
Wald = 4.963; 95% CI; 1.099–4.349; OR = 2.186; p = 0.026). 
Interestingly, results signify the imperative role of gene-gene interac-
tions and their cumulative outcome in heterogenic complex disease like 

AMD (Table 5). It has been shown that there is genetic interaction 
between HTRA1and APOE (Table 5). 

Furthermore, we employed the contrast parameter estimate in order 
to unveil the impact of genetic composition on proteins expression. 
Results have demonstrated that one unit change in rs920915 LIPC 
genotype i.e. from homozygous ‘CC' to homozygous ‘GG’ can alter the 
LIPC expression by > 6.0 pg/ug folds when controlling both significant 
(rs769449, rs5749482 and rs11200638) (SE = 1.747; p = 0.0001) and 
non-significant (rs920915, rs9542236, rs8135665, rs3130783, and 
rs6795735) genetic variants (SE = 2.137; p = 0.002) (Table 6). Hence, 
it can be inferred from results that heterogenic complexity in North- 
West Indian AMD is not only confined at the genetic level but can also 
be regulated by various cellular mechanisms. 

Genetic interactions (gene-gene interaction) could indicate the 
precise heterogenic complexity of disease conditions like AMD. Genetic 
complexity arising from gene-gene, gene-protein and gene- 
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Fig. 1. (1A) Expression levels of LIPC and SLC16A8 along with error bars in unilateral-bilateral AMD pathology. (n) uni wet (63); uni dry (20); Bi wet (29); Bi dry 
(25); dry-wet (50). (1Be1C) Effect of treatment (including both anti- VEGF and vitamin supplementations) on the protein expressions (B) Alteration in SLC16A8 
levels in Avastin and non-Avastin treated AMD patients, (C) Effect of vitamins supplementation on APOE levels. pg: pictogram; ug: microgram; error bar representing 
SE (*p  >  0.05). 

Table 5 
Statistical genetic interactions between significant SNPs (including HTRA1, TIMP-3 and APOE) using ANCOVA analysis.           

Variables in the Equation  

B S.E. Wald df p-value OR 95% CI  

APOE genotype 0.102 0.235 0.188 1 0.664 1.107 0.699–1.754 
HTRA1 genotype 0.143 0.218 0.429 1 0.512 1.154 0.752–1.770 
TIMP3 genotype 0.266 0.197 1.830 1 0.176 1.305 0.887–1.918 
APOE-HTRA1 0.782 0.351 4.963 1 0.026* 2.186 1.099–4.349 
APOE-TIMP-3 −0.285 0.339 0.708 1 0.400 0.752 0.387–1.461 
HTRA1-TIMP-3 0.478 0.378 1.599 1 0.206 1.612 0.769–3.380 
Constant −1.687 0.397 18.006 1 0.000 0.185  
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sociodemographic interactions can influence disease phenotype and its 
progression which may further alter the therapeutic outcome of existing 
treatment in AMD patients. Results of the Spearman's correlation have 
indicated that IER-3, B3GALTL, TIMP-3 and HTRA-1 are more promi-
nent proteins found to be correlated with the expression of most of 
studied proteins in Indian AMD patients. Moreover, levels of ADAMTS9, 
LIPC, APOE and SLC16A8 show the correlation with altered expressions 
of HTRA-1 and B3GALTL (Table S4). Conclusively, results suggest the 
cross-talk between proteins and their mediated functions which may 
regulate various cellular and molecular processes in Indian AMD pa-
thology. 

3.7. Effect of AMD treatment on protein levels 

The effectiveness of the treatment is governed by genetic composi-
tion and susceptibility of an individual. The effect of treatment (Avastin 
and vitamin supplements) on protein levels were also analysed in 
North-West Indian AMD patients. Results of the study revealed a sig-
nificant alteration in SLC16A8 and APOE levels with the treatment of 
Avastin (Anti-VEGF) (p  <  0.05) and vitamin supplementations drugs 
(p  <  0.05), respectively (Fig. 1B-1C). No significant difference in other 
protein levels were observed among mentioned subgroups. However, 
we did not find any significant alteration in CFH levels in Avastin 
treated AMD as compared to non-Avastin AMD group [5]. No study has 
revealed the direct evidence between anti-VEGF and/or vitamin sup-
plementations and alterations of both proteins SLC16A8 and APOE le-
vels in AMD patients. This may provide the needed information to 
predict the treatment outcome when with Anti-VEGF therapy is used. 

3.8. Logistic regression model 

We also attempted to establish the statistical equation to predict the 
AMD cases in early life which can be useful to prognostication and 
diagnosis of AMD. In this study, forward stepwise (likelihood) binary 
logistic regression (BLR) analysis has shown seven variables which 
found to be best fit in equation out of 24 variables. Seven variables 
which was significantly associated with prediction of AMD cases viz 
age, food habits, comorbidity, diabetes and serum levels of IER3, 
HTRA1, TIMP3 as depicted in equation (Table 7). 
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To estimate the likelihood model on the given data, null hypothesis 
was considered to be best fit to predict the AMD cases more precisely 
from the population. 

Model predictability for best fit of AMD cases was determined by 
Hosmer–Lemeshow goodness which shows the chi square (χ2) = 4.217, 
degree of freedom (df) =8, and p = 0.837. Hence, logistic model is 
satisfactorily justify the null hypothesis that the data fits well to the 

Table 6 
Representation of gene-gene interaction and impact of protein expression using contrast estimation analysis.          

Contrast Results: After controlling for significant and non-significant genetic variants 

Genotype  Significant Genotypes+# Non-significant genotypes# 

Contrast Estimate Std. Error p-value Contrast Estimate Std. Error p-value  

ADAMTS9 (pg/ug) Level CC vs. Level TT⁎ −3.091 10.033 0.759 −17.123 12.833 0.185 
Level CT vs. Level TT⁎ −2.641 6.480 0.684 −11.090 7.846 0.161 

APOE(pg/ug) Level AA vs. Level GG⁎ 0.049 0.032 0.122 0.064 0.047 0.172 
B3GALTL (pg/ug) Level CC vs. Level TT⁎ 1.101 2.067 0.595 0.494 2.668 0.853 

Level CT vs. Level TT⁎ −1.387 1.415 0.330 0.375 1.761 0.832 
HTRA1 (pg/ug) Level AA vs. Level GG⁎ 1.144 1.181 0.334 1.282 1.677 0.447 

Level AG vs. Level GG⁎ −0.201 1.337 0.881 −1.562 1.978 0.432 
LIPC (pg/ug) Level CC vs. Level GG⁎ 6.659 1.747 0.0001⁎⁎ 6.914 2.137 0.002⁎⁎ 

Level CG vs. Level GG⁎ −0.326 1.129 0.773 −0.956 1.289 0.460 
TIMP3 (pg/ug) Level CC vs. Level GG⁎ −0.030 0.121 0.802 0.046 0.038 0.234 

Level GC vs. Level GG⁎ 0.033 0.026 0.202    
IER-3 (pg/ug) Level GG vs. Level AA⁎ 0.366 2.047 0.858 −6.171 9.771 0.529 

Level AG vs. Level AA⁎    −1.227 2.433 0.615 
SLC16A8 (pg/ug) Level TT vs. Level CC⁎ −0.933 0.514 0.072 −0.548 0.754 0.469 

Level TC vs. Level CC⁎ 0.118 0.298 0.694 0.113 0.396 0.775 

+ By controlling significant genotype: APOE, HTRA1 & TIMP3. 
# By controlling non-significant genotype: ADAMTS9, B3GALTL, LIPC, IER3 & SLC16A8. 
⁎ Showing reference genotype.  

Table 7 
Best fit for maximum likelihood significance of independent variables analysed 
by logistic regression equation. Moreover, classification of North-West Indian 
AMD cases by maximum likelihood computed by logistic regression equation.         

Variables in equation 

Variables Β S.E. Wald df p-value Exp(B)  

Age −0.132 0.020 42.504 1  < 0.0001 0.876 
Food Habit −0.463 0.238 3.793 1 0.051 0.629 
Co-morbidity −1.633 0.427 14.617 1  < 0.0001 0.195 
Diabetes 2.275 0.448 25.752 1  < 0.0001 9.729 
IER3 levels −0.409 0.094 19.036 1  < 0.0001 0.664 
HTRA1 levels 0.688 0.155 19.729 1  < 0.0001 1.991 
TIMP3 levels −108.604 14.924 52.954 1  < 0.0001 0.000 
Constant 10.512 1.626 41.792 1 0.000 36,747.561 
Classification table    

Predicted 
Group code   Group code Percentage 

corrected    AMD Control  
AMD 241 24 90.9  
Control 24 131 84.5 

Overall percentage    88.6 
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logistic regression. Moreover, coefficient of determination (R2) ana-
lysed by both Cox-Snaell and Nagelkerke's tests were observed around 
R2 = 0.553 and R2 = 0.755, respectively which suggesting the strong 
association of independent variables with dependent variables in cur-
rent logistic regression model. The predicted equation is: 

=
+ +

Y 10.512–0.132 (age)–0.463 (food habit)–1.633 (comorbidity)
2.275 (diabetes)–0.409(IER3 levels) 0.688 (HTRA1 levels)

–108.604 (TIMP3 levels)

3.9. Authenticity of the model 

Current model equation obtained by using forward stepwise logistic 
regression analysis has showed 88.6% predictability of AMD cases 
classification in the studied population (Table 7). Moreover, the sensi-
tivity and specificity of the model sing stepwise logistic regression 
analysis has derived the best fit model to predict the AMD cases from 
the population with around 95.6% AUROC (Fig. 2). 

4. Discussion 

Global AMD genetics has revealed various independent genetic loci 
to be associated with Caucasian AMD [2,6]. Not many studies have 
been carried out to identify the genetic complexity of AMD pathology 
which describe the diagnostic and therapeutic efficacy. Current in-
vestigations have explored the genetic association of rs5749482 (TIMP- 
3), rs11200638 (HTRA1), rs769449 (APOE) and rs6795735 
(ADAMTS9) loci with North-West Indian AMD patients who has unique 
diet and geographical distribution. Majority of this population doesn't 
smoke due to religious diktats. Results have also exhibited the genotype 
association with other covariates like smoking, food habit, sleeping 
pattern etc in AMD patients. Moreover, allele distribution of genetic loci 
including rs5749482 (TIMP-3), rs11200638 (HTRA1), rs920915 (LIPC), 

rs769449 (APOE), and rs6795735 (ADAMTS9) were also found to be 
significantly different between AMD and control population which in-
dicates various risk and protective alleles in Indian AMD pathology. We 
also examined the protein expression of the same set of genes in order 
to examine the causal impact of SNP changes, especially intronic var-
iants. This is lacking in most of GWAS and Caucasian AMD genetic 
reports [7]. Additionally, our results have extensively estimated the 
protein levels of candidate genes between AMD and controls. This 
showed significant alteration between two groups. HTRA1 and LIPC 
levels have exhibited a significant difference between two different 
disease phenotypes of AMD i.e. wet and dry subtypes. Similarly, 
SLC16A8 and TIMP3 levels were also found to be altered with the 
progression of disease i.e. differential expressions in AREDS subtypes. 
Expression results of LIPC and SLC16A8 levels have also exhibited 
differential expressions in uni and bilateral Indian AMD patients. Our 
prior study has showed the changes in eotaxin-2 levels with their dis-
ease phenotypes in uni- and bilateral AMD condition of patients [8]. 
However, the longitudinal follow up of the AMD participant has re-
vealed the changes in only IER-3 levels during the course of disease and 
prescribed treatment strategy. Our previous study has also demon-
strated the altered expression of LIPC, TIMP-3, IER3 and SCL16A8 in 
CFH negative AMD cases and indicated that AMD pathology is in-
dependent of CFH which may be govern through these genes [9]. 
Hence, our results conclusively are suggesting various aspects in ad-
vancement of and diagnostic and treatment paradigm which can assist 
existing Anti-VEGF therapy, can be prescribed in non-responsive AMD 
patients and/or changes in treatment strategy based on the genetic 
makeup (genotype based differential expression), genetic interaction 
and per nucleotide changes in protein expression. 

Surprisingly, ANOVA and ANCOVA both analyses have indicated 
that importance of genetic makeup of the participants which can in-
fluence the expression pattern of proteins regardless of genomic loca-
tion and biological significance. Our results of contrast analysis have 
shown significant alteration of LIPC levels with changing the genetic 

Fig. 2. ROC of logistic regression model to put forward a probable statistical best fit equation to predict AMD cases from the population with 95% AUROC.  

K. Sharma, et al.   Genomics 113 (2021) 514–522

521
187



makeup by one unit, indicating the genetic interaction through intra 
and intergenic variants which may impact the pertaining cellular 
functions. Intragenic and epistatic interactions, especially in multi- 
genic disease pathologies, cannot be ignored. Such investigations have 
showed the significant genetic association between genotypes of 
HTRA1 and APOE. Therefore, contrast analysis demonstrates the fold 
changes in LIPC levels with respect of their reference genotype. Both 
results indicate AMD as genetic complex disease (based on geographical 
distribution) and may be dealt diagnostically and therapeutically by 
considering the degree of complexity and fold changes in protein levels 
with reference to single nucleotide changes which can be beneficial to 
set the amount of dose with or without existing treatments (Anti-VEGF 
or Vitamin supplements) or provide novel treatment based on patients 
genetic complexity. Lately, gene-gene interaction strategy has demon-
strated the synergistic effect on AMD pathology i.e. by epistatis inter-
action [10] which can further modulate the drug response in patients 
[11]. Moreover, correlation results have also implicated the alteration 
of protein expression which is dependent on each other suggesting co- 
expression of proteins in Indian AMD which could further indicate the 
crosstalk between various cellular downstream signaling and regulatory 
processes. 

Interestingly, our studies reveal the significant decrease in levels of 
SLC16A8 and APOE in patients being treated with Anti-VEGF and vi-
tamin supplementations, respectively. Though, how AMD treatment 
(Avastin and vitamin supplementations) leads to changes in SLC16A8 
and APOE levels could be a matter of investigation as most of AMD 
treatment based on anti-VEGF therapy [10,11]. Our results on AMD 
patients specify the responsiveness and effectiveness of AMD treatment 
which can be determined by genetic interaction and complexity of 
patients based on their genetic and expression data. This can provide 
insights into personalized medicine for AMD. 

Our attempt to understand the complexity of Indian AMD, results of 
logistic regression model has also supported the genetic interaction 
along with environmental factors and comorbidity prevail in partici-
pant. Hence, comprehensive genetic analysis by investigating gene- 
gene, gene-protein and gene-environmental interactions can provide 
the precise genetic network (epistatic interaction) and their associated 
phenotypic outcome which could be beneficial to map the treatment 
strategy and development in personalized medicine [12,13]. In our 
previous study, we had demonstrated the gene-gene interaction with 
two different SNPs of CCL2 variants to predict the AMD pathology in-
dependently [14]. Importantly, LR model has also suggested that AMD 
diagnostic efficacy can be enhanced by considering by patient's age, 
food habits, diabetes and serum levels of IER3, HTRA1, TIMP-3 and 
could also be useful to specify the treatment paradigm based on such 
results. Estimation of same set of proteins in vitreous fluid can directly 
reflect the pathological alterations at microenvironment in AMD pa-
thology which is a limitation of this study. 
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Introduction

Duchenne muscular dystrophy (DMD) is a fatal X-linked 
genetic neuromuscular disorder, characterized clinically by 
rapidly progressive and disabling muscle weakness, present 
from birth and exclusively occurring in males. DMD is caused 
by an X-linked recessive frameshift mutation in the dystrophin 
gene that ensues absent or non-functional muscle dystrophin 
protein and resultant muscle fibre degeneration, leading to 
chronic peripheral inflammation.1 Dystrophin functions as 
a direct signalling molecule and connects the extracellular 
matrix to the cytoskeleton. It is a part of the dystrophin-
associated glycoprotein complex.2,3 It is the most common 
childhood muscular dystrophy with an estimated incidence of 
200 per million male live births.4 By the age of 3, patients with 
DMD exhibit motor inabilities in such as walking, running, 
climbing, jumping, waddling gait, difficulty in standing, 
followed by upper limb weakness and pseudohypertrophy by 
the age of 5. This is followed by progressive worsening of the 
symptoms and with death due to respiratory failure or cardiac 
arrhythmia before the third decade of life.5

In addition to skeletal muscle pathology and loss 
of physical strength, a subset of children with DMD is 
characterized by global cognitive impairment. Previous 
works suggest that in DMD patients, intelligence quotient 
(IQ) distribution is downshifted one standard deviation with 
a lower verbal IQ than performance IQ. It is reported that 
DMD patients might also have specific neuropsychological 
deficits including poor performance in working memory, 
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Abstract

Background: Duchenne Muscular Dystrophy (DMD) is a fatal muscular dystrophy of pediatric population coupled with 
other secondary comorbidities including mental retardation and neuropsychological impairments. Mutation location in the 
dystrophin gene, have been associated with neuropsychological functioning in DMD.
Purpose: We investigated temporal changes in the neuropsychological functioning of DMD subjects, hitherto understudied.
Methods: Subjects with suspected DMD were enrolled according to the ethical guidelines. Genetic confirmation by Multiplex 
Ligation Dependent Probe Amplification was carried out to identify pathogenic deletion or duplication in dystrophin gene. Intellectual 
and neuropsychological functioning was assessed by using standardized batteries. Investigated neuropsychological domains included 
visual, verbal and working memory, selective and sustained attention, executive functioning, verbal fluency, and visuo-constructive 
and visuo-spatial abilities. The assessments were carried out at baseline and followed for one time point in 30 cases.
Result: The follow-up assessment revealed that neuropsychological functioning did not worsen with time. Improvements 
were seen in block designing task (p = 0.050), serial positioning primacy effect (p = 0.002), Stroop incongruent task (p = 
0.006), visual long-term memory (p = 0.003) and attention (p = 0.001). DMD cases with mutation location affecting short 
dystrophin isoform (Dp140) also showed improvement in these domains.
Conclusion: No temporal alterations were found in DMD subjects, though improvements in few domains were observed. 
Neuropsychological rehabilitation may be useful in improving the quality of life in DMD subjects.
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DMD, neuropsychology, cognition, longitudinal, follow-up, dystrophin
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executive function, attention deficits, and impaired reading 
and language acquisition skills.1,6 Previous studies have led 
to hypothesis that these specific neuropsychological deficits 
resonate with cerebellar lesions due to similarity in cognitive 
impairments.7 Even though dystrophin is often characterized 
in muscles, it is also found in various other tissues including 
the brain. Multiple studies have shown the association 
between the loss of dystrophin and cognitive impairments. 
Multiple studies from both clinical and animal models 
attribute the lack of dystrophin expression in the brain to the 
development of the cognitive and behavioural alterations 
in DMD.8–10 Some patients with DMD also have a higher 
incidence of neurobehavioral disorders including attention-
deficit/hyperactivity disorder (ADHD), anxiety disorder, 
autism spectrum disorders (ASD), epilepsy and obsessive-
compulsive disorder. Experimental studies have found that 
dystrophin is expressed in neurons within specific brain 
regions including the cortex, cerebellar Purkinje cells, Cornu 
Ammonis (CA) region of the hippocampus, retina and the 
peripheral nerve. These might be responsible for some of the 
neuropsychological deficits.11

It is important to note that myelination is critical 
in the central nervous system (CNS) for complex brain 
processing and therefore the disorders affecting the neuronal 
myelination, by a process regulated by oligodendrocytes in 
the CNS, may produce neurological deficits.12 In a recent 
study, researchers have found that for proper maturation of 
oligodendrocytes and effective myelination during postnatal 
brain development, normal expression of dystrophin isoforms 
is required. Oligodendrocytes express three different 
forms of dystrophin, Dp427, Dp140 and Dp71, and loss of 
oligodendroglial dystrophin, particularly Dp427, was found 
to be contributory to neurodevelopmental deficits in their 
experimental mdx mouse model of DMD. In this study, in 
mice without functional Dp427 dystrophin protein had late 
development of myelination with significantly affecting the 
cerebral cortex.13 A past review identified lack of Dp427 to 
be associated with progressive muscle weakness in all DMD 
patients, likely responsible for both muscle degeneration and 
brain dysfunction.14

Despite involvement of common gene isoforms, 
Wingeier et al. in their study found no correlation of declining 
cognitive function with the progression of muscular deteri-
oration.7 Another study reported that cognitive impairment 
in DMD is non-progressive and unrelated to the severity of 
muscle disease. Additionally, varying phenotypic expressions 
of specific neuropsychological impairments is also notable in 
DMD patients.15 The reason for this divergence is inconclu-
sive, but this might be associated with the timing and locali-
zation of human dystrophin isoforms expression.1 In contrast, 
previous studies reported that intellectual functioning in DMD 
patients deteriorates as the disease progresses with progres-
sive reduction in all IQ scores.15 As previously noted, varying 
neuropsychological deficits affect overall cognitive perfor-
mance of the boys with DMD. For example, boys with DMD 

often have problems in short-term verbal working memory 
and increased risk of learning disability resulting from poor 
phonological awareness/processing. They often encounter 
problems with reading as discussed in a study, whereby 40% 
of boys with DMD have been shown to have reading prob-
lems. It is also found that they have lower academic achieve-
ment scores than expected of their level of cognitive func-
tioning.16 In addition to academic performance, they also face 
poor health-related global quality of life potentially posing 
them at risk of depression, anxiety and stress.17,18 A successful 
care of DMD patients thus requires comprehensive, multidis-
ciplinary plan including psychosocial care, in addition to a 
pharmacological approach.

In order to plan clinical trials to establish efficacy of inter-
ventions targeting different neuropsychological impairments, 
longitudinal studies in DMD patients are required. This will 
help to explore how, over the course of time, neuropsycholog-
ical function changes with progression of DMD. Additionally, 
this can help with risk stratification and screening and offering 
specific neuropsychological rehabilitation. Future studies 
could include acquisition of longitudinal data in order to 
examine which cognitive and neuropsychological functions 
in DMD are non-progressive or progressive. This is impor-
tant in counselling and future planning. Previous studies 
suggested that more research is needed about characterizing 
the features of neuropsychological profile in determining the 
use and effectiveness of cognitive rehabilitation and retraining 
for children with DMD.5 In-depth review of the literature has 
revealed that there are no longitudinal studies that have inves-
tigated whether the cognitive and neuropsychological impair-
ment in DMD is progressive. To the best of our knowledge, 
this is the global first longitudinal study which has described 
the neuropsychological function in DMD patients. The aim 
of this longitudinal study was to use a battery of intelligence, 
learning and memory tests to characterize the neuropsycho-
logical profile in boys with DMD by following them up for 
long-term changes in various domains.

Methods

Subjects: A total of 30 DMD subjects were recruited according 
to the guidelines of Institutional Ethics Committee (IEC) of 
Postgraduate Institute of Medical Education and Research, 
Chandigarh, India. Informed assent and written informed 
consent was obtained from the participants before enrolment. 
The study was approved by IEC vide no. INT/IEC/2015/732 
dated 19 November 2015. The recruitment guidelines adhered 
to the Helsinki Declaration. The DMD patients were enrolled 
with the help of Indian Association of Muscular Dystrophy 
(IAMD). Cases were also recruited retrospectively with 
the help of patient support groups. The prevalence-based 
sample size was derived, that is, 1/3500 males for DMD. 
For inclusion in the study, cases with characteristic clinical 
features of the Duchenne phenotype were identified. The cases 
with BMD or intermediate phenotypes and other myopathies 
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were not considered for inclusion. The entire study was 
conducted according to the quality assurance protocols of the 
Neuroscience Research Lab. Genetic diagnosis was carried 
out by Multiplex Ligation Dependent Probe Amplification 
(MLPA) as described previously.19,20

IQ: Malin’s intelligence scale for Indian Children 
(MISIC), an adaptation to Wechsler intelligence scale for chil-
dren (WISC), was employed to assess the IQ. Briefly, verbal- 
and performance-based IQs (VIQ and PIQ) were derived to 
finally form the IQ. VIQ was derived by six subtests, that is, 
information, comprehension, arithmetic, digit span, vocabu-
lary and similarity. PIQ was derived from four subtests, that 
is, picture completion, block designing (BD), coding and 
maze. The detailed description is provided in the supplemen-
tary material.

Neuropsychological Assessments: Neuropsychological 
assessments were carried out in 30 DMD cases. Memory 
(visual and verbal), attention (selective and sustained), 
executive functioning (cognitive flexibility, cognitive control, 
response inhibition, interference), verbal fluency (semantic and 
category) and visuo-constructive ability were assessed using 
standard test batteries including Rey Auditory Verbal Learning 
Test (RAVLT), Rey–Osterrieth Complex Figure Test (RCFT), 
Stroop Colour and Word Test (SCWT), Colour Cancellation 
Test (CCT), Children’s Colour Trail Test (CCTT), Visual 
Recognition test (VRT), Controlled Oral Word Association 
(COWA), Animal Naming Test (ANT). Follow-up assessments 
were carried out at single time point. The detailed description 
is provided in the supplementary material.

Statistical Analysis

We used SPSS version 21 to analyse the neuropsychological 
data. Normal distribution was analysed by Kolmogorov–
Smirnoff statistics. Normally distributed data was further 
analysed by paired t test. Level of significance was analysed 
at p < 0.05.

Results

Participants: A total of 30 cases diagnosed with DMD were 
enrolled. Participant demographic details have been provided 
in Table 1. Genetic investigations were carried out in all DMD 
cases. Representative electropherogram is provided in Figure 1.

Table 1. Details of Participants

Variables Mean (SD)

Cases n = 30

Gender All males

Age 11.54 (2.71)

Education 4.93 (2.87)

Age of onset 3.54 (1.41)

Disease duration 8.31 (3.17)

Follow-up duration 10 months

Dp140 isoform alteration n = 20

Source: Authors’ own data.

Figure 1. Electropherogram Obtained after Multiplex Ligation Dependent Probe Amplification (MLPA) PCR Followed by Capillary Electro-
phoresis of the Amplified Products. (A & B) Electropherogram and Ratio Chart Representing Profile of a Normal Control Sample. (C & D) 
Electropherogram and Ratio Chart Representing Deletions Between Exon 45–50 (see arrow) in the Patients Clinically Diagnosed for DMD. 
Ratio Between 0.70 and 1.30 is Considered in the Normal Range While a Ratio of 0.00 is Considered as Deletion (Depicted in Red Dots).

Source: Authors’ own.
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Longitudinal Analysis of Cognitive 
and Neuropsychological Profile in 
DMD Subjects

Follow up of 30 DMD subjects was carried out to assess 
the progression of impairment in the general and specific 
cognitive domains. The mean follow-up duration was 10 
months. Among the MISIC subsets, the DMD group showed 
marginally significant improvement in the block designing 
task (t = –2.074, p = 0.050). Moreover, the mean levels 

achieved in the block designing task was improved to two 
levels with significant improvement in the block designing 
efficiency (t = –2.706, p = 0.014). However, the mean time 
in completing the block designing task was significantly 
increased in the follow-up (t = –2.741, p = 0.013). An 
improved serial positioning effect of primacy component 
in trial 1 showed a statistically significant improvement (t = 
–3.422, p = 0.002). DMD subjects also performed better and 
took less time in the colour cancellation task in the follow-up 
(t = 3.929, p = 0.001). Remaining variables were comparable 
to the pre-follow-up status (Tables 2–5).

Table 2. Comparison of General Intelligence on Pre and Post Follow-Up in DMD Subjects (n = 30) Using Paired t Test

Cognitive Domain
and Neuropsychological Battery

Neuropsychological Battery 
Variables

DMD-Pre
Mean ± SD

DMD-F
Mean ± SD t Value P Value

• Verbal intelligence
• Performance intelligence
• General intelligence

Information 93 ± 14.63 94 ± 11.99 –0.576 0.570

Comprehension 84 ± 21.71 88 ± 12.43 –1.192 0.245

Arithmetic 85 ± 14.28 86 ± 11.60 –0.438 0.665

Digit span 88 ± 14.43 86 ± 14.97 0.974 0.340

Vocabulary 78 ± 11.57 75 ± 14.17 1.022 0.334

Similarity 94 ± 35.14 102 ± 33.26 –1.063 0.303

VIQ 89 ± 11.87 92 ± 13.36 –1.464 0.154

Picture completion 79 ± 21.14 83 ± 12.62 –1.078 0.293

Block designing 93 ± 30.23 103 ± 19.97 –2.074 0.050

Coding 84 ± 35.94 95 ± 23.60 –1.569 0.132

Maze 107 ± 39.00 110 ± 12.53 –0.414 0.683

PIQ 66 ± 10.80 63 ± 6.78 0.559 0.591

IQ 97 ± 14.00 100 ± 15.62 –1.419 0.167

Source: Authors’ own data.

Note: Bold values represent significant p values.

Table 3. Comparison of Neuropsychological Variables in DMD Subjects on Follow-Up (n = 30) Using Paired t Test for RAVLT Variables

Cognitive Domain
and Neuropsychological Battery

Neuropsychological Battery  
Variables

DMD-Pre
Mean (SD)

DMD-F
Mean (SD) t Value P Value

RAVLT
• Verbal learning
• Working memory
• Short-term verbal memory
• Long-term verbal memory

RAVLT-trial 1 6.68 (2.58) 7.50 (3.27) –1.856 0.074

RAVLT-trial 5 12.00 (3.09) 12.61 (2.45) –1.030 0.312

RAVLT-learning capacity 50.11 (12.44) 52.39 (12.86) –1.156 0.258

RAVLT-IR 11.04 (3.12) 11.71 (3.02) –1.565 0.129

RAVLT-DR 10.61 (3.00) 11.36 (3.65) –1.446 0.160

LTPR 90.02 (23.39) 90.50 (30.53) –0.066 0.948

RAVLT
• Serial positioning effect
• Working memory

Primacy T1 2.53 (1.23) 3.39 (1.34) –3.422 0.002

Middle-T1 1.96 (1.07) 2.17 (1.33) –0.691 0.495

Recency-T1 1.86 (1.09) 1.93 (1.65) –0.232 0.818

Primacy-total 18.60 (4.05) 19.92 (4.31) –1.655 0.110

Middle-total 15.53 (4.24) 16.35 (4.89) –1.107 0.278

Recency-total 15.10 (4.66) 16.60 (5.3) –1.499 0.145

RAVLT
• Susceptibility to interferences

Proactive interference 0.93 (0.34) 0.94 (0.68) –0.113 0.911

Retroactive interference 0.93 (0.19) 0.94 (0.26) –0.258 0.799

Forgetting speed 0.97 (0.18) 0.90 (0.29)  1.164 0.254

RAVLT efficiency 1.96 (0.28) 2.03 (0.34) –1.287 0.209

Source: Authors’ own data.

Note: Bold values represent significant p values.
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Table 4. Comparison of Neuropsychological Variables in DMD Subjects on Follow-Up (n = 30) Using Paired t Test

Cognitive Domain
and Neuropsychological Battery

Neuropsychological Battery 
Variables

DMD-Pre
Mean (SD)

DMD-F
Mean (SD) t Value P Value

COWA and ANT
• Executive Functioning Semantic 

Fluency
• Category Fluency

COWA-K 6.04 (3.65) 6.07 (3.31) –0.082 0.935

COWA-M 5.18 (3.76) 5.57 (3.26) –0.763 0.452

COWA-P 4.57 (3.61) 5.03 (3.15) –1.045 0.305

COWA-Avg 5.18 (3.48) 5.45 (3.03) –0.813 0.423

ANT 9.60 (3.67) 8.80 (3.26) 1.046 0.304

• Executive Functioning Cognitive 
Flexibility

• Cognitive Control
• Response Inhibition
• Interference

Stroop-w 52.14 (20.11) 60.91 (20.70) –2.523 0.020

Stroop-C 38.05 (13.78) 47.50 (15.87) –3.059 0.006

Stroop-CW 23.79 (9.14) 26.58 (14.98) –1.138 0.267

Stroop effect 1 14.18 (9.70) 18.50 (11.20) –1.617 0.121

Stroop effect 2 0.48 (0.16) 0.51 (0.26) –0.650 0.522

Stroop effect 3 0.65 (0.20) 0.61 (0.18) 0.876 0.391

RCFT
• Visuo-constructive ability
• Visual short and long-term 

memory

RCFT-Copy 31.05 (6.70) 32.52 (3.53) –1.068 0.298

RCFT-IR 21.39 (8.87) 23.98 (8.84) –1.661 0.111

RCFT-DR 21.05 (8.25) 25.09 (6.11) –3.417 0.003

Source: Authors’ own data.

Note: Bold values represent significant p values.

Table 5. Comparison of Neuropsychological Variables in DMD Subjects on Follow-Up (n = 30) Using Paired t Test

Cognitive Domain
and Neuropsychological Battery

Neuropsychological Battery 
Variables

DMD-Pre
Mean ± SD

DMD-F
Mean± SD t Value P Value

DIGIT span test
• Short term memory
• Working memory

DSF 5.17 (1.03) 5.30 (1.06) –0.680 0.503

DSB 3.17 (1.70) 3.04 (1.55) 0.680 0.503

Maze
• Visuo-spatial planning

MAZE-TT 158.87 (93.58) 165.73 (81.84) –0.272 0.790

MAZE-E 6.69 (8.31) 6.13 (8.66) 0.872 0.397

Block design test BD-TT 147.19 (104.72) 215.86 (105.21) –2.741 0.013

BD-levels 4.95 (2.73) 6.33 (2.73) –3.512 0.002

BD-EFFIC 0.22 (0.24) 0.35 (0.26) –2.706 0.014

CCTT and CCT
attention
• Divided attention
• Focused attention
• Interference

CCTT1 46.06 (21.76) 47.17 (24.67) –0.190 0.851

CCTT2 83.00 (39.65) 75.17 (34.82) 1.677 0.112

CCT 137.15 (60.20) 93.45 (40.47) 3.929 0.001

CCTT interference 0.89 (0.53) 0.79 (0.80) 0.466 0.647

CCT error 1.22 (2.02) 2.28 (2.08) –1.679 0.111

VRT
• Visual agnosia

VRT 8.05 (1.50) 8.48 (1.36) –1.441 0.165

Source: Authors’ own data.

Note: Bold values represent significant p values.

Table 6. Representing Temporal Changes in Neuropychological Functioning Due to DMD Gene Mutation Affecting Dp140 Isoform

Scale Variable Pre (SD) Post (SD) t Value P Value

RAVLT Primacy effect 2.50 (1.46) 3.22 (1.43) –2.060 0.050

SCWT SCWT-colour 37.46 (13.96) 46.00 (17.43) –2.504 0.028

RCFT RCFT-delayed recall 20.17 (9.21) 25.32 (6.15) –3.457 0.004

CCT Colour cancellation 155.86 (60.01) 105.21 (42.38) 3.317 0.006

Source: Authors’ own data.
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Effect of Mutation Location on Temporal 
Change in Neuropsychological Functioning

We analysed the trends of neuropsychological functioning in 
cases with distal mutation location affecting Dp140 isoform. 
Among 30 DMD subjects, 20 had mutations in the DMD gene 
affecting Dp140 isoform, that is, exon 44 or upstream. No 
changes in the cognitive and neuropsychological functioning 
were observed over time in majority of parameters except 
primacy, Stroop colour and word task-colour component, 
and RCFT-delayed recall, which showed improvement from 
baseline assessment as shown in Table 6.

Discussion

We provide a comprehensive longitudinal analysis of cog-
nitive and neuropsychological profile in DMD subjects. The 
detailed analysis of neuropsychological domains and their 
progressive nature in boys with DMD provide better under-
standing of the use and effectiveness of specific rehabilitation 
regime required for retraining these patients. Additionally, 
this will enable future interventional studies targeting specifi-
cally impaired neuropsychological function.

When investigating cognitive process, analysing different 
aspects of the function is critical. In the present study, 30 boys 
with DMD were assessed for the progression of impairment 
in the general and specific cognitive domains over a mean 
follow-up duration of 10 months. The findings of this study 
showed that after a mean follow-up of 10 months, boys with 
DMD had no change in their general, verbal and performance 
intelligence. Data regarding non-progressive nature of intel-
ligence was consistent with previous findings. DMDs have 
lower verbal IQ score than performance IQ score, and all IQ 
scores progressively reduce as the disease progresses.15, 21 The 
risk of cognitive deficit is determined by the location of muta-
tion in the DMD gene that ensues specific functional dystro-
phin isoforms as described earlier. For example, patients who 
get lower IQ score were found to have a mutation in the distal 
region of the gene, whereas those with full-length mutation 
had highest scores.22 However, our study confirmed supe-
rior cognitive performance on block design task, designed to 
assess visuospatial ability, with significant improvement in 
the designing efficiency.

The study also undertook the neuropsychological assess-
ment of boys with DMD for the RAVLT. We found a significant 
improvement in serial positioning effect of primacy compo-
nent. In this effect, the person is assessed for the tendency to 
better recall the first items in a list than those in the middle 
or last. The finding that DMD patients had improvement in 
primacy component reflects their ability to improve the long-
term memory after repeated exposures. However, there is a 
paucity of evidence that showed this effect in DMD patients. 
A previous study investigating serial positioning memory of 

boys with DMD found their inability to sustain attention to 
the task; however, temporal changes were not investigated.23

Furthermore, executive function and information 
processing speed were assessed with Stroop Colour Test 
(SCT), Stroop Colour and Word Test (SCWT), COWA 
test. Stroop test is used to measure cognitive flexibility and 
selective attention.24 Examination was performed at base-
line and during follow-up rounds. Our study found signifi-
cant improvement in the SCT during follow-up, suggesting 
improvement in the executive function of this population. 
The improved performance on tests assessing executive func-
tions such as cognitive flexibility is in contrast to a past study 
which showed poor performance on tests for executive func-
tion among DMD patients.25 Chamova et al. reported poor 
performance on all neuropsychological tests (general cogni-
tive abilities, verbal memory, attention and executive func-
tions) in patients with non-functional Dp140 isoforms.9 
Remmelink et al. examined the effect of an absent full-length 
dystrophins (Dp427) on behavioural consequences in DMD 
patients and found a deficit in cognitive flexibility.26

In our study, all other neuropsychological functions 
remained unchanged over the period. However, improvement 
in colour cancellation task, block design task, visual long-
term memory and primacy effect indicate possibilities 
of improvement in cognitive domains. The domains that 
remained unchanged can be further analysed in future studies, 
by profiling the expression of dystrophin isoforms in post-
mortem brain samples of the DMD patients. This will help 
elucidate underlying genetic basis for the observed variable 
phenotypic changes in the specific neuropsychological 
function. Additionally, interventional studies can enhance 
characterization of clinical and genetic variability and 
develop newer interventions specific to neuropsychological 
deficits. This may also serve to explore genotype-phenotype 
relationship in subsets of DMD patients with other coexisting 
neurodevelopmental disorders such as ADHD and ASD.

The significant improvement of executive functions in 
our study suggests that genetic prediction models can be 
developed to facilitate risk assessment, early detection and 
targeted treatment in such patient populations. Bailey et al. 
have recently developed a bioinformatics tool, called DMD 
Open access Variant Explorer (DOVE), to facilitate effective 
analysis of pathologic DMD gene variants, resulting in scope 
of precision medicine treatment for DMD.27

The functional improvement observed during the 
follow-up period shows that boys with DMD may be more 
amenable to neurocognitive rehabilitation. The substantial 
economic burden of physical and neuro-developmental 
disability makes DMD patients vulnerable. Several studies 
have shown such economic burden of DMD on patients 
and their family.28, 29 Since the advent and progress in 
multidisciplinary management for DMD, the functional 
outcome, quality of life and longevity of the patients have 
significantly been improved.
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Conclusion

The neuropsychological profiling of DMD patients provides a 
well-recognized pattern of cognitive strengths and weaknesses 
among DMD patients. This opens new vistas to explore other 
comorbid neurodevelopmental and neuropsychiatric disorders. 
The variation in phenotypic manifestation of neuropsychological 
deficits was found to vary with location of the DMD gene and 
effect of the mutation on CNS-expressed isoforms. Further 
research with larger sample size and multi time point analysis 
will be required to understand the involvement of various 
domains. The neuropsychological domains that remained 
unchanged need to be explored in future interventional studies 
with increased sample size in order to explore the changes 
on such domains and develop newer targeted neurocognitive 
interventions. Additionally, improved executive function in our 
study population reflects their receptibility to neurocognitive 
interventions. Future longitudinal studies with increased sample 
size and long-term follow-up are imperative.
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Summary

Introduction: Despite the identification of various
intrinsic and extrinsic risk factors associated with
ACL tear, the exact etiopathogenesis of ACL tear
is still incompletely understood. The evidence for
association of COL1A1 gene polymorphisms with
ACL tear has been somewhat conflicting.
Objective of the study is: to determine if rs1800012
and rs1107946 polymorphisms of COL1A1 gene are
associated with ACL tear in an Indian population
study group.
Methods: Fifty clinically, radiologically and surgi-
cally-proven ACL deficient patients and 52
healthy controls were included in the study. After
isolation of DNA from peripheral blood mono-
cytes, real time PCR was carried out to genotype
COL1A1 rs1800012 and rs1107946 polymor-
phisms.
Results: Both the groups were matched for age
and sex. Hardy Weinberg equilibrium was main-
tained for both genotypes. There was no signifi-

cant difference in the genotype or allele distribu-
tion between the case and control groups for both
rs1800012 (p=0.516) and rs1107946 polymor-
phisms (p=0.971 for GT and p=0.823 for TT) in this
preliminary study.
Conclusion: The rs1800012 polymorphism of
COL1A1 gene remains the first and most exten-
sively tested gene polymorphism for its associa-
tion with ACL tear. Under-representation of the TT
genotype has been observed in Swedish and
South African Caucasian populations with ACL
tear. This has not been noted in the Polish Cau-
casian population and in our study. More studies
with larger study samples from different ethnic
populations are needed before COL1A1 gene
polymorphism screening tests are incorporated
into ACL tear prevention programs.
Level of evidence: III b (case-control study).

KEY WORDS: anterior cruciate ligament (ACL), COL1A1
gene, single nucleotide polymorphism, genotype fre-
quency, allele frequency.

Introduction

Anterior cruciate ligament (ACL) tear is one of the
most common ligament injuries of the knee1,2. The
etiology of ACL tear has been proven to be multifac-
torial3, 4. Although various intrinsic and extrinsic risk
factors and their complex interaction have been iden-
tified and explored in great detail, the exact
etiopathogenesis of ACL tears has not yet been en-
tirely deciphered3, 4.
Over the last decade, 33 different single nucleotide
polymorphisms (SNPs) of various genes have been
investigated for association with ACL tear5-7. COL1A1
rs1800012 polymorphism was the first specific gene
polymorphism to be positively associated with ACL
tear3, 4. It is also the most extensively investigated
SNP in the literature with various research teams
having investigated the association between COL1A1
SNPs and ACL tear in different Caucasian population
subsets with mixed results5-8. However, till date, there
is no data from the Asian continent on the association
of COL1A1 SNPs and ACL tear7.
We conducted a genetic association, case-control
study to investigate the association between SNPs of
COL1A1 gene and ACL tear in the Indian population.
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Materials and methods

This study was carried out at the Postgraduate Insti-
tute of Medical Education and Research (PGIMER),
Chandigarh, India after obtaining clearance from the
institutional ethics committee. An informed, written
consent was obtained from subjects of both case and
control groups. The study has been conducted ethi-
cally according to accepted international standards
and meets the ethical standards of the journal9. 

Recruitment of participants
Fifty patients with clinico-radiologically and surgically
proven ACL tear were enlisted into the study group
from July 2012 to December 2013. The inclusion cri-
teria were: I) age between 18-40 years; II) no multi-
ligament injuries or signs of knee osteoarthritis; III) no
associated comorbidities. Fifty-two subjects with nor-
mal knees with no history of ligament/tendon injuries
were recruited as control subjects. All participants un-
derwent a thorough physical examination and com-
pleted a comprehensive proforma containing demo-
graphic details, mode of injury, relevant past, person-
al and family histories along with details of participa-
tion in sports. The participants who have only ACL in-
jury were included in the study. The diagnosis was
confirmed by both MRI and intra-operatively during
diagnostic arthroscopy. Multi-ligament injuries were
excluded from the study.
Experimentations pertaining to the study were per-
formed in Neuroscience Research Lab (NRL), De-
partment of Neurology, PGIMER, Chandigarh, India
which follows good laboratory practices (GLP). 
All experiments were performed using pre-calibrated

instruments; quality assurance norms and estab-
lished standard operating protocols (SOP) were ad-
hered to. Records were maintained in Data Record-
ing Sheets (DRS) by qualified research scholars; as
prescribed by the OECD (Organisation for economic
co-operation and development) guidelines, the inves-
tigators were blinded to the samples.

DNA extraction
Venous blood (5 ml) was drawn into an ethylenedi-
aminetetraacetic acid (EDTA) vaccutainer and stored
at room temperature for 2 hours to allow sedimenta-
tion of red blood cells. The upper layer was then aspi-
rated and placed over the same amount of ficoll
paque solution (Amersham Biosciences, USA) fol-
lowed by centrifugation at 1800 rpm for 30 minutes.
After centrifugation, the peripheral blood monocytes
(PBMC) settle as a thin middle layer; the PBMC were
separated and kept in a separate tube. The PBMC
was now subjected to centrifugation at 5000 rpm for 5
minutes, washed with phosphate-buffered saline
(PBS) and processed for DNA isolation. Next, the ge-
nomic DNA was isolated using commercially-avail-
able QIAGEN DNeasy kit. Ultraviolet-visible spec-
trophotometry (Backman Coulter) was used to quanti-
fy the DNA. Electrophoresis on 1% agarose gel (Bio-
rad) was performed to validate the quality of DNA
(Fig. 1).

COL1A1 genotyping
RT-PCR (real-time polymerase chain reaction) was
used to analyse SNPs and a 48-well StepOneTM (Ap-
plied Biosystems Inc, Foster City, USA) RT-PCR in-
strument was used for the same. RT-PCR was car-

Muscles, Ligaments and Tendons Journal 2018;8 (1):15-2216

S. Prabhakar et al.

Figure 1. Genomic DNA
isolated from PBMCs sub-
jected to electrophoresis on
1% agarose gel for quality
verification.
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ried out for 20 μL solution (containing 10 μL master
mix, 5 μL assay, 20 ng DNA and 5 μL molecular biol-
ogy grade water). All these reactions were carried out
using TaqMan®/SYBRTM Green pre-designed geno-
typing assays according to the manufacturers’ recom-
mendations. Both alleles in genotyping assay were
tagged two reporter dyes namely VIC and FAM to de-
tect the SNP changes at the particular locus. Soft-
ware Step OneTM v2.0 (Applied Biosystems, Foster
City, USA) was utilised to perform amplification and
to estimate SNPs followed by importing of the fluores-
cence (Rn) values recorded during the plate read us-
ing the Sequence Detection System (SDS) software.
The DNA samples were genotyped for COL1A1
rs1800012 and rs1107946 SNPs using PCR amplifi-
cation. 

Statistical analysis
The SPSS (Statistical Package for the Social Sci-
ences) software (version 16.0) was used for data
analysis. Normal quantile (Q-Q) plots were construct-
ed to check for the normality of the data distribution.
Unpaired Student’s t-test was used to test the associ-
ation between cases and controls. Before proceeding
to genotyping analysis, Hardy-Weinberg equilibrium

was tested; the genotypes for each SNP were strati-
fied for homozygosity and heterozygosity, and of the
respective allelic variant. Pearson’s chi-square test
and Cochran-Mantel-Haenszel equation were applied
for the genotyping result analysis.

Results

SNPs analysis of rs1800012 (Sp1 binding site) and
rs1107946 of COL1A1
Frequency of both genotypes GT and TT of rs180
0012 locus haven’t shown any significant association
with ACL tear. Similarly, frequency of T alleles
(p=0.5163) did not show any correlation with patholo-
gy. Conclusively, results of rs1800012 SNP analysis
shown no statistically significant difference in both
genotype as well as (Supplementary information
Table I) (p=0.516) between ACL and control groups
(Tab. I, Fig. 2). All groups were in Hardy Weinberg
equilibrium (HWE value=0.11). 
Moreover, genotype (GT and TT p=0.9711, p=0.8226,
respectively) of rs1107946 SNP did not reveal any
association with ACL pathology as compare to con-
trols. Additionally, genotype ad allele frequency (sup-
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Table I. Effect of genetic variants of rs1800012 on ACL tear phenotype

Genotype Number OR 95%CI Z- statistics Value

ACL Controls

GG 1 0 Reference

GT 7 7 * * * *

TT 39 43 * * * *

Figure 2. Graph depict-
ing relative frequency of
genotypes (GG, GT and
TT) for rs18000012 po -
lymorphism of COL1A1
gene.
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plementary information Tab. II) of the same locus has
also not shown any statistical difference between
ACL control groups (p=0.7665) (Tab. II, Fig. 3).

Discussion

ACL tear has a complex, multifactorial etiology; an in-
teraction between predisposing genetic factors, envi-
ronmental and intrinsic risk factors has been pro-
posed by multiple research groups3,4. Overall, 20
genes (33 different genetic variants) have been in-
vestigated for their association with ACL tear; out of
these, 10 gene polymorphisms (SNPs) and 8 haplo-
types have been linked to ACL tear5,6. Till date, four
different research groups have tested for the associa-
tion of COL1A1 polymorphisms with ACL tears (Tab.
III)10-13. These studies linking gene polymorphisms to
ACL tears are essential as these tests can be used to
predict injury risk in athletes and alter clinical man-
agement protocols and training regimens in these
“high-risk” individuals.
The ACL is predominantly made up of collagen protein

(75%) which is encoded by different collagen genes;
each type of collagen performs diverse functions14. The
major structural collagen in ACL is type I collagen
(comprising 70% to 80% of the dry mass of ACL). Type
I collagen is a heterotrimer of two α1 and one α2
chains; these two chains are encoded by COL1A1 and
COL1A2 genes respectively15. The COL1A1 gene is lo-
cated on the long arm of chromosome 17 (17q21.3-
q22) whereas the COL1A2 gene is located on the long
arm of chromosome 7 (7q22.1). The COL1A1 gene
consists of 52 exons and is 18kb in size16. It has been
found that the substitution of G to T at the binding site
of Sp1 (rs1800012) consequently led to enhanced ex-
pression of proteins concomitant with the increased
binding affinity of Sp1. (Fig. 4)17.
The rs1107946 SNP is located in the proximal pro-
moter region of COL1A1 gene at position -1997 rela-
tive to the transcription start site12. This SNP has
been associated with bone mineral density (BMD)
and has a role in the in vitro regulation of os-
teoblasts18,19. It has been investigated for an associa-
tion with ACL tear susceptibility by Ficek et al.12 who
reported no independent association.
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Table II. Effect of genotypic variants of COL1A1 rs1107946 on ACL tear phenotype.

Genotype Number OR 95%CI Z- statistics p-value

ACL Control

GG 7 8 Reference

GT 17 19 1.023 0.306- 3.419 0.036 0.971
TT 23 23 1.143 0.356 - 3.673 0.224 0.823

Figure 3. Representative
amplification plot for ACL
control and patient PBM-
Cs from SNP genotyping
analysis for rs1107946
variant.
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Table III. Summary of all studies investigating association of COL1A1 SNPs and ACL tear. 
 
Sno Authors 

(Year) 
Population SNP 

analysed 
Sample size Salient Results of study 

1 Khoschnau  
et al. (11) 
2008 

Sweden rs1800012 558 (233) TT genotype of the was shown to be 
significantly under-represented in participants with 
ACL tears ( nly 1 in 233 cases had this 
genotype). The presence of TT genotype was 
postulated to be protective against ACL tear. 

2 Posthumus  
et al. (10) 
2009 

South Africa rs1800012 247 (117) Under-representation of TT genotype in ACL 
group (OR = 0.08 (95% CI, \0.01-1.46); p = 0.031) 

3 Stepien-
Slodkowska 
et al. (13) 
2013 

Poland rs1800012 366 (183) Risk was 1.43 times lower in carriers of a minor 
allele G as compared to carriers of the allele T 
(p=0.045). 
No under-representation of the TT genotype 
noted  

4 Ficek et al. 
(12) 2013 
 

Poland rs1800012 
rs1107946 

234 (91) 
 

No significant association of genotype/allele 
distribution with ACL tear. 
No under-representation of the TT genotype 
noted

5 This study India rs1800012 
rs1107946 

102 (50) No significant association of genotype/allele 
distribution with ACL tear 
No under-representation of the TT genotype 
noted  

 

Figure 4. Diagrammatic representation of COL1A1 gene locus on chromosome 17, and functional polymorphism at the Sp1
site from guanine (G) to thymidine (T).
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Although a familial predisposition to ACL tear was
postulated by Harner et al.20 and Flynn et al.1,
Khos chnau et al.11 were the first to investigate for a
specific gene polymorphism linked to ACL tear. They
reported that the TT genotype of the rs1800012 poly-
morphism was significantly under-represented in
patients with cruciate ligament tears and shoulder
dislocations11. Posthumus et al. have investigated
the genetic association of rs1800012 (COL1A1) in
117 Caucasian ACL individuals (surgically diag-
nosed) and 113 controls. Results have demonstrat-
ed the lack of TT genotype in ACL participants (ze-
ro in 117 ACL individual) as compared to controls
(6 in 113 individuals) (p=0.031). The results have
suggested the imperative role of TT genotype in
ACL pathology. 
Stepien-Slodkowska et al.13 tested 321 male skiers
(138 cases and 183 controls) for the association of
rs18000012 polymorphism with ACL tear. Results
showed 1.43 times lower risk of ACL tear was ob-
served in G allele as compared to T allele in the ACL
individuals (p=0.045). However, they did not observe
under-representation of the TT genotype in the ACL
group unlike the previous two studies10, 11.
Ficek et al.12 tested both rs1800012 and rs1107946
SNPs for their association with ACL tear in 377 male
Polish soccer players (234 cases and 143 controls).
They observed that both these SNPs were not signifi-
cantly associated with ACL tear (p=0.228 for
rs1107946 and p=0.138 for rs1800012 polymor-
phism). However, on performing a further haplotype
analysis of these two SNPs, they noted that a higher
frequency of the COL1A1 G-T (rs1800012 and
rs1107946) haplotype expression was significantly
associated with decreased risk of ACL tear (haplo-
type score, -1.98; p= 0.048)12. It is to be noted that
both these Polish studies were exclusively limited to
male populations and therefore it was not possible to
ascertain gender-specific association unlike Posthu-
mus et al.10.
Due to a non-Mendelian inheritance pattern, the as-
sociation between COL1A1 SNPs and ACL tear is
quite complex unlike the Mendelian-inherited genetic
diseases of COL1A1 gene (e.g.: osteogenesis imper-
fecta)15,17,21. Complex gene-gene and gene-environ-
ment interactions alter the severity of the phenotype
in non-Mendelian pattern inherited conditions like ACL
tear7, 21. Recently, Yao et al. linked the rs1107946 poly-
morphism to the geometric size of ACL in the Chi-
nese population22. Bell et al.23 have linked the
rs1800012 polymorphism to increased knee joint laxi-
ty. Both geometric size of ACL and joint laxity are in-
dividual intrinsic risk factors for ACL tear; therefore,
COL1A1 SNPs may predispose a person to an ACL
tear in more ways than one.
It is also interesting to note that, COL1A1 SNPs have
also been associated with other sports injuries like
Achilles tendinopathy, tennis elbow and shoulder dis-
locations11,17,23,25. Wang et al. examined association

of SNPs and sports-related ligament and tendon
COL1A1 injuries (like ACL tear, Achilles tendinopa-
thy, tennis elbow and should dislocation). They ob-
served that the rare TT genotype may be protective
against these sports-related ligament/tendon in-
juries7. Apart from sports injuries, the rs18000012
SNP of COL1A1 gene has most notably been linked
to osteoporosis; various other complex disorders of
connective tissue, including, myocardial infarction,
lumbar disc disease and stress urinary incontinence
have also shown association with this SNP26-29.
Our study showed that COL1A1 rs1800012 and
rs1107946 polymorphisms were present in the Indi-
an population, follow the Hardy-Weinberg equilibri-
um but do not seem to be associated with ACL tear.
This is similar to the results obtained by Ficek et
al.12 in the Polish population. There was no under-
representation of the TT genotype in patients with
ACL tear in the Indian population subset as noted by
Posthumus et al.10 and Khoschnau et al.11 in South
African and Swedish Caucasian populations respec-
tively. 
This is the first study from Asia to test the association
between ACL tear and COL1A1 gene polymorphisms.
Malila et al.30 have conducted the only other Asian
genetic association study for ACL tear. They studied
the association between matrix metalloproteinase
(MMP) genes and ACL tears and observed no signifi-
cant association30. It is to be noted that all other
COL1A1 genetic association studies have been per-
formed on Caucasian study subjects10-13. There are,
however, a few limitations of this study. Most of the
patients are from the northern region of India and the
results could vary significantly if patients from other
parts of the country are tested. The sample size is
relatively small compared to similar studies; however,
this is a preliminary study of a larger ongoing re-
search project. Also, the number of female partici-
pants in the study was less; however, the primary ob-
jective of the study was not to look for gender-specific
association.

Conclusion

In conclusion, this study found that there is no signifi-
cant association between rs1800012 and rs11079846
polymorphism frequencies with ACL tear in the Indian
population unlike most other Caucasian studies. Ge-
netic research studies and tests will pave the way for
customised preventive measures and personalised
nutrition, training regimens to help reduce the inci-
dence of ACL tears31. However, we believe that larg-
er studies in different ethnic populations are needed
across the world to define the association of this spe-
cific sequence variant with ACL tear before incorpo-
rating these genetic screening tests in an ACL tear
preventive model.
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Abstract

Background

The role of chemotactic protein CCL2/MCP-1 has been widely explored in age related mac-

ular degeneration (AMD) patients as well as animal models through our previous studies.

Aim

Aim of the study was to examine the association of another variance of CCL2, rs1024611 in

pathophysiology of AMD.

Methods

This particular SNP has been found to be involved in inflammatory processes in various dis-

eases. Total 171 subjects were recruited in the study with all demographic details by admin-

istering a standard questionnaire. SNP analysis was performed with TaqMan assay. Linear

univariate and ANCOVA modeling was performed to show the interaction of rs1024611 with

another SNP variant of CCL-2/CCR-2 (rs4586 and rs1799865) and impact of individual

genotypes on CCL-2 expression in the context of AMD pathology.

Results

Results showed that both heterozygous (AG, p = 0.01) and homozygous (GG, p = 0.0001)

genotypes are associated with AMD pathology. Allele frequency analysis showed that ‘G’

allele is frequent in AMD patients as compared to controls (p = 0.0001). Moreover, AMD

patients who smoke were found to be associated with ‘AG’ genotype (p = 0.0145). Although,

we did not find any significant interaction between the SNP variants by linear univariate
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analysis but results show the effect of ‘CT’ genotype on ‘TT’ genotype in rs4586 by consider-

ing rs1024611 as covariate.

Conclusion

Based on these results it is imperative that CCL2 mediated pathology may be associated

with AMD.

1. Introduction

AMD can be defined with several pathological conditions including drusen formation, macro-

phages infiltration, apoptosis of retinal cell layers and new blood vessels formation from the

choroid. The inflammatory processes have been reported in AMD to result in drusen deposits

(dry AMD) which can further provoke the wet AMD pathology. Consequently, these patholog-

ical conditions lead to impaired visual function. Chemokine (C-C motif) ligand-2 (CCL2 or

monocyte chemoattractant protein-1) plays an important role in recruitment of monocytes

from peripheral blood [1, 2]. The cellular inflammatory processes have been implicated in sev-

eral degenerative diseases (e.g. multiple sclerosis, Alzheimer disease, arthrosclerosis, rheuma-

toid arthritis etc.) including cancer.

We wanted to examine whether there is a human link to our previous study in which we

showed that CCL2 produced from mice RPE or choroids facilitates choroidal macrophage

recruitment mediated by C5a and IgG as shown in CCL2-/- mice study. Therefore, impaired

macrophages infiltration would be expected to show AMD features from accumulation of IgG

and C5a and further activation of vascular endothelial growth factor (VEGF) [3]. We have also

found that ‘TT’ genotype of both CCL2 (rs4586; p = 0.003) and CCR2 (rs1799865; p = 0.015)

genes is significantly associated with AMD pathology. In case of multivariate analysis the ‘TT’

genotype for both genes i.e. CCL2 (rs4586) and CCR2 (rs1799865) were also significantly asso-

ciated with AMD pathophysiology after adjusting for age (p = 0.005) and gender (p = 0.017)

respectively. Moreover, elevated expression levels of CCL2 and CCR2 in serum and lympho-

cytes respectively, in AMD patients, as compared to controls, have also indicated the effect of

chemokine ligands and receptors mediating cellular inflammatory processes in AMD patho-

physiology [4]. Interestingly, Despriet et al did not find any correlation of major alleles in both

CCL2 and CCR2 haplotypes with AMD patients, however, this study did not include Indian

AMD patients. Instead, the minor allele of one haplotype was found to be significant (p = 0.03)

with disease phenotypes but there was no effect on mRNA expression profile of these genes in

Caucasian population including both Netherlands and USA populations raising the impor-

tance of genetic epidemiology in AMD[5].

2. Materials and methods

2.1 Participants

111 AMD and 60 controls were recruited from Advanced Eye Centre, Post Graduate Institute

of Medical Education and Research (PGIMER), Chandigarh, India to conduct the study. Par-

ticipants were included only after obtaining written consent forms. The ethical clearance of

the study was obtained from Institutional Ethical Committee (IEC), PGIMER, Chandigarh,

India vide letter number Micro/10/1411.

CCL2 genetic variant rs1024611 in India AMD pathology
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2.2 AMD diagnosis

AMD patients were recruited on the basis of their disease phenotypes observed under fundus

angiography (FA) and optical coherence tomography (OCT) by retinal specialists. Various

ophthalmic parameters were also screened which included pupils dilation, best corrected

visual acuity (BCVA), and opacity of lens by slit lamped microscopy.

2.3 Demographic information

Demographic details of the participants were obtained to correlate with the genetic outcome of

the study of AMD patients and further compared with controls. The standard questionnaire

which includes the set of queries related to food habits, smoking, and their associated co-mor-

bidities (cardiovascular history, hypertension or diabetes etc) were collected (Table 1).

2.4 Inclusion and exclusion criteria

AMD patients were recruited after comprehensive ophthalmological examination by retinal

specialist. >5 drusen with size of 125 microns in at least one eye were included as AMD

patients. Other pathological features of AMD like leaky blood vessels (by FFA) and degenera-

tion of macular photoreceptors (by OCT) were also included as AMD patients. The partici-

pants with less than 5 drusen with size of 60 microns were considered as control subjects. Any

pathological conditions resembling AMD phenotypes (e.g. uveitis, retinal dystrophy, vein

occlusion, neovascularization due to diabetic retinopathy etc) were excluded from the study.

The age below 50 years were also excluded from the study.

2.5 PBMCs isolation

5ml blood was taken from all participants in EDTA vial and was kept at room temperature for

separation of two layers. Supernatant of the samples layered on equal volume of histopaque

Table 1. Demographic characteristics of controls and AMD patients.

Variables AMD Controls

Total 111 60

Male 74 39

Female 37 21

Duration of disease¥ 24.35 M —

Dry 28 —

Wet 83 —

Smokers 48 11

Non Smokers 63 43

Vegetarian 59 31

Non Vegetarian 52 23

Comorbidity 81 10

No Comorbidity 28 44

Age 65±7 61±13

Clinical and demographic details of subjects. AMD, age related macular degeneration; M, Months; Age, Age of onset;

Values are mean ± SD or (percentage)

¥ Duration of disease is the interval between appearance of first symptom of AMD and collection of sample. AMD

subjects were asked to provide all clinical and demographic details at the age of disease-onset.

https://doi.org/10.1371/journal.pone.0193423.t001
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(SIGMA-ALDRICH, USA) and further centrifuged at 1800rpm for 30minutes. The middle

buffy coat were washed with 1X PBS and stored at -80˚C for further use.

2.6 DNA isolation

Genomic DNA was extracted from PBMCs by commercially available genomic DNA kit (QIA-

GEN, Germany or INVITROGEN, USA) as per the manufacturer’s instruction. Concentration

and purity of genomic DNA were measured by UV spectrophotometer (BeckMan Coulter,

USA). The extracted DNA was appropriately coded and stored for further use.

2.7 Genotyping assay

Single nucleotide polymorphism (SNP) analysis of CCL2 rs1024611 was carried out with SNP

genotyping TaqMan assay in StepOne real time PCR machine (Applied Biosysystems Inc., Fos-

ter city, CA). Reaction set up contained genomic DNA concentration of 20ng and 5μl TaqMan

assay (Applied Biosystems). Final volume of the reaction was made up with master mix up to

20μl. Probes were tagged with FAM and VIC dyes to discriminate the allelic changes located at

rs1024611 in the SNP assay which posses 5’ nuclease activity. The negative control (without

genomic DNA) was also put in reaction setup. The overall protocol for SNP analysis was fol-

lowed as per the manufacturer’s instruction. The SNP analysis and reaction amplification was

done with StepOne V 2.0 software (Applied Biosysystems Inc., Foster city, CA). Fluorescence

generated from the SNP discrimination reaction was analyzed by Sequence Detection Software

(SDS). The analysis was done between fluorescence amount (Rn value) versus amplification of

the products.

2.8 Statistical analysis

Genotyping data obtained from SNP analysis was categorized in homozygous and heterozy-

gous variants. The association with SNP changes among various groups was analyzed by Pear-

son’s Chi square test. Binary logistic regression model was used to get best line fit of

distributed genotypes in the population. The correlation with SNP data and strength with dis-

ease phenotype (Odd’s ratio or OR) with 95% confidence interval was calculated by logistic

regression. All results in SNP correlation with disease pathology were considered significant

when analysis p value were less than 0.05.

2.9 Linear univariate and ANCOVA analysis

To analyze the impact and/or interaction of rs1024611 (lies in promoter region) on previously

published SNP rs4586 (lies in coding region) of CCL-2 and its receptor rs1799865 (Anand

et al., 2012) [4], we performed linear univariate modeling. Moreover, ANCOVA analysis was

also carried out to test the main effect of rs10246 on other two SNPs and vice versa by assum-

ing any one of them as covariate. We also derived the interaction model further to identify

whether presence of one SNP aggravates the AMD pathology. Bonferroni correction analysis

for multiple comparisons was done to exclude the false positive outcome of the results.

3. Results

3.1. Genotype analysis

The studied population was consisting of 111 AMD patients and 60 controls. The demo-

graphic details of the population are given in Table 1. The effect of particular genotype with

reference to disease phenotypes has been shown in Table 2. The genotype analysis revealed

both heterozygous AG and homozygous GG genotypes have their deleterious effects on AMD

CCL2 genetic variant rs1024611 in India AMD pathology
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pathology as compared with controls (p = 0.01 & p = 0.0001 respectively). On the contrary,

any of the genotypes including AA, GA and GG did not demonstrate any association with wet

and dry form of AMD. Moreover, the allelic frequency data (Table 3) showed that ‘G’ allele, in

comparison to ‘A’ allele in the A/G genotype, has shown significant association with progres-

sion of AMD pathology. Similarly, both A and G alleles did not show any effect on both forms

of AMD. Moreover, we have also depicted the odd’s ratio (OR) of both allele and genotype fre-

quencies have also been plotted in Fig 1 for AMD and controls.

The genotype data was further associated with socio-demographic and co-morbidity vari-

ables of the participants (Table 4). The logistic regression analysis demonstrated that heterozy-

gous genotype ‘AG’ has found to be associated with smoking habits and progression of AMD

pathology. But both AA and GG genotype haven’t shown any correlation with smoking. None

of the genotypes i.e. AA, GA and GG have demonstrated significant correlation with comor-

bidity. However, GG genotype may have association with comorbidity (p = 0.0625). Food hab-

its of the participants were not found to bear significant association with any of the genotypes.

Using (i) chi-square value (ii) effect size (iii) degrees of freedom used in association (iv)

level of significance, and (v) number of observations, the power of the study has been com-

puted. All calculations were made in R software using pwr.chisq.test (w = effect size,

N = number of observations, df = degrees of freedom, sig. level = 0.05, power = NULL). By

specifying all other parameters, the power has been computed for various associations. In all

associations, the power was found to be more than 80%”.

3.2. Individual SNPs impact on AMD pathology

We have already reported exonic SNP variant of CCL2 (rs4586) and its receptors (rs1799865)

were found to be associated with AMD progression [4]. Promoter SNP variants of CCL2
(rs1024611) and CCL2 receptor (rs1799865) interaction was non-significant (F = 1.099;

Table 2. Effect of CCL2 rs1024611 variants on disease phenotype.

Genotype Number (frequency) OR 95%CI P Value

CCL2 rs1024611

AMD Controls

AA 40 (3.6) 41 (6.83) Reference

AG 40 (3.6) 16 (2.67) 2.56 1.24–5.29 0.01

GG 31 (2.8) 3 (0.5) 10.59 2.99–37.43 0.0001

Wet AMD Dry AMD

AA 29 (34.9) 11 (3.93) Reference

AG 33 (39.8) 7 (2.50) 1.78 0.61–5.21 0.28

GG 21 (25.3) 10 (3.57) 0.8 0.28–2.21 0.66

https://doi.org/10.1371/journal.pone.0193423.t002

Table 3. Allele frequency of CCL2 in AMD and normal controls.

Allele Number (frequency) OR 95%CI P Value

CCL2 rs1024611

AMD Controls

A 120 98 Reference

G 102 22 3.7864 2.2232 -6.4485 0.0001

Wet AMD Dry AMD

A 91 29 Reference

G 75 17 1.4059 0.7178–2.753 0.3205

https://doi.org/10.1371/journal.pone.0193423.t003
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p = 0.359). Moreover, there is no interaction between both CCL2 SNP variants i.e. promoter

and exonic variants (rs1024611 and rs4586) (F = 1.824; p = 0.127) (Fig 2A). However, the lin-

ear univariate modeling shows that the interaction between both SNPs i.e. rs1799865 and

rs4586 is non-significant (F = 0.254; p = 0.907) (Fig 2B). Although, Fig 2A shows slight inter-

action but it is statically non-significant. Therefore, we observed that all 3 SNPs (rs1024611,

rs4586 and rs1799865) were impacting the AMD pathology individually.

3.3. ANCOVA analysis

Since all the interactions between factors and co-variates were found to be non-significant,

therefore, analysis of co-variance was performed with expression levels of CCL2 as dependent

variable and other SNP variants as factors/covariates. For different factors and covariates, the

results are presented in Table 5. By considering rs1024611 as covariate and three genotypes of

CCL2 rs4586 (TT = 2, CT = 1 and CC = 0) were compared by taking TT as reference. It was

Fig 1. Schematic representation of odd’s ratio (OR) for both genotypes and allele frequencies of rs1024611 locus. (A) Genotypes frequency (B) allele frequency.

https://doi.org/10.1371/journal.pone.0193423.g001

Table 4. Logistic regression of the association of CCL2 and progression of AMD.

Genotype Number (frequency) OR 95%CI P-value

CCL2 rs1024611

Non Vegetarian AMD Vegetarian AMD

AA 16 (0.31) 24 (0.41) Reference

AG 23 (0.44) 17 (0.29) 2.0294 0.8329 to 4.9448 0.1193

GG 13 (0.25) 18 (0.30) 1.0833 0.4175 to 2.8109 0.8693

Smokers AMD Non Smokers AMD

AA 12 (0.25) 28 (0.44) Reference

AG 23 (0.48) 17 (0.27) 3.1569 1.2554 to 7.9384 0.0145

GG 13 (0.27) 18 (0.29) 1.6852 0.6306 to 4.5035 0.2981

AMD with Comorbidity AMD without Comorbidity

AA 27 (0.33) 13 (0.46) Reference

AG 27 (0.33) 11 (0.39) 1.1818 0.4507 to 3.0989 0.7341

GG 27 (0.33) 4 (0.14) 3.2500 0.9394 to 11.2437 0.0627

https://doi.org/10.1371/journal.pone.0193423.t004
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observed that for a fixed reference TT, CT was found to be significantly (p = 0.027) affecting

the TT genotype. However, there was no effect on CC genotype (p = 0.356). Similarly, three

genotypes of CCR-2 rs1799865 SNP variant (CC = 2, CT = 1 and TT = 0) were also compared

with rs1024611 CCL2 variants considering as covariate and TT genotype as reference. Remain-

ing both genotypes i.e. CT and CC were not found to be affecting TT genotype (p>0.05).

Moreover, in case of CCL-2 exonic variant as covariate and TT genotype of CCR-2 variants as

reference, analysis showed no significant effect of CCR-2 rs1799865 genotypes CT and CC on

TT genotype (p>0.05). Therefore, impact of genotypes of CCL-2 (both promoter, the coeffi-

cient of rs1024611 is significant, as well as exonic SNP variants) and CCR-2 genes on reference

genotypes may lead to the predictive modeling which may support the experimental evidence

Fig 2. Linear univariate modeling analysis. The interaction shows between (A) rs1024611 and rs4586. Heterozygous 1/2 (AG); homozygous 1/1(AA); and homozygous

2/2(GG) of rs1024611; (B) between rs1799865 and rs4586 with levels of CCL-2. Heterozygous 1/2 (CT); homozygous 1/1(CC); and homozygous 2/2(TT) of rs4586.

https://doi.org/10.1371/journal.pone.0193423.g002

Table 5. ANCOVA analysis to determine the affect of genotypes on reference genotype and expression levels by considering one SNP as covariate.

CCL-2 levels as dependent variable

Covariate

Factors

Parameter B Std. Error t-value p-value

Intercept 0.007 0.002 4.459 0.000

CCL2 rs1024611 0.003 0.001 2.832 0.005

[CCL2 rs4586 = CC] -0.002 0.002 -0.925 0.356

[CCL2 rs4586 = CT] -0.005 0.002 -2.228 0.027

[CCL2 rs4586 = TT] Ref . .

Covariate

Factors

Intercept 0.004 0.002 2.410 0.017

CCL2 rs1024611 0.004 0.001 3.338 0.001

[CCR2 rs1799865 = CC] 0.002 0.002 1.301 0.195

[CCR2 rs1799865 = CT] -0.003 0.002 -1.283 0.201

[CCR2 rs1799865 = TT] Ref . . .

Covariate

Factors

Intercept 0.008 0.002 4.725 0.000

CCL2 rs4586 0.001 0.001 1.389 0.167

[CCR2 rs1799865 = CC] 0.000 0.002 -0.086 0.931

[CCR2 rs1799865 = CT] -0.004 0.002 -1.558 0.121

[CCR2 rs1799865 = TT] Ref . . .

https://doi.org/10.1371/journal.pone.0193423.t005
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of enhanced expression of CCL-2 in AMD patients as compared to controls, and/or may also

modify the binding affinity of CCL-2 ligand with its receptor (CCR-2).

Therefore, we have proposed a univariate model in Eq 1:

yij ¼ mþ ai þ bjxij þ eij ð1Þ

Where yij: represent CCL-2 expression, and

μ: overall general effect

αi: effect of ith genotype

xij: covariate

eij: error with mean 0 and variance σ2

To rule out the false positive outcome of the results obtained from SNPs interaction and the

ANCOVA analysis, we applied the Bonferroni correction for multiple comparisons. It is evi-

dent from Table 6 that for CCL2 rs1024611 the mean difference CCL-2 levels while comparing

genotypes AG versus GG and AA versus GG were significant (p<0.05) whereas AG versus AA

were non-significant (p>0.05). However, for CCL2 rs4586 and CCR-2 rs1799865 all multiple

comparisons were revealed non-significant results (Table 6).

4. Discussion

The role of chemokine receptors and their ligands in relation to inflammatory processes in

AMD is well documented. Most macrophages or microglial cells express the receptors for che-

mokine ligands and show the chemotactic movements with chemokines gradient at inflamma-

tory site. Both chemokine receptors CX3CR1 and CCR-2 are expressed on inflammatory

macrophages but non-inflammatory macrophages contain only CX3CR1 receptor [6]. Pro-

longed and persistent existence of macrophages in sub retinal space results in the release of

various chemokines and angiogenic factors which consequently stimulate the accumulation of

drusen at local inflammatory sites. CX3CR1 variant (M280) have shown the defective migra-

tion of macrophages at inflammatory site and found to have enhanced interaction with its

ligands in retinal transmembrane [7]. The functional studies have revealed that these cascades

of pathological changes in the retinal layers and surrounding microenvironment leads to

prominent disease phenotypes i.e. formation of drusen, atrophy of photoreceptors and choroi-

dal neovascularization (CNV), mediated by CX3CR1 signaling [7–10]. Similarly, we have pre-

viously investigated the abnormal deposition of C5 and IgG molecules in CCL2-/- and CCR-
2-/- mice due to impaired macrophage recruitment at the site of deposition suggesting the

imperative role of macrophages recruitment to clear debris in between retinal layers steered by

CCL2 and CCR-2 signaling mechanism [3].

CCL2 genetic studies have not previously shown the association with AMD pathology.

Genetic analysis, by considering univariate of both CCR-2 and CCL2, along with TLR4 gene

did not reveal any association between studied SNPs and AMD pathology. Even the haplotype

analysis in case of CCR-2 and TLR4 has not shown any correlation with pathology. However,

the haplotype analysis of minor allele C35C has demonstrated pathological association

(p = 0.03) with AMD pathophysiology in Netherlands and USA populations but mRNA

expression did not show significant difference between AMD and control groups [5]. Our

investigations have demonstrated that SNP variants of both CCR-2 (rs1799865) and CCL2
(rs4586) are associated with AMD pathology. Moreover, the expression of both chemo-attrac-

tant proteins was found to be elevated in AMD patients as compared to control groups [4].

Similarly, we have also observed the association of other chemo-attractant proteins including

the CCR-3 variants [11] and expression levels of eotaxin-2[12] in AMD patients and further

comparison with control groups. Both genes primarily regulate the inflammatory processes by
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recruiting the eosinophiles and T-lymphocytes mediated mechanisms. Above mentioned stud-

ies have suggested the role of cellular processes mediated by chemo-attractant proteins in order

to regulate the inflammatory processes in AMD pathology. Interesting finding from Pham et al

have demonstrated allelic variance at rs1024611 which leads to allelic expression imbalance

(AIE) of CCL2 which has been reported in various disease phenotypes including atherosclerosis,

tuberculosis suggesting that the given allele expression is context dependent which could be

influenced with interaction of various proteins [13] that is consistent with our previous findings

[4]. Moreover, it has also been explored that CCL2 expression could also regulate the angiogenic

process by affecting VEGF and its associated molecules with the involvement of Ets-1 transcrip-

tion factor [14]. Similarly, our findings with VEGF [15] and its receptor i.e. VEGFR2 have been

found to be associated with AMD pathology and the expression levels of both proteins were sig-

nificantly high in AMD patients as compared to age matched controls [16].

Pathological hallmarks of AMD are similar to age related changes like metabolic changes

and apoptosis [17, 18] and enhanced inflammatory responses evident from various age related

and inflammatory diseases including Alzheimer’s disease, ischemia, and myocardial infarction

[19–21]. In all these studies, the CCL2 expression was found to be elevated suggesting that

AMD pathological phenomenon are induced with inflammatory responses created by various

cellular and protein responses. Additionally, we have recently demonstrated the elevated

SOD1 levels in AMD as compared to controls, which also show the inflammatory response

characterizing AMD [22].

Smoking has also been shown to have impact on various diseases and has been found to be

associated with CCL2 polymorphism and their levels in patients of myocardial infarction [21].

Smoking can also hamper the development of organs in offspring [23, 24]. However, the pre-

cise mechanism behind pathological changes induced by smoking in association with genetic

markers is being debated. In our finding with CCL2 it has been shown that heterozygous allele

Table 6. Multiple comparison using Bonferroni correction analysis to adjust the p values for independent and/or dependent SNPs of rs4586, rs1024611 and

rs1799865.

Benferroni Multiple Comparisons test

Dependent Variable: CCL2 levels

CCL2_4586 Mean Difference (I-J) Std. Error p-value 95% Confidence Interval

Lower Bound Upper Bound

Heterozygous CT Homozygous CC .003183 .002289 .383 -.002475 .008841

Homozygous TT -.002053 .001702 .485 -.006260 .002153

Homozygous CC Homozygous TT -.005236 .002271 .073 -.010850 .000377

Benferroni Multiple Comparisons test

Dependent Variable: CCL2 levels

CCL2_1024611 Mean Difference (I-J) Std. Error p-value 95% Confidence Interval

Lower Bound Upper Bound

Heterozygous AG Homozygous AA .000613 .001738 .940 -.003683 0.004909

Homozygous GG -.007647 .002226 0.003 -.013149 -0.002144

Homozygous AA Homozygous GG -.008260 .002144 0.001 -.013561 -0.002958

Benferroni Multiple Comparisons test

Dependent Variable: CCL2 levels

CCR-2_1799865 Mean Difference (I-J) Std. Error p-value 95% Confidence Interval

Lower Bound Upper Bound

Heterozygous CT Homozygous CC 0.003228 .002232 .354 -.002289 .008745

Homozygous TT -0.000301 .001713 .985 -.004536 .003935

Homozygous CC Homozygous TT -0.003529 .002222 .286 -.009023 .001964

https://doi.org/10.1371/journal.pone.0193423.t006

CCL2 genetic variant rs1024611 in India AMD pathology

PLOS ONE | https://doi.org/10.1371/journal.pone.0193423 April 17, 2018 9 / 12

213

https://doi.org/10.1371/journal.pone.0193423.t006
https://doi.org/10.1371/journal.pone.0193423


AG is more frequent (p = 0.0145) in smoker AMD patients as compared to non-smoker AMD

patients, suggesting a causative role of smoking in possible alteration of genetic allele which

may lead to differential expression of CCL2 protein in the AMD patients [21]. Similarly, logis-

tic regression analysis has also demonstrated correlation of homozygous allele ‘GG’ with co-

morbidity (p = .0625) in AMD patients even though it was not significant.

The studies have shown the SNP changes from A to G in enhancer region at -2578 position

(rs1024611; A>G) lead to increase expression levels of CCL2 in various bio-fluids [21, 25, 26]

and facilitate the leukocytes recruitment in the tissues [27]. In our earlier observations we have

found increased levels of CCL2 in AMD patients as compared to controls but how rs1024611

influences the CCL2 expression is still unclear. However, it has been demonstrated by various

studies that rs1024611 polymorphism induces the transcriptional activity of CCL2 gene [28,

29]. ‘G’ allele has found to be induced higher expression of CCL2 protein in in vitro and in vivo
as compared to ‘A’ allele. Similarly, leukocytes with ‘GG’ genotype as compared to ‘AA’ geno-

type have also induced increased production of CCL2 protein. Therefore, these studies suggest

the biological impact of the rs1024611 polymorphism in inflammation by recruitment mono-

cytes [21, 26] and its pathological impact on various diseases. We have, however, not analysed

the half life and affinity of receptor.

Conclusively, our finding suggests the genetic role of CCL2 mediated processes in AMD

pathology which may lead to infiltration of macrophages and other monocytes thus signifying

the importance of inflammatory processes in AMD. It is possible that other environmental

changes like smoking may be associated with AMD thus influencing CCL2 genotype. However,

additional studies of CCL2 genes in South Indian population, which differs in dietary and envi-

ronmental exposure, based on our current and previous finding with CCL2[4], are warranted.
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Summary

Background: Genetic predisposition to ACL tears

has received tremendous interest in the past few

years with many SNPs of different genes being

linked to ACL tear.

Study Objectives: To examine if specific se-

quence variants in COL12A1 gene are associated

with ACL tears in Indian population.

Study design: Case-control study.

Materials and methods: 50 patients with surgical-

ly diagnosed ACL tear and 52 healthy, age-

matched controls without any ligament/tendon in-

juries were genotyped for rs970547 and rs240736

SNPs using real time PCR method. 

Results: The AG and GG genotypes were signifi-

cantly under-represented in study group patients

in rs970547 region (p=0.0361). However, there was

no significant difference in genotype/allele fre-

quencies in the rs240736 region.

Conclusions: The COL12A1 rs970547 SNP is as-

sociated with ACL tears in the Indian population.

However, these results need to be validated fur-

ther so that predisposed individuals can be

screened in the future for counselling and inter-

vention.

Level of evidence: III

KEY WORDS: ACL tear, COL12A1, gene polymorphisms,

genetic association study, single nucleotide polymor-

phism (SNP).

Introduction

Anterior Cruciate Ligament (ACL) tears are now un-
derstood  to have a multi-factorial etiology1,2. Al-
though trauma to the knee is an essential pre-requi-
site for an ACL tear, various risk factors (both extrin-
sic and intrinsic) have been identified, which predis-
pose an individual to tearing his ACL1, 2.
Over the past few years, familial predisposition and
specific single nucleotide polymorphisms (SNP’s) of
various collagen and extracellular matrix protein
genes have been linked to ACL tear in different pop-
ulation subsets3 ,4. However, most of these studies
have focussed on Caucasian populations; till date,
there are no published studies looking into the ge-
netic risk factors of ACL tear from the Indian sub-
continent3, 4.
Collagen XII is one of the main structural components
of ACL collagen along with collagen types I, III-VI,
XIV and various proteoglycans and glycoproteins5.
The COL12A1 gene (mapped to chromosome 6q12-
q13) encodes the α1 chains of the long (XIIA) and
short (XIIB) homo-trimeric isoforms of type XII colla-
gen6-10. Database hosted by the National Center for
Biotechnology and Information (NCBI), has identified
5 SNPs in COL12A1 exonic regions of which only 2
(rs970547 and rs240736) have been identified as
non-synonymous SNPs (i.e. SNPs that change the
amino acid sequence in the gene product)11. These 2
SNPs have been tested for association with ACL
tears in South African and Polish populations with
variable results 12,13.
The aim of our study was to determine if these 2
SNPs (rs970547 and rs240736) of the COL12A1
gene have any association with ACL tears in the Indi-
an population.

Materials and methods

The study was conducted in the Department of Or-
thopaedics in collaboration with Neuroscience Re-
search Laboratory at Post Graduate Institute of Med-
ical Education and Research (PGIMER), Chandigarh,
India. Ethical clearance was obtained from the insti-
tute ethics committee prior to the commencement of
the study. The study has been conducted ethically
according to set international standards and meets
the ethical standards of the journal 14. 
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Selection of patients

Fifty patients with clinico-radiological and surgically
proven ACL tears were recruited into the study group
from July 2012 to December 2013. The inclusion cri-
teria were: (i) age between 18-40 years, (ii) no multi-
ligament injuries or signs of osteoarthritis knee (iii) no
associated co-morbidities. Fifty-two age-matched pa-
tients with normal knees and no history of ligament/
tendon injuries were recruited as controls. All sub-
jects underwent thorough clinical evaluation. In-
formed, written consent was obtained from cases and
controls. All subjects completed a detailed question-
naire consisting of general details, mode of injury, rel-
evant past, personal and family histories along with
details of participation in sports.
All procedures were conducted  in a good laboratory
practice (GLP) compliant laboratory utilising pre-cali-
brated instruments, quality assurance norms and as
per established standard operating protocols (SOP’s);
documentation was done in DRS (display resource
file) format by trained research scholars who were
blinded to samples as prescribed by OECD (Organi-
sation for economic co-operation and development)
guidelines. External audit of results was carried out
by seeking expert opinion from an outside laboratory.

DNA isolation 

Five ml of venous blood was drawn into an EDTA va-
cutainer which was kept for around 2 hours at room
temperature. Once the RBC’s settled down the upper
layer was aspirated and laid over equal amount of fi-
coll-paque solution (Amersham Biosciences, USA).
After centrifugation at 1800 rpm for 30 minutes, a
thick buffy coat of lymphocytes (peripheral blood
monocytes/PBMC) found as a thin middle layer was
collected in a fresh tube. The PBMC was pelleted by
centrifugation at 5000 rpm for 5 minutes. The PBMC
was then washed with PBS and processed for DNA
isolation.

Genomic DNA was isolated using QIAGEN DNeasy kit.
The eluted DNA was quantified using UV spectropho-
tometer (Backman Coulter) and run on 1% agarose gel
(Biorad) to verify the quality of DNA (Fig. 1). 

COL12A1 genotyping

SNPs were analysed by using real-time PCR (poly-
merase chain reaction) performed  in the 48 wells mod-
el Step oneTM  (Applied Biosystems Inc, Foster City,
USA). Real time PCR was carried out for 20 µL con-
taining 10 µL master mix, 5 µL assay, 20 ng DNA and
molecular biology grade water was added to make the
volume 20 µL. All reactions were carried out using Taq-
Man/SybrGreen SNP genotyping assays according to
manufacturers’ recommendations. Two reporter dyes-
VIC and FAM were used to label the Allele 1 and 2
probes and a 5’Nuclease assay was carried out. Nega-
tive controls included the PCR mix without DNA. Soft-
ware Step OneTM v2.0 (Applied Biosystems, Foster
City, USA) was used to perform amplification and to es-
timate SNPs. After PCR amplification, the Sequence
Detection System (SDS) software was used to import
the fluorescence measurements made during the plate
read to plot fluorescence (Rn) values.

Statistical analysis

Data was analysed using SPSS software version 16.0
(Statistical Package for the Social Sciences). Normal-
Quantile (Q-Q) plots were constructed in order to exam-
ine whether the data was normally distributed or not.
For comparison of the 2 groups, unpaired student-t test
was applied. Hardy Weinberg equilibrium was estab-
lished prior to genotyping analysis.  In RT-PCR, the
genotypes for each mutation were stratified for het-
erozygosity, and homozygosity of the respective allelic
variant. Pearson’s Chi-square test followed by
Cochran-Mantel-Haenszel equation was applied for the
analysis of genotyping results. 

Results

SNP rs970547

The AG and GG genotypes were significantly under-
represented in study group patients (p=0.0361 and
0.0374 respectively; Tab. I, Figs.  2, 3). No significant
difference between allele frequencies was observed
(p=0.091). All groups were in Hardy Weinberg Equi-
librium (HWE value=0.5). 

SNP rs240736 

There was no significant difference in the genotype
(p=0.712) or allele frequencies (p=0.4882) between
the 2 groups for the rs240736 region (Tab. II, Fig. 4).
All groups were in Hardy Weinberg Equilibrium for
this region (HWE value=0.02).
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Figure 1. DNA isolated from PBMC electrophoresed on 1%
agarose gel for quality verification.
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Discussion

Type XII collagen protein is associated with the sur-
face of the collagen micro fibril and is a member of
the Fibril Associated Collagens with Interrupted Triple
helices (FACIT) sub-family. It has numerous func-
tions: (i) involves in fibrillogenesis along with type XIV
collagen, (ii) forms inter-fibrillar connections and me-
diates fibril interaction with other extracellular and cell
surface molecules within ligaments there by influenc-
ing fibril and matrix density, (iii) regulates expression
in response to mechanical loading, (iv) increases in
content during healing along with type V and type III
collagen, (v) regulates collagen fibril diameter (along
with type V collagen) 5-10.
The association of COL12A1 SNP with ACL tear has
been investigated previously in 2 Caucasian popula-
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Association of ACL tears and single nucleotide polymorphisms in the collagen 12 A1 gene in the Indian population - a

preliminary case-control study

Table I. Effect of rs970547 variant on disease phenotype. 

Genotype Number OR 95%CI Z-statistics p Value

ACL Controls

AA 10 3 Reference - - -

AG 19 26 0.2192 0.053-0.9064 2.096 0.0361

GG 15 21 0.2143 0.0502-0.9139 2.082 0.0374

Table II. Effect of rs240736 variant on disease phenotype.

Genotype Number OR 95%CI Z-statistics p Value

ACL Controls

CC 28 28 Reference - - -

CT 17 21 0.81 0.354-1.85 0.501 0.693

TT 0 1 * * * *

Figure 2. Bar diagram depicting relative frequency of geno-
types of rs970547 in COL12A1 gene.

Figure 4. Bar diagram depicting relative frequency of geno-
types of rs240736 in COL12A1 gene.

Figure 3. Amplification plot for ACL control and patient
from SNP genotyping analysis for rs970547 variant. 
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tions12,13 Posthumus et al.12 conducted a case-control
genetic association study in South African partici-
pants (129 ACL tear patients and 216 healthy con-
trols) to look for association between COL12A1 gene
and ACL tears. They reported an over-representation
of AA genotype of rs970547 (AluI RFLP) in female
patients with ACL tears (p=0.048) but no significant
association of the AA genotype with ACL tear when
females and males were analysed together (p=0.067)
or when males were analysed separately (p>0.05).
However, rs240736 (BsrI RFLP) did not have any as-
sociation with ACL tear in the South African cohort12.
The same research group had also noted the associ-
ation of COL12A1 SNPs with Achilles tendon rup-
tures11. The rare CC and GG genotypes of the
COL12A1 rs240736 (BsrI RFLP) and rs970547 (AluI
RFLP), respectively, were absent in participants with
Achilles tendon ruptures11.
Ficek et al.13 conducted a similar case-control genetic
association study in the Polish population (91 male
football players with ACL tears and 143 healthy, male
football players all of Polish descent). They observed
no statistically significant association of SNP
rs970547 (A9285G polymorphism) with ACL tears13.
Our study results demonstrate that the AG and GG
genotypes of rs970547 of COL12A1 was significantly
under-represented in the study group participants
(p=0.0361 and 0.0374 respectively; Figs.  2, 3). This
means that the presence of AG and GG genotypes of
this SNP could be somehow protective towards an
ACL tear in the Indian population. This is in contrast
to the observations of Posthumus et al.12 who noticed
over-representation of AA genotype only in females
and to the observations of Ficek et al.13 who noted no
association of this SNP to ACL tear. On the other
hand, our finding that SNP rs240736  is not associat-
ed with ACL tear is consistent with the findings of
Posthumus et al.12 who also reported no significant
association between ACL tears and polymorphisms in
rs240736 (BsrI RFLP).

The under-representation of these genotypes some-
how results in an altered type XII collagen protein,
which may lead to an alteration of the biomechanical
properties of the collagen fibrils, thus resulting in
structurally weaker collagen fibres; this in turn may
predispose an individual to an increased risk of ACL
tear12. However, this hypothesis is speculative and
needs further research before validation (Tab. III).
This is the first study from Asia looking into the role of
COL12A1 gene polymorphisms in the etiology of ACL
tear. We used real time PCR for genotyping similar to
Ficek et al.13 whereas the RFLP method of genotyping
was used by the South African research group12. RT-
PCR is technically easier to perform, allows rapid quan-
tification and has a higher accuracy and reliability15.
We acknowledge some limitations of our study. The
sample size is relatively small; hence these findings
must be interpreted with caution. Further research
with a larger sample size is needed which will not on-
ly validate these findings but will also facilitate haplo-
type analysis. We could not comment on the differ-
ences in the genotype/allele distributions between
male and female groups owing to lesser number of
female participants. Gender-specific association,
however, was not a primary objective of this study.
Future studies should ideally include more number of
female participants in both groups to discern any gen-
der-specific associations between SNPs and ACL
tear in the Indian population. 

Conclusions

AG and GG genotypes in exon 65 of COL12A1 are
associated with ACL tears in the Indian population.
Thus, type XII collagen may be a good candidate for
genetic screening of predisposed individuals, so that
these individuals may be counselled, strategies may
be employed to prevent ACL tear and in the future
may be a potential target for gene therapy.
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Table III. Summary of studies in literature investigating association of COL12A1 gene SNPs with ACL tears.

Sl 
no. 

Authors Year of 
publication 

Study 
type 

No of 
ACL 
cases 

No of 
controls 

Population Results 
 

1 Posthu
mus et 
al.11 

2010 Case 
control 
study 

129 216 South Africa Over-representation of AA 
genotype of rs970547 in female 
patients with ACL tears. No 
association of rs240736 with 
ACL tear. 

2 Ficek et 
al.12 

2014 Case 
control 
study 

91 143 Poland No association of ACL tear with 
rs970547 SNP. 

3 Our 
study 

- Case 
control 
study 

50 52 India Over-representation of AG & 
GG genotypes of rs970547 in 
ACL tear cases. No association 
of rs240736 with ACL tear. 
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Abstract                                                                                                                  

Context: Gene polymorphisms are increasingly being identified in white populations as an 

intrinsic risk factor predisposing an individual to an ACL tear. This is the first study in a non-

Caucasian population to look into genetic risk factors in ACL tear as well as to study the protein 

expression profile of these polymorphisms. 

Objective: 1)To evaluate if there are SNP’s (single nucleotide polymorphisms) 

in COL1A1 and COL12A1 that result in an ACL tear phenotype. 2)To investigate any association 

between protein expression of COL1A1 andCOL12A1 and the genetic polymorphisms identified 

in these loci. 

Design: Case-control genetic association study. 
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Setting: Research laboratory and operation theatre. 

Participants: Fifty patients with ACL tear taken up for arthroscopic reconstruction. Fifty-two 

patients with unilateral, closed fracture of upper limb served as controls (Age group: 18-45 

years). Mean age of cases was 24.76+/-6.1 years whereas that of control group was 30.25+/-7.15 

years. Females comprised 6% and 13.5% of the study and control populations respectively. 

Interventions: Venous blood samples collected from cases and controls whereas tissue samples 

collected from cases only. Lymphocytes extracted from blood. ACL remnant tissue excised 

during arthroscopic intervention and stored for DNA extraction. DNA isolated from both 

lymphocytes and tissue using commercial kits. The eluted DNA was quantified using ultraviolet 

spectrophotometry and run on agarose gel to verify the quality. By using RT-PCR (real time-

polymerase chain reaction) amplification, COL1A1 and COL12A1 genes were analyzed for SNPs 

using specific primers.rs970547 (AluI polymorphism), rs240736 (BsrI polymorphism) of 

COL12A1 and rs1800012 (Sp1 binding site polymorphism) and rs1107946 of COL1A1gene 

tested. The RT-PCR amplification products were imported by sequence detection software for the 

detection of SNP. ELISA(enzyme-linked immune sorbant assay) analysis of ACL tissue extracted 

from cases was carried out and the results normalized to corresponding total protein. 

Results:1)AG, GG genotypes of rs970547 of COL12A1 significantly under-represented in the 

study group (Odds ratio{OR}=0.219;Confidence interval{CI}=0.053-0.906;Z value=2.096;p 

value=0.036 for AG and OR=0.214;CI=0.05-0.914;Z=2.082;p=0.037 for GG).2)No significant 

difference in genotype and allele distributions in rs240736 of COL12A1 gene (p=0.712), 

rs1800012 (p=0.516) and rs1107946 (p=0.971) of COL1A1gene.3)No significant association 

found in the protein expression pattern in the ELISA test. Gender-specific analysis of the 

genotype results was not possible due to the relatively small population of female patients in both 

groups. 

Conclusions: We found that the AG and GG genotypes of rs970547(Alu1 polymorphism) of 

COL12A1 gene were significantly under-represented in ACL tear patients in the Indian 

population. No significant association of the rs240736 SNP of COL12A1 gene, rs1800012 and 

rs1107946 SNP’s of COL1A1 gene were noted. 
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Abstract: Age related macular degeneration (AMD) is one of the major retinal degenerative disease of ageing whose 
complex genetic basis remains undeciphered. The involvement of various other factors like mitochondrial genes, cy-
toskeletal proteins and the role of epigenetics has been described in this review. Several population based AMD genetic 
studies have been carried out worldwide. Despite the increased publication of reports, clinical translation still eludes this 
davastating disease. We suggest models to address roadblocks in clinical translation hoping that these would be beneficial 
to drive AMD research towards innovative biomarkers and therapeutics Therefore, addressing the need large autopsy 
studies and combining it with efficient use of bioinformatic tools, statistical modeling and probing SNP-biomarker asso-
ciation are key to time bound resolution of this disease. 
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INTRODUCTION 

 Age related macular degeneration is one of most com-
mon retinal degenerative disease among elderly individuals 
resulting in irreversible vision loss. Indeed, the prevalence of 
AMD is believed to be higher in western countries than 
Asian counterparts but it remains to be seen how the inci-
dence pattern changes with fast ageing population of India, 
China and other countries. The pathology of AMD is distin-
guishable by the presence of characteristic drusen. The ad-
vanced forms of AMD have several pathological hallmarks 
including degeneration of retinal pigmentary cells (RPE) and 
formation of new vessels from underlying choroid. These 
outgrowths of choroidal vessels penetrate the Bruch’s mem-
brane (BM) and disrupt the integrity of RPE cell layer and 
their function. These pathological changes in retina impact 
vision and cause irreversible blindness. 
 Both environment and genetic factors contribute equally 
to the progression of AMD pathology. Several studies have 
defined the role of modifiable environment factors like 
smoking, BMI, omega-3, carotenoids, trans-unsaturated fat 
intake etc [1-5] which could modulate the combined effect of 
several genetic susceptibility factors functional in multiplica-
tive or in additive manner [6-8]. The fundamental basis of 
modulation of these genetic factors may be explained by 
epigenetic changes in genes or on the regulatory sequences 
of these genes. By introducing these changes in genes or 
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regulatory sequences it may or may not influence the func-
tional nature of corresponding proteins. Such epigenetic 
changes are mostly not inheritable. On the contrary, several 
genetic factors alone have sufficient potential to initiate 
AMD pathology. Among these genetic factors, most of pro-
teins are basically involved in metabolic processes in the 
cells, participate in modulating immunity of the body, espe-
cially innate immunity components, angiogenic processes, 
and regulatory proteins involved in apoptosis, miRNA proc-
essing (DICERs) and proteins of extracellular matrix. Gene 
association studies have thus been widely explored in several 
populations as well as by manipulating genetic makeup in 
animal models thus indirectly validating their association 
with AMD.  
 This review will not only shed light on different strate-
gies underlying AMD research such as the role of mitochon-
drial mutations, cytoskeleton, epigenetics, lifestyle and envi-
ronment that impact advancement of field but also provide 
insight about various roadblocks in translation of basic 
knowledge for clinical benefit. Why genetic association stud-
ies are not being translated for drug development shall re-
main the mainstay of the review. We suggest that the inte-
grated role of bioinformatics and statistical approaches may 
result in unveiling the genetic complexity of AMD. 

GENETICS OF AMD 

 Several family and twin studies have revealed the inheri-
tability nature of and role of genetic influences on AMD 
pathogenesis [9-13]. The other genetic studies have shown 
that the first degree relatives of AMD patients have higher 
risk for occurrence of AMD even earlier in life as compared 
with first degree relatives of those without AMD [14-16]. 
Several population based genetic studies have demonstrated 
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that several genetic susceptible loci are associated with 
AMD pathology. Various genetic loci which have been 
shown to be associated with different forms of AMD i.e. dry, 
wet and geographical atrophy have been listed (Table 1). The 
components of innate immunity have been investigated and 
their role in regulation of AMD related inflammatory proc-
esses have been established. Several complement factors 
especially alternative complement pathway genes, including 
the CFH [17], component C3, Factor I, Factor B and C2, 
have been reported in pathogenesis of AMD. Among the 
dominant factors, like complement families, is the comple-
ment factor H (CFH) which regulates the alternative com-
plement pathway. SNP analysis of CFH have shown it to be 
most important genetic risk factor for AMD pathogenesis. 
Several genetic studies on various populations have strongly 
shown the role of CFH in AMD pathogenesis. Most of the 
AMD studies related to CFH now focus on a single SNP in 
the coding region of CFH, Y402H –a Tyr402His substitution 
– as the causal variant even though the original GWAS stud-
ies analysed only the Caucasian populations. Some studies 
have shown that the CFH gene on chromosome 1q31 is the 
first major AMD susceptibility gene [18]. The association of 
increased risk of AMD is reported to result from the Y402H 
variant in exon 9 (rs1061170, T>C) [19]. The coding and 
non coding region of the CFH gene, which are associated 
with either decreased or increased risk of AMD, have also 
been recognized. CFH gene is known to be involved in 
maintaining homeostasis of complement system evident by 
the role of inflammation in AMD. Any disruption in this 
system either in the form of altered functions of CFH vari-
ants, or CFH expression is believed to induce the AMD pa-
thology. Apart from the known Y402H variant, other CFH 
variants, and their haplotypes can also predispose an indi-
vidual to either increased or reduced risk of AMD patho-
genesis in which a major risk haplotype lie in coding region 
of Y402H SNP and two protective haplotypes lie in intronic 

variants [20]. Moreover, the association between environ-
mental factors such as smoking and obesity, and CFH geno-
type have been also been examined in disease progression, 
including the effect of genotype on response to treatment 
[21]. It has even been demonstrated that monogenic inheri-
tance of CFH variants results in deposition of drusen which 
could initiate RPE atrophy [22].  

 The 50-70% cases of AMD are influenced with comple-
ment factor genes like CFH, factor I, and C2. The SNP in 
these genes have been shown to be associated with progres-
sion of AMD [23]. Interestingly, very few of these studies 
have analysed CFH protein in serum or plasma, let alone 
examine SNP-protein associations or carried out SNP risk 
factor association analysis. Besides, majority of these studies 
are cross sectional, not longitudinal. 

 Regarding other complement factors, meta-analysis study 
by Thakkinstian et al. pooled data from 19 studies which 
took place between 2006 and 2011 for 4 SNPs: rs9332739 
and rs547154 for C2 gene and rs4151667 and rs641153 for 
CFB gene, suggesting that these alleles contribute to lower-
ing the risk of AMD pathogenesis in Caucasian population 
by 2.0% to 6.0% [30]. Recently, it has been reported that 
complement factor B polymorphism (R32Q) correlates with 
early AMD but have protective effect on late AMD as seen 
in Caucasian population [31]. On the contrary, it has been 
reported in INDEYE study that polymorphisms in 
ARMS2/HTRA1 locus are significantly associated with early 
and late AMD but instead of this locus the complement fac-
tor components like C2, CFH and CFB have not been found 
to be associated with AMD [32]. Additionally, we have re-
ported several proteins involved in apoptosis and angiogene-
sis to be altered in AMD patients signifying the role of asso-
ciated genetic loci and their expression in pathology. These 
include VEGFR2, eotaxin-2, CCR-3, DCR1, SOD1, CCL-2 
etc. [27, 29, 33-35]. 

Table 1. Several non-GWAS gene loci and their association with various forms of AMD. 

Dry AMD 

Gene Locus p-value Reference 

SELP rs3917751 0.0029 24 

Geographical Atropy 

Gene Locus p-value Reference 

TLR3 
DICER 

rs3775291 
NA 

P=0.005 
NA 

25 
26 

Wet AMD 

Gene Locus p-value Reference Number 

VEGFR2 rs1531289 0.047 27 

All AMD Subtype 

VEGF 
CCR3 

rs1413711 

rs3091250 

0.002 
GT-0.001 
TT-0.002 

28 
29 
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 Apart from role of innate immunity in AMD pathology, 
genes related to metabolism, especially cholesterol metabo-
lizing genes have also been widely explored in different 
populations throughout the world and found to be associated 
with AMD pathology. Holliday et al. conducted a GWAS 
meta-analysis of early AMD, reporting association of vari-
ants at the CFH, ARMS2 loci, and suggesting the polymor-
phisms of Apolipoprotein E (ApoE) to be associated with 
early AMD. This study suggested a weaker genetic effect on 
the risk of early AMD as compared to late AMD [36].  
 In 2010, a genome wide association study (GWAS) was 
conducted which reported an association of HDL with sus-
ceptibility with AMD. This study was conducted among 
2157 cases and revealed strongest association between two 
genes namely LIPC and CETP with AMD [37]. However, in 
a recent case control study carried out in Chinese population 
having AMD (n=535) CETP was studied as one of the gene 
among 10 genes with different variants. No significant asso-
ciation of CETP was seen in AMD patients. It is possible 
that in case of genetic studies, different genes respond differ-
ently depending on the severity of disease [38] which may 
even vary between populations testifying to the role of gene-
environment interactions. 
 AMD is a heterogeneous disease and the role of most of 
established genetic factors are inconclusive in AMD pathol-
ogy, as suggested by analysis of SNP in different population 
based studies even though these are limited to Caucasian 
populations. Therefore, a common pathway for AMD dis-
ease pathology continues to elude us. Do these gene associa-
tion approaches in AMD analysis provide sufficient ground 
for understanding AMD pathogenesis.  

MITOCHONDRIA AND AMD 

 The burden of oxidative stress is a common feature of 
metabolically active tissues. Retina, being one of the metab-
olically active tissue in the body, remains susceptible for 
oxidative stress due to frequency of photochemical reactions. 
Photoreceptors contain large number of mitochondria result-
ing in increased reactive oxygen species (ROS). ROS can 
damage the integrity of macromolecules and organelles. 
Apart from this, increased ROS concentration can also dam-
age the mitochondrial-DNA (mtDNA) which has been stud-
ied as major factor in pathogenesis of AMD [39, 40]. 
mtDNA damage has reduced capacity to cope with increased 
ROS burden as compared to nuclear DNA in the photorecep-
tor cells due to absence of repair mechanism except excision 
base and mismatch repair [40]. It has been shown that accu-
mulation of mtDNA deletion and deficiency of cytochrome-c 
oxidase is often observed in photoreceptors, especially the 
fovea [41]. The number of deletions and rearrangements 
have been found to be higher in mtDNA of retina of AMD 
patients as compared to AMD control, suggesting that the 
impairment of mitochondrial DNA is directly related to 
AMD which is affected by microenvironment of retina [42]. 
However, these studies are again limited to Caucasian popu-
lations and such analyses need worldwide attention and vali-
dation in populous countries. 
 The Blue Mountain Eye study has revealed that haplo-
type H of mtDNA was more prevalent in European popula-
tion and found to be protective for AMD [43]. Several SNPs 

of noncoding region of mtDNA at T16126C, T16126C + 
G13368A, A4917G +A73G, and T3197C+ A12308G was 
strongly associated with AMD. It is know that the SNP 
A4917G codes for NADH dehydrogenase, therefore, the 
changes in its SNP may hamper the function and conse-
quently increase the burden of ROS inside retina [44, 45]. 
The extent to which these mechanisms disrupt retinal func-
tion has bearing on why AMD is not a developmental disor-
der.  

EPIGENETICS AND AMD 

 The role of epigenetics have been widely explored in 
human cancer. The epigenetic changes serve to provide pro-
tection of genome by host restriction enzymes, regulation 
and activation of genes. These changes are known to be con-
fined to CpG islands in most of eukaryotic cells. A series of 
CpG islands are present in our genome and regulatory se-
quences of genes. The epigenetic changes include: methyla-
tion, sumoylation, phosphorylation and acetylation. It has 
been established that environment factors and dietary factors 
introduce these epigenetic changes in the genome [46]. It has 
also been shown that the DNA methylation of genome was 
drastically decreased with age [46]. Recently, a monozygotic 
twins study carried out by L wei (unpublished data) have 
revealed that about 256 genes to be hypomethylated and 744 
genes hypermethylated in AMD twins. The epigenetic 
changes could be inherited and introduced by several modu-
latory environmental factors especially smoking and defi-
ciency of anti-oxidant in diets. Additional studies across 
populations are warranted that can examine the role of epi-
genetics in progression of AMD. 

CYTOSKELETON AND AMD 

 The cytoskeleton plays crucial role in maintaining func-
tional and intact retinal layers. Therefore, any changes in 
cytoskeleton coding genes are associated with pathological 
changes in these cells remains to be seen. The cytoskeleton 
and their associated proteins have already been implicated in 
development of neural retina and integrity of retinal cells 
layers. However, there are a few studies examining its bio-
logical effects in AMD models or SNP screening.  
 Apart from the well established genetic factors in AMD, 
the cytoskeleton and associated proteins could be involved in 
morphogenetic of choroidal neovascularization (CNV) in 
case of wet AMD through which proliferating endothelium 
cells of choroid remodel themselves in neovessels. It has 
been demonstrated that the defective cytoskeletons in cone 
photoreceptor results in macular degeneration [47]. Addi-
tionally, the initial inflammatory responses against accumu-
lation of drusen, leakage of fluids after rupture of Bruch’s 
membrane by recruiting macrophages cells, pericytes, or by 
activating complement cascade mechanism in sub-retinal 
space involve cytoskeleton remodeling. Moreover, changes 
in functionality of vascular endothelial growth factor 
(VEGF), along with transforming growth factor-  (TGF-

), and platelet-derived growth factor (PDGF) can activate 
the endothelial cells resulting in remodeling of the extracel-
lular matrix (ECM) through activation of the components 
involved in structure and function. This, whole process can 
evoke the angiogenic cascade which leads to CNV forma-
tion. However, the precise mechanism behind cytoskeleton 
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mediated neovascularization and recruitment of cells is still 
not clear and requires multinational and interdisciplinary 
efforts. 

EXTRACELLULAR MATRIX (ECM) PROTEINS AND 
AMD 

 In various human inflammatory diseases metalloprotein-
ase regulation becomes disrupted. RPE is responsible for 
regulating the photoreceptors activity and extracellular ma-
trix. The dysregulation in the dynamics between photorecep-
tors and choroid-RPE complex highlights the role of ECM. 
ECM is a key mediator in the pathogenesis of AMD. There 
are 28 Matrix metalloproteinases (MMP) [48] and 29 mem-
bers in ADAM family out of which some encode proteolyti-
cally active proteins [49]. MMPs degrade different compo-
nents of extracellular matrix and are regulated through 
TIMPs by inhibition of the function of these proteins. ECM 
proteins are chiefly involved in AMD. These include: 
TIMP3, COL8A1, COL10A1, ADAMTS9, HTRA1, 
TGFBR1, B3GALTL etc. However, practical functional ap-
plication of majority of these genes is still not confirmed. A 
model depicting dynamics between ADAMTS, B3GALTL 
and AMD has been depicted in (Fig. 1). ADAMTS which is 
on chromosome 3 has a key role in angiogenesis and carti-
lage degeneration [50]. Previously, it was demonstrated that 
ADAMTS9 is antiangiogenic metalloproteinases which is 
expressed in microvascular endothelial cells and inhibition 
of this gene results in angiogenesis and apoptosis [51]. 
ADAMTS9 regulates the Akt/mTOR pathway which pro-
motes expression of genes related to glycolysis and glucose 
uptake by increasing the transcription factor HIF1a. The ser-
ine-threonine protein kinase Akt is a common mediator of 

cellular survival signals and failure of Akt-mediated signal-
ing can cause apoptosis which can lead to photoreceptor de-
generation, bruch membrane thickening, extracellular depos-
its, decreased permeability leading to RPE damage, causing 
AMD. Jomarv et al. demonstrated that in rd mouse, inactiva-
tion of Akt survival pathway results in photoreceptor cell 
death [52]. Akt signaling targets mTOR which promotes 
angiogenesis. Zhaw et al. showed that mTOR-mediated de-
differentiation of the RPE indicates photoreceptor degenera-
tion in mice [53]. B3GALTL gene, which is also involved in 
glycosylation, contributes in the elongation of O-
fucosylglycan on thrombospondin (TSP) type repeat (TSP 
are secreted ECM glycoproteins involved in the ECM and 
cellular interactions which is antiangiogenic). TSP-1 and 
TSP-2 are the known initial protein inhibitors of angiogene-
sis [54]. TSP-1 has been reported to be secreted by RPE 
which controls angiogenesis in the eye. Therefore, any im-
paired addition of sugar molecules to protein can disrupt the 
function of several proteins, which may lead to the abnormal 
angiogenesis resulting in AMD.  

SNPs ANALYSIS AND SLOW PACE OF DRUG DE-

VELOPMENT IN AMD 

 Several genome wide association studies have been carried 
out to dissect the role of genes and their association with 
AMD pathogenesis (Table 2). Even though the population 
based genetic studies in AMD are increasing every year, how-
ever, most of these SNPs have not been translated in devel-
opment of human diagnostic, prognostic and pharmaceutical 
applications. The outcome of gene association studies appears 
over-rated in small sample size when compared to studies

 
Fig. (1). Schematic representation of AMD pathogenesis mediated by the proteins responsible for integrity of extra-cellular matrix that re-
quired for function of RPE cells and imbalance in function of these proteins leads to pathology. 
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Table 2. Important GWAS studies throughout the world in field of AMD and their significance. 

Studied Gene Study Type No. of Patients p-value Locus Geographical 

Attribution 

Reference 

Number 

AMD 
Case 

Control CFH 

ARMS2 

RDBP/CFB/C2 

DNAJC27 

OTOS 
FSTL5 

Case Control 
Study 

1207 686 

7.51 10 30 

1.94 10 23 

4.37 10 10 

6.58 10-6 

6.81 10-6 

2.70 10-6 

rs1831282 
rs10490924 
rs522162 
rs713586 
rs4854022 
rs10857341 

USA 58 

CFI, C3, C9 Case- control 
study 

1,676 745 2  10 8 

3.5  10 5 

2.4  10 5 

rs4698775 
rs147859257 
rs34882957 

USA 59 

Seven new loci 
COL8A1-
FILIP1L 

IER3-DDR1 

SLC16A8 

TGFBR1 

RAD51B 

ADAMTS9 

B3GALTL 

Case control >17,100 >60,000 4 X 10
-13 

2X10-11 

2X10-11 

3X10-11 

9X10-11 

5X10-9 

2X10-8 

rs13081855 
rs3130783 
rs8135665 
rs334353 
rs8017304 
rs6795735 
rs9542236 

USA 60 

CFH 
ARMS2 
ApoE 
GLI3 
GLI2 
TYR 

Case Control 
Study 

4,089 20,453 1.5  10-31 

4.3  10-24 

1.1  10-6 

8.9  10-6 

6.5  10-6 

3.5  10-6 

rs2075650 
rs2049622 
rs6721654 
rs621313 

Australia 61 

ARMS2/ 
HTRA1 

Case Control 
Study 

2594 4134 4.3  10-9 

7.4  10-14 
rs10490924 USA 62 

ARMS2-
HTRA1 
CFH 
C2-CFB 
C3 
CFI 
VEGFA 
LIPC 

Case Control 
Study 

893 2199 2.7  10-72 

2.3  10-47 

5.2  10-9 

2.2  10-3 

3.6  10-3 

1.2  10-3 

0.04 

rs10490924/ 
rs2284665 
rs10801555 
rs541862 
rs7690921 
rs7690921 
rs943080 
rs10468017 

UK 63 

CFH 
ARMS2 
TNFRSF10A-
LOC389641 
REST-C4orf14-
POLR2B-
IGFBP7 

Case Control 
Study 

1,536 18,894 4.23  10-15 

8.67  10-29 

1.03  10-12 

2.34  10-8 

rs800292 
rs3750847 
rs13278062 
rs1713985 

Japan 64 

FRK/COL10A1 
VEGFA 
ARMS2/HTRA1 
CFH 
CFB 
C3 
C2 
CFI 
LIPC 
TIMP3 
CETP 

Case Control 
Study 

2594 
(replication-
5640) 

4134 
(replication-
52174) 

1.1  10-8 

8.7  10-9 

1.2  10-144 

5.6  10-138 

2.1  10-134 

2.9  10-22 

1.4  10-18 

4.3  10-12 

2.4  10-11 

4.6  10-5 

3.7  10-4 

1.2  10-4 

rs1999930 
rs4711751 
rs10490924 
rs1061170/ 
rs1410996 
rs641153 
rs2230199 
rs9332739 
rs10033900 
rs10468017 
rs9621532 
rs3764261 

USA 65 
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(Table 2) contd…. 

Studied Gene Study Type No. of Patients p-value Locus Geographical 

Attribution 

Reference 

Number 

RIMS3 
ABCA4 
CFHR4 
YOD1 
OBSCN 
OBSCN 
ROBO1 
SKIV2L 
ADCYAP1R1 
ARMS2 
TEX9 
CTRB1 
METT10D 
DCC 
DCC 
DCC 
FBXO15 
C3 
SEZ6L 
GRID2 
OR1Q1 

Case Control 
Study 

444 300 0.23 
0.66 
0.2 
0.91 
0.29 
0.2 
0.51 
0.38 
0.07 
0.48 
0.96 
0.45 
0.25 
0.53 
0.17 
0.04 
0.58 
0.45 
0.65 
0.37 
0.3 
0.7 
0.84 
0.64 
0.43 
0.41 

rs11208590 
rs2297634 
rs1853883 
rs2054780 
rs287614 
rs1150910 
rs2055451 
rs1447338 
rs13129209 
rs429608 
rs2267742 
rs10275700 
rs10274362 
rs988426 
rs2014307 
rs2713935 
rs6493856 
rs8056814 
rs4268798 
rs9950970 
rs1367634 
rs12954274 
rs8086078 
rs2230199 
rs6137194 
rs9608466 
rs6532378 
rs972925 
rs2838378 

USA 66 

 

analysing the same polymorphism in a high number sample 
size. The primary outcome of biased false-positive results 
from scientific reports can hamper or mislead the advance-
ment of scientific knowledge and decision making in clinical 
and drug development settings. Despite rapid increase in 
SNP association studies in AMD (regardless of claims that 
this will stop, personal communication: Anand Swaroop), 
there seems to be no hope emerging from such investiga-
tions. Therefore, there is need to define the criteria for 
evaluation of the significance of these results. It has been 
observed that majority of high impact journals and editors 
only accept the manuscripts which present positive results. It 
is necessary that reviewers and editor of journals critically 
evaluate results, parameters involved in these studies, appli-
cation of statistical expertise without remaining influenced 
by positive results of the reports [55-57]. In order to provide 
high quality of results in basic investigations of AMD, espe-
cially with regards to genetic association studies we need to 
address the following issues in clinical translation:  
i) Scientific knowledge gap between clinicians and basic 

research scientist. 
ii) Absence of longitudinal studies in AMD.  
iii) Lack of autopsy studies to assess the gene-

pathophysiology correlation.  

iv) Lack of Meta-analysis in preclinical studies in various 
Asian, western counterparts. 

v) Studies to assess both biomarker level along with their 
SNP analysis. 

vi) Selection of statistical tools to analyse the results of 
these population based studies by statisticians.  

vii) Uniformity in GLP practices in results analysis, selec-
tion of standard operating protocol (SOP), and ran-
domization in experiments. 

Knowledge Gap Between Practising Clinicians and Basic 
Scientists 

 This is very unfortunate drawback in education system of 
both developing and developed countries that the fundamen-
tal knowledge in basic research is virtually deficient among 
practising clinicians and the basic knowledge of human 
anatomy and physiology is virtually lacking among basic 
scientists. In order to bridge this chasm between clinicians 
and basic scientists, in 2003, an effort was made by National 
Institutes of Health (NIH) who developed a framework of 
priorities to optimize and equalize entire medical research 
portfolio [67]. It is important to implement the guidelines, 
training in research and analysis, revamp of education sys-
tem by inclusion of both MD-PhD and PhD-MD education 
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systems, cultivating additional medical research scientists in 
both pre-clinical and clinical settings [68, 69] in order to 
streamline the translational outcome i.e. development of di-
agnostic and prognostic markers as well as therapeutic drugs 
[70-72]. Moreover, it is also more important that, apart from 
implementing research education and training programs for 
clinicians, it is necessary to share clinical data and findings 
of AMD patients with research scientists in a real time man-
ner. This will help to evolve an understanding of AMD pa-
thology in a precise manner and also facilitate basic and 
translational research. This tie up between basic research 
scientists and clinicians has several benefits: development of 
new drugs and improving the understanding of the scientific 
basis of AMD pathology, developing information system 
driven from patients care and the results to become more 
reliable for translation. 

Association Studies Between SNP and Biomarkers 

 In most of the gene association studies in AMD, it has 
been observed that the investigators have examined either 
SNPs or level of a particular protein in serum or plasma. The 
results obtained from such reports provide only a partial un-
derstanding of the genetics of AMD. By examining both 
SNP as well as protein levels in serum or plasma it is possi-
ble to examine whether SNPs changes are associated with 
expression level of corresponding protein. Such mendelian 
randomization approach (an approach to rule out the biased 
interpretation of confounders in genetic variation which 
seems to have role in disease pathology) analysis can give an 
insight into the nature of SNP in the population and facilitate 
discovery of the diagnostic biomarkers for that population 
making the data more creditable and reliable for drug dis-
covery programs. Mendelian randomization approach is em-
ployed in population and epidemiological studies to examine 
the correlation between the genetic variation and environ-
mental factors. By this approach biased interpretation can be 
avoided and confounder factors used in such genetic research 
may increase the robustness of the data [73].  

Absence of Longitudinal Studies in AMD 

 Most of data from AMD research has been reported from 
single time point analysis. The results obtained from such 
investigation have several drawbacks in drawing conclu-
sions. First, it is difficult to estimate the effect of ongoing 
interventions on disease progression, second; protein levels 
may change at different time points and, finally: several ex-
perimental errors may occur in one time analysis. Therefore, 
the association of these protein levels with progression of 
disease can enable in deciphering the causative and/or prog-
nostic potential of these biomarkers. The longitudinal follow 
up of these patients at a defined time interval, will enable in 
determining the causative effect of protein with progression 
of disease accurately. These results, with longitudinal follow 
up can facilitate the quality of research outcome from such 
association studies making them more reliable for clinical 
translational.  

Meta-analysis in Preclinical Studies in Various Popula-

tions 

 Preclinical studies define the safety and efficacy of ad-
ministering drugs before applying them on patients. There-

fore, preclinical trials have their own importance in drug 
discovery program. The preclinical data should not be biased 
and influenced with false-positive results since these studies 
act as raw material for development of diagnostics and prog-
nostic markers, besides providing the substrate for validation 
in drug pharmacokinetics. Preclinical trials of bevacizumab, 
ranibizumab and pegaptanib on cynomolgus monkey, rab-
bits, and rats have been carried out in order to evaluate the 
pharmacokinetics, serum bioavailability and dose toxicity 
after single drug is known to vary from 2.88 days to 3 days 
for ranibizumab, and bioavailability of these all drugs, at 
higher concentration, are confined in to vitreous fluid [74, 
75]. Toxicity was not observed at even higher concentration 
of all three drugs when tested in NMDA induced retinal de-
generation model of rat [76]. This data will provide the basic 
information about amount of dose, based on body mass in-
dex of the patient, and the suitability of route of drug ad-
ministration. Therefore, meta-analysis of preclinical studies 
among animals, which are not even phylogenetically related 
to each other would be beneficial to evaluate significance of 
the drug effectiveness as well as the reliability of drug to 
avoid false-positive outcome.  

Use of Statistical Tools in Genetic Association Studies 

 The implication of appropriate statistical tools and analy-
sis of obtained results is one of the important points in ex-
perimental setup (both pre clinical and clinical studies). Most 
of degenerative diseases have equal role of confounders 
along with genetic factors in disease progression. Unfortu-
nately, most of these studies do not include the significance 
of these confounders in disease pathology in association with 
genetic data. At the preclinical setup, the statistical methods 
should be incorporated with the active participation of col-
laborator in the field. Therefore, multivariate analysis of dis-
ease pathology with genetic as well as other environmental 
factors should be defined in the experimental procedure. 
Moreover, in case of animal studies, proper experimental 
setup, defined groups, mortality rate, other side effects of the 
drugs should be spelled out properly in order to reduce the 
biased interpretation of results.  

Autopsy Studies in AMD 

 Another important reason argued as a cause of failed tri-
als in AMD is the lack of autopsy studies, because it is not 
possible to look in to the precise mechanism in AMD patho-
genesis because most of animal models are not able to reca-
pitulate all cardinal features of AMD, besides, these models 
are not phylogenetically similar to humans especially in 
lacking macula. Additionally, the cell culture based studies 
are not able to reproduce the exact mechanism or the role of 
these genes in AMD pathology due to improper physiologi-
cal complexity of tissue in relation to three dimensional hu-
man eye. Therefore, it is very challenging to examine the 
precise mechanism even though this is an accepted model of 
analysis. Hence, it is very important to expand study design 
by dissecting the actual role and localization of these genes 
in AMD pathogenesis with the hope that these studies will 
provide the new vistas for the discovery of diagnostic and 
prognostic biomarkers. 
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Lack of Uniformity in GLP Practice with Respect to Re-

sult Analysis, Selection of Standard Operating Protocol 

(SOP), and Randomization in Experiments 

 To avoid false-positive and biased reporting of experi-
ments, preclinical and clinical data, it is desirable to perform 
all experiments under good lab practice (GLP) regulations 
especially when bench workers come from varying nationali-
ties and working environments. The GLP compliance, in-
cluding the stringent documentation requirements for per-
sonnel training, periodic study monitoring and quality assur-
ance of data and resources is the hallmark of universal ac-
ceptance of data critical for translation [77, 78]. The data 
from various scientific reports is expected to have variations 
in results due to use of different methods and procedures of 
experiments and different techniques to conduct a given ex-
periment. Even the tools used in data analysis of these gene 
association studies vary between various research groups. 
The variation of results may be due to wrong interpretation 
of results or by applying inappropriate analytical tools. 
Hence, it is very important to devote quality time to analyse 
data from research in an appropriate manner which can be 
applied to build basic knowledge in a particular field. It is for 
this reason that compliance to GLP can ensure the research 
results to become more valid and reproducible. These can be 
used as supportive studies in translational applications.  

USE OF GENETIC INFORMATION IN CLINICAL 

TRIALS FOR AMD 

 Numerous clinical trials have been conducted all over the 
world to facilitate drug developments and clinical research. 
Meanwhile, DNA information is routinely collected during 
the trials under informed consent. However, there is a con-
siderable gap between the genetic studies and clinical trials. 
The data needs to be synthesized together to better under-
stand disease biology. For example, the National Eye Insti-
tute (NEI), of the U.S. National Institutes of Health (NIH) 
launched a multi-center and randomized clinical trial named 
the Age-Related Eye Disease Study (AREDS) in 2001 [79, 
80]. The trial is designed to study if nutrients (Antioxidant 
Vitamins and Zinc) can help AMD patients. Over 3,600 peo-
ple with different stages of AMD participated in this trial 
with a median follow-up period 5 years. The research group 
showed that high levels of antioxidants and zinc could re-
duce the risk of advanced AMD and its progression. Later in 
2006, NEI launched another trial (AREDS2) to study if a 
modified nutrient formulation can reduce the risk of AMD 
and its progression in a cohort of over 4,000 participants 
[81]. In addition to the clinical and epidemiological studies, 
most participants in AREDS1 and AREDS2 have consented 
for genetic research and the DNA was collected and stored. 
The samples have been genotyped using commercial whole-
genome genotyping platforms for multiple purposes. Merg-
ing the genetic data with the comprehensive clinical pheno-
types can help researchers reach the following goals:  
1) Identify genes that affect AMD progression. Clinical 

trials typically follow patients for a long period with mul-
tiple visits. The collected longitudinal phenotypes (e.g. 
AMD scale of severity) provide the necessary informa-
tion to identify genes that can increase/reduce the time to 
advanced AMD if the genome-wide genetic data is avail-

able. The type of survival analysis can be performed to 
include censoring data points, which is treated as missing 
data in a typical case-control study. A genome-wide scan 
on progression time will further our understanding of 
AMD on top of the great success of GWAS from previ-
ous case-control studies.  

2) Improve statistical models for AMD risk and progres-
sion. After we obtain a list of variants associated with 
AMD, we can build statistical methods for predicting the 
risk of AMD based on top variants together with other 
demographic and environmental variables. Previous lit-
erature has shown that the risk and progression of AMD 
can be accurately predicted [82-84]. We can further im-
prove the prediction accuracy based on a more completed 
list of variants that are discovered in 1. Furthermore, we 
can model two eyes separately with the consideration of 
within-person correlation and predict the eye-level risk 
using clinical information from each eye. 

3) Identify genes that affect individual response to treat-
ment. In pharmacogenomics, individual response to 
drugs/treatment can be affected by genetic differences 
through biological pathways. A second generation of ge-
nome-wide scan on drug responses or pharmacological 
treatments will facilitate phenotypic screening in addition 
to drug discovery based on targeted pathways. 

4) Identify the disease subgroups that can benefit from cer-
tain drugs/treatment. The effect of drugs/treatments may 
vary from person to person. Individual genetic profiles 
provide potential for researchers to identify a subgroup of 
patients that have better drug responses or less side ef-
fects than general populations. Therefore, we can im-
prove the effectiveness of certain drugs/treatment. 

 Moreover, given the successes of genetic studies in 
AMD, we can apply findings to directly facilitate the design 
of clinical trials of AMD. For example, Hu et al. proposed a 
statistical method to reduce the cost of prevention trials by 
merging genetic risk scores calculated from GWAS findings 
with demographic factors [85]. The rationale is to enroll a 
subgroup of individuals with increased incidence of AMD 
for early stage screening, thus saving cost for patient follow-
up. Their results show that using both genetic and clinical 
factors can reduce trial cost by 33%.  
 In summary, combining genetic information with longi-
tudinal phenotypic data from clinical trials for AMD will 
greatly enhance our knowledge about etiology and pathology 
of AMD, improve existing statistical models for predicting 
AMD progression, provide clues for drug developments to-
wards personalized medicine, and save cost for future clini-
cal trials. We anticipate that the integrative analysis of genet-
ics, genomics, and environmental factors will have a great 
impact on clinical practice. 

BIOINFORMATICS APPROACH 

 The population based gene association studies have 
greater significance in drug discovery programs based on 
outcome of SNP analysis in a population. Bio-informatics 
approach plays an imperative role in SNP based drug dis-
covery settings. Several bioinformatic approaches are being 
adopted to signify and confirm the nature of SNPs of these 
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synonymous and nonsynonymous SNP (nsSNP) changes in 
the genome. The results of bioinformatic analysis will pro-
vide a biological annotation of nsSNP in the candidate genes 
thus enabling prediction of the impact of variation in struc-
ture and function of proteins. Disease risk can be predicted 
based on effect of nsSNPs and by analyzing its role in func-
tional protein in the early age of the AMD patients who will 
be likely to develop AMD in the later stage of their life. 
 The amino acid sequence of a protein provides valuable 
information with regard to its biochemical features. The pri-
mary structure of the proteins holds the key for its higher 
order of conformation which will ultimately bring about its 
function. A number of similar sub-structures, known as do-
mains, occur in many functionally related or unrelated pro-
teins. Super secondary structures, also known as motifs or 
folds, are mostly stable arrangements of numerous elements 
of secondary structure. The particular order of amino acid 
sequence of a protein can provide the knowledge of 3-
dimensional structure and function of the protein. The nature 
of protein, whether it is secretary, membranous or targeted 
for various intracellular organelles, depends on their tagged 
signal sequences. Mainly, these signal sequences are present 
on N-terminal of the peptides. Several post-translational 
modifications also occur in these proteins by addition and 
removal of several functional groups such as phosphate, ace-
tate, various lipids and carbohydrates. It is important to map 
nsSNPs onto these features of proteins. 
 Further, It may be interesting to study the conserva-
tive/non-conservative nsSNP across classes of amino acids 
(I- R, K, H; II- D, E; III- A, G, I, L, M, N, P, Q, S, T, V; IV- 
Y, F, W) and changes from any amino acid residues (R, K, 
H, D, E, A, G, I, L, M, N, P, Q, S, T, V, Y, F and W) to C 
and vice versa. Importantly, analysis of these nsSNPs will 
have significant impact predicting the changes in secondary 
and tertiary structure of the corresponding protein using 
available tools. Additionally, the holistic approach to corre-

late these different disciplines could provide better treatment 
strategy to deal with such complex diseases. Recently, sev-
eral studies have recommended the role of ‘omics’ sciences 
with system biology in order to provide personalized medi-
cine to combat complex disease phenotypes [86-88]. Bowler 
et al. have combined the ‘omics’ approach with system biol-
ogy to discover biomarkers in emphysema. They have found 
lower plasma and mRNA levels in PBMCs of emphysema 
patients that were associated with body mass index and age 
by using multivariate approach and have concluded the ‘om-
ics’ analysis coupled with systems biology can be useful in 
advancement of personalized medicine [89].  
 The results of systems biology and bioinformatic analysis 
will therefore provide a biological annotation of nsSNP in 
the candidate genes. Thus, it will provide an insight how the 
changes at genomic level will reflect at the protein level, 
affecting protein function and progression of AMD. The 
study of nsSNPs in genetically associated genes will provide 
better understanding of the phenotype variation in AMD 
patients across various continents. 

CONCLUSION 

 AMD remains a devastating and complex genetic eye 
disease due to the lack of effective treatments. The current 
treatment strategy targets the VEGF to prevent the choroidal 
angiogenesis which provides the symptomatic relief from the 
disease only in one third of the AMD cases. Some other 
treatment strategies are also in used in AMD based on block-
ing of sphingosine-1phosphate signaling process to alleviate 
angiogenesis [90], a variant of which already exists in cancer 
treatment. The review provides a critical update with attend-
ing barriers of translation in AMD research (Fig. 2). The 
review recommends that systemic and ‘omics’ science 
should be merged to improve the personalized medicine ap-
proach to accelerate translation research in the field. 

 
Fig. (2). Schematic representation of roadblocks in AMD translation research. 
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Abstract

The purpose of the study was to determine serum complement factor H (CFH) levels in patients of age related macular
degeneration (AMD) and examine its association with CFH Y402H polymorphism. 115 AMD patients and 61 normal controls
were recruited in this study. The single nucleotide polymorphism was assayed by real time PCR and serum CFH levels were
measured by ELISA and standardized to total serum protein. Chi-square test was applied to polymorphism analysis while
Mann Whitney U-statistic for CFH-levels. Mendelian randomization approach was used for determining causal relationship.
The genotype frequency differed between the AMD patients (TT- 18.3%, TC-41.3% and CC-40.4%) and controls (TT-76.3%,
TC-13.6%, and CC-10.1%) (p = 0001). The frequency of alleles was also significantly different when AMD (T-39% and C-61%)
was compared to controls (T-83% and C-17%) (p = 0.0001). Level of serum CFH was significantly lower in AMD patients as
compared to normal controls (p = 0.001). Our data showed that the CFH Y402H polymorphism is a risk factor for AMD in the
North Indian population. Mendelian randomization approach revealed that CFH Y402H polymorphism affects AMD risk
through the modification of CFH serum levels.
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Introduction

AMD is a progressive disease of the retina and a leading cause

of irreversible visual impairment [1,2]. AMD has two stages: early

stage and advanced stage. In the early phase of disease there is

presence of soft drusen with hyperpigmented and pigmented area.

With time a few of early AMD may progress to advanced stage

[1]. First is the dry AMD, which is marked by drusen or

depigmentation caused by products of the photoreceptors and

retinal pigment epithelium (RPE). The next phase of disease is

called wet AMD because it is due to the growth of new abnormal

blood vessels under the neurosensory retina and RPE, which

results in subretinal bleeding and consequent scar formation. Both

types of AMD may lead to central vision loss but 90% vision loss is

known to be due to wet AMD. Fewer than 1% of the affected

patients are under the age of 65 years, which increases with age, to

9% over 65 years and up to 30% over 70 years [3]. Therefore, the

increasing population of elderly individuals impact health

economics of every nation. The prevalence of AMD in India

ranges from 1.84–2.7% [4].

AMD results from both environmental and genetic factors, even

though its actual etiology remains unclear. CFH single nucleotide

polymorphisms [SNPs] have been reported as the most important

genetic risk factors for AMD pathogenesis.

Some independent studies have suggested that Y402H poly-

morphism in CFH gene plays an important role in determining

AMD susceptibility (Y402H has a TrC substitution in exon 9 at

1277 nucleotide, which results in a tyrosine to histidine change)

[5–7].

Another study from India has also reported significant

association of Y402H among AMD patients (p = 1.19610–7).

They showed that persons homozygous for CC had a significantly

higher risk (p = 0.0001) of AMD than heterozygous genotype [8].

CFH has been reported to be present in human and mouse

ocular tissues such as RPE and choroid and is associated with

drusen in AMD patients [9,10]. AMD is associated with

complement dysregulation or activation of the spontaneously

initiated alternative complement pathway leading to local inflam-

mation, which is involved in pathogenesis of disease. CFH is

known to be involved in maintaining homeostasis of complement

system and any alteration in this system either in the form of

altered functions of CFH variants or CFH expression could lead to

activation of complement systems which triggers further events

leading to cell damage of the RPE cells, formation of drusen and

visual loss [11]. Complement components C3a and C5a are

prominently involved in the AMD [12]. C3a deposition and C5a

release after complement activation are inhibited by Complement

factor H, any defect in CFH induces increased production of C3a

and C5a frequently seen in AMD autopsies [13] thus confirming a
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local role of inflammation and complement in the pathogenesis of

AMD. We hypothesized that a mutation in CFH could affect the

CFH protein levels.

The purpose of this study was to determine the frequencies of

the CFH Y402H variants and the levels of serum CFH in AMD

patients and normal controls in the north Indian population, a

study which has not been undertaken earlier. In this study, we

applied Mendelian randomization approach to test whether CFH

polymorphism, CFH levels and other confounders have any role in

the etiology of AMD.

Materials and Methods

Patients and Control Individuals
Two independent groups of North Indian population including

patients of AMD and controls were recruited in the study through

the retina clinic, Department of Ophthalmology, Post Graduate

Institute of Medical Education and Research (PGIMER) Chandi-

garh, India. The study was approved by institutional ethics review

committee of PGIMER, Chandigarh (No. Micro/10/1411).

Patients were enrolled in the study based on approved inclusion

and exclusion criteria after written informed consent was obtained.

We included 176 case-control samples consisting of 115 AMD

patients along with 61 genetically unrelated healthy controls. We

have excluded those cases in which any demographic detail was

lacking.

Only those AMD patients were recruited who fulfilled the

inclusion criteria such as those with an age 50 years or more with a

diagnosis of AMD defined by dry and/or choroidal neovascular-

ization with five large drusen or more [14]. The controls were of

age 50 years or older with no drusen and absence of other

diagnostic criteria defined for AMD.

All patients and controls were examined by a retina surgeon for

visual acuity measurement, and dilated fundus examination. All

patients underwent fluorescein fundus angiography. AMD diag-

Figure 1. A) Serum levels of CFH in AMD and normal controls. B) Serum levels of CFH in Controls, Dry and Wet AMD. Boxes include values
from first quartile (25th percentile) to third quartile (75th percentile). Outliers and extreme values are shown in circles and asterisk respectively. Levels
of CFH were standardized to total protein. AMD, Age Related Macular Degeneration; CFH, Complement Factor H; pg, picogram; mg, microgram.
doi:10.1371/journal.pone.0070193.g001

Table 1. Demographic characteristics of Controls and AMD
patients.

Variables AMD Controls

Number 115 61

Age 64.9767.1 60.38613.2

Duration of disease¥ 2362.6 (M) –

Wet AMD 84 (73.04%) –

Minimal Classic 7 (11.9%) –

Predominant Classic 16 (27.1%) –

Occult 36 (61.0%) –

Familial Cases 10 (8.7%) –

Bevacizumab Treated 55 (65.5%) –

Smokers 50 (43.5%) 11 (20%)

Alcohol User 37 (32.2%) 17 (30.9%)

Vegetarian 61 (53%) 31 (56.4%)

Male 75 (65.2%) 40 (65.6%)

Clinical and demographic details of subjects. AMD, age related macular
degeneration; M, Months; Age, Age of onset; Values are mean 6 SD or
(percentage), ¥ Duration of disease is the interval between appearance of first
symptom of AMD and collection of sample. AMD subjects were asked to
provide all clinical and demographic details at the age of disease-onset.
doi:10.1371/journal.pone.0070193.t001

Figure 2. Mendelian randomization approach.
doi:10.1371/journal.pone.0070193.g002
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nosis was based on ophthalmoscopic and fluorescein angiographic

findings.

A standardized risk factor questionnaire was used by a trained

interviewer to interview all the subjects [15–17]. Demographic

information such as alcohol intake, cigarette smoking, food habits

and comorbidity were included in a questionnaire. Smokers were

defined as those having smoked at least three cigarettes per day or

54 boxes for at least 6 months. Non vegetarian patients were

defined as those having chicken, meat or fish for at least 6 months.

Information about alcohol use for at least 6 months was also

collected. Co-morbidities were determined based on the partici-

pant’s answers to whether a physician had ever informed them for

diagnosis of any main neurological, cardiovascular or metabolic

illness.

Table 2. Genotype and allele frequency of CFH rs1061170 by Logistic Regression analysis.

Unadjusted p value
Multivariate analysis, adjusted for age, gender, food
habits, smoking and comorbidity

Genotype Number (frequency) OR 95% CI p Value OR 95% CI P Value

CFH rs1061170

AMD Controls

TT 20 (.183) 45 (.763) Reference Reference

TC 45 (.413) 8 (.136) 12.65 5.05–31.69 0.0001 1.960 0.393–3.526 0.014

CC 44 (.404) 6 (.101) 16.5 6.05–44.96 0.0001 * * *

Wet AMD Dry AMD

TT 16 (.20) 4 (.138) Reference Reference

TC 33 (.412) 12 (.414) 0.69 0.191–2.471 0.566 1.447 0.897–3.791 0.226

CC 31 (.388) 13 (.448) 0.60 0.167–2.129 0.426 0.400 0.049–3.289 0.394

Allele Number (frequency) OR 95% CI p Value

AMD Controls

T 85 (.39) 98 (.83) Reference

C 133 (.61) 20 (.17) 7.6 4.4–13.3 0.0001 - - -

Wet AMD Dry AMD

T 65 (.41) 20 (.34) Reference

C 95 (.59) 38 (.66) 0.77 0.41–1.43 0.41 - - -

*The value could not be complied because of the equal frequencies.
doi:10.1371/journal.pone.0070193.t002

Table 3. Logistic regression of CFH rs1061170 and AMD stratified by food habits, smoking and comorbidities.

Unadjusted p value Multivariate analysis, adjusted for age and sex

Genotype Number (frequency) OR 95%CI p-value OR 95%CI p-value

CFH rs1061170

Vegetarian AMD Non Vegetarian AMD

TT 6 (0.10) 14 (0.28) Reference Reference

TC 29 (0.50) 16 (0.31) 4.22 1.35–13.15 0.012 0.404 0.113–1.445 0.164

CC 23 (0.40) 21 (0.41) 2.55 0.83–7.86 0.102 2.579 0.589–11.29 0.209

AMD Smokers AMD Non Smokers

TT 9 (0.19) 11 (0.18) Reference

TC 22 (0.47) 23 (0.37) 1.16 0.40–3.36 0.772 1.00 0.271–3.694 1.00

CC 16 (0.34) 28 (0.45) 0.69 0.23–2.04 0.512 0.412 0.70–2.42 0.327

AMD with
Comorbodities

AMD without
Comorbodities

TT 11 (0.14) 9 (0.32) Reference Reference

TC 36 (0.46) 8 (0.29) 3.68 1.145–11.83 0.028 0.083 0.08–0.898 0.040

CC 32 (0.40) 11 (0.39) 2.38 0.779–7.265 0.127 1.836 0.462–7.29 0.388

doi:10.1371/journal.pone.0070193.t003
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Sample Collection
Blood samples were collected from all subjects. Serum was

separated from 4.0 ml of blood by using serum separator tubes

(BD Biosciences, USA). Genomic DNA was extracted from the

peripheral venous blood using a commercial kit (QIAGEN,

Germany and INVITROGEN, USA) according to the manufac-

turer’s protocol. The samples were coded, labeled and stored in

280uC freezer until assayed.

Protein Analyses
The quantification of serum total protein was done using

Bradford assay in order to standardized CFH levels estimated

from ELISA. The CFH protein levels were analysed using

commercially available enzyme linked immunosorbant assay

(ELISA; Cusabiotech; Catalog no. CSB-E08931h) according to

manufacturer’s procedure and the absorbance was taken at

450 nm by 680XR Microplate reader (Biorad, Hercules, USA).

This assay recognizes recombinant and natural human CFH with

detection range of 15.6 mg/ml-1000 mg/ml. All the samples were

analysed in duplicates. The standard curve for CFH estimation

was done by linear regression analysis. All the values were

standardized with total serum protein.

Genotyping
The SNP (rs1061170) employed for analysis in our study was

previously documented in other ethnic populations for involve-

ment with AMD and was chosen based on its functional

significance. It is defined as Y402H. The rs1061170 (T) allele

encodes the more common Tyr (Y), while the generally rarer

rs1061170(C) encodes the His (H). The SNP (rs1061170) assay was

done by using Real time PCR (Applied Biosystems Inc., Foster

city, CA) using published TaqManH SNP Genotyping Assays (7).

Real time PCR was carried out for 20.0 ml volume containing

10 ul master mix, 5 ul Assay (Applied Biosystems) and 20 ng DNA

was added to make the volume 20.0 ml. TaqManH SNP

Genotyping Assays (Applied Biosystems) was used to carry out

all reactions according to manufacturer’s recommendations. Two

reporter dyes FAM and VIC were used to label the Allele 1 and 2

probes and 59 Nuclease Assay was carried out. PCR mix without

DNA was used as negative control. StepOneTM v 2.0 software

(Applied Biosystems Inc., Foster city, CA) was used to perform the

genotype calling and Sequence Detection System (SDS) Software

was used to import the fluorescence measurements made during

the plate read to plot fluorescence (Rn) values after PCR

amplification (2).

Statistical Analysis
After taking the log of CFH ELISA values it was observed from

Normal Quantile plot (Q-Q plot) that the data was approximately

normally distributed. t-test was therefore, applied for comparing

the two groups. For comparing more than two groups, One-way

analysis of variance (ANOVA) followed by post-hoc was applied

for multiple comparisons. The p#0.05 was considered significant.

The measure R2 (Coefficient of determination) was used to

determine the goodness of standard curve fit for ELISA and total

protein. The linear and quadratic regressions with R2.0.80 were

considered to be a good fit. The genotypes were stratified for

homozygosity and heterozygosity of the respective allelic variant.

Association between various study groups was done by using

Pearson’s Chi-square test. Odds ratios (ORs) with 95% CI and

genotypic associations were estimated by binary logistic regression.

All statistical analysis such as linear regression, quadratic fit and

test of significance were performed with statistical package and

service solutions (SPSS; IBM SPSS Statistics 20.0, Chicago,

Illinois, USA) 20.0 software. Mendelian randomization (MR)

approach was used to investigate the CFH causal pathway in our

study.

Results

Summary statistics of all important variables are reported in

Table 1.

Single Nucleotide Polymorphism
We analyzed one polymorphism in the CFH gene by real time

PCR. Genotype and allele frequencies of CFH have been listed in

Tables 2. There was a significant difference between the

homozygous genotype frequency for allele T, homozygous

genotype frequency for allele C and heterozygous genotype

frequency between AMD patients and normal controls. The CC

and TC genotypes were more frequent in AMD patients than to

controls (OR = 16.5, CI = 6.05–44.96, p = 0.0001, and

OR = 12.65, CI = 5.05–31.69, p = 0.0001 respectively, Table 2).

The C allele was more frequent in AMD cases than controls

(OR = 7.6, CI = 4.4–13.3, p = 0.0001, Table 2). There was no

significant difference in the genotype and allele frequencies

between wet and dry AMD patients (Tables 2). Logistic regression

analysis for eating habits, smoking and presence of comorbidity

revealed that the TC genotype was more frequent in vegetarian

AMD patients (OR = 4.22, CI = 1.35–13.15, p = 0.012, Table 3)

and AMD patients with comorbodities (OR = 3.68, CI = 1.145–

11.83, p = 0.028, Table 3). The difference was not significant when

compared for bevacizumab treatment, the number of eyes affected

and between wet AMD patients ie minimally classic, predomi-

nantly classic and occult (data not shown).

A logistic regression analysis was performed to analyze the

association between the SNP and other risk factors with AMD

simultaneously. We analyzed age, sex, food habits smoking and

comorbidity as risk factors which have been shown to be

Table 4. Log CFH Serum levels according to AMD and control
subtypes (Comparison using t-Statistic).

Subjects CFH Mean t-Value p-value

AMD 25.37

Control 24.94 23.27 0.001

Dry 25.49

Wet 25.32 20.85 0.400

Bevacizumab treated 25.34

Not treated 25.29 0.216 0.830

Minimal Classic 25.50

Predominant Classic 25.59 0.124 0.871

Occult 25.37 20.327 0.806

Alcohol consumption 25.46

No Alcohol consumption 25.32 0.670 0.50

Smokers 25.39

Non Smokers 25.35 0.244 0.807

Vegetarian 25.45

Non Vegetarian 25.28 0.98 0.331

Without comorbidities 25.31

With comorbidities 25.39 0.43 0.670

doi:10.1371/journal.pone.0070193.t004
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associated with AMD previously. When multiple logistic regression

analysis was carried out with adjustment for age, sex, food habits,

smoking and comorbidity, we found that TC genotype was at

higher frequency in AMD patients than controls (p = 0.014,

Table 2). Sex and age adjustment for AMD patients with

comorbidity also showed higher frequency of the TC genotype

than in AMD patients without comorbidity (p = 0.040, Table 3).

Serum Levels of CFH are Decreased in AMD Patients
We investigated the serum CFH levels in AMD and controls.

We also examined the correlation between CFH genotype and

protein expression in serum. The CFH levels in AMD were

significantly lower than in controls (Figure 1A, Table 4, p = 0.001).

However, we did not find significant difference in the CFH serum

levels between wet and dry AMD patients, but both patients

groups had significantly lower levels than controls (Figure 1B,

p = 0.007, 0.003 respectively, Table 4). To estimate the predictive

value of CFH, serum levels of CFH were again segregated into

minimal classic, predominantly classic and occult AMD. The

difference was not significant between the wet AMD subgroups

(Table 4). We did not find any significant difference when the

ELISA levels were compared to other parameters like smoking,

alcohol, eating habit and bevacizumab treatment (Table 4). We

did not find any significant correlation between CFH genotype

and protein expression in serum.

Mendelian Randomization Approach
We used the Mendelian randomization (MR) approach [18,19]

to investigate the potential causal pathway by including SNP,

CFH serum levels, and AMD with other risk factors (food habit,

comorbidity, and smoking). CFH rs1061170 was analyzed as an

instrumental variable for CFH serum level. We found that allele C

increased the risk of AMD and lower CFH serum level was

observed in AMD patients. Allele C reduces the CFH serum level,

but SNP was also associated with food habit and comorbidity.

Therefore, the causal effect of CFH serum on the risk of AMD

may require further studies. We illustrate this approach in Figure 2.

Discussion

The Y402H polymorphism in CFH is a major risk factor for

AMD [6,7]. The non-synonymous variant (T-C) results in tyrosine

to histidine transformation at codon 402 of this loci. Several

studies have established an association of the CFH gene, which is

an inhibitor of the alternative complement activation pathway to

be responsible for AMD. Association of the Y402H (rs1061170)

variant of CFH with AMD has been described in several

populations worldwide [6,20], with TC and CC genotype being

approximately 2.5 and 6 times extra likely to have AMD than

patients having TT genotype [21], and this was later confirmed in

Italian [22], French [7], British [6], Russian [14] and Icelandic

[20] populations. However, it appears to be less common in

Chinese [23], and is absent in Japanese [24,25] but no such study

has been conducted in the homogeneous population from

Northern India.

This study was therefore conducted to determine the prevalence

of CFH polymorphism and to test whether differences in levels of

serum CFH exist between Indian patients with AMD and healthy

controls. We report significantly lower serum CFH levels in AMD

patients as compared to controls and Y402H variant of CFH to be

associated with AMD in this population. Homozygous CC and

heterozygous TC genotypes were more frequent among AMD

patients than controls. Moreover, the CC and TC genotypes

conferred OR for AMD of 16.5 and 12.6, respectively. CFH is

involved in the inflammatory response of the innate immune

system. Low levels of CFH in North Indian population is

consistent with other reports. Dhillon et al showed that the

prevalence of factor H autoantibodies decreased in AMD patients

as compared with normal controls [26]. Some investigators have

shown that reduced serum CFH is associated with obesity,

hypertension and smoking which are known risk factors for

AMD [27,28]. In a recent study, Silva et al observed significant

differences in the plasma levels of the alternative pathway proteins

i.e. Factor D (FD) and Factor I (FI) between the AMD patients and

control. They showed significantly lower FD plasma levels and

higher FI levels in AMD patients and also identified a significant

decrease in CFH plasma levels in AMD females patients in

relation to normal females [29].

Several studies have previously examined the role of CFH

Y402H polymorphism in the AMD subtypes such as geographic

atrophy (GA) or choroidal neovascularization (CNV). The weakly

regulated complement cascade, due to CFH polymorphism, might

enhance cellular damage, ultimately leading to atrophy or

neovascular response [30]. In the patients investigated the

Y402H polymorphism was not predictive for either of these

AMD phenotypes. This supports the concept that it could be

involved in both dry and wet AMD variants [31]. It is pertinent to

note that conflicting results exist where such associations have

been investigated wherein some groups have suggested that

neovascular AMD to be at a higher risk of this genotype variant

[32,33] while others noting that atrophic AMD represents a higher

risk of this polymorphism [34,35], however, there are many others

who have reported it to bear no variation with AMD phenotype

[17]. Our results are not consistent with those that suggest

association with neovascular or dry AMD.

There are certain reports indicating increased risk for each

successive stage of AMD associated with the CFH polymorphism

[36]. Our findings do not show any difference between minimal

classic, predominantly classic and occult AMD in the association

with the CFH Y402H genotype. Interestingly, our findings also

raise questions about the role of eating habits and other co-

morbidities on individual genotype. We, however, note that AMD

has previously been reported to be associated with other diseases

such as stroke and depression [37,38]. Vegetarian diet and

existence of co-morbidities in AMD patients seemed to suggest a

non redundant association with the TC genotype and the risk of

developing AMD with OR = 4.22 and 3.68, respectively. The

importance of this association is unclear due to limited data.

However, those on vegetarian diet including those not consuming

fish, may be deficient in a essential nutrients – especially

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)

the long-chain omega-3 fatty acids. Alphalinolenic acid (ALA) is

an omega-3 fat and is the precursor of the longer chain omega 3

fats EPA and DHA, i.e. ALA in the body can form EPA and to a

lesser extent DHA. Some fish and seafood are the major dietary

sources of these fatty acids. As a result, vegetarian diets provides

little DHA and EPA. Kornsteiner et al showed that vegetarians

are left with less omega-3 levels [39]. In addition, ALA, DHA, and

EPA are particularly important for the prevention of AMD [40].

Some studies have reported that fish consumption and omega-3

fatty acid intake reduces the risk of AMD [41,42]. However, some

studies suggest an inverse relation between regular dietary intake

of DHA, EPA, fish and risks of advanced AMD [43,44]. Recent

unpublished reports from Punjab, India have also shown

correlation between excess use of pesticides in agricultural crops

and incidence of cancer and other degenerative disorders (http://

health.india.com/diseases-conditions/are-the-farmers-in-punjab-

paying-a-price-for-the-green-revolution/).
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Using a Mendelian randomization approach, our results show

strong evidence that CFH serum levels are causal to AMD, which

strengthens the study. This implies: Allele C increases the risk of

AMD; lower CFH serum level is observed in AMD patients; Allele

C reduces the CFH serum level. This evidence strengthens the

argument that increasing CFH serum level might lower the risk of

AMD. SNP was also found to be associated with food habit and

comorbidity. Therefore, the correlation of CFH serum on the risk

of AMD may require further studies. The key limitation of the

study was the lack of local tissue.

Conclusion
Our study demonstrated that the CFH Y402H polymorphism

with a higher frequency of the allele may affect the CFH serum

levels resulting in AMD.
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Abstract

Background: Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly population. We have
shown previously that mice deficient in monocyte chemoattractant protein-1 (MCP1/CCL2) or its receptor (CCR2) develop
the features of AMD in senescent mice, however, the human genetic evidence so far is contradictory. We hypothesized that
any dysfunction in the CCL2 and its receptor result could be the contributing factor in pathogenesis of AMD.

Methods and Findings: 133 AMD patients and 80 healthy controls were enrolled for this study. Single neucleotid
Polymorphism for CCL2 and CCR2 was analyzed by real time PCR. CCL2 levels were determined by enzyme-linked
immunosorbent assay (ELISA) after normalization to total serum protein and percentage (%) of CCR2 expressing peripheral
blood mononuclear cells (PBMCs) was evaluated using Flow Cytometry. The genotype and allele frequency for both CCL2
and CCR2 was found to be significantly different between AMD and normal controls. The CCL2 ELISA levels were
significantly higher in AMD patients and flow Cytometry analysis revealed significantly reduced CCR2 expressing PBMCs in
AMD patients as compared to normal controls.

Conclusions: We analyzed the association between single neucleotide polymorphisms (SNPs) of CCL2 (rs4586) and CCR2
(rs1799865) with their respective protein levels. Our results revealed that individuals possessing both SNPs are at a higher
risk of development of AMD.
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Introduction

Age related macular degeneration is the leading cause of

irreversible blindness in the elderly population [1,2]. AMD is of

two types: early and late. In the early stage of disease there is

presence of drusen with pigmented and hyperpigmented area.

After the disease progresses with time, it enters into the second

stage i.e. the late stage. The early one is dry or atrophic AMD,

which is marked by geographic atrophy or sharply demarcated

area of depigmentation caused by waste by products of the retinal

pigment epithelium (RPE) and photoreceptors. The late stage of

disease is called wet AMD as it occurs because of the growth of

new blood vessels under the RPE and neurosensory retina, which

results in subretinal bleeding and subsequent scar formation [3].

The complete mechanism of age-related macular degeneration

(AMD) is not well understood. In recent years, there has been

increasing evidence of an inflammatory component in AMD. It

has been found to be associated with polymorphism of comple-

ment factor H (CFH) [1,2], a polymorphism which leads to an

overactivation of the complement system [3], emphasizing the

importance of inflammatory mediators in AMD.

During past few years, certain studies have also focused on the

role of chemokines in the progression of AMD. Although the

mechanisms underlying the regulation of these cytokines in the eye

of patients with AMD remain unclear, chemokines like MCP-1,

while acting in concert with receptor CCR2, promote recruitment

of macrophages [4]. We hypothesized that any dysfunction in the

CCL2 and CCR2 results in impaired macrophage recruitment

and debris formation under the retinal pigment epithelium (RPE)

contributions to AMD. CCL2 gene is located on chromosome

17q11.2 while CCR2 is located on chromosome 3p21.31.We

previously described the spontaneous development of CNV in

senescent mice deficient in CCL2 or its CCR2 receptor [4].

Besides, many recent reports have suggested that inflammation is

the major cellular process that plays main role in the pathogenesis

of AMD [5] and its development to CNV [6]. Some RPE cells

play essential role in the maintenance of outer retina by secreting

cytokines including CCL2 [7], which have been suggested to be

PLOS ONE | www.plosone.org 1 November 2012 | Volume 7 | Issue 11 | e49905

243



implicated in the pathogenesis of AMD [8]. RPE cells can secrete

CCL2 in the direction of choroidal blood vessels during

inflammatory reaction suggesting that RPE cells might promote

macrophage recruitment to the choroid from circulating mono-

cytes.

There are a few studies which have examined SNPs of the

chemokine system with AMD susceptibility but did not find any

evidence of association between CCL2, CCR2 and AMD [9,10].

The absence of any such genetic association studies between

CCL2 or CCR2 and AMD from Indian patients prompted us to

explore the role of these chemokines in these patients. We

analyzed whether single nucleotide polymorphism (SNP) variants

in the CCL2 or CCR2 loci independently or in combination are

associated with AMD as different ethnic groups may exhibit a

varying spectrum of SNPs.

Methods

Study Population
The study was approved by the Ethics Committee of Post-

Graduate Institute of Medical Education and Research, Chandi-

garh, India vide letter No Micro/10/1411. The written informed

consent was obtained from participants for the study, as well as for

the publication of the data obtained after retrieval of medical

records, besides use of blood and DNA for AMD related research

project. All the patients were scored at the base line. Individuals

with AMD in at least one eye were recruited between 2008 to

2011 from Advanced Eye Centre, Post-Graduate Institute of

Medical Education and Research, Chandigarh (PGIMER), India.

We included 213 case-control samples consisting of 133 AMD

patients from Eye Centre, PGIMER, with 80 genetically unrelated

healthy controls as per inclusion and exclusion criteria described

below. Out of 133 AMD and 80 control samples, about nine

samples were not included in the analysis due to delayed

refrigeration. The limited sample size of this study needs to be

addressed by larger studies even though many previous investiga-

tors have examined comparable sample size [11,12]. The strength

of our study, however, lies in the ethnically homogeneous nature of

population which was enrolled from a single largest tertiary care

centre in the region catering to over 1,50,000 general patients

annually.

Inclusion and Exclusion Criteria
The inclusion criteria for patients in both groups included those

with age 50 years or older with the diagnosis of AMD. AMD was

defined by geographic atrophy and/or choroidal neovasculariza-

tion with drusen more than five in at least one eye. The controls

constituting the study included those that were of age 50 years or

older and had no drusen or no more than 5 drusen with absence of

other diagnostic criteria for AMD.

The exclusion criteria included the retinal diseases involving the

photoreceptors and/or outer retinal layers other than AMD loss

such as high myopia, retinal dystrophies, central serious retinop-

athy, vein occlusion, diabetic retinopathy, uveitis or similar outer

retinal diseases that have been present prior to the age of 50 and

opacities of the ocular media, limitations of papillary dilation or

other problems sufficient to preclude adequate stereo fundus

photography. These conditions include occluded pupils due to

synechiae, cataracts and opacities due to ocular diseases.

Diagnosis of AMD
A retina specialist diagnosed all patients by ophthalmologic

examination for best corrected visual acuity, slit lamp biomi-

croscopy of anterior segment and dilated fundus examination.

All AMD patients were subjected to optical coherence

tomography (OCT) and fluorescein fundus angiography (FFA).

The diagnosis of AMD was based on FFA and ophthalmoscopic

findings.

Demographic Information
The demographic details were obtained by a trained interviewer

using a standardized risk factor questionnaire. A written informed

consent form signed by each participant, which included the

written risk factor questionnaire was taken from each participant.

The details such as age, sex, race, smoking etc as self reported by

participants were entered in the data base for analysis. Smokers

were defined as having smoked at least 1 cigarette per day for at

least 6 months and divided into smokers and never smokers.

Comorbidity was determined based on the participant’s responses

Table 1. Description of SNPs genotyped.

Gene (RefSeq) SNP Chromosome position Position in reference to 59 UTR
Amino acid
translation Minor Allele

CCL2 (NM_0029823) rs4586 17q11.2 +T974C Cys35Cys C

CCR2 (NM_0006482) rs1799865 3p21.31 +T4439C Asn260Asn C

doi:10.1371/journal.pone.0049905.t001

Table 2. Demographic characteristics of Controls and AMD
patients.

Variables AMD Controls

Total 133 80

Wet AMD 95 (71.4%) –

Dry AMD 38 (28.6%) –

Avastin treated 68

Not treated with Avastin 27

Duration of disease¥ 23 6 2.6 (M)

Age{ 66.56 6 7.6 54.2467.01

Male 88 (66.2%) 57 (71.2%)

Female 45 (33.8%) 23 (28.7%)

Clinical and demographic details of subjects. AMD, age related macular
degeneration; M, Months; Age, Age of onset; Values are mean 6 SD or
(percentage),
{Unpaired, independent 2-tailed student t test analysis showed that mean age
differ significantly among the groups (p = 0.02),
¥Duration of disease is the interval between appearance of first symptom of
AMD and collection of sample. AMD subjects were asked to provide all clinical
and demographic details at the age of disease-onset.
doi:10.1371/journal.pone.0049905.t002
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to whether a physician had ever told them for diagnosis of any

major neurological, metabolic or cardiovascular illness.

Selection of Single-nucleotide Polymorphisms
The selected single-nucleotide polymorphisms (SNPs) in our

study were either previously studied in other ethnic populations for

association with AMD or other inflammatory diseases and chosen

due to their reputed functional significance. The details are

enumerated in Table 1.

Serum, PBMCs and DNA Isolation
About 8.0 ml of blood sample was collected from all subjects.

About 3.0 ml of blood sample was left for 1 hour at 37uC and

allowed to clot. Serum was subsequently separated in serum

separator tube (BD Biosciences, USA) after centrifugation at

3000 rpm for 30 minutes. From rest of the blood PBMCs were

isolated as per Histopaque-1077 (Sigma, USA) instruction sheet

provided by the vendor. Briefly, 5.0 ml blood was layered on equal

volume of Histopaque-1077 followed by centrifugation at

1800 rpm for 30.0 mins at room temperature. PBMCs were

collected from plasma/Histopaque-1077 interface. Aliquots of

PBMCs were stored in 90% fetal bovine serum (FBS, HiMedia,

India) + 10% dimethyl sulphoxide (DMSO, Sigma, USA) and kept

at 280uC until flow cytometry was done. Genomic DNA was

extracted from PBMCs using a commercially available genomic

DNA extraction and purification kit (INVITROGEN and

QIAGEN) according to the manufacturer’s protocol. The samples

were labeled, coded and stored.

Real Time PCR
SNP (Single neucleotide polymorphism) was analyzed by using

real time PCR, and was performed in the 48 wells model Step

OneTM (Applied Biosystems Inc., Foster city, CA) using published

TaqManH SNP Genotyping Assays. Real time PCR was carried

out for 20.0 ml containing 10 ul master mix, 5 ul Assay (Applied

Biosystems), 20 ng DNA and molecular biology grade water was

added to make the volume 20.0 ml. All reactions were carried out

using TaqManH SNP Genotyping Assays (Applied Biosystems)

according to manufacturer’s recommendations. Two reporter dyes

VIC and FAM were used to label the Allele 1 and 2 probes and a

59 Nuclease Assay was carried out. Negative controls included the

PCR mix without DNA. Software StepOneTM v 2.0 (Applied

Biosystems Inc., Foster city, CA) was used to perform amplifica-

tion and to estimate SNP. After PCR amplification the Sequence

Detection System (SDS) Software was used to import the

fluorescence measurements made during the plate read to plot

fluorescence (Rn) values.

Total Protein Estimation
Total protein was estimated using Bradford assay. The

estimation of total protein was performed according to manufac-

turer’s recommendations. Briefly, serum samples were diluted

1500 times in double distilled water. Bovine Serum Albumin (BSA)

served as the standard. Diluted samples and BSA standard protein

were mixed with coomassie brilliant blue G–250 dye (Bradford

reagent) in 4:1 ratio followed by incubation at room temperature

for 10–15 minutes. The absorbance was read at 595 nm in

Microplate reader (680XR Biorad, Hercules, CA, USA). The

standard curve of BSA was estimated with linear or quadratic fit

models.

Enzyme Linked Immunosorbant Assay (ELISA)
The expression of CCL2 was analyzed using commercially

available enzyme linked immunosorbant assay (RayBio, Norcross,

Cat#: ELH-MCP1-001) as per manufacturer’s protocol and

absorbance was read at 450 nm in Microplate reader (Biorad

Figure 1. A) Genotype distribution (y-axis) of CCL2 and CCR2 polymorphism in the AMD patients compared to the control group (x-
axis) in percentages. B) Allele frequency (y-axis) of CCL2 and CCR2 polymorphism in the AMD patients compared to the control group (x-axis) in
percentages.
doi:10.1371/journal.pone.0049905.g001
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680XR, Hercules, CA, USA). Sample assays were performed in

duplicate. This assay recognizes recombinant human CCL2 with

minimum detectable dose of CCL2 typically less than 2 pg/ml.

The standard curve was plotted using linear model and results

were obtained after normalization with total protein.

Flow Cytometry
Flow cytometry was used to study the expression levels of

surface receptors namely hCCR2 in PBMCs of normal subjects

and AMD patients. ,36105 PBMCs were initially processed for

blocking with Fc blocker (1.0 mg, purified human IgG, R&D

Systems Inc., Minneapolis, MN, USA) for 15 mins at room

temperature with 0.2 ml of 0.1% sodium azide (Sigma, Germany)

in 16 Ca2+ and Mg2+ free phosphate buffer saline (PBS)

(HiMEDIA, India, pH = 7.2–7.4). Cell suspension was then

incubated with primary labeled anti-hCCR2 - Allophycocyanin

(0.1 mg, R&D Systems Inc., Minneapolis, MN, USA) antibody for

45 mins on ice in dark in 0.2 ml of fluorescence-activated cell

sorter (FACS) buffer. Labeled antibody incubation was followed by

two washings with 16 PBS at 5,000 rpm for 5 mins at 4uC.

Finally, the cells were reconstituted in 250.0 ml of 1X PBS and

analyzed in flow cytometer. Approximately 10,000 viable PBMCs

were gated based on their forward and side scatter profile, and

acquired in each run. PBMCs gate was set to include both

lymphocytes and monocytes where maximum CCR2 fluorescence

was observed. Same gating was used between the experiments.

Background signal was measured for each sample by acquiring

unlabeled PBMCs as negative controls and normalized to the

signal obtained from anit-hCCR2 labeled PBMCs. Acquired cells

were then verified for expression of CCR2. All the analysis was

done by acquisition of data within one hour of incubation on

FACS CANTO (BD Biosciences, San Jose, CA) flow cytometer

using FACS DIVA software (Becton Dickinson).

Statistical Analysis
In order to see whether the data is normally distributed,

Normal-quantile (Q-Q) plots were constructed. After establishing

the normality for wet AMD cases, a parametric one-way analysis

of variance (ANOVA) followed by Fisher’s least significant

difference (LSD) post-hoc test was applied to compare multiple

groups. For comparison of two groups unpaired, student-t test with

equal or unequal variance (Welch’s correction) was applied. For

Figure 2. A) Univariate logistic regression analysis in AMD patients with CCL2 and CCR2 polymorphisms as independent and
normal controls as a dependent variable. B) Univariate logistic regression analysis in Wet AMD patients with CCL2 and CCR2 polymorphisms as
independent and Dry AMD as a dependent variable. C) Univariate logistic regression analysis in AMD patients with CCL2 and CCR2 alleles frequency
as independent and normal controls as a dependent variable. D) Univariate logistic regression analysis in Wet AMD patients with CCL2 and CCR2
alleles frequency as independent and Dry AMD as a dependent variable. *p,0.05.
doi:10.1371/journal.pone.0049905.g002
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non-normal data, a non-parametric Kruskal-Wallis H test followed

by Mann-Whitney-U test was applied. The real time PCR

estimated genotypes for each mutation were stratified for

heterozygosity, and homozygosity for the respective allelic variant.

Pearson’s Chi-square test was applied to study the association

between various groups. Genotype distributions were analyzed by

logistic regression, integrating adjustments for age and gender.

Genotypic associations and odds ratios (ORs) with 95% confidence

intervals (CI) were estimated by binary logistic regression. The p

#0.05 was considered to be significant. Statistical analysis was

performed with the help of SPSS 16.0 software.

Results

Summary statistics of all-important variables have been

obtained and reported in Table 2.

rs4586 and rs1799865 Polymorphism in AMD Patients
To analyze the spectrum of polymorphism in CCL2 and CCR2

gene, real time PCR was used. The genotypes were in Hardy-

Weinberg equilibrium. Genotype and allele frequencies of the

polymorphisms of the genes CCL2 and CCR2 have been listed in

the Table 3, 4 and Figure 1. The genotype and allele frequency for

both CCL2 and CCR2 was found to be significantly different

between AMD and normal controls. The TT genotype was more

frequent in AMD patients than in controls for both CCL2 and

CCR2 (OR = 3.548, p = 0.003, CI = 1.543–8.157 and

OR = 2.677, p = 0.015, CI = 1.210–5.924, respectively, Table 3;

Figure 2A). The study showed that the TT risk variant of CCL2

and CCR2 is associated with AMD (Figure 2A). The individuals

having CT genotype in CCL2 and CCR2 revealed no risk of

Table 3. Effect of CCL2 rs4586 and CCR2 rs1799865 variants on disease phenotype.

Unadjusted p value
Multivariate analysis, adjusted for
age

Multivariate analysis, adjusted
for gender

Genotype Number (frequency) OR 95%CI p-Value OR 95%CI p- Value OR 95%CI p- Value

CCL2 rs4586

AMD Controls

CC 15 (0.118) 18 (0.236) Reference Reference Reference

CT 44 (0.346) 35 (0.461) 1.509 0.667–3.413 0.324 0.950 0.227–3.980 0.944 1.523 0.665–3.486 0.320

TT 68 (0.536) 23 (0.303) 3.548 1.543–8.157 0.003 0.517 0.107–2.494 0.411 0.300 0.129–0.695 0.005

Wet AMD Dry AMD

CC 11(0.118) 4 (0.118) Reference Reference Reference

CT 30 (0.323) 14 (0.412) 1.283 0.347–4.749 0.709 2.450 0.388–15.46 0.340 1.254 0.335–4.686 0.737

TT 52 (0.559) 16 (0.471) 0.846 0.237–3.026 0.797 0.334 0.051–2.191 0.253 1.338 0.364–4.915 0.661

CCR2 rs1799865

AMD Controls

CC 22 (0.172) 19 (0.246) Reference

CT 44 (0.344) 38 (0.494) 1.00 0.472–2.121 1.00 2.147 0.558–8.232 0.267 1.00 0.472–2.212 0.999

TT 62 (0.484) 20 (0.260) 2.677 1.210–5.924 0.015 0.126 0.023–0.679 0.016 0.379 0.171–0.840 0.017

Wet AMD Dry AMD

CC 16 (0.168) 6 (0.182) Reference

CT 33 (0.347) 11 (0.333) 0.889 0.279–2.836 0.842 0.404 0.072–2.249 0.301 0.875 0.275–2.789 0.822

TT 46 (0.484) 16 (0.485) 0.928 0.310–2.779 0.893 1.058 0.210–5.330 0.945 1.108 0.376–3.261 0.853

This table summarizes the genotype frequencies for the single-nucleotide polymorphisms (SNPs) in CCL2 rs4586 and CCR2 rs1799865 among patients with age-related
macular degeneration (AMD) and control subjects. Genotype distributions were in Hardy-Weinberg equilibrium. The p-value represents comparison of risk significance
between AMD cases and controls. OR indicates odds ratio and CI refers to confidence interval.
doi:10.1371/journal.pone.0049905.t003

Table 4. Allele frequency of CCL2 and CCR2 in AMD and
Normal controls.

Allele Number (frequency) OR 95%CI p- Value

CCL2 rs4586

AMD Controls

C 74 (0.29) 71 (0.47) Reference

T 180 (0.71) 81 (0.53) 2.132 1.403–3.238 0.0003

Wet AMD Dry AMD

C 52 (0.28) 22 (0.32) Reference

T 134 (0.72) 46 (0.68) 1.232 0.676–2.246 0.49

CCR2 rs1799865

AMD Controls

C 88 (0.34) 76 (0.49) Reference

T 168 (0.66) 78 (0.51) 1.86 1.237–2.796 0.002

Wet AMD Dry AMD

C 65 (0.34) 23 (0.35) Reference

T 125 (0.66) 43 (0.65) 1.028 0.571–1.852 0.92

This table summarizes the allele frequencies for the single-nucleotide
polymorphisms (SNPs) in CCL2 rs4586 and CCR2 rs1799865 among patients
with age-related macular degeneration (AMD) and control subjects. The p-value
represents comparison of risk significance between AMD cases and controls. OR
indicates odds ratio and CI refers to confidence interval.
doi:10.1371/journal.pone.0049905.t004
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developing AMD (Figure 2A). Logistic regression analysis for food

habits, existence of comorbidity and smoking habit revealed no

significant difference between vegetarian/non-vegetarian, exis-

tence of comorbidity/without comorbidity and smokers/non-

smokers AMD patients. However, when the comparison was done

between AMD and controls, we found that TT genotype was more

frequent among vegetarian AMD individuals than in vegetarian

controls for CCL2 (OR = 5.574, p = 0.010, CI = 1.510–20.572,

Table S1), TT genotype was more frequent in Non-vegetarian

AMD than in Non-vegetarian controls for CCR2 (OR = 6.629,

p = 0.008, CI = 1.652–26.59 Table S1) emphasizing the associa-

tion of TT genotype in AMD. The AMD smokers and AMD

never smokers showed significant TT frequency as compared to

control smokers and control never smokers for CCL2 (OR = 5.80,

p = 0.040, CI = 1.081–31.112 and OR = 3.380, p = 0.019,

CI = 1.223–9.347, Table S2) and TT frequency was significantly

higher in AMD smokers as compared to control smokers for

CCR2 (OR = 15.6, p = 0.016, CI = 1.662–146.4, Table S2).

However, there was no significant difference on the basis of

comorbidity for CCL2 and CCR2 genotypes (Table S3). The

frequency of allele T in CCL2 (rs4586) was found to be

significantly higher in AMD patients (0.71%) as compared to the

controls (0.53%) (OR = 2.132, p = 0.0003, CI = 1.403–3.238,

Table-4, Figure 2C). CCR2 (rs1799865) allele frequency of allele

T was also significantly higher in AMD patients (0.66%) as

compared to the controls (0.51%) (OR = 1.86, p = 0.002,

CI = 1.237–2.792, Table 4, Figure 2C). We did not find any

significant difference in genotype and allele frequency between wet

and dry AMD patients (Table 3&4; Figure 2B&D). The difference

was also not significant when compared between wet AMD

patients ie minimally classic, predominantly classic and occult

(data not shown). There was no significant difference when

compared between those wet variant of AMD patients who

received Avastin treatment (dose 1.25 mg in 0.05 ml) and those

that did not (data not shown).

Multiple Logistic Regression Analysis
To analyze the association of genetic polymorphism and other

risk factors with AMD simultaneously, we performed uncondi-

Figure 3. A) Serum levels of CCL2 in AMD and normal controls. B) Percentage (%) of PBMCs expressing CCR2 protein in AMD patients and
Normal controls. C) Serum levels of CCL2 in TT genotype of AMD and normal controls. D) Percentage (%) of PBMCs expressing CCR2 protein in TT
genotype of AMD patients and Normal controls. Boxes include values from first quartile (25th percentile) to third quartile (75th percentile). Lower and
upper error bar refers to 10th and 90th percentile respectively. The thick horizontal line in the box represents median for each dataset. Outliers and
extreme values are shown in circles and asterisk respectively. Levels of CCL2 were normalized to total protein. # indicates significant difference (p ,
0.05) between the given conditions. Data was analyzed by Mann Whitney U Test. AMD, Age Related Macular Degeneration; CCL2, Chemokine ligand
2; CCR2, Chemokine Receptor 2; pg, picogram; mg, microgram.
doi:10.1371/journal.pone.0049905.g003
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tional logistic regression analysis and obtained optimized model.

We analyzed both age and gender as risk factors which have been

shown to be associated with AMD previously. The Hosmer-

Lemenshow test shows that the data fits well to the logistic

regression (p = 0.70). When multiple logistic regression analysis

was carried out for age adjustment, we found that TT genotype

showed significantly higher frequency for CCR2 rs1799865 in

AMD as compared to controls (OR = 0.126, p = 0.016, and

CI = 0.023–0.679, Table-3) and multiple logistic regression

adjustment analysis for gender showed that TT genotype was at

significantly higher frequency for CCL2 rs4586 and CCR2

rs1799865 for AMD patients (Table-3). Gender adjustment also

showed significant difference in genotype TT for Vegetarian

AMD, never smokers AMD (CCL2 rs4586) and comorbidity and

smoker AMD (CCR2 rs1799865 Table S1, S2, S3).

Decreased CCR2 and Increased CCL2 Levels
ELISA estimation revealed elevated levels of serum CCL2 in

AMD patients as compared to normal controls (Figure 3 A;

p = 0.001). No difference was observed in CCL2 levels for wet and

dry AMD (p = 0.327). CCL2 concentration was significantly

elevated in the patients affected in one or both eyes with AMD

as compare to controls (Figure 4A). However, flow cytometry

analysis of PBMCs of AMD patients and normal controls indicates

a significant decrease in proportion of CCR2 expressing PBMCs

from AMD patients than those from normal controls (Figure 3B &

5; p = 0.0001). We found no significant difference in their

expression between Dry and Wet AMD samples (p = 0.934).

CCR2 expression was significantly lower in the patients affected in

one eye or both eyes with AMD as compared to controls but the

difference was not significant between one eye affected and both

eyes affected (Figure 4B). The CCL2 ELISA and CCR2 FACS

levels were not significant when compared between avastin treated

& untreated wet AMD patients and between different classes of

wet AMD i.e. minimally classic, predominantly classic and occult

(data not shown). No association of cigarette smoking, alcohol and

meat consumption with CCR2 and CCL2 levels in serum was

observed upon univariate and multivariate analysis. The levels of

CCL2 determined by ELISA and CCR2 expression estimated by

FACS were corresponded to the TT polymorphism in CCL2 and

CCR2 in between AMD and controls (Figure 3C&D).

Discussion

The current study suggests that inflammation is essential part of

the pathogenesis of AMD in the Indian AMD patients. After

examining the involvement of gene polymorphism and levels of

inflammatory genes with the risk of AMD, it is suggested that

genetic variations in the genes encoding the inflammatory

processes might confer susceptibility to AMD by altering the

expression of these cytokines. The presence of risk genotype of

these genes may increase the risk of AMD.

We examined the levels of CCL2, percentage of cells expressing

CCR2 and two variants of these pro-inflammatory cytokine genes

which have been studied for other ethnic populations for AMD [9]

and shown to be linked with inflammatory diseases [13,14] and

were functional variants affecting expression or function of these

genes. It must be mentioned that SNPs from CCL2 are previously

known to affect CCL2 protein levels [15]. In acute inflammation

expression of CCL2 in the retina and RPE increases [16–18], with

oxiative stress in the RPE [19]. A recent study had shown that

subretinal microglial cells (MCs) induce CCL5 and CCL2 in the

Figure 4. A) Serum levels of CCL2 in normal controls, AMD patients affected in one eye and AMD patients affected in both eyes. B)
Percentage (%) of PBMCs expressing CCR2 protein in normal controls, AMD patients affected in one eye and AMD patients affected in both eyes.
Boxes include values from first quartile (25th percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th
percentile respectively. The thick horizontal line in the box represents median for each dataset. Outliers and extreme values are shown in circles and
asterisk respectively. Levels of CCR2 were normalized to total protein. # indicates significant difference (p , 0.05) between the given conditions.
Data was analyzed by Mann Whitney U Test. CCL2, Chemokine ligand 2; CCR2, Chemokine Receptor 2; pg, picogram; mg, microgram.
doi:10.1371/journal.pone.0049905.g004
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RPE [20]. CCL2 mainly signals through CCR2 [21]. It has been

shown that CCL2/ CCR2 signaling is involved in monocyte or

microglial cells enrollment after laser injury [22]. Microglial cells

or CCR2-expressing monocytes are present at some point in these

models. In a clinical study Jonas et al showed that elevated

intraocular levels of CCL2 are associated with exudative AMD

[23] and in a mouse model of CNV [16]. CCL2 might therefore

play a role in monocyte and MC recruitment to the subretinal

space in AMD.

Besides our own work there are numerous reports using

CCL22/2 or CCR22/2 mice in an attempt to translate the

inflammatory mechanisms of AMD. Recently Chen et al has also

shown that aged CCL2 or CCR2 deficient mice develop certain

features of atrophic, but not angiogenic AMD-like changes, and

represent an animal model for early stage human geographic

atrophy [24]. Several studies have examined AMD susceptibility

and analyzed SNPs from chemokine family. However, no evidence

has been found for an association between common genetic

variations of CCR2 and CCL2 with the etiology of AMD [9,10]

but this did not include North Indian patients. However,

functional polymorphisms in these genes has been found to play

a significant role in the development of other inflammatory

diseases [13,25,26]. A family of structurally related chemotactic

cytokines comprise chemokines that direct the migration of

leukocytes throughout the body, both under pathological and

physiological conditions [27]. CCR2 and CCL2 are key mediators

in the infiltration of monocytes into foci of inflammation from

blood. The CCL2 protein is expressed ubiquitously and exerts its

effect after binding to its receptor CCR2 which leads to shape

change, actin rearrangement and monocytes movement [28]. As

CCL2 and CCR2 genes were considered as potential candidates

genes in AMD animal model studies, we analyzed the evidence

from genetic variation of CCL2 and CCR2 in human despite

conflicting reports. The results of these finding support the

Figure 5. Percentage (%) of CCR2 + PBMCs in AMD patients and normal control subjects as measured by Flow Cytometry. (A) Dot
plot showing side and forward scatter analysis of purified unlabeled PBMCs (large combined gate) from a AMD patient. PBMCs consists of two distinct
populations namely lymphocytes and monocytes. Approximate lymphocytes and monocytes populations are indicated as smaller gates. Events
outside the PBMCs gate represent cell debris and granulocytes. Same gating has been used for PBMCs from each AMD and normal control sample.
,10,000 events have been acquired in each experiment. X-axis represents population cell size in forward scatter (FSC) and y-axis represents
population cell granularity in side scatter (SSC). (B,C) Single parameter representative histogram of flow cytometric expression pattern of CCR2 on
gated PBMCs is showing decreased number of CCR2 expressing PBMCs in AMD (16.2%; B) as compared to normal control (44.6%; C). Number of cells
is represented along y-axis and blue APC fluorescence along x-axis. Appropriate unlabeled PBMCs were used to set marker in histogram and measure
background fluorescence. APC, allophycocyanin; CCR2, chemokine receptor 2; PBMCs, peripheral blood mononuclear cells; AMD, Age related macular
degeneration.
doi:10.1371/journal.pone.0049905.g005
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postulation that mice deficient in these genes develop hallmarks of

AMD [4] (i.e. lipofuscin, accumulation of drusen, photoreceptor

atrophy, and CNV). The presence of AMD-like disease in these

knockout mice had raised questions of whether CCR2 and CCL2

play a role in human AMD. On examining the two variants of

these inflammatory cytokines it was found that these alleles and

genotypes are in Hardy-Weinberg Equilibrium in AMD and

control subjects. Earlier studies in animal models have shown that

CCL2 and CCR2 are involved in the pathogenesis of AMD

[4,29,30]. We have examined single polymorphism for CCL2

(rs4586) and CCR2 (rs1799865) with their levels for susceptibility

of AMD. The CCL2 transcription may be influenced by the

CCL2 (rs4586) SNP, which may act in association with the CCR2

(rs1799865) SNP, impacting the biological activity of the CCR2

receptor, and the CCL2/CCR2 messenger system.

Our study has revealed that the levels of CCL2 were higher and

number of cells expressing CCR2 were lower in AMD patients as

compared to controls which could be ascribed to the varying

physiology of primates and rodents. This might be explained by

proposing the activation of a negative feedback seeking to limit the

inflammation caused by extravasations of activated monocytes/

lymphocytes at the site of macular degeneration. We also found

that the levels of CCL2 or percentage of cells expressing CCR2

did not significantly increase or decrease in the patients affected in

one eye or those affected in both eyes. We are unable to rule out

the local difference in CCL2 and CCR2 because we did not

analyze the respective autopsies. The levels of CCL2 in TT

genotype of rs4586 was significantly higher in AMD patients as

compared to normal controls and the percentage of cells

expressing CCR2 were significantly lower in TT genotype of

rs1799865 in AMD patients as compared to normal controls

which we are unable to explain. The risk of disease increases in

individuals 2.6–3.5 times in those who present with genotype TT

as compared to CC within both CCR2 (rs1799865) and CCL2

(rs4586) respectively. Individuals with T allele have higher risk of

1.8–2.1 times for developing AMD as compared to C allele for

both CCR2 (rs1799865) and CCL2 (rs4586) respectively. We did

not find any significant difference between food habit, comorbidity

and smoking for AMD patients which indicates no association with

disease.

To the best of our knowledge this is the first study suggesting

synergy between the SNPs of CCL2 (rs4586) and its receptor

CCR2 (rs1799865) with their protein levels in the development of

AMD. Additional studies in larger populations comparing Asian

and African and North Americans are needed to validation with

larger sample size to allow for the confirmation or negation of an

independent role of each of these SNPs on the risk of AMD

development or verifying their mutual properties.
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Abstract: Age-related macular degeneration (AMD) is a leading cause of blindness and is the third leading cause of 
blindness. Genetic factors are known to influence an individual’s risk for developing AMD. Linkage has earlier been 
shown to the vascular endothelial growth factor 2 (VEGF2) gene and AMD. To examine the role of VEGFR2 in north 
Indian population, we conducted a case control study. Total 176 subjects were enrolled in a case-control genetic study. 
Real-Time PCR was used to analyze the SNPs (rs1531289 and rs2305948) of VEGFR-2 gene. ELISA was conducted to 
determine the levels of VEGFR2. A non-parametric Mann-Whitney-U test was applied for comparison of the ELISA 
levels and pearson’s Chi-square test was applied to study the association of polymorphism between various groups. The 
single SNP (rs1531289) AG genotype was significantly associated with AMD (OR= 2.13, 95%CI= 1.011-4.489, 
P=0.047). VEGFR2 levels were found to be increased significantly in AMD patients as compared to normal controls. We 
also found significant increase in the levels of wet AMD as compared to dry AMD. This study demonstrates higher levels 
of VEGFR2 and frequency of AG (rs1531289) genotype in AMD patient population, suggesting the role of VEGFR-2 in 
pathogenesis of AMD. 

Keywords: Angiogenesis, genotype, macular degeneration, single-neucleotide polymorphism, VEGFR2. 

INTRODUCTION 

 Age-related macular degeneration (AMD) is leading 
cause of visual impairment and blindness in older population 
[1]. AMD is of two types i.e. dry and wet AMD. A typical 
sign of dry AMD is the presence of drusen, and retinal 
pigment epithelium (RPE) abnormalities in the form of 
geographic atrophy and areas of hyperpigmentation. A 
severe visual loss occurs in wet AMD in which there is 
growth of abnormal blood vessels through Bruch’s 
membrane and they penetrate the RPE and sub-retinal space 
[2]. This process can cause hemorrhagic retinal detachment, 
and may develop into scarring on retinal outer layer [3]. 
Imbalance between angiogenic and anti-angiogenic factors 
and due to defect in the retinal pigmented epithelium (RPE) 
results in choroidal neovascularization (CNV). Currently, 
there are some risk factors reported with AMD; like age, 
heredity, gender, smoking and high body mass index (BMI) 
[4, 5]. The results from multiple genetic screening indicates 
that AMD involves multiple genes, risk factors, and 
interactions [6].  

 VEGF plays an important role in vascular development 
and has been strongly implicated and reported in the 
pathogenesis of age-related macular degeneration [7], and  
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corneal neovascularization [8]. There are several VEGFs 
isoforms that have been reported which are products of 
alternative exon splicing. The VEGF family mainly binds with 
three types of VEGFRs which are: VEGFR1, VEGFR2, and 
VEGFR3, as well as to co-receptors [such as heparan sulphate 
proteoglycans nad neurophilin] [9]. VEGF regulates 
angiogenesis in the vascular endothelium through the high-
affinity receptor tyrosine kinases VEGFR-1 and VEGFR-2 [10]. 

 VEGFR-2 appears to mediate almost all of the known 
cellular responses to VEGF [11]. VEGFR2 is main receptor by 
which VEGF mediates its permeability and angiogenic activities 
[12]. We hypothesized that levels and individual functional 
single nucleotide polymorphisms (SNPs) in VEGFR2 might be 
associated with AMD for its role in CNV. 

 VEGF gene polymorphisms have been investigated in 
AMD yet the data seems to be controversial [13]. Recently, 
Boekhoorn and colleagues [14] did not find any association 
between AMD and polymorphisms of the VEGF gene. On 
the contrary, in a study of Taiwan Chinese and English 
population found to have an association between SNPs of 
VEGF-A gene and AMD [15,16]. Fang et al found no 
association for VEGFR-2 tSNPs by allele or genotype 
analysis. Haplotype analysis, however, did show a single 
rare haplotype to be mildly associated with AMD [17].  

 Little data is currently available about VEGFR-2 
polymorphisms and AMD. To our knowledge, until now, 
there has been no study which reported the VEGFR2 gene 
polymorphisms and serum VEGFR2 levels in Indian AMD 
patients. Therefore, in order to test whether VEGFR2 is a 
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major genetic determinant of AMD in Indian population, we 
compared the VEGF genotype and allele frequencies 
between a series of unrelated AMD patients and a control 
group of individuals without AMD. The SNP selected in our 
study were previsouly studied in other ethnic populations 
and were chosen due to their functional significance in the 
gene. Vascular endothelial growth factor receptor type 2 
(VEGFR2), or kinase insert domain-containing receptor 
(KDR), consists of 1356 amino acids. VEGFR2 gene is 
located in 4q11–q12 and consisted of 26 exons. 

MATERIALS AND METHODS 

 This study was approved by the Institute Ethics 
Committee, Post-Graduate Institute of Medical Education 
and Research, Chandigarh, India vide letter No 
Micro/10/1411. A signed informed consent was obtained 
from patients in the prescribed format endorsed by the 
Institute Ethical Committee. 

 The inclusion criteria for AMD patients was 50 years or 
older with the diagnosis of advanced AMD as defined by 
geographic atrophy and/or choroidal neovascularization with 
drusen more than five in at least one eye. The controls in the 
study included those above 50 years with no drusen and 
absence of other diagnostic criteria for AMD. The exclusion 
criteria included the retinal diseases involving the 
photoreceptors and/or outer retinal layers other than AMD 
loss such as high myopia, retinal dystrophies, central serous 
retinopathy, vein occlusion, diabetic retinopathy, uveitis or 
similar outer retinal diseases that have been present prior to 
the age of 50 and opacities of the ocular media, limitations of 
pupillary dilation or other problems sufficient to preclude 
adequate stereo fundus photography. These conditions 
include occluded pupils due to synechiae, cataracts and 
opacities due to ocular diseases. 

 We included 176 cases which contained 115 AMD 
samples and 61 normal healthy controls after getting a 
signed informed consent. All enrolled participants were 
referred from Eye Center, PGIMER, Chandigarh (India). All 
patients and controls received a standard examination 
protocol including comprehensive medical and ophthalmic 
history review. In briefly, all AMD patients underwent for 
ophthalmic examination by a retina specialist for best-
corrected visual acuity, slit lamp biomicroscopy of anterior 
segment and dilated fundus examination. All AMD patients 
were subjected to fluorescein fundus angiography (FFA) and 
optical coherence tomography (OCT). The diagnosis of 
AMD was based on ophthalmoscopic and FFA findings. 

DEMOGRAPHIC INFORMATION 

 Signed informed consent form with written risk factor 
questionnaire related to demographic and environmental risk 
factors was obtained by measurement and questionnaire in 
both patient and controls. The detail was (age, sex, race, 
smoking etc) self reported by participants. Smokers were 

defined as having smoked at least 1 cigarette per day for at 
least 6 months and divided in to smokers and never smokers. 
The patients with heart disease were segregated on the basis 
of their cardiac reports, whether they have any problems 
related to heart. Subjects were also asked to report any prior 
diagnosis of stroke, use of antihypertensive medications, 
diabetes, migraine and history of heart diseases. 

DNA EXTRACTION   

 The genomic DNAs were extracted from the whole blood 
of AMD cases as well as controls. The genomic DNA 
extraction has been done by commercially available genomic 
DNA extraction and purification kit (INVITROGEN and 
QIAGEN) according to the manufacturer’s protocol. 

SERUM EXTRACTION 

 Collected 4.0 ml of blood sample in serum separator tube 
(BD Biosciences, USA), left for 1 hour at 37°C to allow it to 
clot and serum was subsequently separated after 
centrifugation at 3000 rpm for 30 minutes. 

TOTAL PROTEIN 

 Total protein was estimated using Bradford assay 
according to manufacturer’s recommendations. Briefly, 
serum samples were diluted 1500 times in double distilled 
water. Bovine Serum Albumin (BSA) served as the standard. 
Diluted samples and BSA standard protein were mixed with 
coomassie brilliant blue G – 250 dye (Bradford reagent) in 
4:1 ratio followed by incubation at room temperature for 10 
mins – 15 mins. The absorbance was read at 595nm in 
Microplate reader (680XR Biorad, Hercules, CA, USA). The 
standard curve of BSA was estimated with linear or 
quadratic fit models. 

ENZYME-LINKED IMMUNOSORBENT ASSAY 
(ELISA) 

 The human VEGFR2 ELISA kit [Raybio Cat No # ELH 
VEGFR2-001] was used to estimate the levels of VEGFR2 
according to the manufacturer’s instructions and absorbance 
was read at 450 nm using 680XR model of Microplate reader 
(Biorad, Hercules, USA). Sample assays were performed in 
duplicate. This assay recognizes recombinant human 
VEGFR2 with minimum detection range less then 70 pg/ml. 
The linear regression analysis was used to generate the 
standard curve for VEGFR2 estimation in both patients and 
controls. All the values were normalized to total serum 
protein. The final concentration was shown as VEGFR2 
serum concentration (pg) normalized to total protein 
concentration of serum (μg).  

SNP SELECTION 

 We have selected two SNPs of VEGFR2 gene which 
were related to AMD and cardiovascular diseases i.e. 
rs1531289 & rs2305948 in VEGFR2. The detail of each SNP 
are described in Table 1. 

Table1. Description of SNPs Genotype. 

SNP Chromosome Location in Gene Genomic Location Variation Minor Allele 

rs1531289 4 Intron 25 55649989 A to G A 

rs2305948 4 Exon 7 55674315 C to T C 
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GENOTYPING  

 Allelic discrimination for SNPs rs1531289 and 
rs2305948 was performed by real-time PCR (RT-PCR) on a 
48 wells model Step OneTM (Applied Biosystems Inc., 
Foster city, CA) using published TaqMan® SNP Genotyping 
Assays for each of the polymorphisms mentioned above. 
Real time PCR was carried out for 20.0μl containing 10ul 
master mix, 5ul Assay (Applied Biosystems), 20ng DNA and 
molecular biology grade water was added to make the 
volume 20.0μl. TaqMan® SNP Genotyping Assays (Applied 
Biosystems) was used for all reactions according to 
manufacturer’s recommendations. Two fluorescence signal 
detectors dyes VIC and FAM were used to label the Allele 1
and 2 probes and a 5� Nuclease Assay was carried out. PCR 
mix without DNA served as negative control. The cycling 
program for Real Time PCR was as: preread 50°C, 1 minute; 
95°C, 10 minutes, 1 cycle; 92°C, 15 seconds, 60°C 1 min, 40 
cycles; postread 50°C, 1 minute. Software StepOneTM v 2.0 
(Applied Biosystems Inc., Foster city, CA) was used to 
perform amplification and to calculate SNP. After PCR 
amplification the Sequence Detection System (SDS) 
Software imports the fluorescence measurements made 
during the plate read to plot fluorescence (Rn) values based 
on the signals from each well.  

STATISTICAL ANALYSIS 

 Statistical analysis was performed with the help of SPSS 
20.0 software. A non-parametric Kruskal-Wallis test 
followed by Mann-Whitney-U test was applied for 
comparison of the ELISA levels. The real time PCR 
estimated genotypes for each mutation were stratified for 

heterozygosity, and homozygosity for the respective allelic 
variant. Pearson’s Chi-square test was applied to study the 
association between various groups. Genotype distributions 
were analyzed by logistic regression, integrating adjustments 
for age and gender. Genotypic associations and odds ratios 
(ORs) with 95% confidence intervals (CI) were estimated by 
binary logistic regression. The p <0.05 was considered to be 
significant.  

RESULTS 

 Summary statistics of all-important variables have been 
obtained and reported in Table 2.  

LEVELS OF VEGFR2 IN AMD AND CONTROLS

 ELISA indicated significantly elevated levels of 
VEGFR2 in AMD patients as compared to normal controls 
(Fig. (1), Table 3, p=0.0001) and the difference in the serum 
levels was also significant when compared between wet and 
dry AMD patients (Fig. 2, Table 3, p=0.048). AMD patients 
affected with heart diseases also showed significantly higher 
levels of VEGFR2 as compared to AMD patients without 
heart diseases. (Fig. 3, Table 3, p=0.001). No association 
was found between one eye affected and both eyes affected, 
alcoholic and non-alcoholic, smokers and non-smokers, 
vegetarian and non vegetarian as well as subtypes of wet 
AMD i.e minimal classic, predominant classic and Occult 
AMD patients (Table 3). The difference was also not 
significant between male/female and familial/sporadic cases 
(data not shown). 

 Clinical and demographic details of subjects. AMD,  
age related macular degeneration; M, Months; Age, Age of  

Table 2. Demographic Characteristics of Controls and AMD Patients. 

Variables AMD  Controls 

Total 115 61 

Wet AMD 84 (47.7%) ---- 

Dry AMD 31 (17.6%) ---- 

Minimal Classic 7 (11.9%) ---- 

Predominant Classic 16 (27.1%) ---- 

Occult 36 (61.0%) ---- 

One eye Affected 31 (27%) ---- 

Both eyes Affected 84 (73%) ---- 

Sporadic Cases 105 (91.3%) ---- 

Familial Cases 10 (8.7%) ---- 

Duration of disease¥
 23 ± 2.6 (M) ---- 

Smokers 50 (43.5%) 11 (20%) 

Non Smokers 65 (56.5%) 44 (80%) 

Alcohalic 37 (32.2%) 17 (30.9%) 

Non-alcohalic 78 (67.8%) 38 (69.1%) 

Vegetarian 61 (53%) 31 (56.4%) 

Non-vegetarian 54 (47%) 24 (43.6%) 

Age  64.97 ± 7.1 60.38±13.2 

Male 75 (65.2%) 40 (65.6%) 

Female 40 (34.8%) 21 (34.4%) 
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Fig. (1). Serum levels of VEGFR2 in AMD and normal controls. Boxes include values from first quartile (25th percentile) to third quartile 

(75th percentile). The thick horizontal line in the box represents median for each dataset. Outliers and extreme values are shown in circles and 

asterisk respectively. Levels of VEGFR2 were normalized to total protein. # indicates significant difference (p < 0.05) between the given 

conditions. Data was analyzed by using Mann-Whitney-U test. AMD, Age Related Macular Degeneration; VEGFR2, Vascular endothelial 

growth factor 2; pg, picogram; μg, microgram. 

Table 3. VEGFR2 Levels According to Different Subtype. Comparison of ELISA Levels Using Mann-Whitney-U Test. 

Subjects  Mean Rank Z- Value p- Value 

Control 50.33   

AMD 95.61 5.61 0.0001* 

Dry 47.10   

Wet 60.74 1.976 0.048* 

Minimal Classic 18.43   

Predominant Classic 31.75 1.737 0.082 

Occult 31.47 1.809 0.070 

One Eye Affected 47.77   

Both Eyes Affected 60.49 1.723 0.066 

No heart Disease 55.12   

Heart Disease 87.44 3.514 0.001* 

Non Alcoholic 60.21   

Alcoholic 51.86 1.262 0.207 

Non Smokers 60.73   

Smokers 53.36 1.182 0.237 

Vegetarian 61.97   

Non Vegetarian 51.38 1.86 0.086 

256



260    Current Neurovascular Research, 2012, Vol. 9, No. 4 Sharma et al. 

 

Fig. (2). Serum levels of VEGFR2 in normal controls, Dry AMD and Wet AMD. Boxes include values from first quartile (25th percentile) to 

third quartile (75th percentile). The thick horizontal line in the box represents median for each dataset. Outliers and extreme values are shown 

in circles and asterisk respectively. Levels of VEGFR2 were normalized to total protein. # indicates significant difference (p < 0.05) between 

the given conditions. Data was analyzed by using Mann-Whitney-U test. AMD, Age Related Macular Degeneration; VEGFR2, Vascular 

endothelial growth factor 2; pg, picogram; μg, microgram. 

 

Fig. (3). Serum levels of VEGFR2 in AMD patients with heart disease and AMD patients without heart disease. Boxes include values from 

first quartile (25th percentile) to third quartile (75th percentile). The thick horizontal line in the box represents median for each dataset. 

Outliers and extreme values are shown in circles and asterisk respectively. Levels of VEGFR2 were normalized to total protein. # indicates 

significant difference (p < 0.05) between the given conditions. Data was analyzed by using Mann-Whitney-U test. AMD, Age Related 

Macular Degeneration; VEGFR2, Vascular endothelial growth factor 2; pg, picogram; μg, microgram. 
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Table 4. Effect of rs1531289 and rs2305948 Variants on Disease Phenotype. 

  Unadjusted p Value Multivariate Analysis, Adjusted for Age and Gender 

Genotype Number (Frequency) OR 95%CI P Value OR 95%CI P Value 

rs1531289 

 AMD Controls       

AA 49 (.44) 34 (.65) Reference   Reference   

AG 43 (.38) 14 (.26) 2.13 1.011-4.489 0.047 1.152 0.141-0.589 0.811 

GG 20 (.17) 5 (.09) 2.77 0.949-8.117 0.062 0.975 0.211-4.501 0.974 

 Wet AMD Dry AMD       

AA 36 (.44) 13 (.44) Reference   Reference   

AG 33 (.40) 10 (.33) 1.192 0.461-3.082 0.718 0.932 0.234-3.710 0.920 

GG 13 (.16) 7 (.23) 0.678 0.220-2.048 0.483 1.015 0.166-6.217 0.987 

rs2305948  

 AMD Controls       

CC 98 (.86) 52 (.87) Reference   Reference   

CT 16 (.14) 8 (.13) 1.061 0.425-2.644 0.898 0.556 0.090-3.437 0.527 

TT 0 0 0 0 0 0 0 0 

 Wet AMD  Dry AMD       

CC 73 (.88) 25 (.81) Reference   Reference   

CT 10 (.12) 6 (.19) 0.571 0.188-1.731 0.322 1.205 0.198-7.321 0.839 

TT 0 0 0 0 0 0 0 0 

Table 5. Allele Frequency of rs1531289 and rs2305948 in AMD and Normal Controls. 

Allele Number (Frequency) OR 95%CI p- Value 

rs1531289 

 AMD Controls    

A 141 (0.63) 82 (0.77) Reference   

G 83 (0.37) 24 (0.23) 2.011 1.184-3.415 0.009* 

 Wet AMD Dry AMD    

A 105 (0.64) 36 (0.60) Reference   

G 59 (0.36) 24 (0.40) 0.842 0.459-1.54 0.580 

rs2305948 

 AMD Controls    

C 212 (0.93) 112 (0.93) Reference   

T 16 (0.07) 8 (0.07) 1.056 0.438-2.544 0.902 

 Wet AMD  Dry AMD    

C 156 (0.94) 56 (0.90) Reference   

T 10 (0.06) 6 (0.10) 0.598 0.207-1.722 0.340 

 

onset; Values are mean ± SD or (percentage), ¥ Duration of 
disease is the interval between appearance of first symptom 
of AMD and collection of sample. AMD subjects were asked 
to provide all clinical and demographic details at the age of 
disease-onset. 

GENETIC POLYMORPHISMS 

 After investigating the outcomes of VEGFR2 ELISA, we 
further analyzed the SNP by real time PCR. The genotype 
frequencies were in Hardy-Weinberg equilibrium. The 
genotype and allele frequencies in AMD patients and 
controls have been reproduced in Tables 4, 5 and Fig. (4). 
The AG genotype of rs1531289 was more frequent in AMD 
patients as compared to normal controls (Table 4, Fig. (5A), 

Univariate analysis OR=2.13, CI=1.011-4.489, p=0.047). 
The G allele of rs1531289 was also significantly different in 
AMD patients (Table 5, Fig. (5C), OR=2.011, CI=1.184-
3.415, #p=0.009). In rs2305948 we did not found GG 
genotype in AMD patients and normal controls (Table4). 
There was no significant difference in the genotype and 
allele frequency of rs2305948 (Table 4 & 5, Fig. 5 A & C, 
p=0.892 and 0.902). The study showed that the AG risk 
variant of rs1531289 is associated with the progression of 
AMD (Fig. 5A, p=0.047). The individuals having GG 
genotype revealed no risk of developing AMD (Fig. 5A, 
p=0.062). We did not find any significant difference in 
genotype and allele frequency for wet and dry AMD patients 
(Table 4 & 5; Fig. 5B & D). Logistic regression analysis in  
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Fig. (4A). Genotype distribution (y-axis) of VEGFR2 polymorphism in the AMD patients compared to the control group (x-axis) in 

percentages (B) Allele frequency (y-axis) of VEGFR2 polymorphism in the AMD patients compared to the control group (x-axis) in 
percentages.  

 

Fig. (5A). Univariate logistic regression analysis in AMD/Control as dependent variable and VEGFR2 polymorphism as independent 

variable. B) Univariate logistic regression analysis in Wet/Dry as dependent variable and VEGFR2 polymorphism as independent variable. C) 

Univariate logistic regression analysis in AMD/Control as dependent variable and VEGFR2 alleles frequency as independent variable. D) 
Univariate logistic regression analysis in Wet/Dry as dependent variable and VEGFR2 polymorphism as independent variable. *p�0.05. 
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Table 6. Logistic Regression of the Association of rs1531289, rs2305948 and Progression of AMD Stratified by Food Habits, Smoking 
and Heart Disease. 

  Unadjusted p Value 
Multivariate Analysis, Adjusted 

for Age and Gender 

Genotype  Number (Frequency) OR 95%CI p-Value OR 95%CI p-Value 

rs1531289    

 Non Vegetarian AMD Vegetarian AMD       

AA 18 (0.35) 31 (0.51) Reference      

AG 24 (0.46) 19 (0.32) 2.175 0.942-5.02 0.068 1.829 0.693-4.829 0.223 

GG 10 (0.19) 10 (0.17) 1.722 0.601-4.92 0.310 0.762 0.180-3.229 0.713 

 Smokers AMD Non Smokers AMD       

AA 17 (0.35) 32 (0.50) Reference      

AG 20 (0.40) 24 (0.37) 1.568 0.680-3.617 0.290 0.610 0.221-1.686 0.341 

GG 12 (0.25) 8 (0.13) 2.823 0.967-8.237 0.057 4.894 0.921-26.01 0.062 

 AMD with Heart disease AMD without Heart disease       

AA 8 (0.53) 25 (0.40) Reference      

AG 4 (0.27) 28 (0.44) 0.446 0.119-1.664 0.229 3.227 0.581-17.92 0.180 

GG 3 (0.20) 10 (0.16) 0.9375 0.205-4.269 0.933 0.833 0.107-6.496 0.862 

rs2305948    

 Non Vegetarian AMD Vegetarian AMD       

CC 50 (0.93) 48 (0.80) Reference      

CT 4 (0.7) 12 (0.20) 0.320 0.096-1.061 0.062 0.312 0.078-1.248 0.100 

TT 0 () 0 0 0 0 0 0 0 

 Smokers AMD Non Smokers AMD       

CC 41 (0.82) 57 (0.89) Reference      

CT 9 (0.18) 7 (0.11) 1.78 0.615-5.191 0.285 0.768 0.250-2.360 0.644 

TT 0 0 0 0 0 0 0 0 

 AMD with Heart disease AMD without Heart disease       

CC 12 (0.75) 54 (0.84) Reference      

CT 4 (0.25) 10 (0.16) 1.800 0.482-6.721 0.381 0.200 0.017-2.313 0.198 

TT 0 0 0 0 0 0 0 0 

 

both SNPs for smokers, food habit and heart disease did not 
show any differences (Table 6). The difference was also not 
significant when compared between alcoholic patients, 
number of eyes affected, familial patients, gender and wet 
AMD patients ie minimally classic, predominantly classic 
and occult (data not shown).  

 To analyze the association of genetic polymorphism and 
other risk factors with AMD we performed unconditional 
logistic regression analysis and obtained optimized model. 
As age and gender were reported as risk factors for AMD so 
we analyzed both as risk factors. When age and gender were 
adjusted by multiple logistic regression, we did not find 
significant difference between any group (Table 4 & 6). The 
VEGFR2 ELISA levels were not correspondent to the 
polymorphism of SNPs (Table 7).  

DISCUSSION  

 Vascular endothelial growth factor is an important 
regulator of vasculogenesis and angiogenesis with a specific 
mitogenicity for endothelial cells. This study was conducted 

to determine whether there is any relation of VEGFR2 and 
AMD disease in North Indian population. After examining 
the involvement of levels and VEGFR2 gene polymorphism 
with the risk of AMD, it is suggested that genetic variations 
in the gene (rs1531289) encoding the angiogenic processes 
might confer susceptibility to AMD. The significant 
relationship between the rs1531289 AG VEGFR-2 genotype 
and AMD could open novel perspectives in the etiology and 
associated risk factors in AMD. 

 Our results indicate that the levels of VEGFR2 increased 
significantly in AMD patients as compared to normal 
controls and the difference was pronounced in wet AMD 
patients as compared to dry AMD. VEGFR-2 mediates the 
majority of the angiogenic and permeability-enhancing 
effects of VEGF [12]. The levels of VEGF increases under 
hypoxic circumstances [18]. Atrophy of the choriocapillaris 
and atherosclerosis resulting in relative ischaemia of the 
retina are assumed to be involved in the development of 
AMD [19]. The increased levels of VEGFR2 in AMD might 
be caused due to hypoxia in the retina. Recently, a 
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pioneering retrospective study on neovascular AMD cohort 
and VEGFR-2 SNPs has been published [17]. Levels of 
VEGFR2 were higher in the AMD patients affected with 
heart diseases as compared to those without heart diseases. It 
is known that variants in VEGFR-2 are linked with heart 
disease [20]. Previously, it was shown that AMD and 
cardiovascular disease share common background [21]. 
Variants in VEGFR-2 may even influence the risk of 
developing breast cancer [20]. Recently, polymorphisms in 
VEGFR-2 and VEGFR-1 were reported to be associated with 
sarcoidosis, an inflammatory condition with a hypothesized 
antigenic stimulus and [22]. This study also found association 
of SNP (rs1531289) in AMD patients as compared to normal 
controls but did not report any association with rs2305948 
SNP. All the alleles and genotypes were in Hardy-Weinberg 
Equilibrium in both AMD and control subjects. VEGFR2 
signalling plays very important role during expansion of 
neovascularization in pathological or physiological conditions 
[12]. VEGFR2 have the autophosphorylation capability after 
the stimulus with VEGF ligand as compared to VEGFR1, and 
numerous phosphorylated tyrosine residues have been assigned 
in this receptor. For maximum kinase activity of VEGFR2, 
phosphorylation of two Tyr1054 and Tyr1059 is necessary [23] 
which provides the docking site for other proteins leading to 
activation of phospholipase C (PLC) and phosphatidylinositol 
3'-kinase (PI3K) thus affecting gene expressions.  

 Recurrently, agents that block the effects of vascular 
endothelial growth factor [VEGF] are emerging as the most 
successful treatment for AMD, including anti-VEGF 
aptamer [3] and anti-VEGF monoclonal anti- body [24]. 
Results obtained in this study showed that VEGFR2 gene 
polymorphism and serum VEGFR2 levels have a 
relationship with AMD, VEGFR2 gene polymorphism has a 
relationship with increasing levels of serum VEGFR2, which 
in turn is co-related to the incidence of age-related macular 

degeneration. From the results obtained in this study, it can 
be concluded that the VEGFR2 gene polymorphism 
(rs1531289) had a significant relationship to the incidence of 
AMD. Levels of serum VEGFR2 were higher in wet as 
compared to dry AMD and both were higher as compared 
with the control group. There was a significant correlation 
between serum VEGFR2 levels of patients with AMD and 
controls. It would be interesting to examine if VEGFR2 
levels vary among responders and non responders to 
Avsatin, the drug of choice in wet AMD.  
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Vascular endothelial growth factor-A and
chemokine ligand (CCL2) genes are upregulated
in peripheral blood mononuclear cells in Indian
amyotrophic lateral sclerosis patients
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Abstract

Background: We have earlier shown that protein levels of vascular endothelial growth factor-A (VEGF-A) and
chemokine ligand-2 (CCL2) were elevated in Indian amyotrophic lateral sclerosis (ALS) patients. Here, we report the
mRNA levels of VEGF-A and CCL2 in Indian ALS patients since they display extended survival after disease onset.

Methods: VEGF-A and CCL2 mRNA levels were measured in peripheral blood mononuclear cells (PBMCs) of 50
sporadic Indian ALS patients using Real Time Polymerase Chain Reaction (PCR) and compared with normal controls
(n = 50). Their levels were adjusted for possible confounders like cigarette smoking, alcohol and meat
consumption.

Results: VEGF-A and CCL2 mRNA levels were found to be significantly elevated in PBMCs in ALS patients as
compared to controls. PBMCs from definite ALS revealed higher VEGF-A mRNA expression as compared to
probable and possible ALS. CCL2 mRNA levels were found to be unaltered when definite, probable and possible
ALS were compared. PBMCs from patients with respiratory dysfunction showed much higher VEGF-A and CCL2
elevation when compared to patients without respiratory dysfunction. No association of smoking, alcohol and
meat consumption with VEGF-A and CCL2 was observed after analyzing the data with univariate and multivariate
analysis.

Conclusion: VEGF-A and CCL2 mRNA upregulation in PBMCs may have a clinico-pathological/etiological/
epidemiological association with ALS pathogenesis. The cross-cultural and cross-ethnic investigations of these
molecules could determine if they have any role in enhancing the mean survival time unique to Indian ALS
patients.

Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder characterized by selective loss of motor neu-
ron. Vascular endothelial growth factor-A (VEGF-A) is a
dimeric secreted polypeptide that was discovered first in
the VEGF family which also includes placental growth
factor (PLGF), VEGF-B, VEGF-C, VEGF-D and VEGF-E.
VEGF-A stimulates growth of blood vessels during
embryonic development and helps in proliferation of

blood collaterals in diseased conditions including ALS
through a tyrosine kinase dependent VEGF receptor-2
(VEGFR2) [1]. Apart from angiogenesis, VEGF-A is sug-
gested to exert direct neuroprotection via VEGFR2 and
neuropilin-1 (NP-1) in animal models and patients of var-
ious neurodegenerative disorders [2]. Mice having homo-
zygous deletion in hypoxia response element (HRE) of
VEGF-A promoter (VEGFδ/δ) were reported to develop
symptoms like classical ALS [3] and conversely, intrathe-
cal transplantation of stem cells overexpressing VEGF-A
delays the onset and progression of ALS in superoxide
dismutase-1 (SOD1) mutated transgenic mouse by
downregulating proapoptotic proteins and activating
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phosphatidylinositol 3-kinase/protein kinase B (PI3-K/
Akt) anti apoptotic pathway [4]. On the other hand, che-
mokine ligand-2 (CCL2), a proinflammatory molecule,
may impart neuroprotection in ALS against glutamate
induced excitotoxicity either by reducing release of gluta-
mate and/or increasing efficiency of astrocytes to clear
glutamate at synapses [5].
Indian ALS patients are known to exhibit significantly

extended survival duration after disease onset as com-
pared to Western ALS patients [6-8]. We recently
reported that augmented biofluids VEGF-A and CCL2
protein may be associated with increased survival dura-
tion of Indian ALS patients [9]. We now measured the
mRNA expression of VEGF-A and CCL2 in peripheral
blood mononuclear cells (PBMCs) of these patients.

Subjects and methods
50 patients, born in North India and diagnosed with
ALS were included from a convenience sample of Neu-
rology outpatient, post graduate institute of medical
education and research (PGIMER), Chandigarh after
obtaining informed consent as a part of research proto-
col as per institute ethical committee guidelines (No.
7055-PG-1Tg-05/4348-50). Based on the “El Escorial cri-
teria”, there were 25 definite ALS patients, 15 indivi-
duals were probable ALS and remaining 10 were
possible ALS at the time of sample collection. ALS-func-
tional rating score-revised (ALSFRS-R) revealed that 11
patients had respiratory dysfunction such as orthopnea
and dyspnea accompanied with other respiratory insuffi-
ciencies, although none of the patients needed respira-
tory support [10]. ALS patients with history of diabetic
neuropathy, glaucoma, pre-eclampsia, stroke, those
receiving riluzole, anti inflammatory drugs, antioxidants
or other treatment were excluded. 50 genetically unre-
lated healthy normal controls without any apparent
health problems such as hypertension, diabetes, heart
disease etc were included for comparison. The subjects
were categorized as cigarette smokers and never smo-
kers, alcohol consumers and nonalcoholics, vegetarian
and non-vegetarian (or meat consumers) using a stan-
dard questionnaire as per published criteria [11]. The
clinical and demographic details of subjects published
earlier [9] have also been reproduced here in Table 1.

PBMCs were isolated as per Histopaque-1077 (Sigma,
USA) datasheet. Briefly, 6.0 ml blood was collected from
each subject and layered on equal volume of Histopa-
que-1077. It was then centrifuged at 1800 rpm for 30.0
mins at room temperature and PBMCs were collected
from plasma/Histopaque-1077 interface and preserved
in RNA later (Sigma, USA) at -80°C until used.
Total RNA was extracted from PBMCs using RNAeasy

columns (Qiagen, USA). RNA concentration was mea-
sured by taking absorbance at 260.0 nm. About 500.0 ng
- 5000.0 ng total RNA was used to synthesize cDNA
according to RevertAid™ first strand cDNA kit (Fer-
mentas, USA).
Real Time Polymerase Chain Reaction (PCR) was used

to quantitate expression of VEGF-A and CCL2 mRNA
using published primers [12-14]. Methodology of Real
Time PCR has been elaborated in “Additional File 1“.
Because the data was normally distributed as indicated

by quintile-quintile (Q-Q) plot, unpaired, independent,
2-tailed student t test and one-way analysis of variance
(ANOVA) followed by Fisher’s least significant differ-
ence (LSD) post hoc analysis was applied for statistical
comparisons. Crude and adjusted odds ratio (OR) was
evaluated by univariate and multivariate logistic regres-
sion respectively to check any possible influence of
smoking, alcohol and meat consumption on VEGF-A
and CCL2 mRNA levels and c2 (chi square) test was
performed to find significance level.
p-value was considered significant at ≤0.05. Statistical

analysis was performed by statistical package and service
solutions (SPSS) 16 software. Results were analyzed by
two independent and masked researchers.

Results
Real Time PCR indicates that VEGF-A expression is 77-
fold higher in ALS than controls (Figure 1A; p = 0.0001).
CCL2 mRNA has shown an increment of 9.5-fold in ALS
than controls (Figure 1B; p = 0.005). There was elevated
VEGF-A mRNA expression in definite ALS patients in
comparison to controls, probable and possible ALS (Figure
2A; p = 0.0001, p = 0.029 and p = 0.018 respectively).
Further, both probable and possible ALS patients were
shown to have higher VEGF-A than controls (Figure 2A; p
= 0.0001 and p = 0.0001 respectively). However, CCL2

Table 1 Characteristics of the subjects

Subjects Age (y)† M/F (n) Age of onset (y) Disease duration‡ (mo) B/L (n) Smokers (n) Alcohol consumers (n) Non-vegetarian (n)

ALS 47.4 ± 12.4 38/12 46.2 ± 12.8 19.0 ± 12.7 8/42 12 12 20

Controls 40.0 ± 12.8 39/11 10 14 27

Clinical and demographic details of subjects. ALS, amyotrophic lateral sclerosis; n, Number; M, male; F, female; y, years; mo, months; B, bulbar; L, limb; Age, age
of onset, duration of disease are indicated as mean ± standard deviation (SD). † Unpaired, independent 2-tailed student t test analysis showed that mean age
differ significantly among the groups (p = 0.004). ‡ Duration of disease is the interval between appearance of first symptom of ALS and collection of sample. ALS
subjects were asked to provide all clinical and demographic details at the age of disease-onset.
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levels did not vary between definite, probable and possible
ALS cases (Figure 2B; p > 0.05).
To find association of respiratory dysfunction, VEGF-

A and CCL mRNA levels were reanalyzed among ALS
patients with respiratory dysfunction and those without
respiratory dysfunction. Significantly increased VEGF-A
and CCL2 was observed in ALS patients with respiratory
dysfunction as compared to patients without respiratory
dysfunction (Figure 3A-B; p = 0.045 and p = 0.021
respectively)
No association of cigarette smoking, alcohol and meat

consumption with VEGF-A (Table 2) and CCL2 (data
not shown) mRNA was observed upon univariate and
multivariate analysis.

Discussion
It has been reported that median survival duration of
Indian ALS patients is ~9 years after disease onset
which is significantly higher as compared to their Wes-
tern counterparts who survive for 3-6 years after disease
onset [6-8]. Because of this contradicting presentation,
we investigated the levels of VEGF-A and CCL2 among
the Indian ALS patients.
The increased PBMCs VEGF-A and CCL2 expression

in our patients may suggest the pathophysiological

involvement of circulating monocytes and lymphocytes
in ALS. The elevated PBMCs VEGF-A is in contrast to
previous reports where a profound downregulation of
VEGF-A mRNA in SOD1G93A ALS mouse and signifi-
cantly reduced serum and cerebrospinal fluid (CSF)
VEGF-A in ALS patients was observed possibly because
of genetic changes in promoter regions [15-17].
Increased serum and CSF VEGF-A reported earlier in
ALS and in its different clinical subtype with limb onset
and extended disease duration are in agreement with
current results [18,19]. However, some studies have
failed to detect significant change in serum, plasma and
CSF VEGF-A in ALS patients [20,21]. It is believed that
the variable study designs including different molecular
tools, study power, diverse clinical and genetic spectrum
of ALS patients may account for conflicting VEGF-A
levels. The increased PBMCs CCL2 is consistent with
reports where elevated CCL2 mRNA was observed in
spinal cord and skeletal muscles of ALS patient’s autop-
sies and SOD1 mutated ALS mice [14,22].
As VEGF-A and CCL2 are neurotrophic, Indian ALS

patients may enhance VEGF-A and CCL2 expression in
an attempt to ameliorate excitotoxicity through upregu-
lation of glutamate receptor as reported earlier [5,23].
Increased VEGF-A and CCL2 may promote migration

Figure 1 Relative mRNA expression of VEGF-A (A) and CCL2 (B) in PBMCs of ALS patients. Values are plotted as mean ± SE (Standard
error) in the bar diagram. Data was analyzed by unpaired, independent 2-tailed student t test. # indicates significant difference among the
groups (p < 0.05). Expression of VEGF-A and CCL2 were normalized to expression of endogenous control b-actin. ALS, amyotrophic lateral
sclerosis; VEGF-A, vascular endothelial growth factor-A; CCL2, chemokine ligand-2; PBMCs, peripheral blood mononuclear cells.
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and differentiation of VEGF receptor 1 (VEGFR1),
VEGFR2 and chemokine receptor 2 (CCR2) expressing
adult neural progenitor cell into neuronal and glial phe-
notypes at the site of injury [24,25]. Whether their upre-
gulation represent any compensatory response towards
extended survival of Indian ALS patients should be eval-
uated in future comparable cross-cultural and cross-eth-
nic ALS population where survival is longer. It must be
emphasized that mean survival duration of reported
ALS patients could not be ascertained.
Since elevated CCL2 initiates inflammatory reaction by

increasing production of nitric oxide and other inflam-
matory chemokines from unregulated monocytes/
macrophages [26] and VEGF-A is known to recruit leu-
kocytes at the site of brain injury by increasing vascular
permeability [27], it is possible that the high VEGF-A
and CCL2 in our ALS patients may exert limited inflam-
matory responses associated with neuroprotection [28].
At this moment, we are not able to state whether the

increased VEGF-A and CCL2 mRNA is a consequence
of genetic and/or epigenetic changes of upstream

regulatory sequences, altered transcriptional regulation
or amyotrophy and thus the present report lays the
foundation for future studies to screen promoter ele-
ments of VEGF-A and CCL2 in Indian ALS population
for subtle genetic differences. The stress conditions, like
respiratory problems, may also modify transcriptional
gene regulation as indicated by increased VEGF-A and
CCL2 mRNA expression in the 11 ALS patients with
respiratory dysfunction and signifies a possible associa-
tion with hypoxia (Figure 3).
Based on existing literature [29,30], elevated VEGF-A

and CCL2 in definite ALS may represent the possibility
of relatively extensive extra central nervous system
(CNS) involvement and higher degree of nerve endings
arborization at neuromuscular junction than probable
and possible ALS, however, neuroanatomical architec-
ture of neuromuscular junction has not been evaluated.
The possibility of increased VEGF-A and CCL2, in defi-
nite ALS due to respiratory dysfunction, may not be
ruled out even though only 28% of all definite ALS
cases presented with respiratory symptoms.

Figure 2 Relative mRNA expression of VEGF-A (A) and CCL2 (B) in PBMCs of definite, probable and possible ALS patients. Values are
plotted as mean ± SE (Standard error) in the bar diagram. Data was analyzed by one-way analysis of variance (ANOVA) followed by Fisher’s least
significant difference (LSD) post hoc test. # indicates significant difference among the groups (p < 0.05). Expression of VEGF-A and CCL2 were
normalized to expression of endogenous control b-actin. Basal VEGF-A mRNA expression in normal control group is represented by x-axis in part
“A”. ALS, amyotrophic lateral sclerosis; VEGF-A, vascular endothelial growth factor-A; CCL2, chemokine ligand-2; PBMCs, peripheral blood
mononuclear cells.
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Conclusion
Although it can not be concluded that increased VEGF-
A and CCL2 expression contributes towards enhanced
survival yet the importance of clinico-pathological, etio-
logical and epidemiological association of increased

VEGF-A and CCL2 with survival of Indian ALS patients
may not be underestimated and needs further
investigations.
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Additional material

Additional file 1: Real Time Polymerase Chain reaction (PCR).
Methodology of Real Time PCR; PCR cycling conditions and amplicon
size of VEGF-A and CCL2; sequences and references of primers used.

Abbreviations
ALS: amyotrophic lateral sclerosis; ALSFRS-R: ALS functional rating score-
revised; ANOVA: analysis of variance; CCL2: chemokine ligand-1; CCR2:
chemokine receptor-2; CNS: central nervous system; CSF: cerebrospinal fluid;
EDTA: ethylene diamine tetraacetate; HRE: hypoxia response element; LSD:
least significant difference; mRNA: messenger ribonucleic acid; NMDA: N-
Methyl-D-aspartate; NP-1: neuropilin-1; OR: odds ratio; PBMCs: peripheral

Figure 3 Fold change in expression of VEGF-A (A) and CCL2 (B) in PBMCs of ALS patients with respiratory dysfunction. Values are
plotted as mean ± SE (Standard error) in the bar diagram. Data was analyzed by one-way analysis of variance (ANOVA) followed by Fisher’s least
significant difference (LSD) post hoc test. # indicates significant difference among the groups (p < 0.05). Expression of VEGF-A and CCL2 were
normalized to expression of endogenous control b-actin. Basal VEGF-A mRNA expression in normal control group is represented by x-axis in part
“A”. ALS, amyotrophic lateral sclerosis; VEGF-A, vascular endothelial growth factor-A; CCL2, chemokine ligand-2; PBMCs, peripheral blood
mononuclear cells.

Table 2 Crude and adjusted OR for VEGF-A mRNA

OR (95% CI)† p* Adj. OR (95% CI)‡ p*

VEGF-A mRNA

Smoking 0.8 (0.2-4.3) 0.8 1.1 (0.2-6.3) 0.8

Alcohol consumption 1.0 (0.2-4.3) 0.9 0.9 (0.2-4.5) 0.9

Meat consumption 0.8 (0.2-3.0) 0.8 0.8 (0.2-3.3) 0.8

Never smoking/ 1.0 1.0

Nonalcoholic/

Vegetarian**

† Univariate logistic regression was used to calculate crude OR. ‡ Multivariate
logistic regression was used to adjust the effect of smoking on VEGF-A mRNA
levels with alcohol and meat consumption as covariates. Likewise, effect of
alcohol and meat consumption on VEGF-A is also adjusted for covariates. *c2

(chi square test) was used to test the level of significance. ** Never smoking,
nonalcoholic and vegetarian diet is considered as reference group. VEGF-A,
vascular endothelial growth factor-A; OR, odds ratio; CI, confidence interval;
Adj, adjusted.
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blood mononuclear cells; PCR: polymerase chain reaction; PI3-K:
phosphatidylinositol 3-kinases; SOD1: superoxide dismutase 1; VEGF: vascular
endothelial growth factor; VEGFR1: VEGF receptor-1; VEGFR2: VEGF receptor-
2.
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Background: Optical coherence tomography (OCT) parameters like subretinal fluid (SRF), intra retinal fluid (IRF) and retinal
detachment (RPED) etc are routinely accessed by ophthalmologists in patients with retinal complaints. Correlation of OCT findings
with genotype and phenotype of AMD patients is relatively unexplored. Here, we have investigated the association of OCT
parameters’ with genetic variants along with protein expressions and examined their clinical relevance with AREDS (Age-Related
Eye Disease Study) criteria in AMD patients.
Methods: For this study, samples were recruited from Advanced Eye Centre, PGIMER, Chandigarh, India. Case-only analysis of
anonymous imaging data (OCT/Fundus) acquired during the routine clinical evaluation of patients was done to examine the OCT
findings in the AMD patients. TaqMan genotyping assays were used to analyze the single nucleotide polymorphisms in these
patients. ELISA (enzyme linked immunosorbent assay) was used to estimate the protein levels of these genes in serum.
Information pertaining to lifestyle/habits was also collected by administering a standard questionnaire at the time of recruitment
of the patients.
Results: Intra-retinal fluid (IRF) was associated significantly with the LIPC genotype (p=0.04). Similarly, smoking status and early
AMD were also associated with the APOE genotype (p=0.03). Additionally, variants of IER-3 and SLC16A8 were also found to be
associated with co-morbidities (p=0.02) and males (p=0.02), respectively. RPED has shown a significant association with AREDS
criteria, which demonstrated an area under AUROC around 72%.
Conclusion: Results of genotype–phenotype association can give a precise impression of AMD severity and can be beneficial for the
early diagnosis of AMD cases.
Keywords: age-related macular degeneration, RPE detachment, OCT parameters, TIMP-3, HTRA1, IPC, APOE, anti-VEGF therapy,
AREDS

Introduction
Age-related macular degeneration (AMD) is a retinal degenerative disorder that develops in late life, generally after 50
years of age. It is a painless condition but results in irreversible central vision loss.1 It is the third most common cause of
blindness in the world. It has been estimated that, by 2020, 196 million people will be suffering from AMD. This number
is predicted to increase to 240 million by 2088.2 AMD can occur due to impaired functioning of choroidal blood vessels,
retinal pigment epithelial cells, Bruch’s membrane (BM), and the photoreceptor layer.3 AMD is broadly categorized into
dry and wet forms. The advent of high-resolution OCT imaging (optical coherence tomography) brought new insights
into the evaluation and monitoring of phenotypic variations of retinal layers in AMD patients.4,5 Ophthalmologists
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frequently use it for qualitative phenotypic manifestations assessment, such as cystoid spaces, retinal pigment epithelium
detachments (PEDs), sub-retinal fluid (SRF), and/or vitreomacular pathologies.6

The characteristic feature of dry AMD, such as drusen (deposition of lipofuscin between the RPE and its underlying
basement membrane – Bruch’s membrane), appears as the distinct elevation of the RPE with varying reflectivity on an
OCT image. These are seen as hyper-reflective stacks below the RPE layers on an OCT image, causing RPE
irregularity. Moreover, the sub-retinal fluid appears as an opaque space between the neuro-sensory retina’s rear end
and the RPE/choroid-capillaries complex reflection. The RPE detachment gives slightly more reflection on OCT. This
increased reflectivity of the RPE severely overshadows the noise from the underlying choroid. In SD-OCT, geographic
atrophy appears as a central thinning of the retina over a degenerated zone of RPE. Pigment epithelial detachment is
usually responsible for impaired vision, usually indicated with choroidal neovascularization (CNV). Therefore, the
identification of pigment epithelial defects (PEDs) by OCT analysis carries a prognostic value.7,8 These morphological
changes are being used to determine the course of diagnosis and treatment of such patients to enhance AMD
management.

AMD is a multifactorial disease. Inflammation, drusen formation (lipofuscin genesis), and neovascularization con-
tribute to AMD’s pathophysiology.9 Many factors have been linked with AMD occurrence and progression, but age being
the most important factor. Rudnicka et al have found that the risk of AMD incidence increases four times with an
increase in age by 10 years. Additionally, family history, smoking habits and previous cataract surgery have been
identified as risk factors for AMD.10 Cholesterol, diabetes and menopausal age have also been associated with AMD.11

Results have also found that higher circulating levels of white blood cells that the gut microbiome has been observed to
be different among AMD cases and controls12 which can be used as biomarkers for AMD.13 In addition to environmental
factors, genetics also play a crucial role in the manifestation of AMD.14

Many studies have examined the association of AMD with various genetic factors. Genetic variants of complement
factors (C2, CFI, CFH, CCL2), angiogenesis (VEGFs, VEGFRs, etc), pro-angiogenic genes (TIMP3, ADAMTS9), and
metabolizing genes (LIPC, APOE) genes have been reported to be associated with the risk of AMD15–20 genetic
polymorphisms in different genes have been linked to AMD like CFHY402H (rs1061170), ARMS2 (rs10490924), C2
(rs547154), ABCA1 (rs1883025), VEGFA (rs4711751) are associated with advanced AMD, ie, neovascular form of
AMD,21 genetic polymorphisms in TLR are associated with AMD in Indian population.19 Some studies have shown
a negative association of AMD with genetic variants of rs2075650 ofApoE,22 rs10468017 of hepatic lipase (LIPC),23 and
allele T of variant rs493258of hepatic lipase.24 Hence, the exact role of these genes can be defined by examining their
expression profile in serum of AMD patients. For example, lipid metabolizing proteins (LIPC and APOE), monocar-
boxylic acid transporter protein SLC16A8, TIMP-3,20 angiogenic VEGF16 and HTRA1,25 ARMS2, COL8A126 levels
were found to be increased in serum of AMD patients in comparison to controls. Daily life activities like sleeping
patterns are also known to modulate the protein expression of the genes.15 We have also identified that genetic variants
and subsequent protein alterations especially lipid metabolising proteins (APOE and LIPC) can modulate the anti-VEGF
response in wet AMD patients.53 But, the translation of such studies to diagnostic and therapeutic advancement remains
neglected because most of the studies lack the approach to consider the clinical findings, genotype, protein expression
and socio-demographic variables as an integral entity to dissect the AMD complexity. Hence, we have conducted a pilot
study where an association between genotype, phenotype, protein levels and demographic variables has been investigated
and attempted to investigate the association of genetic differences with OCT findings of AMD patients.

Materials and Methods
Study Design
The present study is a case-only analysis of 53 AMD patients attending the retina clinic of Advanced Eye Centre, Post
Graduate Institute of Medical Education and Research (PGIMER), Chandigarh during the period 2014–2018. Patients
were recruited after obtaining written consent at the time of enrollment. The ethical approval for the study was obtained
from the Institutional Ethical Committee, PGIMER, Chandigarh. Retrospective case-only analysis of anonymous imaging
data was acquired during the routine clinical evaluation of patients diagnosed with AMD. This study received ethical
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approval from the PGIMER Ethical Committee (No: PGI/IEC/2005-06; dated: 23.07.2013), PGIMER, Chandigarh, India,
and followed the provisions of the ethical approval. Study was conducted in accordance with the declaration of Helsinki.
Participants were informed about purpose and nature of the study before recruiting them.

Recruitment of Patients
The patients included in this study were recruited from the co-author’s clinic. The inclusion criteria of research subjects
included a diagnosis of AMD following AREDS criteria during a dilated Fundus examination by this study’s co-author,
a retina specialist.

Only patients aged 50 or above were recruited as research subjects of this study. Group 1: Each eye had no drusen or
non-extensive small drusen (AMD category 1); Group 2 (Intermediate Drusen): At least one eye had one or more
intermediate drusen, extensive small drusen, or pigment abnormalities associated with AMD (AMD category 2); Group 3
(Large Drusen): At least one eye had one or more large drusen or extensive intermediate drusen; Group 4 (Geographic
Atrophy): At least one eye had geographic atrophy. Group 5 (Neovascular): Choroidal neovascularization or RPE
detachment in one eye (nondrusenoid RPE detachment, serous sensory or hemorrhagic retinal detachment, subretinal
hemorrhage, subretinal pigment epithelial hemorrhage, subretinal fibrosis, or evidence of confluent photocoagulation for
neovascular AMD.27

Patients below the age of 50 and having AMD-like clinical features but associated with some other pathological
conditions, such as diabetic retinopathy, uveitis, and near-sightedness were excluded from the study.

OCT Findings
Macular OCT image of AMD patients was acquired using Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA) with
a super-luminescent diode (840 nm). It can obtain 27,000 optical coherence A-scans per second. Macular cube and radial
scans were performed in the eyes of AMD patients. Retinal layer thickness (μm) was estimated by analyzing the macular
cube (512 × 128) protocol covering a 10.4° radius foveal area. Additionally, 6 mm radial lines consisting of 128 A-scans
per line and cross-hair protocol including two 6 mm lines (6–12 to 9–3 o’clock) at 512 scan resolution were also carried
out in these eyes.

Distance between anterior inner limiting membrane (ILM) and posterior RPE was measured to denote the retinal
thickness (μn). Tabular output mode was used to analyze foveal thickness from the OCT image. Morphological
deformities in the retinal layer were analyzed based on OCT images, which have been reported in previous literature,
including subretinal fluid (SRF), intra-retinal fluid (IRF), pigment epithelial detachment (RPED), RPE irregularity (RPE
Irr), and fibrosis. Clinical parameters obtained from OCT images like retinal thickness, presence, and location of intra-
retinal cysts, RPED, SRF were also observed in clinical trials for CNVAMD patients to show morphological integrity of
retinal layers.28

SRF was identified as a non-reflective space between the posterior RPE layer and the neuro-sensory retina above. The
intra-retinal fluid was determined by the presence of cysts that were defined as round, minimally reflective spaces within
the neuro-sensory retina. PED was described as a focal elevation of the reflective retinal pigment epithelium (RPE) band
over an optically clear or moderately reflective space.

Table 1 Sociodemogaphic details of AMD patients recruited in the study

Gender Smoking Status Co-Morbidities

Males Females Yes No Yes No

AMD (n=53) 29 24 14 39 39 14

Clinical Ophthalmology 2022:16 https://doi.org/10.2147/OPTH.S318098

DovePress
519

Dovepress Battu et al

Powered by TCPDF (www.tcpdf.org)

272

https://www.dovepress.com
https://www.dovepress.com


Collection of Socio-Demographic Data
The demographic information like age, gender, smoking habits, food habits and co-morbidities (eg hypertension,
cardiovascular diseases, diabetes etc) of the patients was collected, like by administering a standard questionnaire.
Socio-demographic details of the study population are described in Table 1.

Isolation of Serum
2–4 mL blood was taken in the vacutainers containing clot activators (BD Biosciences, USA). Centrifugation was carried
out at 2500 rpm (high knob) at room temperature for 30 minutes. The upper clear layer of serum was collected in
centrifuge tubes and stored at −80◦C till further uses, after proper labeling and coding.

ELISA Estimation
The serum levels of LIPC (Hepatic Lipase C), TIMP-3 (Tissue inhibitor of metalloproteinases-3), B3GALTL (Beta
3-Glucosyltransferase), IER-3 (Immediate Early Response −3), SLC16A8, (Solute Carrier Family 16 Member 8),
ADAMTS9 (ADAM Metallopeptidase With Thrombospondin Type 1 Motif 9), HTRA1 (High-Temperature
Requirement A Serine Peptidase 1), and APOE (Apolipoprotein E) proteins were estimated using commercially available
kits (Qayee-Bio, China). The experiment was performed as per the manufacturer’s protocol for the estimation of proteins
in serum. Experiments were conducted after standardization. Standards were run in duplicates and samples were run in
random duplicates. The absorbance reading was taken at 450 nm on an ELISA reader (Biorad, USA). Total protein
estimation was performed with 400 times diluted serum samples to normalize the ELISA values.

Estimation of Total Protein
Total protein was estimated using Bradford’s method. Bovine serum albumin was used as standard in these experiments.
Bradford reagent (Sigma, USA) and autoclaved water was used in 1:4 dilution and the absorbance was measured at
595nm using ELISA reader (Biorad). Normalization of ELISA counts were carried out by using values obtained from
total protein estimation.

PBMC Isolation and DNA Extraction
4 mL blood sample was taken in EDTA vacutainer (BD Biosciences, USA) and RBCs were allowed to settle for 2 hours
at room temperature. Upper layer was collected and carefully layered on equal volume of histopaque previously taken in
a separate tube. It was subjected to centrifugation at 1500 rpm (REMI, India) for 30 minutes. Three layers were obtained
after this procedure. The middle buffy layer was aspirated out and taken in the centrifuge tube. Two washes of 1X PBS
were given at 5000rpm for 5 minutes at 4◦C. The PBMC pellet was suspended and stored at −80 0 C for further use.
Genomic DNA was extracted using commercially available kits (Qiagen, Germany). UV spectrophotometer (Beckman
Coulter) was used to estimate concentration and integrity of the isolated DNA by measuring absorbance at 260nm, after
labeling and coding, DNA was stored at −200C till further use.

Analysis of Single Nucleotide Polymorphisms
Single nucleotide polymorphisms were analyzed by TaqMan genotyping assay (ABI, USA). Real-time PCR was carried
out to analyze SNPs for eight genes, namely LIPC (rs920915), TIMP-3 (rs5749482), B3GALTL (rs9621532), IER-3
(rs3130783), SLC16A8 (rs8135665), ADAMTS9 (rs6795735), HTRA1 (rs11200638) and APOE (rs4420638). Briefly, PCR
conditions included a denaturation step at 95◦C for approximately 10 minutes, an extension step at 95◦C for 15 seconds,
and 60◦C for 1 minute. The process was repeated for 40 cycles. The reaction mixture’s total volume was 10 µL, with
20ng as the total concentration of genomic DNA in the TaqMan assay reaction.

Statistical Analysis
Frequencies for studied genotypes have been measured to distribute clinical parameters obtained from OCT image
analysis, and their statistical significance has been calculated through the chi-square test. Pearson’s correlation was used
to find a relationship between OCT biomarkers and genotypes. Independent Student’s t-test was used to analyze statistical
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significance of differential expressions between the genetic variants. To establish the correlation between existing
AREDS criteria (used for AMD classification) and OCT parameters, we used Pearson's correlation. Diagnostic efficacy
and specificity of the OCT parameters to identify AMD patients were calculated through ROC curve and area under ROC
(AUROC) curve. All the values were reported with a 95% confidence interval, and p-values ≤ 0.05 were taken to be
statistically significant. Statistical analysis was done by using SPSS 22.0 (SPSS, USA). The power analysis was
conducted, and its values varied from 0.78 to 0.99 for this study for varying sample sizes from 41 to 53; values were
found to be at 95% CI, and p values were statistically significant (p < 0.05).

Results
Relationship Between Genotypic Frequency and Clinical Parameters
For all the eight variants, we analyzed the association of genotype with clinical parameters obtained from OCT. The
socio-demographic details of the recruited AMD patients are mentioned in Table 1. For the ADAMTS9 variant, the
homozygous T/T genotype association was seen with all the clinical findings. The association of the homozygous C/C
genotype was lowest with all the clinical parameters. The number of patients with homozygous A/A genotype in the
APOE gene was highest for all clinical findings. For the LIPC variant, homozygous G/G genotype patients had the
highest incidence of all clinical findings than homozygous C/C variant and heterozygous C/G variant. LIPC genotypes
were found to be significantly associated with intra-retinal fluid, among the other clinical findings (Table 2). For Intra-
retinal fluid, the highest number of individuals was homozygous G/G, followed by heterozygous C/G and homozygous
C/C. In the case of the HTRA1 variant, patients with the homozygous G/G genotype had the highest incidence of SRF,
IRF, and RPE irregularity. Patients with homozygous A/A genotype had the highest incidence of subretinal fibrosis. The
incidence of RPED was found to be equal in patients with homozygous A/A and heterozygous A/G genotypes (Table 2).
Non-significant variants are shown in the supplementary information (Table S1) Results are graphically represented in
the supplementary text. (Figures S1–S8).

Association of Genetic Variants with Socio-Demographic Variables
Out of 43 patients, 74.1% of the subject had co-morbidities, and among those with co-morbidities, 59.37%, 25%, and
15.62% had homozygous T/T, heterozygous C/T, and homozygous C/C genotype, respectively, for ADAMTS9 variant.
For ApoE variants, out of 49 patients, 75.5% had co-morbidities. Among those with co-morbidities, 45.03% had
homozygous A/A genotype, and 3.97% had heterozygous A/G genotype, respectively. Genotype was significantly
associated with smoking status (P=0.03) (Table 3). Among variants of B3GALTL, out of 46 individuals, 78.26% had
co-morbidities among those with co-morbidities, 68.75%, 34.37%, and 9.37% had homozygous T/T, heterozygous C/
T, and homozygous C/C genotypes, respectively. For IER-3- variant, out of 41 patients, 62.79% had co-morbidities
among those with co-morbidities, and 88.8% had heterozygous A/G genotype, and 11.11% had homozygous A/A
genotype. Co-morbidities were also found to be significantly associated with the IER-3 genotype (P= 0.02). We also
looked at the association of SLC16A8 with socio-demographic variables. We found that out of 44 patients, 77.27%
had co-morbidities among those with co-morbidities, 55.88%, 38.23%, and 5.88% had homozygous C/C, heterozygous
C/T and HomozygousT/T genotypes, respectively. Also, gender was significantly associated with the SLC16A8
genotype (P=0.02). For the HTRA1 variant, out of 46 patients, 78.26% had co-morbidities among those with co-
morbidities, 50%, 33%, and 16.66% had homozygous G/G, heterozygous A/G, and homozygous A/A variants,
respectively (Table 3). For variants of LIPC, out of 53 patients, 73.58% had co-morbidities; among those with co-
morbidities, 51.28%, 43.58%, and 5.1% had homozygous G/G, heterozygous C/G and homozygous C/C variants,
respectively. Similarly, for TIMP-3 variants, out of 51 patients, 70.5% had co-morbidities, and among those with co-
morbidities, 86.0% had homozygous C/C, and 13.8% had heterozygous G/C genotypes. The association of genotypes
and socio-demographic variables is graphically represented in the supplementary text (Figures S9–S16). Additionally,
the association of genotype of the variants studied with early, intermediate and advanced AMD is represented
graphically in Figures S17 and S18.
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Table 2 Association of genotypes of studied SNPs with clinical findings of AMD patients. LIPC (Lipase C) was found to be significantly associated with IRF (intra retinal fluid)

Parameters ADAMTS9 (N=43) APOE (N=49) HTRA1 (N=47) LIPC (N=53)

OCT Findings TT
(N=25)

CC
(N=5)

CT
(N=13)

p AA
(N=45)

AG
(N=4)

GG
(N=0)

P GG
(N=7)

AA
(N=22)

AG
(N=18)

P GG
(N=27)

CC
(N=4)

CG
(N=22)

P

SRF 7 2 4 0.86 10 2 0 0.21 2 6 7 0.72 4 1 8 0.21

IRF 13 1 5 0.37 21 0 0 0.07 5 6 10 0.06 12 4 7 0.04

RPED 12 0 3 0.06 17 0 0 0.13 1 8 8 0.37 7 2 7 0.60

RPE Irr 22 3 12 0.18 36 3 0 0.81 6 16 17 0.42 19 4 20 0.12

Fibrosis 8 1 3 0.77 12 0 0 0.23 2 6 3 0.68 9 2 2 0.07
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Table 3 Association of genotype of studied genetic loci with gender, smoking status, co-morbidities and diagnosis based on AREDS criteria: There was a significant association between
genotype and some studied variables. ADAMSTS9 genotype aas associated with AREDS criteria. IER-3 genotype was associated with the co-morbidities, and SLC16A8 genotype was
associated with gender in AMD patients

Parameters ADAMTS9 APOE B3GALTl IER-3

TT CC CT P AA AG GG P TT CT CC P AA AG GG P

Gender Male 15 3 7 0.93 25 3 0.45 12 3 10 0.08 4 18 0.53

Female 10 2 6 20 1 16 0 5 5 14

Smoking Smoker 7 3 3 0.29 11 3 0.03 6 1 5 0.66 2 9 0.72

Non-smoker 18 2 10 34 1 0 0 0 7 23

Co-morbidity Absent 6 0 5 0.24 11 1 0.98 6 0 4 6 8 0.02

Present 19 5 8 34 3 22 3 11 3 24

AREDS Early 0 1 0 0.08 0 1 0.002 1 0 0 0.59 0 0

Intermediate 4 1 3 8 0 6 1 3 2 8

Advanced 21 3 10 37 3 21 2 12 7 24

Parameters SLC16A8 HTRA1 LIPC TIMP-3

Gender Male CC TT CT P GG AA AG P GG CC CG P CC GG GC P

Female 19 1 5 0.02 4 12 11 0.91 18 3 8 0.07 25 0 5 0.52

Smoking Smoker 7 1 11 3 10 7 9 1 14 16 0 5

Non-smoker 5 1 4 0.584 3 3 6 0.19 6 3 5 0.07 8 0 4 0.17

Co-morbidty Absent 21 1 12 4 19 12 21 1 17 33 0 6

Present 7 0 3 0.60 1 4 5 0.612 7 2 5 0.52 10 0 5 0.11

AREDS Early 19 2 13 6 18 12 20 2 17 31 0 5

Intermediate 0 0 0 0.47 1 0 0 0.08 1 0 0 0.47 1 0 0 0.697

Advanced 4 1 3 1 5 1 7 1 2 8 0 3

22 1 13 5 17 17 19 3 20 32 0 7

Abbreviations: AREDS, age-related eye disease study; ADAMTS9, a disintegrin and metalloproteinase with thrombospondin motifs 9; APOE, apolipoprotein E, B3GALTL, Beta-1,3-glucosyltransferase; IER-3, immediate early response 3,
SLC16A8, solute carrier family 16 member 8; HTRA1, high-temperature requirement A serine peptidase 1; LIPC, lipase C, hepatic type; TIMP-3, tissue inhibitor of metalloproteinases 3.
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Protein Expression versus Genotype
We have also investigated the association of protein levels with the difference in genotype. We observed that the protein
level was similar among the different genotypes, with a slight difference between protein expression in HTRA1 and LIPC
genotypes. Although, the differences were not statistically significant, as seen in Table S2.

Association of Clinical Parameters with AREDS Criteria
Additionally, we have attempted to associate previously mentioned clinical parameters, including SRF, IRF, RPED,
RPE irregularity, and fibrosis with prevailing AREDS criteria for AMD patients. The chi-square result (Pearson’s chi-
square p= 0.021) has demonstrated a significant association of RPED with AREDS criteria (Table 4), suggesting that
the new approach is crucial for AMD patients’ diagnosis. However, the association with other non-significant clinical
parameters with AREDS may be due to the study’s inadequate sample size. Additionally, results of area under the
receiver operating curve (AUROC), which found to be around 72% (p=0.019) to determine the sensitivity and
specificity of the model (Figure 1) with minimum standard error 0.08 and with a close range of 95% confidence
intervals (CI 0.562–0.876). Results are suggesting RPED could be a leading parameter for diagnosing AMD cases from
the population (Table 4).

Table 4 Association of clinical variants obtained from OCT images and their association with existing AREDS score
designated with Pearson’s Chi-square values (p-value). RPED was found to be associated with AREDS score

Count AREDS

AREDS 3 AREDS 4 AREDS 5 p-value

SRF Absent 8 6 16

Present 1 3 9

Total 9 9 25 0.369

IRF Absent 6 5 13

Present 3 4 12

Total 9 9 25 0.749

RPED Absent 8 8 12

Present 1 1 13 0.021

Total 9 9 25

RPE Irr Absent 2 2 2

Present 7 7 23

Total 9 9 25 0.414

FIbrosis Absent 8 5 18

Present 1 4 7 0.289

Total 9 9 25

Abbreviations: AMD, age-related macular degeneration; SRF, subretinal fluid; IRF, intraretinal fluid; RPED, retinal pigment epithelium detachment; RPE Irr,
retinal pigment epithelium irregularity.
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Discussion
Many studies on neurodegenerative disorders by our lab has found that various genes are implicated in neurodegenerative
conditions like Parkinson’s, ALS and AMD in the Indian population.29–36 Also, we have been exploring various
therapeutic strategies for these degenerative conditions.37–39 This investigation is also an attempt to find a missing link
between clinical practice and lab findings. The present study aimed to demonstrate morphological deformities (as
reflected by high-resolution OCT images) and see if these clinical findings can be associated with AMD’s genetic
variants. Genome-wide association studies have identified specific genetic loci that are associated with AMD.12,13,40

A GWA study has identified genes, HTRA1, and CFH as significant contributors to AMD’s risk.41 Another study has
found that genetic variants (frequency < 0.1%) of complement factor H (CFH), complement factor I (CFI), and tissue
inhibitor of metalloproteinases(TIMPs), including a splice variant in SLC16A8 suggest causal roles for these genes, in
AMD. The difference in ethnic backgrounds may also be one factor responsible for AMD pathology. In a study on the
Italian population, SNPs in LIPC (Hepatic Lipase), SLC16A8 (Solute carrier family 16 members 8), and TIMP-3 (Tissue
inhibitor of metalloproteinases) were recognized as susceptibility factors responsible for causing AMD.30 Seddon et al
have reported that the TT genotype of the LIPC variant was linked to a lower risk of AMD independent of socio-
demographic variables like smoking, BMI (Body Mass Index), and a diet rich in lutein.42

OCT imaging has paved the way for better management of AMD and emerged as the gold standard for diagnosing
wet AMD besides assessing anti-VEGF treatment responses and evaluating disease progression.43,44 Hence, the present
study has been carried out to understand the association of genetic variants and protein expressions with OCT parameters
to exhibit the genotype-phenotypic alterations to strengthen further AMD’s diagnostic protocol in clinical setup (no
controls included). Karacorlu et al have studied the morphology of Bruch's membrane by using SD-OCT (Spectral
Domain Optical Coherence Tomography) of CNV patients in association with anti-VEGF treatment.45 We considered

Area Under the Curve
Test Result Variable(s):AREDS

Area Std. Errora Asymptotic Sig.b
Asymptotic 95% Confidence Interval

Lower Bound Upper Bound

0.719 .080 0.019 .562 .876
a. Under the nonparametric assumption
b. Null hypothesis: true area = 0.5

Figure 1 Area under ROC (AUROC) to predict AMD cases from the normal population based on the criteria of association between RPED and AREDS.
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five phenotypic changes: Intra-retinal fluid, Subretinal fluid, RPE irregularity, RPE detachment, and retinal fibrosis and
found a significant association of LIPC genotypic variants with intra-retinal fluid (p<0.04).

In addition to genetics, socio-demographic factors like age, sex, weight, occupation, education, food habits,
physical activity, night sleep hours, exposure to sunlight, water intake, and co-morbidities, microbiota status etc
are believed to be the major risk factors for AMD. As AMD is a degenerative disease associated with ageing, age
remains the most important risk factor for AMD incidence. Interestingly, women have also been reported to be at
higher risk of developing AMD. Many studies have shown that smoking status confers the risk of development and
progression of AMD and other diseases.42–52 We also found the association of smoking status and the number of
individuals in different genotype groups of the APOE gene (p<0.03).14 Several studies have shown a positive
correlation between smoking and AMD.14,16–19 Myers et al have found that smoking is positively associated with
a high risk of converting the early form to moderate form of AMD.47 Another study reported smoking to be
associated with the occurrence of AMD.48 For example, Rim et al found that the risk of developing advanced
AMD is related to smoking’s current or past status.49 In addition to lifestyle, the co-existence of a diseased state
increases the probability of AMD occurrence. Hypertension, cardiovascular abnormalities, and diabetes have also
been reported in AMD as a comorbid condition. In the current study, we have found that co-morbidities were
significantly associated with genotypic variants of IER-3 (p<0.02). A previous study carried out by Vassilev et al also
found an association between AMD, Diabetes, history of eye diseases, and cardiovascular disorders,50 highlighting
the importance of environment and history of illness on the pathogenesis of AMD. Environment plays a vital role in
people’s adaptation and self-regulation.10 Rohrer et al have shown an association of complement factor products,
SNPs smoking, and BMI with AMD in the population of South Carolinians. The study results have also demonstrated
that AMD was more common in people of European descent than Americans.51 Additionally, Europeans were found
to have a higher risk of developing AMD with more copy numbers of rs3766404 (CFH) and a lower chance with
more copy numbers of rs1536304 (VEGFA).

AREDS criteria are used routinely to diagnose AMD, but this study examined the potential association of genotype
with AREDS. Interestingly, we have found a significant association between the early stage of AMD and genotypes of
APOE (p<0.002). Additionally, we have also demonstrated that the genotypic variation of SLC16A8 (p<0.02) was
significantly associated with male AMD patients in the Indian population.

The discovery of biomarkers that postulate AMD’s association with genetic variants may facilitate early AMD
diagnostics and therapeutics. Therefore, our analysis of the protein expressions in the AMD patients’ serum has shown
a varying degree of expression among genotypes of all studied genes. We did not find a significant correlation between
genotype and expression levels for genes, indicating that there may be other genetic factors exerting their pathologic
effects. The initiation of disease and its progression could be influenced by a varied degree of genetic penetrance of
different gene loci. One of the limitations of this study was the small sample size, but this pilot study has provided the
initial data for a large cohort study to strengthen AMD’s better management. Lee et al have shown that previously
collected OCT images may be used to generate retinal flow maps from structure images of patients.52 Conclusively, the
present study results have suggested that expression of lipid metabolizing proteins (LIPC and APOE), pro-angiogenic
protein (ADAMTS9), and Serine protease HTRA1 may be considered to reflect the alterations in OCT image
parameters.

Additionally, OCT image parameter SRF has demonstrated the association with APOE, LIPC, and HTRA1genotypes.
Similarly, RPED has also been found to be associated with ADAMTS9 levels. But these findings need to be validated on
larger sample size by considering population-based genotype susceptibility to redefine the diagnostic criteria of AMD
pathology.

Conclusion
Intra-retinal fluid (IRF) was associated significantly with the LIPC genotype (p=0.04). Similarly, smoking status and
early AMD were also associated with the APOE genotype (p=0.03). Additionally, IER-3 variants and SLC16A8
genotypes were also found to be associated with co-morbidities (p=0.02) and males (p=0.02), respectively. RPED has
shown a significant association with AREDS criteria, which demonstrated an area under AUROC around 72%. In
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addition to genetic association findings with gender, smoking status and co-morbidities, this pilot study highlights the
association of OCT biomarkers with genetic polymorphisms and diagnostic criteria like AREDS in AMD patients. We
propose that further Analysis of GWAS using various OCT parameters of AMD patients may help us in identifying
disease-modifying genes and aid in developing personalized therapies.
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Abstract

Degeneration of macular photoreceptors is a prominent characteristic of age-related macu-

lar degeneration (AMD) which leads to devastating and irreversible vision loss in the elderly

population. In this exploratory study, the contribution of environmental factors on the pro-

gression of AMD pathology by probing the expression of candidate proteins was analyzed.

Four hundred and sixty four participants were recruited in the study comprising of AMD (n =

277) and controls (n = 187). Genetics related data was analyzed to demonstrate the activi-

ties of daily living (ADL) by using regression analysis and statistical modeling, including con-

trast estimate, multinomial regression analysis in AMD progression. Regression analysis

revealed contribution of smoking, alcohol, and sleeping hours on AMD by altered expression

of IER-3, HTRA1, B3GALTL, LIPC and TIMP3 as compared to normal levels. Contrast esti-

mate supports the gender polarization phenomenon in AMD by significant decreased

expression of SLC16A8 and LIPC in control population which was found to be unaltered in

AMD patients. The smoking, food habits and duration of night sleeping hours also contrib-

uted in AMD progression as evident from multinomial regression analysis. Predicted model

(prediction estimate = 86.7%) also indicated the crucial role of night sleeping hours along

with the decreased expression of TIMP-3, IER3 and SLC16A8. Results revealed an unam-

biguous role of environmental factors in AMD progression mediated by various regulatory

proteins which might result in intermittent AMD phenotypes and possibly influence the out-

come of anti-VEGF treatment.

1. Introduction

Most of the degenerative diseases (e.g. AMD and Alzheimer’s disease) have shown complex

phenotypes based on both gene-environment interactions which have propensity to alter the

cellular functions by gene expression changes [1, 2]. AMD is characterized by degenerative

changes in macular photoreceptors and vision impairment in elderly. It is associated with vari-

ous environmental factors and 52 independent genetic loci [3]. However, most of reported

AMD alleles have not been probed for interaction with environmental factors rendering the

genetic studies of AMD an incomplete and unimpactful analysis.
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AMD literature is replete with evidence in support of the contribution of both genetic and

environmental factors in the progression of AMD, but fails to define the architecture of this

complex phenotype. However, smoking has been much investigated with context to AMD and

found to exhibit its effect through generation of oxidative stress [4] and induce angiogenic cas-

cade [5, 6] in order to promote angiogenesis of choroidal blood vessels. Moreover, smoking

exposure has been shown to exert the pathological changes akin to AMD by blocking alterna-

tive complement pathways and by lipid dysregulation in RPE cells [7]. Studies have also shown

that the combined effect of both alcohol consumption and smoking might further exacerbate

the AMD pathology by influencing the activity of SOD (superoxide dismutase) and glutathi-

one peroxidase activity [8]. Our previous reports have also defined the pathological role of oxi-

dative stress [9], impaired angiogenesis [10, 11] and inflammatory cascade (mediated through

CCL2 and CCR3) [12–14]. Similar pathological hallmarks have also been exhibited by other

degenerative diseases including AD, ALS etc. [15–18]. Recently, we have also identified genetic

variants of TIMP3, APOE and HTRA1 genes to contribute towards the complexity of Indian

AMD [19]. The exact mechanism of action of the associated environmental factors to modu-

late the function wide genetic architecture in AMD is not adequately investigated although it is

generally accepted to play a key role in AMD pathology. Exposure of environmental factors is

possibly to bring the epigenetic modifications at the gene/genome (methylation of CpG Island)

as well as on histone protein (acetylation, phosphorylation, methylation, citrullination, ubiqui-
tylation, ribosylation, and sumoylation) levels which could modulate the expression of proteins

and their mediated cellular mechanism [1]. Temporal nature of smoking and dietary induced

AMD pathology by altering the protein expression indicates the epigenetic regulation of dis-

ease progression [20]. Revealing the understanding of rare and common genetic variants, copy

number variations along with mitochondrial genetics, and their contributions in the AMD

pathology under the influence of environmental factors, enable us to redefine the diagnosis

and propose a new therapeutics regimen [21–23].

We report that there is an alteration in expressions of HtrA Serine Peptidase 1 (HTRA1),

Tissue inhibitor of metalloproteinase-3 (TIMP-3) and Immediate Early Response 3 (IER-3) in

sleep deprived individuals or AMD patients with increase in sleep duration, prompting further

research [24, 25]. This has implication for superior diagnosis and management of patients

affected by AMD. We wanted to examine the nature and extent of the role of environmental

factors in exerting its influence on genetic components and whether these are governed by epi-

genetic or epistatic interactions.

2. Materials and methods

2.1. Recruitment of participants

We have recruited around 464 participants in present study which comprised with both AMD

(n = 277) and controls (n = 187). Participants were recruited as per the inclusion-exclusion cri-

teria mentioned in the study along with their informed written consent. The study has started

the recruitment of participants from 2010 and finished the same in 2017. The recruitment of

participants and clinical examinations were performed from the Department of Ophthalmol-

ogy, PGIMER, Chandigarh, India and experiments were conducted in Neuroscience Research

Lab, PGIMER, Chandigarh, India. The study was conducted as per the approval of Institute

Ethical Committee of both PGIMER (No: PGI/IEC/2005-06; dated: 23.07.2013) and Panjab

University (IEC No. 131A-1, dated: 29.10.2014). All methods pertaining to study were per-

formed in accordance with the relevant guidelines and regulations laid down by IECs. The

study could be considered as a representative to replicate the same in large cohort.
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2.2. Clinical investigations

Clinical evaluation of AMD phenotypes was carried out by retina specialists which included

fluorescein fundus angiography (FFA) of dilated retina of the patients. Patients were clinically

classified based on the drusen deposits and leaky vessels captured as fundus images. Moreover,

the extent of macular photoreceptors degeneration and thickness of retinal layers were also

examined by Optical Coherence Tomography (OCT) of patients. AMD patients were classified

based on the clinical features observed and stratified by the AREDS criteria. Based on the pres-

ence of clinical parameters including drusen, neovascular lesions and atrophy of photorecep-

tors, AREDS stratified the AMD patients into 5 categories. Briefly, AMD patients with A few

small drusen (<63 microns in diameter) fall in the AREDS 1. AREDS2 was characterized as

multiple small drusen, a few intermediate drusen (63 to 124 microns in diameter), and/or RPE

abnormalities. Many intermediate drusen with at least one large druse (�125 microns in diam-

eter) classified as AREDS3. Atrophy of foveal photoreceptors was characterized as greographic

atrophy (AREDS4) and finally, patients with any leakage between retinal layers or neovascular

features were classified as AREDS5.

2.3. Activities for daily living (ADL) details

A well-defined questionnaire was introduced to collect the socio-demographic details of the

studied participants. ADL details prominently included the daily living activities (food habits,

smoking, alcohol), education and profession, any medication, physical activities and/or yogic

practices, sleeping pattern, etc which mostly associated with person’s life style. Food habit was

categorized i.e. vegetarian, prior history of non-vegetarian and/or non-vegetarian, based on

the consumption of food for at least six months or more since the date of recruitment. Non-

vegetarian participant was defined based on consumption of chicken, fish and/or mutton or

any one of them. Smokers were also categorized (non-smoker, prior/past-smoker, current

smoker) based on the current and/or past-history of smoking, if any, of the participants who

must be smoking for minimum six months (in case of prior or current smoker) at the time of

recruitment. Similarly, participants were also classified (non-alcoholic, prior/past-alcoholic

and current alcoholic) based on the alcohol consumption (past or current) with minimum 6

months of alcohol consumption history. To see the impact of sleep hours of the participants,

we have classified participants in to three categories namely as sleep deprived (<6 hours

sleep), 6–7 hours’ sleep and rise before 6AM (6–7 hours’ sleep) and>6–7 hours’ sleep and late

sleep or late rise (after 6AM). Moreover, we also have asked participants whether they have

been instructed to take medication for any ailment including cardiovascular, hypertension,

diabetes, migraine and stroke history by a physician in addition to AMD.

2.4. Serum extraction

3ml of blood sample was withdrawn from participants and were subjected to centrifugation at

2500rpm for 30minutes. Upper supernatant layer was collected and stored at -80˚C for further

experimentation.

2.5. Total protein estimation

Total protein in the serum of participants was estimated by Bradford’s method. Samples were

diluted (ranges from 200–600 times) with distilled water before performing the assay. Brad-

ford’s reagent was added in 1:4 dilutions in the experiment. Absorbance of samples was taken

at 595nm by ELISA reader (BioRad, USA).
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2.6. ELISA

Serum levels of proteins involved in pro-angiogenesis (e.g. ADAMTS9, TIMP-3), cellular regu-

latory proteins (like IER-3, B3GALTL, HTRA1), monocarboxylic acid (pyruvic acid or lactate)

transporter (SLC16A8) and lipid metabolizing proteins [hepatic lipase (LIPC) and apolipopro-

tein E (APOE)] were estimated using commercially available ELISA kit. Protocol was followed

as per available recommendations with the kit and absorbance was recorded at 450nm. Values

of ELISA were normalized with total protein of the respective sample. Levels of protein were

compared with control populations.

2.7. Genotype analysis

Genotype analysis was also carried out for same set of genes involved in various cellular func-

tions e.g. lipid metabolizing proteins [LIPC (rs920915) and APOE (rs769449)], pro-angiogene-

sis [e.g. ADAMTS9 (rs6795735), TIMP-3 (rs5749482)], cellular regulatory proteins [like IER-3

(rs3130783), B3GALTL (rs9542236), HTRA1 (rs11200638)] and monocarboxylic acid trans-

porter [e.g. SLC16A8 (rs8135665)] to associate with ADL.

2.8. Statistics

Data was assessed for normal distribution in the population using normal quantile plot (O-Q

plot) and Kolmogorov-Smirnos (K-S) tests. Differential protein expression in various groups

stratified on the basis of socio-demographic details, was analyzed by ANOVA. Logistic regres-

sion analysis was utilized to analyse the effect of exposure of environmental factors (like smok-

ing, food habit, alcohol consumption etc) by creating variables for prior and current status of

activities of daily living (ADL). To examine the differential protein expression due to gender

polarization effect in AMD patients, contrast analysis was carried out. Predictive modeling

based on clinical severity and associated expression changes were analyzed by regression anal-

ysis. Multinomial regression analysis was done to analyze the contribution of ADL in AMD

severity. Moreover, the prediction model based on ADL and expression level of proteins was

put forwarded to diagnose AMD cases more precisely.

3. Results

3. 1. Association of socio-demographic factors

Chi-square analysis of the data revealed a significant association of various factors with AMD

patients including profession, accident, consumption of anti-inflammatory drugs of partici-

pants. There is a significant difference between mean age of AMD and Control (p<0.001).

Results reveal marginal association of physical activity and education of an individual with

AMD pathology (Table 1).

Activities of daily living (ADL) of the participants were also analyzed to examine if associa-

tion existed between AMD and these variables. Association of AMD patients with BMI, smok-

ing habits (both prior and current habit) and abnormal sleeping pattern was noted. Moreover,

it was higher in AMD patients as compared to control (Table 2).

Frequencies of clinical features of AMD patients were also calculated as presented in

Table 3. Recruited AMD patients showed advanced form of AMD clinical features (AREDS 5)

involving bilateral phenotype. Further dissection of bilateral phenotypes of AMD patients

revealed the numbers as 28, 34 and 82 with bilateral dry, bilateral wet and dry-wet bilateral

phenotypes, respectively. Approximately, 42% of AMD patients were also diagnosed with and

cataract and underwent the surgery to treat the same.
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3.2. Activities of daily living influence protein expression

We also attempted to study the gross impact of various ADL on protein expressions in AMD

patients. Our results revealed a significantly enhanced LIPC levels in AMD patients who

smoke and have non-vegetarian food habits (prior) suggesting an impaired lipid metabolism

(IDL to LDL formation) due to malfunction of LIPC in AMD pathology (Fig 1A & 1E). Inter-

estingly, the sleeping pattern of AMD patients [6-7hrs sleep, waking time before 6AM in

morning (normal sleep) versus >7-8hrs sleep, late sleep or late wakefulness] was found to dis-

play a significant effect on HTRA1 levels. Documentation of consequently altered HTRA1 lev-

els suggests the role of impaired circadian rhythm on AMD patients and the biological

significance of HTRA1 being amenable to such regulation. However, more research is required

(Fig 1G). We did not find significant alteration in protein levels under the influence of smok-

ing, participant’s food habits and disturbed sleeping pattern (Fig 1B–1D, 1F and 1H).

The beta coefficient (B) of logistic regression analysis revealed that significantly decreased

expression of IER-3 (-0.288), B3GALTL (-0.214), LIPC (-0.172), TIMP-3 (-63.696) along with

increased levels of HTRA1 (0.696) were observed in Indian AMD, without adjusting the ADL.

Table 1. Comparative demographic characteristics of AMD and controls.

Features AMD(n) Controls(n) p-value

Gender

1. Male 171 (61.73%) 99 (53.51%) 0.833

2. Female 106 (38.27) 86 (46.87%)

Age (Mean ± SD) 68.30 ± 9.086 56.94 ± 11.266 <0.0001���

Anti-Inflammatory drugs¥ <0.0001���

1. No Inflammatory 144 (53.33%) 139 (81.76%)

2. Anti-Inflammatory drugs 126 (46.67%) 31 (18.24%)

Occupation¥ <0.0001���

1. Professional 62 (22.63%) 8 (5.19%)

2. Semi professional 48 (17.52%) 6 (3.90%)

3. Clerical 41 (14.96%) 37 (24.03%)

4. Skilled 07 (2.56%) 13 (8.44%)

5. Semi-skilled 12 (4.38%) 28 (18.18%)

6. Unskilled 103 (37.59%) 62 (40.26%)

7. Unemployed 01 (0.36%) 0

Education¥ 0.063

1. Professional or honor 61 (22.18%) 46 (28.57%)

2. Graduate or Post Graduate 21 (7.64%) 20 (12.42%)

3. Intermediate 23 (8.36%) 18 (11.18%)

4. High school 74 (26.91%) 35 (21.74%)

5. Middle school 19 (6.91%) 15 (9.32%)

6. Primary school 57 (20.73%) 19 (11.80%)

7. Illiterate 20 (7.27%) 08 (4.97%)

Physical activity¥ 0.052

1. Physically active 111 (40.81%) 78 (49.37%)

2. Inactivity 161 (59.19%) 80 (50.63%)

Accident history¥ 0.029�

1. Accident history 55 (19.93%) 18 (11.69%)

2. No accident history 221 (80.07%) 136 (88.31%)

¥ Some missing values.

https://doi.org/10.1371/journal.pone.0248523.t001
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Logistic regression analysis estimated the individual effect of either prior or current status of

ADL on protein expressions in AMD pathology (Table 4). Similar results were noted by adjust-

ing smoking and alcohol habits. Past history of alcohol consumption was also found to signifi-

cantly decrease IER3, B3GALTL, LIPC, TIMP3 expressions and increase HTRA1 levels.

Additionally, prior history of alcohol consumption has potential to modulate the AMD pathol-

ogy by -0.641 unit as compared to those who consume vegetarian diet (95% CI = 0.278–0.998;

P = 0.049). Prior non-vegetarian history revealed marginal association with AMD by

Table 2. Comparative frequencies of activities of daily livings (like BMI, smoking, alcohol consumption, food

habit and sleeping pattern) of AMD and control participants.

Features AMD (n) Controls (n) p-value

BMI¥ 0.003�

1. Under weight 10 (3.75%) 07 (4.46%)

2. Normal 175 (65.54%) 87 (55.41%)

3. Over Weight 50 (18.73%) 53 (33.76%)

4. Obese 32 (11.98%) 10 (6.37%)

Smoking habit¥ 0.010�

1. Never smoker 185 (67.52%) 128 (81.01%)

2. Prior smoker 54 (19.71%) 17 (10.76%)

3. Current smoker 35 (12.77%) 13 (8.23%)

Alcohol consumption 0.650

1. Never Alcohol 186 (67.15%) 112 (71.34%)

2. Prior Alcohol 30 (10.83%) 14 (8.92%)

3. Current Alcohol 61 (22.02%) 31 (19.74%)

Food habit ¥ 0.163

1. Vegetarian 147 (53.26%) 78 (50%)

2. Non-vegetarian 86 (31.16%) 61 (39.10%)

3. Prior nonveg 43 (15.58%) 17 (10.90%)

Night sleeping hours¥ 269 0.006�

1. 6–7 hrs sleep, rise before 6AM 157 (58.36%) 81 (54.36%)

2. Sleep deprived (<6hrs sleep) 29 (10.78%) 05 (3.35%)

3. >7–8 sleep, late sleep or late rise (after 6AM) 83 (30.86%) 63 (42.29%)

¥ Some missing values.

https://doi.org/10.1371/journal.pone.0248523.t002

Table 3. Clinical characteristics of North-West Indian AMD recruited in the study.

AMD features Phenotypes Number Percent (%)

AMD phenotypes Dry AMD 42 15.2

Wet AMD 91 32.9

Bilateral AMD 144 52.0

Cataract¥ No cataract 157 57.30

Unilateral Cataract 53 19.34

Bilateral cataract 64 23.36

Eye surgery¥ No eye surgery 160 64.78

Unilateral surgery 96 35.03

Bilateral surgery 18 06.57

¥ Some missing values.

https://doi.org/10.1371/journal.pone.0248523.t003
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Fig 1. Expression of protein under ADL. Expression of lipid metabolizing (LIPC and APOE), proagniogenic (TIMP3 and ADAMTS9), regulatory

(HTRA1, B3GALTL, and IER3) and momocarboxylic acid transporter (SLC16A8) proteins under the influence of ADL. LIPC (pg/ug) levels were
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modulating the expression of HTRA, B3GALTL, IER3, LIPC and TIMP3 with changing it

-0.691 (B = beta coefficient) unit with reference to never smoker (95% CI = 0.233–1.076;

P = 0.076). Interestingly, by adjusting the sleeping pattern of AMD patients, it decreased the

expression of IER3 (B = -.351; 95% CI = .605-.819; P =<0.0001) and TIMP3 (B = -44.128; P =

<0.0001) significantly. Moreover, altered sleeping pattern (person who slept late or woke up

after sun rise) revealed the changes in the expression of IER3 and TIMP3 by 0.757 unit (B coef-

ficient) as compared to normal sleep (95% CI = 1.2–3.785; P = 0.01). Significant changes in

IER3 (B = -.314; 95% CI = .637-.838; P =<0.0001), TIMP3 (B = -41.969; P =<0.0001) and

SLC16A8 (B = -0.184; 95% CI = 1.022–1.415; P = 0.027) expression were observed while

adjusting the physical activity of AMD patients (Table 4). Our results support the previous

findings which indicate the crucial contribution of environmental factors including smoking,

food habits, physical activity and alcohol consumption in AMD pathology by regulating the

proteins expression. The association of sleeping pattern with AMD shows the biological

importance of HTRA1, IER3 and TIMP3 which may have roles in modulating age-related

changes in retinal layers, representative of AMD pathology.

3.3. Gender polarization effects of SLC16A8 and LIPC expressions in AMD

Females are considered to be more susceptible for AMD pathology, though we did not find

any significant difference in frequency of AMD male and female. We also attempted to exam-

ine the gender effect on protein expression in Indian AMD patients. Contrast estimate was

done using univariate analysis of variance to analyze the difference in protein expressions

among male and female of studied population (Table 5). Contrast estimate (CE) for SLC16A8

[CE = -0.768; F = 5.451; 95% CI = -1.418- (-)-0.119; P = 0.021] and LIPC [CE = -0.644;

F = 7.357; 95% CI = -1.112- (-)-0.175; P = 0.007] was found to be significantly decreased

between male and female control population. Such differential expression of both proteins was

not observed among AMD male and female. It may be argued that differential expression of

both SLC16A8 and LIPC is required to regulate various mechanisms under the influence of a

set of hormones and may confer the protective mechanism for age-related changes.

3.4. ADL contribution in advancement of AMD severity

To assess the independent contribution of ADL (including smoking, food habits, physical

activity, sleeping hours and alcohol consumption) on AMD severity (AREDS criteria), we sub-

jected the data to multinomial logistic regression. The model demonstrated a highly significant

association of both past (B = -1.286; P =<0.0001) and current non-vegetarian food habit (B =

-0.667; P = 0.001) in the advancement of AMD pathology (Table 6). Results showed that cur-

rent non-vegetarian and past history of non-vegetarian history can contribute to AMD by B

values of -0.667 and -1.286 units as compared to reference category (vegetarian diet). However,

the prediction of model was not satisfactory.

Similarly, past and current status of smoking has also showed a significant association in

progression of AMD pathology. Contribution of past (B = -1.275; P =<0.0001) and current

smoking (B = -2.435; P =<0.0001) was observed in exacerbating the AMD pathology with pre-

diction probability of around 68.4% (Table 6). Results for alcohol consumption in progression

of AMD pathology has shown a comparable trend highlighting the contribution of past (B =

-1.803; P =<0.0001) and current status of alcohol consumption (B = -1.077; P =<0.0001) as

significantly elevated in ‘current smoker’ AMD patients (A & E). Altered sleeping patter can be associated with HTRA1 levels in AMD pathology

indicating the crucial role of circadian rhythm in degenerative diseases like AMD (G).

https://doi.org/10.1371/journal.pone.0248523.g001
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Table 4. Logistic regression analysis to estimate the changes in protein expression under the influence of ADL.

Variables in the Equation

B S.E. Wald Df Sig. Unadjusted 95% C.I.

Lower Upper

Step 5e IER3 levels -.288 .066 19.371 1 <0.0001 .749 .659 .852

B3GALTL levels -.214 .065 11.037 1 0.001 .807 .711 .916

HTRA1 levels .696 .149 21.744 1 <0.0001 2.006 1.497 2.687

LIPC levels -.172 .081 4.539 1 0.033 .842 .719 .986

TIMP3 levels -63.696 8.666 54.027 1 <0.0001 .000 .000 .000

Constant 1.484 .220 45.353 1 0.000 4.412

B S.E. Wald df Sig. Adjusted for smoking 95% C.I.

Lower Upper

Step 1a IER3 levels -.287 .066 18.980 1 <0.0001 .751 .660 .854

B3GALTL levels -.214 .064 11.335 1 0.001 .807 .713 .914

HTRA1 levels .690 .147 21.984 1 <0.0001 1.994 1.494 2.660

LIPC levels -.171 .082 4.345 1 0.037 .843 .717 .990

TIMP3 levels -62.852 8.660 52.672 1 <0.0001 .000 .000 .000

Smoking code 1.649 2 0.438

Smoking code(1) -.507 .395 1.648 1 0.199 .602 .278 1.306

Smoking code(2) -.049 .494 .010 1 0.920 .952 .361 2.508

Constant 1.538 .226 46.431 1 0.000 4.657

B S.E. Wald df Sig. Adjusted for Alcohol 95% C.I.

Lower Upper

Step 1a IER3 levels -.291 .068 18.513 1 <0.0001 .748 .655 .854

B3GALTL levels -.222 .065 11.756 1 0.001 .801 .705 .909

HTRA1 levels .707 .151 21.784 1 <0.0001 2.028 1.507 2.728

LIPC levels -.185 .083 4.983 1 0.026 .831 .706 .978

TIMP3 levels -63.702 8.623 54.572 1 <0.0001 .000 .000 .000

Alc code 5.397 2 0.067

Alc code(1) -.679 .441 2.374 1 0.123 .507 .214 1.203

Alc code(2) -.641 .326 3.870 1 0.049 .527 .278 .998

Constant 1.705 .246 47.879 1 0.000 5.502

B S.E. Wald df Sig. Adjusted for Food habit 95% C.I.

Lower Upper

Step 1a IER3 levels -.286 .067 18.201 1 <0.0001 .751 .659 .857

B3GALTL levels -.209 .065 10.368 1 .001 .811 .714 .921

HTRA1 levels .674 .149 20.503 1 .000 1.963 1.466 2.628

LIPC levels -.163 .081 4.017 1 .045 .850 .724 .996

TIMP3 levels -63.781 8.722 53.475 1 <0.0001 .000 .000 .000

Food Habit code 3.219 2 .200

Food Habit code(1) -.058 .286 .040 1 .841 .944 .539 1.655

FoodHabit_code(2) -.691 .390 3.140 1 .076 .501 .233 1.076

Constant 1.613 .255 40.018 1 .000 5.018

B S.E. Wald df Sig. Adjusted for sleeping 95% C.I.

Lower Upper

Step 1a IER3 levels -.351 .077 20.720 1 < .0001 .704 .605 .819

TIMP3 levels -44.128 7.184 37.735 1 < .0001 0.000 .000 .000

Night Slp code 8.606 2 .014

Night Slp code(1) -.568 .616 .851 1 .356 .567 .169 1.895

(Continued)
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compared to reference category (Table 6). The prediction probability of the model was about

65%. Interestingly, sleep deprived (<6hours sleep) and>7-8hrs sleep, late sleep or late rise

subjects have also shown the significant impact on progression of AMD severity. Results have

shown that sleep deprived (B = -1.885; P =<0.0001) and >7-8hrs sleep, late sleep or late rise

(B = -.681; P =<0.0001) patterns contribute to the progression of AMD severity with a predic-

tion probability of about 60% (Table 6). Pearson and deviance values of Goodness-of-fit model

were found to be non-significant for the analysis. Results are suggested an independent role of

ADL (environmental factors), especially sleep, in the progression of AMD pathology-which

has never been analyzed previously.

3.5. Altered sleeping pattern and expression of IER3, TIMP3 and SLC16A8

confer the AMD

Association of sleep pattern and AMD pathology has not been adequately investigated. We

have attempted to further dissect the impact of sleeping pattern in AMD patients. Regression

analysis shows that night sleeping hours (B = 0.449; Exp(B) = 1.567; 95% CI = 1.1–2.23;

P = 0.013) along with the expression of IER3 (B = -.444; Exp(B) = 0.641; 95% CI = 0.512–

0.804; P =<0.0001) and TIMP3 (B = -23.54; Exp(B) =<0.0001; 95% CI = 0.000–0.004;

P = 0.010) are significantly associated with AMD pathology. However, the marginal associa-

tion of SLC16A8 expression (B = -.332; Exp(B) = .717; 95% CI = 0.506–1.017; P = 0.062) was

also observed (Table 7). Results suggest the imperative role of sleeping pattern of an individual

which may activate the various age-related mechanisms by influencing pertaining protein

expressions. Our results indicate the biological significance of IER3, TIMP-3 and SLC16A8

expression to be influenced by alter sleeping hours of an individual. Classification table also

strengthens our hypothesis with 86.7% validity of this regression model to predict the AMD

pathology.

Table 4. (Continued)

Variables in the Equation

Night Slp code(2) .757 .293 6.666 1 .010 2.131 1.200 3.785

Constant 1.367 .239 32.617 1 .000 3.923

B S.E. Wald df Sig. Adjusted for Physi activity 95% C.I.

Lower Upper

Step 1a IER3 levels -.314 .070 20.140 1 < .0001 .730 .637 .838

TIMP3 levels -41.969 6.908 36.913 1 < .0001 .000 .000 .000

SLC16A8 levels .184 .083 4.913 1 .027 1.202 1.022 1.415

Physi Activ code(1) -.039 .263 .022 1 .883 .962 .574 1.611

Constant 1.350 .276 23.919 1 .000 3.859

https://doi.org/10.1371/journal.pone.0248523.t004

Table 5. Contrast estimate using univariate analysis of variance to differentiate the expression pattern on basis of gender for control population.

Variables F-value Contrast estimate (CE) p-value 95% CI

Lower Higher

SLC16A8 5.451 -0.768 0.021 -1.418 -0.119

LIPC 7.357 -0.644 0.007 -1.112 -0.175

[Female (n) = 86; male (n) = 99].

https://doi.org/10.1371/journal.pone.0248523.t005
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4. Discussion

Disease pathology of AMD is known to be influenced by both genetic and environmental fac-

tors evident by our quantitative outcome of protein expression under the influence of environ-

mental factors [1]. In general, the ambiguity in the nature and extent of interaction between

environmental and genetic factors has significantly hampered the pace of clinical translation

in the field of AMD genetics [2]. Current AMD genetics warrants comprehensive analysis in

the manner it can illustrate the contribution and interactions of contributory factors along

with their degree of penetrance in disease progression. Majority of ageing diseases progress by

cumulative genetic changes under temporal exposure of ADL consequently result in cellular

and molecular alterations including protein homeostasis, metabolic dysfunction and aberrant

signaling processes. The altered cellular and molecular crosstalk may confer complexity to the

age related diseases thereby confounding an effective and precise diagnosis and treatment

regime for complex disorders like AMD [26]. Therefore, a careful consideration of environ-

mental and genetic components and their nature of interactions (and/or extent of interaction)

may likely provide a precise AMD phenotype and personalized management strategies. The

treatment strategy which can deal with the synergistic and/or cumulative action of contribu-

tory factors could provide a better outcome to therapies for AMD [26, 27]. Our ANOVA

Table 6. Multinomial logistic regression to examine the contribution of ADL in AMD severity.

Parameter estimates

Parameters B S.E. Wald df p-value

Food habit Non-vegetarian -0.667 .198 11.388 1 0.001

Prior Non-vegetarian -1.286 .247 27.020 1 <0.0001

Smoking Past smoker -1.275 .288 19.572 1 <0.0001

Current smoker -2.435 .390 39.054 1 <0.0001

Night Sleep hours Sleep deprived (<6hrs sleep) -1.885 .311 36.716 1 <0.0001

>7-8hrs sleep, late sleep or late rise -.681 .195 12.206 1 <0.0001

Alcohol Past Alcohol -1.803 .280 41.547 1 <0.0001

Current Alcohol -1.077 .209 26.619 1 <0.0001

Reference category: aVegetarian habit; anon-smoker habit; a6-7hours sleep or wake up before 6AM; aNever alcoholic.

https://doi.org/10.1371/journal.pone.0248523.t006

Table 7. Regression analysis to predict the AMD pathology under the influence of ADL.

Variables in the Equation

B S.E. Wald Df p-value Exp(B) 95% CI

Night sleep pattern .449 .180 6.205 1 0.013 1.567 1.1–2.23

TIMP3 levels -23.54 9.194 6.555 1 0.010 .000 0.000–0.004

IER3 levels -.444 .115 14.907 1 <0.0001 .641 0.512–0.804

SLC16A8 levels -.332 .178 3.487 1 0.062 .717 0.506–1.017

Constant .192 .445 .187 1 0.666 1.212

Classification table

Predicted

Group code Percentage corrected

AMD Controls

Group AMD 111 17 86.7

Control 22 50 69.4

Overall percentage 80.5

https://doi.org/10.1371/journal.pone.0248523.t007
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results demonstrate that smoking and non-vegetarian food habit can effectively alter the LIPC

expression that may exacerbate the AMD pathology. Interestingly, altered expression of

HTRA1 under the influence of altered sleep cycle, can accelerate the AMD pathology thereby

providing opportunity to correct the dysregulated circadian rhythm.

Various studies have been carried out to illustrate the significance of environmental factors

on genetic components. Our results show that smoking, gender, age, diet etc as contributing

confounders and have been significantly associated with complement factors, CFH variant,

other variants of other genetic loci including ARMS2, IL-8, TIMP3, SLC16A8, RAD51B, VEGFA
etc [28–31]. In our earlier report, smoking was found to be associated with TC genotype of CFH

variant (Y402H) along with marginal association of AG genotype of TLR3 (rs3775291) with

non-vegetarian food habit which also exhibited confounding effect on CFH expression and

modulated TLR3 mediated functions in AMD [32, 33]. Interestingly, we also have found the

pathological role of TIMP-3, SLC16A8, IER3 and LIPC in CFH independent manner in Indian

AMD [34]. Moreover, eotaxin-2 was also significantly altered when smoker and non-smoker

AMD cases were compared [35]. These results point out that the interaction between genetic

and environmental factors which often lead to complex phenotype of disease [36].

Logistic regression analysis, by creating the dummy variables, enabled us to identify the

effect of prior and current status of ADL like smoking and food habits etc. The results unam-

biguously reveal that prior or current history of non-vegetarian diet, smoking and alcohol can

significantly alter the expression of IER-3, TIMP-3, B3GALTL, LIPC and HTRA1, suggesting

the involvement of prior exposure of these habits as responsible for changes that may activate

the age related molecular and cellular mechanisms. However, not many studies have revealed

the association and biological significance of sleeping hours on AMD pathology. Khurana et al
(2016) reported the high chance of geographic atrophy with increase in sleeping hours [24].

Similarly, short sleep has also been reported to be associated with increased susceptibility of

AMD [25]. Similarly, our results from regression anlaysis indicate the pathological implication

of altered sleeping hours of AMD. This illustrates the mechanistic importance of HTRA1, IER-

3 and TIMP-3 in regulation of circadian rhythms. A marginal association was also reported for

SLC16A8. Multinomial regression analysis showed a significant contribution of sleeping hours

in AMD progression along with existing factors like smoking, alcohol, food habit etc. Tempo-

ral protein expressions in differential environmental exposure indicate the plausible role of

epigenetics in AMD which has been evident by the 48% higher activity of DNA methyltrans-

ferases (DNMTs) in addition to enhanced DNMT1 and DNMT3B levels in AMD as compare

to controls. Results also showed the higher methylation of LINE1 in AMD patients [37]. Meth-

ylation analysis has demonstrated the epigenetic regulation of SKI, GTF2H4, TNXB and
IL17RC genes and their mediated functions in AMD pathology [38, 39].

Gender has additionally been found associated with AMD showing higher susceptibility for

females ([40]. However, we did not find any significant difference in frequency between AMD

females and males. Surprisingly, contrast estimate results showed differential expression of

SLC16A8 and LIPC between control male and female (was not seen among AMD male and

female) which may support the sex susceptibility and gender polarization hypothesis in the

context of ADL. However, hormonal difference between both genders, their different cellular

and molecular action, along with association with SLC16A8 and LIPC, has not been investi-

gated in this report.

5. Conclusion

Conclusively, consideration of environmental factor, sleeping patterns and genetics of an indi-

vidual must be profiled in order to provide the precise diagnostic and therapeutic benefit to
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AMD patients. Genetic interaction, gene-protein interaction and gene-environmental interac-

tion, along with nature of interactions and investigation of epigenetic pattern, can enable us to

understand the penetrance of each component while facilitating personalized medicine

hypothesis. Moreover, exploratory studies to examine the multiple genetic variations (espe-

cially in heterogenic disease like AMD), the degree of genetic penetrance of ‘hot spots’ or other

genetic variants (mutation penetrance) may develop various genetic recombinant phenotypes

(with varied genetic interactions) for disease pathology under the influence of environmental

factors [41, 42]. Hence, complete mapping of genetic interactions, their genetic penetrance,

epigenetics status and grading of epistatic interactions under the influence of confounder will

provide precise disease phenotype. This could be dealt by modulating the therapeutics. Instead

of cellular therapies, herbal or natural therapies could provide benefit in environmental

induced age related changes or diseases by regulating the cellular and molecular pathways [43–

47]. However, this requires an ADL framework for optimal treatment outcome.

6. Strengths and limitations

Study has first time demonstrated the biological significance sleeping pattern, in addition to

already existing confounders (e.g. smoking, food habits, alcohol consumption) in AMD

pathology by examining the altered expression of prominent biomarkers. Sleeping pattern

could regulate the angiogenesis and survival of photoreceptors in AMD pathology as indicated

by results described in Table 4. Moreover, interesting involvement of SLC16A8 and LIPC

(Table 5) in protection mechanism has also provided the pilot data for further investigation in

field of AMD which suggest further diversification and complexity of AMD to strengthen the

diagnostics and therapeutic outcome accordingly [48]. This led hamper the clinical translation

in neurodegenerative diseases including Alzheimers disease and AMD [18, 49]. However, fur-

ther validation and replication of the results must be reconfirmed in larger cohort (by includ-

ing Asian and Caucasian population) with precise mechanism of AMD pathogenesis.
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a b s t r a c t

Smoking has been suggested as one of the risk factor for amyotrophic lateral sclerosis (ALS) development.
In order to investigate whether adverse effects of cigarette smoke in ALS have any association with
increase in oxidative stress, disease severity, lipid hydroperoxides (LPO) and superoxide dismutase-1
(SOD1) levels were measured in biofluids of smoker and never smoker ALS patients and clinically
correlated. Serum and CSF from sporadic ALS patients (n = 50) diagnosed with El Escorial criteria were
collected in the study. Serum (n = 50) and CSF (n = 42) were also collected from normal healthy controls.
The LPO levels were estimated using commercially available kits. Enzyme-linked immunosorbent assays
(ELISAs) were used to quantitate SOD1. Their levels were further analyzed among smoker and never smo-
ker subjects. Significantly elevated LPO in sera and CSF of ALS patients were observed (p < 0.05). There
was considerably increased LPO in sera and CSF of smoker ALS subjects matched with disease severity
as compared to never smoker ALS (p < 0.05). ALS group did not show any alteration in SOD1 when com-
pared to controls (p > 0.05). In addition, no change has been observed in SOD1 levels in ALS subjects who
smoke (p > 0.05). Increased LPO and unaltered SOD1 in ALS patients may suggest the neuro-pathological
association of LPO with ALS disease independent of SOD1. With current findings, it may be proposed that
LPO levels might constitute as probable biomarker for smoker ALS patients, however, it cannot be con-
cluded without larger gender matched studies. Additional investigations are needed to determine
whether LPO upregulation is primary or secondary to motor neuron degeneration in ALS.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurological disorder
which is characterized by selective loss of motor neurons. In demo-
graphic centric studies it was shown that risk of ALS development
is 1.4–3-fold higher in current cigarette smokers (Weisskopf et al.,
2004; Wang et al., 2011) as compared to never smokers. Oxidative
stress is the major key player in various degenerative disease such
as AD, PD and ALS. Smoke is known to induce oxidative stress as
evidenced by observation of increased lipid peroxidation in biofl-
uids of normal smokers (Morrow et al., 1995). Reduced expression
of antioxidant enzyme superoxide dismutase-1 (SOD1) has also
been observed in human SH-SY5Y neuroblastoma cells upon

cigarette smoke condensate exposure (Russo et al., 2011). In
addition, cigarette smoke is known to impair hypoxia-inducible
factor-1a (HIF-1a) induced vascular endothelial growth factor
(VEGF) expression predisposing individuals to ALS (Michaud
et al., 2003). Based on existing literature, we hypothesized that cig-
arette smoke may be an important risk factor for motor neuron
degeneration in ALS and may exert its neurotoxic effects primarily
by enhancing oxidative stress. Therefore, in the current study, we
wanted to test the oxidative stress by measuring lipid hydroperox-
ides (LPO) and SOD1 levels in serum and cerebrospinal fluid (CSF)
from smoker Asian Indian ALS subjects.

Lipid peroxidation is an important indicator of oxidative stress
in pathophysiological conditions. The modifications of lipids, both
saturated and unsaturated, initially generate highly unstable LPOs
which upon decomposition produce stable a,b-unsaturatedaldehy-
dic byproducts such as 4-hydroxy-2,3-trans-nonenal (4-HNE) and
malondialdehyde (MDA). Therefore, the customary assays for mea-
suring lipid peroxidation consist of 4-HNE and MDA. However,
estimation of 4-HNE and MDA may lead to gross under or
over-estimation of lipid peroxidation. It is known that 4-HNE is
produced by denaturation of only omega-6 polyunsaturated fatty
acids such as arachidonic and linoleic acids etc., and damage of
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cholesterol and mono unsaturated fatty acids like oleic acid does
not generate 4-HNE (Benedetti et al., 1980). In addition, MDA
may be produced by thromboxane synthase, an enzyme in plate-
lets, during blood clotting (Panse et al., 1985) and may result in
over-estimation of lipid peroxidation in serum samples. Because
of these problems, authors used a kit which can directly measure
unstable and reactive intermediate LPO in serum and CSF samples
from Indian ALS patients which show longer survival time after
onset of disease as compared to western ALS population (Nalini
et al., 2008). Earlier studies have reported increased oxidative bur-
den in blood, CSF and different regions of central nervous system
(CNS) in ALS (Shaw et al., 1995; Oteiza et al., 1997; Tohgi et al.,
1999; Siciliano et al., 2002; Simpson et al., 2002; Babu et al.,
2008), however, such studies neither attempted to compare oxida-
tive stress among smoker and never smoker ALS patients nor with
disease severity. Hence, in current study we tried to explore the
LPO levels as a potential biomarker for ALS.

2. Materials and methods

2.1. Subjects

Peripheral venous blood and CSF was collected from 50 sporadic
ALS patients, diagnosed by ‘‘El Escorial’’ criteria. The patients were
recruited from a outpatient Department of Neurology in Post Grad-
uate Institute of Medical Education and Research (PGIMER), Chan-
digarh, India only after obtaining informed consent as per research
protocol approved by the Institute ethical committee guidelines
(No. 7055-PG-1Tg-05/4348–50). There were n = 50 ALS patients
with 42 limb and 8 bulbar onset. None of the patients were on
respiratory support system, however, 11 patients presented with
respiratory insufficiencies with breathlessness while walking and
lying based on amended ALS-functional rating score (ALSFRS-R)
(Cedarbaum et al., 1999). ALSFRS scoring showed that 15
ALS patients presented with mild impairments [ALSFRS-
Rmean = 40 ± 0.5(SE)], 30 patients presented with moderate neuro-
logical impairments [ALSFRS-Rmean = 32.5 ± 0.4(SE)] and 5 patients
presented with severe clinical manifestations [ALSFRS-
Rmean = 18.5 ± 1.5(SE)]. ALS subjects on anti-inflammatory drugs
(e.g. motrin, celebrex, naproxen, aspirin, ibuprofen etc.)/antioxi-
dants and/or receiving any other treatment, patients with written
history of cognitive impairments, immunogenic reaction for pre-
eclampsia, stroke, glaucoma, riluzole, pulmonary hypertension,
diabetic neuropathy, diabetes and those with uncorrected hyper
or hypothyroidism were excluded from the study. For comparison,
blood (n = 50) and CSF (n = 42) was also obtained from age
matched, genetically unrelated normal controls which represent
apparently healthy population without any complaints of hyper-
tension, diabetes, heart problems and other diseases. Control and
test subjects were divided under a category as smoker and never
smokers on the basis of a criteria used in our previous study

(Prabhakar et al., 2010). Smoking details in case of ALS subjects
were obtained at the age of disease onset. Patients with smoking
status included those that had smoked for at least 6 months or
more. However, we did not obtain the details of smoking history
such as total amount and duration of smoking. All the smokers in
ALS and control groups were found to be males. The earlier
published details of ALS subjects (Gupta et al., 2011) have been
reproduced here in Table 1. Clinical summary of smoker ALS
patients and never smoker ALS patients has been mentioned in
Tables 2 and 4.

2.2. Serum preparation

Serum separation was done using serum separator tube (SST;
BD Vacutainer�, USA) according to manufacturer’s recommenda-
tions. Briefly, 4.0 ml blood was collected in SST and inverted gently
�5 times to mix the blood with clot activator. Blood was allowed to
clot for 30 mins at room temperature followed by centrifugation
at 2000 rpm for 15.0 mins. Serum samples were stored at �80 �C
until assayed.

2.3. CSF preparation

1.0 ml–2.0 ml CSF was obtained in sterilized eppendorfs. CSF
samples were stored in crude form without any processing at
�80 �C until assayed within 1 h of collection. CSF samples contam-
inated with blood were not included in the study.

2.4. LPO estimation

LPO levels were measured in CSF and serum of ALS patients
using commercially available LPO assay kits (Catalog No. 437639;
Calbiochem�, USA). Briefly, this kit directly utilizes unstable lipid
hydroperoxides for redox reaction with ferrous ions that ultimately
produce ferric ions. Later, thiocyanate ions were used to detect
resulting ferric ions at 500 nm, using spectrophotometer (Beckman
Coulter, USA). The results were obtained from linear regression and
standard curve which was plotted after normalization with total
protein. Since in serum, a large proportion of LPO is lost with the
plasminogen during whole blood clot and CSF may have undetect-
able LPO levels, both serum and CSF samples were extracted using
chloroform to concentrate the LPO so that they could be in a
detectable range. Moreover, serum and CSF may contain hydrogen
peroxide that ineracts with ferrous ion readily in the sample and
leads to over-estimation of LPO. The extraction of samples in chlo-
roform circumvents these problems.

2.5. SOD1 quantitation

Serum and CSF SOD1 levels were assayed using colorimetric
sandwich enzyme-linked immunosorbent assays (ELISA; Catalog

Table 1
Characteristics of ALS patients and controls.

Subjects Age (y)a M/F (n) Smoker (n) Age of onset (y) Disease durationc (mo) El Escorial criteria ALSFRS-R Total protein (g/l)b

CSF Serum

ALS patients 47.4 ± 12.4 38/12 12 46.2 ± 12.8 14 (3–72) 25 Definite 34.3 ± 6.1 0.43 ± 0.2 48.2 ± 26.7
15 Probable
10 Possible

Controls (serum) 40.0 ± 12.8 39/11 10 48.7 ± 28.7
Controls (CSF) 43.4 ± 17.1 35/07 08 0.42 ± 0.1

Characteristics of subjects. ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS functional rating score-revised; CSF; cerebrospinal fluid; F, female; g, gram; l, liter; M, male; mo,
months; n, number of subjects; y, years. Age, age of onset, CSF and serum total protein is shown as mean ± standard deviation (SD).

a One way ANOVA followed by Fisher’s least significant difference (LSD) post hoc analysis showed that mean age did not differ significantly among the groups (p > 0.05).
b For CSF and serum total protein, group means were compared using unpaired, independent 2- tailed student t-test with equal variance (p > 0.05).
c Disease duration is the interval between appearance of first symptom of ALS disease and collection of sample and indicated as median (range).
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No. QIA 97; Calbiochem�, USA) as per instructions provided by
manufacturer and consequently read at 450 nm in the Microplate
reader (model 680XR, Biorad, USA). The standard curve was gener-
ated and results obtained through linear or quadratic regression
after normalization with total protein. The ELISA assay is specific
to unbound and free SOD1 and since the assay is highly sensitive
(40 pg/ml detection limit), SOD1 could be measured even though
it was present in very low concentration in the extracellular fluid.
As epitope screening was not done by the supplier while manufac-
turing SOD1 ELISA kit, it is not possible to comment whether it rec-
ognizes only wild type SOD1 and not mutated SOD1.

2.6. Statistical analysis

The non-parametric Kruskal–Wallis H test and Mann Whitney U
test was carried out for statistical comparisons among the groups if
the distribution of data was skewed. Parametric unpaired indepen-
dent 2-tailed student t-test with equal or unequal variance, and
one-way analysis of variance (ANOVA) followed by Fisher’s least
significant difference (LSD) post hoc test with equal variances was
employed for comparison when data was normally distributed.
Skewed and normally distributed data was represented as median
(10th percentile-90th percentile) and mean ± standard error (SE)
respectively. Distribution of data was elucidated using quantile–
quantile (q–q) plots. Variance among the groups was compared
using Levene’s test for equality of variances. Since gender may
affect LPO levels, crude odds ratio (OR) using univariate logistic
regression was calculated to find its association with LPO. Further,
multivariate logistic regression was used to compute adjusted OR
with smoking as covariate to analyze independent relation of

gender with LPO levels. Level of significance for this association
was measured by performing v2 (chi square) test. p-Values were
considered significant at 60.05. All statistical analysis was done
in statistical package and service solutions (SPSS) 16 software.

3. Results

LPO in CSF and serum of ALS patients was measured as an indi-
cator of oxidative stress. Serum LPO was found to be higher in ALS
patients than normal controls (Fig. 1A; p = 0.014). Upon segrega-
tion, serum LPO was marginally but significantly increased in ALS
patients who smoke as compared to never smoker ALS patients
(Fig. 1B; p = 0.042). Moreover, serum LPO was marginally higher
in smoker ALS subjects as compared with smoker and never smo-
ker controls (Fig. 1B; p = 0.029 and p = 0.006 respectively).
Although there is a trend towards increased serum LPO in never
smoker ALS than smoker and never smoker controls, it is not signif-
icant (Fig. 1B; p > 0.05). No change in serum LPO was seen among
smoker and never smoker controls (Fig. 1B; p > 0.05). CSF from ALS
patients was also found to have significantly enhanced LPO when
compared with normal controls (Fig. 1C; p = 0.016). A profound
increase in LPO was observed in CSF of smoker ALS patients in
comparison to never smoker ALS patients, smoker and never smo-
ker controls (Fig. 1D; p = 0.0001, p = 0.0001 and p = 0.0001 respec-
tively). Even never smoker ALS patients had higher levels of LPO in
CSF than never smoker normal controls (Fig. 1D; p = 0.043). Levels
of CSF LPO were comparable between never smoker ALS and smo-
ker controls (Fig. 1D; p > 0.05), and never smoker and smoker con-
trols (Fig. 1D; p > 0.05).

Level of antioxidant enzyme SOD1 was also estimated in ALS
subjects and no difference was observed in serum SOD1 between
controls and ALS (Fig. 2A; p > 0.05). Values of serum SOD1 were
comparable between never smoker controls, smoker controls,
never smoker ALS and smoker ALS subjects (Fig. 2B; p > 0.05). Sim-
ilarly, no difference was observed between levels of SOD1 in CSF
from given groups (Fig. 2C and D; p > 0.05). Association of LPO level
with age of onset was also analyzed, but no significant value was
obtained (Pearson Correlation, p = 0.156). Association of smoker/
never-smoker ALS patients was also analyzed with disease sever-
ity. The risk estimate for smoker ALS patients was compared to cor-
responding never smokers which was 1.923 (with 95% confidence
limits as 1.320, 2.803, Table 5). The results indicate that risk of
severity among ALS smokers is almost double as compared to
never smokers. In order to analyze the impact of disease duration

Table 2
Clinical summary of 12 ALS smoker patients.

ALS subjects Age (y) Gender Age of onset (y) Disease durationa (mo) El Escorial criteria ALSFRS-R Impairment B/L onset

Patient 1 47 M 46 12 Definite 36 Moderate L
Patient 2 43 M 42 12 Definite 30 Moderate B
Patient 3 44 M 42 24 Definite 35 Moderate L
Patient 4 60 M 59 12 Definite 29 Moderate L
Patient 5 41 M 40 12 Definite 34 Moderate L
Patient 6 68 M 65 36 Definite 35 Moderate L
Patient 7 47 M 46 12 Definite 29 Moderate L
Patient 8 46 M 45 12 Definite 31 Moderate L
Patient 9 52 M 50 24 Definite 35 Moderate B
Patient 10 50 M 48 24 Definite 24 Moderate L
Patient 11 46 M 42 48 Definite 36 Moderate L
Patient 12 50 M 49 12 Definite 36 Moderate L

Clinical summary of smoker ALS patients: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS functional rating score-revised; B, bulbar; L, limb; mo: months; y, years.
Impairment was measured using ALSFRS-R.

a Duration of disease is the interval between appearance of first symptom of ALS and collection of sample. Median disease duration in smoker patients is 12 (12–48)
months whereas median duration of disease was reported to be 14 (3–72) months in never smoker patients, although the observed difference was not significant upon
nonparametric Mann–Whitney U analysis (p > 0.05). Mean age of onset in smoker ALS patients was 47.8 ± 7.4(SD) years whereas it was 45.0 ± 14.2(SD) in never smoker
patients. Mean ALSFRS-R score of smoker patients was 32.5 ± 3.8(SD) and mean ALSFRS-R of neversmoker patients was 35.0 ± 6.6(SD). The difference of mean age of onset and
mean ALSFRS-R between smoker and neversmoker ALS subjects was not stastically significant upon unpaired, independent 2-tailed student t-test with unequal variance
(p > 0.05).

Table 3
Crude and adjusted OR for LPO levels in ALS patients.

Subjects Crude OR (95% CI)a p* Adj. OR (95% CI)b p*

ALS
Serum LPO 0.63 (0.20–1.9) 0.42 0.64 (0.24-1.7) 0.72
CSF LPO 0.79 (0.30–2.1) 0.20 0.41 (0.13–1.2) 0.12

Normal controls 1.0 1.0

a Univariate logistic regression was used to evaluate crude OR.
b Multivariate logistic regression has been used to adjust the effect of gender on

LPO levels with smoking as covariates.
* v2 (chi square test) was used to test the level of significance. Normal control
group is considered as reference group. ALS, amyotrophic lateral sclerosis; LPO, lipid
hydroperoxides; OR, odds ratio; CI, confidence interval; Adj, adjusted.
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on the levels of LPO ALS smokers and ALS never-smokers it was
found to be comparable (p = 0.826, 0.820). It appears that smoking
neither affects the age of onset nor enhances the risk of ALS but
affects LPO level regardless of severity of disease.

As gender could be a confounding factor the levels of LPO were
adjusted with gender with smoking as covariates (Table 3). How-
ever, LPO levels of smoker ALS males with those of corresponding
sex matched control groups revealed no significant difference
(p = 0.958, 0.962; p = 0.598, 0.551; p = 0.222, 0.307) suggesting
the gender associated protection in females.

4. Discussion

Oxidative stress is known to be a major contributor for develop-
ment degenerative diseases. Studies have shown the potential of
oxidative burden in worsening the cellular degeneration. Certain
molecules such as HNE, MDA, lsoprostanes and TBARS are well
studied as biomarkers for increase of oxidative stress through
LPO (Pedersen et al., 1998; Rukhsana et al., 2013). The elevated lev-
els of serum LPO in ALS patients included in this report are consis-
tent with an existing report where Simpson et al., 2002 observed
significantly increased 4-HNE in sera of ALS patients. Similarly, ele-
vated LPO in blood of ALS patients has been reported in a few other
studies (Oteiza et al., 1997; Siciliano et al., 2002). Apart from ALS,
LPO can diffuse passively through intact lipid biomembrane, it is,
therefore, possible that LPO may have been produced intrathecally
and subsequently leaked into serum (Simpson et al., 2002) since
we have also found significantly higher LPO levels in CSF of our
ALS patients. Increased CSF LPO, 4-HNE and MDA, because of their

intrathecal production, has previously been reported in many neu-
rological diseases including ALS (Arlt et al., 2002; Simpson et al.,
2002; Boll et al., 2008). In addition, there are studies reporting
huge increase in oxidative burden in different regions of CNS in
ALS patients (Shaw et al., 1995; Ferrante et al., 1997). Ryberg
et al. (2004), however, did not observe any significant difference
in amount of 3-nitrotyrosine, a marker for protein oxidative dam-
age, in CSF from ALS patients and control individuals and argued
that the different protocol used for 3-nitrotyrosine measurement
in CSF samples could be a probable cause for neutral results. How-
ever, most of these studies did not analyze the profile of biomark-
ers between smoker and never smoker patients. Apart from
diffusion from CSF, increased serum LPO raises the possibility of
activation of some different cascade outside the CNS enabling
LPO to be directly secreted in blood, like generation of free radicals
in hypoxic skeletal muscles (Lundby et al., 2003). However, cur-
rently there is no study involving ALS subjects which has reported
enhanced oxidative damage in peripheral organs. Biopsy studies
can reveal the presence of lipid peroxidation markers in ALS, if
any. Above data indicates that LPO could be a potential biomarker
for ALS smokers. Although the exact mechanism of LPO, smoking
and ALS is unclear in these patients further preclinical studies
are required to understand the crosstalk between LPO and other
oxidative stress markers such as SOD1, CCL2, CCR2 (Anand et al.,
2012a,b; Gupta et al., 2012a,b). Our study, therefore, opens a
new window to examine the association of LPO as a risk factor of
ALS especially in larger smoker groups.

Levels of antioxidant enzyme SOD1 were also studied in
patients of ALS and found to be unaltered. It is possible that at
the time of sample collection, there was no extra leakage of

Table 4
Summary of ALS never smoker patients having details of disease duration.

ALS subjects Age Gender Age of onset (Y) Disease duration (M) ALSFRS El Escorial criteria Impairment B/L onset

Patient 1 26 F – – L
Patient 2 48 M – – L
Patient 3 32 F 30 24 L
Patient 4 50 M 48 24 Definite L
Patient 5 22 M 21 12 Definite L
Patient 6 55 F 54 12 37 Possible Mild L
Patient 7 73 F 72 12 Definite L
Patient 8 50 F 49 12 37 Definite Mild L
Patient 9 18 M 14 48 41 Probable Mild L
Patient 10 29 F 26 36 30 Definite Moderate L
Patient 11 75 M 74 14 39 Probable Mild L
Patient 12 65 M 35 24 40 Possible Mild L
Patient 13 37 M 26 18 34 Definite Moderate L
Patient 14 28 M 39 12 36 Definite Moderate L
Patient 15 40 F 69 12 32 Definite Moderate L
Patient 16 70 M 42 36 27 Definite Moderate L
Patient 17 45 F 40 12 31 Definite Moderate L
Patient 18 41 M 49 12 34 Probable Moderate L
Patient 19 50 M 49 12 31 Definite Moderate L
Patient 20 50 F 57 10 36 Probable Moderate L
Patient 21 58 M 48 18 43 Possible Mild L
Patient 22 49 F 45 8 16 Possible Severe B
Patient 23 45 M 39 18 40 Probable Mild L
Patient 24 41 M 26 24 31 Possible Moderate L
Patient 25 28 M 50 12 39 Possible Mild L
Patient 26 51 M 59 18 34 Definite Moderate L
Patient 27 60 M 39 12 Possible B
Patient 28 40 F 53 18 34 Possible Moderate L
Patient 29 55 M 55 3 35 Definite Moderate L
Patient 30 55 M 45 12 42 Probable Mild L
Patient 31 46 F 36 16 30 Definite Moderate B
Patient 32 38 M 54 24 34 Definite Moderate L
Patient 33 56 F 58 18 38 Definite Mild L
Patient 34 58 M 33 9 38 Probable Mild L
Patient 35 33 M 54 24 44 Possible Mild L
Patient 36 56 M 14 72 35 Probable Moderate L
Patient 37 20 M 42 Probable Mild L
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SOD1 in CSF owing to intact architecture of bio-membrane of
degenerating motor neurons in these patients, which is further
be supported by unchanged levels of serum and CSF total protein
(Table 1). Regardless of various conflicting reports, the unaltered
SOD1 levels may indicate that there may not be any genetic change
in the regulatory regions such as promoter and terminators of the
SOD1 gene, however, mutations in functional regions such as exon/
intron domain cannot be ruled out and should be screened in spo-
radic Indian ALS patients. Although SOD1 levels remain intact, pos-
sible aberrations in functional regions may result in production of
mutated and misfolded SOD1 molecules with harmful disrupted
activity. Earlier, altered SOD1 activity and mutations in SOD1 gene
have been reported in ALS patients (Burr et al., 1987; Ihara et al.,
1995; Przedborski et al., 1996; Corrado et al., 2006; Liu et al.,
2009; Luigetti et al., 2009; vanEs et al., 2010). Hence, these results
may not discredit the hypothesis of neurotoxicity caused by extra-
cellular misfolded SOD1 and is consistent with existing reports
where authors observed unaltered SOD1 levels in muscles biopsies
and CSF of sporadic and familial ALS patients (Jacobsson et al.,
2001; Frutiger et al., 2008). Similarly, no difference in CSF SOD1
was observed in ALS patients when compared with neurological
controls (Zetterström et al., 2011). However, markedly decreased

SOD1 expression was previously observed in lymphocytes and
serum from sporadic ALS patients (Mokuno et al., 1996; Cova
et al., 2006). Hence from above discussion it appears that monitor-
ing the oxidative stress levels, such as SOD 1 and LPO in addition to
other stress markers may prove useful in studying an association of
two mechanisms i.e. oxidation and antioxidation in relation to
each other. Based on additional cohort studies the level of different
oxidants and antioxidant markers could be predicted using a sta-
tistical approach of predictive modeling for diagnosis and progno-
sis of diseases in its milder form (Gupta et al., 2012a,b).

We also did not find any change in SOD1 in ALS patients who
smoke, although a recent study demonstrated significantly
decreased SOD1 expression in SH-SY5Y human neuroblastoma
cells upon exposure of cigarette smoke condensate (Russo et al.,
2011). Hence, altered activity and/or downregulated expression
of other antioxidant enzymes such as catalase and glutathione per-
oxidase is suggested in smoker ALS patients, however, such analy-
sis has not been conducted. Therefore, we plan to analyze
additional number of ALS patients which will include detailed
smoking history as well as other markers of stress.

It is not possible to explain why there is elevated LPO in smoker
ALS subjects and not in smoker normal controls, but it may indi-

#p=0.043

#p=0.0001

#p=0.0001

#p=0.0001

Normal control ALS

#p=0.016

#p=0.014 #p=0.006
#p=0.029

#p=0.042A B

C
D

Fig. 1. Levels of LPO in ALS and control subjects. (A) Box and Whisker diagram represents serum LPO levels in ALS patients and normal controls. (B) Serum LPO in smoker ALS
subjects. (A, B) Boxes include values from first quartile (25th percentile) to third quartile (75th percentile). Lower and upper error bar refers to 10th and 90th percentile
respectively. The thick horizontal line in the box represents median for each dataset. Outliers are shown in circles. Data is analyzed by nonparametric Kruskal–Wallis H test
followed by asymptotic Mann–Whitney U test. Levels of serum LPO were normalized to total serum protein. (C) LPO levels in CSF of ALS patients and normal subjects. Values
are plotted as mean ± standard error (SE) in the bar diagram. Data was analyzed by parametric unpaired, independent 2-tailed student t-test with unequal variances. CSF LPO
was normalized to total CSF protein. (D) LPO in CSF from smoker ALS subjects. Values are plotted as mean ± standard error (SE). Data was analyzed by parametric one-way
analysis of variance (ANOVA) followed by Fisher’s least significant difference (LSD) post hoc test with equal variances. Levels of CSF LPO were normalized to total CSF protein.
#, indicates significant difference among the given conditions (p 6 0.05); lM, micromolar; lg, microgram; ALS, amyotrophic lateral sclerosis; CSF, cerebrospinal fluid; LPO,
lipid hydroperoxides.
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cate the relatively high vulnerability of diseased motor neurons in
ALS to oxidative stress than those of healthy motor neurons in nor-
mal smokers. It is interesting to note that when LPO levels of male
ALS smokers and never smokers were compared for disease dura-
tion and age of onset, no association was observed even though
significant LPO levels were recorded in ALS smokers when com-
pared with ALS never smokers. These results are consistent with
previous studies which show that women have comparatively
reduced LPO levels than males (Bayir et al., 2004; Mahboob et al.,
2005; Sandra et al., 2008). The limited number of smoker ALS
patients did not allow for analysis of a direct association of smok-
ing with risk of ALS using univariate and multivariate statistical
analysis; however, based on existing literature (Weisskopf et al.,
2004; Gallo et al., 2009; Wang et al., 2011), it is clear that smoking

is an important risk factor for ALS, and LPO may be associated with
ALS smokers, but how it contributes as a risk factor for ALS is yet to
be elucidated. It is also pertinent to point out that ALS smokers are
twice at risk, as compared to never smoker ALS patients, for devel-
oping disease severity but the power of the study is not sufficiently
convincing. Certain studies in which smoking has been shown to
be associated with the risk of ALS have argued it to provoke cas-
cade of events leading to increased susceptibility of body to oxida-
tive damage (Gallo et al., 2009; Kamel et al., 1999; Sonja et al.,
2012). Elevated LPO may activate neurotoxic cascades such as
the induction of apoptotic enzymes, damage of genomic DNA,
damage to protein and change in their conformation, the release
of cytochrome C from mitochondria and hence may lead to degen-
eration of motor neurons (Niki et al., 2005, BBRC). Dysregulated
LPO is also known to cause damage through enhanced recruitment
of innate and acquired immune cells and upregulation of proin-
flammatorychemokines such as chemokine ligand-2 (CCL2)
(Curzio et al., 1987; Simpson et al., 2002). Hence, it is possible that
the increased lipid peroxidation in present patients may result in
enhanced secretion of CCL2 chemokine in the same set of ALS
patients as reported previously (Gupta et al., 2011) and it appears
that a causative or indirect linear correlation exists between
inflammation and oxidative stress (Fig. 3A and B). However, addi-
tional multi-centric, correlational and dose–response studies with
a larger number of ALS smokers adjusted to antioxidant diet or
supplements are required to examine whether ever smokers show
higher levels of LPO as compared to former smokers who quit
smoking and if this is positively associated with the progress of
ALS and whether the risk of ALS increases with increasing smoking

Fig. 2. SOD1 levels in ALS patients and normal controls. (A) Levels of SOD1 in serum in ALS patients and normal controls. (B) Levels of SOD1 in serum in smoker ALS patients.
(C) SOD1 in CSF of ALS patients. (D) Levels of SOD1 in CSF of smoker ALS patients. (A–D) Boxes include values from first quartile (25th percentile) to third quartile (75th
percentile). Lower and upper error bar refers to 10th and 90th percentile respectively. The black horizontal line in the box represents median for each dataset. No significant
difference (p > 0.05) was observed between the given conditions. Data was analyzed by nonparametric Kruskal–Wallis H test followed by asymptotic Mann–Whitney U test.
Extreme values and outliers are shown in asterisk and circles respectively. Levels of serum and CSF SOD1 were normalized to their respective total protein. ALS, amyotrophic
lateral sclerosis; CSF, cerebrospinal fluid; SOD1, superoxide dismutase 1; ng, nanogram; lg, microgram.

Table 5
Risk estimate for ALS male smoker vs. ALS male never-smoker (1.923 with 95%
confidence limits as 1.320, 2.803). Chi square test was used to test the level of
significance (v2 = 5.376, p = 0.020). Total numbers of cases were 32 including two
groups of ALS smoker and ALS never-smoker differentiated on the bases of disease
severity.

Subjects Risk
estimate

Pearson chi square
(95% CI)�

p⁄

ALS male smokers vs. male never
smokers

1.923 5.376 0.020

Number of valid subjects 32

� Multivariate regression analysis was used to evaluate risk estimate.
* Chi square test was used to test the level of significance.

52 A. Anand et al. / Neurochemistry International 71 (2014) 47–55

305



intensity, which would result in increased LPO among ever
smokers.

We propose that alteration in mitochondrial metabolism result-
ing from oxygen deficits may generate ROS and subsequently LPO
which may further impair Glutamate receptor responsible for Ca
homeostasis and induce FAS L through activation of JNK pathway
(Fig. 4). ROS may also activate FAS L and RNS thus activating NFkB
induced CCL2 production responsible for apoptosis (Kwiecien et al.,
2002; Blanc et al., 1997; Anand et al., 2012a,b; Li et al., 2006;
Duplan et al., 2010; Khorooshi et al., 2008; Selam et al., 2006). At
this time this remains speculative, at best.

Clinically, the hypothesis directly relating cigarette smoke-
induced oxidative stress to the progression of ALS does not find
analogy in other neurodegenerative diseases associated with

increased oxidative stress such as Parkinson’s disease (PD), where
smoking improves the clinical outcome. Evidently, mechanisms
more specific than general peroxidation of cell membrane lipids
could account for specific progression in case of ALS.

5. Conclusion

Even though disease controls have not been included, our pre-
liminary report may suggest a clear pathological non redundant
association of LPO with smoker ALS patients. Although not conclu-
sive, our results suggest that cigarette smoke may enhancing LPO
levels, however, subsequent larger studies should be undertaken
to validate present findings and to unravel the mechanisms by
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Fig. 3. Correlation of oxidative stress as measured by LPO and inflammation in terms of CCL2 levels in ALS patients. (A) Correlation in serum from ALS patients. Since the data
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measured using one-way analysis of variance (ANOVA) followed by Fisher’s least significant difference (LSD) post hoc test. ALS, amyotrophic lateral sclerosis; CSF,
cerebrospinal fluid; CCL2, chemokine ligand-2; LPO, lipid hydroperoxides; pg, pictogram; lM, micromolar; lg, microgram.

Glt
-R

NMDA

GLUT

FAS induc�on in �me 
dependent manner 

through JNK 
ac�va�on 

Marker  for increase of  
Oxida�ve stress 

+

NUCLEUS

MITOCHONDRIAO2

ROS
ROS

ROS
ROS

LIPIDS
LPO

MDA 4-HNE

NO

RNS

Nf-KB

Fas-L

Ca

Ca

CCL2
APOPTOSIS

Smoking 

Ca Influx 
Inhibi�on 
and Ca 
homeostasi
s disrup�on

Fig. 4. Alteration in mitochondrial metabolism resulting from oxygen deficits may generate ROS and subsequently LPO which may further impair Glutamate receptor
responsible for Ca homeostasis and induce FAS L through activation of JNK pathway. ROS may also activate FAS L and RNS thus activating NFkB induced CCL2 production
responsible for apoptosis.

A. Anand et al. / Neurochemistry International 71 (2014) 47–55 53

306



which smoking increases LPO in Indian ALS patients. Therapies
directed at alleviating LPO either by supplementing antioxidants
which can particularly target lipid peroxidation or preventing the
damaging effects of smoking could be tested in future animal
and in vitro studies.
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Abstract Iron is an important micronutrient for neuronal
function and survival. It plays an essential role in DNA and
protein synthesis, neurotransmission and electron transport
chain due to its dual redox states. On the contrary, iron also
catalyses the production of free radicals and hence, causes
oxidative stress. Therefore, maintenance of iron homeostasis
is very crucial and it involves a number of proteins in iron
metabolism and transport that maintain the balance. In ische-
mic conditions large amount of iron is released and this free
iron catalyzes production of more free radicals and hence,
causing more damage. In this review we have focused on
the iron transport andmaintenance of iron homeostasis at large
and also the effect of imbalance in iron homeostasis on retinal
and brain tissue under ischemic conditions. The understanding
of the proteins involved in the homeostasis imbalance will
help in developing therapeutic strategies for cerebral as well
retinal ischemia.

Keywords Ironmetabolism . Iron transport . Cerebral
ischemia . Retinal ischemia . Dietary iron . Iron chelators

Introduction

Iron is an indispensible component of cellular metabolism as it
is a part of various enzyme systems of biological processes.
Iron is found in two forms—heme and non-heme. Heme iron

is found in hemoglobin, myoglobin and enzymes, where as
non-heme iron is found bound to storage and carrier proteins
(Conrad and Umbreit 2000). Iron taken in diet is usually
excreted by body in the form of sweat, skin shedding or
menstruation in case of females. However if excess iron is
not actively excreted by the body, it starts accumulating in
various tissues (Loh et al. 2009) and because of high potential
of free ion to undergo redox reactions it generates highly toxic
free radical species. These adverse effects of iron accumula-
tion need to be properly regulated to maintain normal cellular
biological machinery and for this reason iron metabolism is
tightly regulated and monitored by a variety of proteins.

Iron transport, metabolism and homeostasis

Iron plays a dual role in eukaryotic physiology. It is known to
play an important role in oxygen transport; it acts as a co-
factor for many enzymes and is involved in electron transfer.
On the contrary, iron is also associated with normal ageing.
The iron content increases with age (Martin et al. 1998; Zecca
et al. 2004). Iron is an important micronutrient required by
retinal tissue as it is involved in cellular metabolism due to its
involvement as a cofactor in various enzymes. Retina is an
active tissue with photoreceptors discs shedding continuously.
To compensate for this shedding, desaturase, an iron contain-
ing enzyme, facilitates the replenishment of membrane by
extensive biogenesis or membrane formation. Even the sec-
ond messenger cGMP involved in phototransduction cascade
is dependent on iron conjugated enzyme guanylate cyclase for
its synthesis (Yefimova et al. 2000, 2002).

The level of iron in the body has to be maintained for its
utilization in positive way. Among the two states of iron,
ferrous iron is more toxic compared to the ferric iron and in
the presence of hydrogen peroxide or molecular oxygen can
generate hydroxyl and superoxide free radicals. Consequently,
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iron metabolism is analysed at various levels and there are
many regulatory proteins that handle the transport and metab-
olism of iron, such as transferrin, ferritin, and many other
similar iron-handling proteins (De Silva et al. 1996).

Different proteins are involved in transport and storage of
iron and hence in maintaining homeostasis. Iron transport is
maintained by protein transferrin which transports iron from
storage sites, such as the liver to the site of utilization.
Transferrin protein is an iron transporter that binds to ferric
iron and helps in its circulation. It cannot cross the blood
retinal barrier; instead it is internalized by receptor mediated
phagocytosis. Blood-retinal barrier, therefore, limit the trans-
port of excess iron into the retinal tissue (Thaler et al. 2010).
Ferritin is the protein involved in storage of iron. Another
protein involved in movement of iron is ferroxidase cerulo-
plasmin (Cp). Transferrin binds to only oxidized i.e. ferric
form of iron and ceruloplasmin promotes the binding of iron
to transferrin by converting ferrous form of iron to the ferric
form through oxidation (Osaki et al. 1966). These proteins
reduce the iron load by transporting the iron from site of
accumulation (Patel et al. 2002) (Fig. 1).

Role of iron in mechanisms of ischemic injury

Iron overload has been shown to have adverse effects and
plays an important role in ischemic brain damage as well as
other neurological disorders, such as, Parkinson’s,
Alzheimer’s and Huntington’s diseases (Davalos et al. 2000;
Ke and Ming 2003; Millan et al. 2007; Riederer et al. 1989).
Apart from being an essential nutrient; iron also has two
problems, i.e. it has low solubility and due to its redox nature
it can act as a potential agent for toxicity as iron can lead to

formation of reactive oxygen species (ROS). As iron is a
transition metal with two oxidation states—ferrous (Fe2+)
and ferric (Fe3+) the redox property of iron is useful for
biological systems as it works in catalysis; but this property
is also hazardous. Therefore, iron is always found in revers-
ibly bound state. In normal physiology, the stable form of iron
is Fe3+. Brain is highly susceptible to damage caused by
oxidative stress due to high lipid content, high oxygen de-
mand, increased ROS production and higher levels of iron
(Evans 1993; Hallgren and Sourander 1958; Saeed et al.
2007). An organism has transcriptional and post-
transcriptional mechanisms that regulate iron homeostasis
(Eisenstein 2000). There are iron-regulatory RNA-binding
proteins and contain iron-regulatory elements (IREs)
(Muckenthaler et al. 1998). The iron-regulatory proteins
(IRP) respond directly to the levels of oxygen and its metab-
olites. The IRPs contain iron–sulphur clusters and maintain
iron homeostasis by regulating the synthesis of proteins that
are involved in iron metabolism. These proteins have been
shown to have binding for IREs in ferritin mRNA and hence,
blocks the translation. In case of transferrin mRNA, the bind-
ing of IRP controls its degradation (Klausner et al. 1993).
These proteins are mostly involved in regulation of transfer-
ring receptors (Donovan et al. 2000; McKie et al. 2000). The
exposure of cultured cells to hydrogen peroxide in a study has
led to decrease in ferritin levels and increase in transferrin
levels (Martins et al. 1995; Pantopoulos and Hentze 1995).
The hydrogen peroxide acts by removing the iron–sulphur
clusters in IRPs and further enhances the RNA binding ca-
pacity (Pantopoulos et al. 1997; Pantopoulos and Hentze
1998).

Earlier the studies on mechanism of ischemia were related
to energy failure due to disrupted blood supply to the brain.

Fig. 1 Schematic depicting
various proteins involved in iron
metabolism and the cascade to
cell death by ischemia. Different
proteins that are involved in
transport and metabolism of iron
and how the increased availability
of free-iron after ischemia-
reperfusion leads to cell death
through oxidative damage, edema
and increased infarcts
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But the ischemic injury involves many more factors and
interactions. The mechanism is complex and multi-factorial.
Oxidative stress regulates the inflammation caused after
stroke. Increase in oxygen radicals leads to increase in gene
expression of pro-inflammatory markers through various tran-
scription factors that are redox sensitive transcription factors
such as NF-kappaβ (Eltzschig and Carmeliet 2011). There are
three known routes of neuronal death after ischemia/
reperfusion—excitoxicity, oxidative stress and apoptosis.
The oxidative stress caused due to generation of free radicals
leads to delayed neuronal death (Won et al. 2002).
Mitochondria in the neurons are the site for ATP generation
through electron transport chain. Any free electron produced
has a potential to form superoxide radicals (Burtke and
Sandstrom 1994; Morel and Barouki 1999). In normal phys-
iology, these are removed by various anti-oxidant enzymes
(MeGowan et al. 1996). Oxidative stress is the condition
caused by the imbalance between the production of free
radicals and their timely removal. Thus, the most significant
factor involved in pathophysiology of ischemia-reperfusion
injury is the reactive oxygen species (ROS) (Dixon and
Stockwell 2014). The reactive oxygen species are derived
from molecular oxygen with less than four electrons, for
example superoxide anion, hydrogen peroxide, hydroxyl rad-
ical (Grisham and McCord 1986; Halliwell and Gutteridge
1989). The free-radicals are produced through the following
reactions, such as mitochondrial oxidation, phospholipid me-
tabolism and proteolytic pathways (Chen et al. 2011; Sims and
Muyderman 2010). These reactions leading to formation of
reactive oxygen species is a spontaneous but slow reaction.
But the presence of transition metals can act as catalyst and
thus, can speed up these reactions (Grisham 1993). The sup-
port for the involvement of reactive oxygen species in ische-
mia comes from various previous studies which have shown
their presence in ischemic tissues using technique of electron
spin resonance (ESR) (Bolli et al. 1989; Kramer et al. 1987).
In other studies, use of ROS scavengers or anti-oxidants
attenuates the injury caused by ischemia-reperfusion
(Downey 1990; Korthuis and Granger 1986). The ROS gen-
eration can modify and degrade biomolecules through DNA
nicking, membrane lipid peroxidation, protein degradation
and thus, alter cellular function (Grisham 1993; Halliwell
and Gutteridge 1989) (Fig. 2). This directly affects the mem-
brane stability by decreasing the fluidity (Kaplan et al. 1995).
The ROS generated can also act as or form chemoattractants
for neutrophils (Zimmerman et al. 1990). Studies have pro-
posed that ROS act like mediators of apoptosis and initiate the
death signaling pathway (Dixon and Stockwell 2014;
Sugawara and Chan 2003; Kannan and Jain 2000). Ryu
et al. showed apoptosis like features such as condensed nu-
clear chromatin, TUNEL positive neurons in cultured neuro-
nal cells on exposure to Fe2+ (Ryu et al. 1998). The main
target of ROS is mitochondrial DNAwhich encodes enzymes

important for electron transport chain and hence, ATP gener-
ation. The shutdown of the energy centre of the cell leads to
ATP depletion and hence, cell death (Anderson et al. 1981; Ott
et al. 2007). Another proposed mechanism behind neuronal
cell death caused through ROS generation is through p53
expression, which further activates the Bax and caspase-
dependent apoptotic pathway through cytochrome c (Macip
et al. 2003). Abnormal balance between the oxidative and
protective mechanisms in clinical cases can be a factor in
aggravating ischemic injury. SOD levels and vitamin E levels
were less in stroke cases and also the stroke cases had higher
MDA levels (Kaur et al. 2011).

In ischemic stroke it has been shown that the levels of low
molecular weight iron increases during global ischemia
caused by elevation of intracranial pressure in canine model.
Iron which is tightly bound to transport proteins but during
ischemia as the pH decreases leading to release of iron from
transferrin and other carrier proteins (Biemond et al. 1988).
This low molecular weight free iron acts as a catalyst in free
radical reactions (Lipscomb et al. 1998). The iron released is
in ferrous state and upon reperfusion is oxidized to ferric state
and makes the tissue susceptible to damage (Halliwell and
Gutteridge 1989). Thus, metabolite accumulation and de-
crease in pH plays an important role in release of iron and
hence, toxicity. Ischemic stroke reduces the flow of blood to
the brain and disrupts the blood–brain barrier. Due to this
disturbance in blood flow the iron stored in ferritin and free
iron in endothelial cells of capillaries accumulates in region of
damage. These elevated levels of iron further support the
oxidative stress and aggravate the damage caused (Carbonell
and Rama 2007). Millerot-Serrurot et al. also studied the
changes in free iron levels after cerebral ischemia with time.
The authors subjected rats to photothrombotic ischemic stroke
and checked the levels of free iron and levels of ferritin mRNA.
The study showed a transient increase in iron levels with time
and also that the early treatment with iron chelators results in
decreased ischemic damage as compared to later treatment
(Millerot-Serrurot et al. 2008). The earlier rescue strategies with
respect to ischemia involved early restoration of blood supply
to the brain thereby decreasing the extent of injury caused due
to ischemia. However the restoration of blood supply or reper-
fusion is now known to initiate damage secondary to the
ischemic injury but more severe than the ischemia itself. The
restoration of blood supply exposes the ischemic tissue to the
molecular oxygen and thus, the oxidative stress (Bagenholm
et al. 1998; McCord 1985). In case of hemorrhagic stroke,
erythrocyte lysis in the brain leads to the release of free heme
or iron protoporphyrin IX (Fujii et al. 1994). The free heme in
the presence of the enzyme heme oxygenase breaks down into
ferrous iron and biliverdin along with carbon monoxide. This
iron overload caused leads tomicroglia activation, brain edema,
oxidative stress and increase in cytokine production (Gong
et al. 2000; Xi et al. 2006).
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The dietary iron levels are equally important for the struc-
ture and function of brain. The optimum intake of iron has
been linked with many diseases including neurodegenerative
diseases but not many studies have been done to correlate
between iron uptake and the risk of stroke. Patt et al. in 1990
showed that the gerbils deprived of iron in their diets were less
susceptible to cerebral damage when subjected to ischemia/
reperfusion injury through temporary unilateral carotid artery
ligation as compared to the respective controls. Perinatal iron
deficiency has also been studied as a risk of ischemia and
shown to increase vulnerability to ischemic injury. Maternal
dietary iron deprivation during gestation in rats has shown
greater loss of neuronal activity when exposed to ischemia
through carotid artery ligation (Rao et al. 1999). In another
study by Castellanos et al. (2002) the authors have shown in
the permanent MCAO model in rats that the increase in
dietary iron intake increases the infarct volume in iron-fed
animals as compared to the control animals by 66 %. As it has
also been investigated in various studies the link between
sickle-cell anaemia and the risk of occurrence of stroke
(Tantawy et al. 2013). In a case report, iron-deficiency anemia
was found to be associated with stroke in a pre-menopausal
woman. The iron-deficiency results in haemoglobin deficien-
cy which generates hypoxic condition in the brain due to low
oxygen supply leading to secondary stroke (Mehta et al.
2012). Most of the young women in India have iron-
deficiency anemia and thus, prospective studies seeking to
analyze the role of iron as a risk factor for stroke in such
women can be investigated. The increase in stroke risk with

increase in iron uptake questions the iron supplements being
used world-wide to fight anemia. Thus, the maintenance of
iron levels is crucial. The iron homeostasis shows a very
narrow acceptable range; high levels of free iron available
leads to damage through catalysis of ROS production and the
deficiency of iron leads to damage by causing hypoxia.

Iron toxicity in retina

Iron dysregulation results in retinal degeneration in several
neurodegenerative diseases. These neurodegenerative disor-
ders include aceruloplasminemia, traumatic siderosis,
Friedreich’s ataxia. Similarly, in various mouse models, retinal
degeneration is found to be associated with retinal iron ho-
meostasis disturbances (Yefimova et al. 2000, 2002). Due to
presence of blood retinal barrier the free circulation of iron in
retina is restricted. The intake of iron into the retinal tissue is
primarily through the transferrin receptors expressed by retinal
pigment cells by the process of receptor mediated phagocyto-
sis (Song and Dunaief 2013). Hadziahmetovic et al. (2011a)
have suggested vascular endothelial cells as another possible
route for iron entry into the retina. Unsaturated bonds are more
liable to free radicals attack thereby propagating a chain of
reactions leading to the formation of cytotoxic lipid peroxides.
Levels of unsaturated fatty acids are high in retina and thus it
is more prone to oxidative stress injury. Increase in level of
iron causes increase in lipid peroxidation (Rodríguez Diez
et al. 2012). Iron ions produce hydroxyl free radicals, via

Fig. 2 The role of iron in
ischemia/reperfusion injury. The
reperfusion or restoration of blood
supply after ischemia causes
pronounced iron-mediated
damage. The available free-iron
catalyzes production of reactive-
oxygen species through Haber-
Weiss reaction, which leads to
damage to biomolecules such as
DNA, proteins and lipids
resulting in cell death
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Haber Weiss and Fenton reactions, which are toxic to cells.
Association of iron load with retinal degeneration has been
reported. Double knockout mouse with ferroxide ceruloplas-
min and hephaestin knocked out showed excessive iron accu-
mulation in retina resulting in oxidative stress leading to
retinal degeneration (Hadziahmetovic et al. 2008). Retinal
ischemia resulting in activation of oxidative enzymes and
thereby causing oxidative stress is a major risk factor in
various optic neuropathies.

In-vitro studies on mixed retinal cells have proved the fact
that exposure of neuronal cells to ferrous or ferric chloride
results in death of neurons due to oxidative stress. The study
further demonstrated that neuronal cells are more susceptible
to iron than photoreceptor or glial cells (Song and Yoon 1998).
In the retina, iron stress has been correlated with age-related
macular degeneration (Wong et al. 2007). Elevated levels of
iron with age indicates role of iron with other age-related
retinal disorders (Hahn et al. 2006). Further iron-related pro-
teins have also been observed to increase in glaucomatous
eyes (Farkas et al. 2004).

Hemochromatosis is a disease related with excessive accu-
mulation of iron in various systemic organs (Pietrangelo
2010). In general retina is been thought to be resistant to
changes in iron levels, implying that in hemochromatosis
retina is not affected (Martin et al. 2006). However studies
has shown that retina is not completely immune-privileged as
elevated iron level due to Hfe mutation or cytomegalovirus
(CMV) infection in the retina has been observed (Gnana-
Prakasam et al. 2011).

Decrease in iron-load as potential therapeutic target

The restoration of oxygen levels when the blood supply to the
brain improves leads to further damage again through the
formation of free-radical species. As iron is involved in the
production of hydroxyl radicals, any method for iron-
chelation could work out as a good therapeutic approach to
prevent reperfusion injury caused after stroke. Chelating
agents are compounds that are used to scavenge metal.

One such chelating agent that has been tested in various
animal models of stroke is deferoxamine. This compound
binds to free iron in the blood and leads to its removal. It is
ferric iron chelator and is in routine use in patients to relieve
the iron-overload (Selim et al. 2011). Deferoxamine forms a
hexadentate complex with iron and further prevents reactions
and damage. Deferoxamine is a known activator of hypoxia-
inducible factor-1 (HIF-1) (Wang and Semenza 1993). HIF-1
is a transcriptional factor activated in response to hypoxia
(Semenza 2000). Deferoxamine also has been shown to block
cell cycle and prevent neuronal cell death (Farinelli and
Greene 1996; Katchanov et al. 2001). HIF-1 activation also
increases the expression of genes involved in adaptation to

hypoxic conditions (Zaman et al. 1999) (Fig. 3). Not all
studies support the notion that the use of iron chelators such
as deferoxamine lead to a decrease in the extent of damage
caused by free-radicals after ischemic injury. 2,2-dipyridyl,
another iron chelators has shown contrary results.
Caliaperumal et al. have reported in a rat model of intracere-
bral hemorrhage, that the administration of dipyridyl had no
effect on histological as well as behavioural recovery
(Caliaperumal et al. 2013). Deferoxamine has indeed shown
decrease in levels of iron in the brain after the injury, but the
effect on the injury itself and the functional outcome are still
doubtful and thus, questioning the clinical translation of the
use of this therapy in patients (Auriat et al. 2012).

Iron chelators have also been studied extensively to screen
their role as an inducer of ischemic tolerance and prevention
of retinal injury. Avariety of iron chelators have been reported
to rescue from the damage caused by iron in ischemic injury.
Iron chelators bind to the free iron and make it unavailable to
cause any sort of injury. A possible mechanism behind this
may be scavenging of iron from the intravascular space and
thereby preventing the damage caused to blood retinal barrier
(BRB) by limiting free radical generation by iron. Disruption
of BRB would otherwise result in extravagation of intravas-
cular injury mediators which in turn would damage the neural
elements. Another mechanism possible may involve extrac-
tion of iron from surrounding tissue creating an intravascular
iron sink and thus preventing formation of free radicals
(Gehlbach and Purple 1994).

Preconditioning results in protection from ischemic dam-
age. It involves the transcriptional activation as well as post
translational processing of survival-promoting genes, regulat-
ing the pathways involved in metabolism, inflammation, ox-
idative injury and apoptosis (Gidday 2006). Cytokines, meta-
bolic inhibitors and a variety of pharmacologic treatments can
be used as preconditioning agents. Preconditioning in case of
ischemic disease will require agents that will ultimately lead to
activation of endogenous pathways for survival in that tissue.
Administration of deferroxamine (DFX), an iron chelator as a
preconditioning stimulus, has shown to provide retinal pro-
tection against ischemia (Zhu et al. 2008). Deferroxamine has
also shown protective effect against light (Michon et al. 1999)
induced as well as ischemia induced retinal degeneration in
rodents (Zhu et al. 2008).

Another well studied iron chelator is Deferiprone (DFP). It
is found to have ability to cross the much restricted blood–
brain barrier and can be easily orally absorbed (Boddaert et al.
2007). Its toxicity in humans has been studied in clinical trials
for diabetic nephropathy and primary glomerulonephritis. It
was found to be well tolerated by humans and has very less
toxic effects (Shah and Rajapurkar 2009). Deferiprone has
been reported to reduce the iron load in retinal tissue of mouse
and its non-toxicity to retina was also confirmed in animal
study (Hadziahmetovic et al. 2011b). Mice exposed to bright
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light results in oxidative stress in retina and this is confirmed
by the increased RNA levels of ceruplasmin and
hemeoxygenase1 genes. Both genes are marker for oxidative
stress and there upregulation in light exposed mice indicates
the generation of reactive oxygen species in retinal tissue.
DFP treated mice showed diminished level of these oxidative
stress related genes (Song et al. 2012). Iron chelators bind to
the free iron and make it unavailable for the catalyzing activity
thereby breaking the vicious cycle of cell death (Lukinova
et al. 2009; Reif 1992; Chevion et al. 1993; Rouault and
Cooperman 2006).

In vitro studies on ARPE-19 human cell line has proved
salicylaldehyde isonicotinoyl hydrazone (SIH) to protect the
RPE of retina from death induced by various insults such as
hydrogen peroxide, anti-Fas, staurosporine, and exposure to
A2E plus blue light by chelating labile iron (Lukinova et al.
2009). RPE cells treated with high levels of iron had shown
elevated intracellular iron load. The iron overload results in
production of ROS which is directly proportional to time as
well as concentration of iron. Further the decreased levels of
antioxidant enzymes such as GSH has shown that iron over-
load in RPE cells lead to imbalance between the reactive
species generation and antioxidative potential of cells
(Voloboueva et al. 2007).

As ferrous form is more toxic, Cp prevents the oxidative
damage caused by the ferrous form by oxidizing the ferrous
state of iron into comparatively less harmful ferric form
(Gutteridge 1992). Various cells in retina, brain and choroid
plexus have been found to express ceruloplasmin to protect
the tissue from iron toxicity (Klomp and Gitlin 1996; Patel
and David 1997; Patel et al. 2000). Ceruplasmin secreted by
hepatocytes is unable to cross the blood–brain barrier and to

overcome this problem astrocytes in brain express a different
form of Ceruplasmin which is glycosylphosphatidylinositol
(GPI)-anchored (Patel and David 1997; Patel et al. 2000). The
elevated levels of iron in retinal tissue of Ceruplasmin knock-
out (Cp−/−) mice confirmed the regulatory role of
ceruplasmin in iron homeostasis (Patel et al. 2002).

Selim and Ratan (2004) have reviewed the protective role
of tirilazad mesylate and bipyridyl against the ischemic dam-
age caused by iron. While, tirilazad mesylate inhibits the iron
dependent lipid peroxidation, bipyridyl on the other hand act
as an iron chelator rendering free iron unavailable for lipid
peroxidation. Chao et al. (2008) found that animals treated
with ferrous sulphate showed dose dependent decrease in a
and b wave amplitude of electroretinogram. They suggested
that this decrease may be due to altered biochemical processes
such as influx of calcium into the retinal cells or •OH produc-
tion leading to oxidative stress. Further the authors found that
Ferulic acid (FA) treatment reverses the effect of ferrous
sulphate and improves the electroretinogram signals (Chao
et al. 2008). Thus, ferulic acid is another alternative to treat
the iron induced retinal disorders.

Future perspectives

Metal ions play important role in neurotoxicity, ischemia and
neurodegeneration. Brain and retina have the highest meta-
bolic activity and hence the source of high amount of iron. The
maintenance of iron transport, storage and metabolism is
therefore critical for tissues of central nervous system. Both
iron surplus and deficiency have been found to be associated
with neurodegenerative disorders. In ischemia/reperfusion

Fig. 3 The schematic shows the
neuroprotective action of iron
chelators (e.g. Deferoxamine)
after ischemia-reperfusion injury.
The increased level of free iron
after ischemia and oxidation of
ferrous to ferric state on
reperfusion leads to neuronal
injury. Deferoxamine prevents
formation of ROS by binding to
free iron and also by increasing
the expression of HIF-1 as
adaptive mechanism after
ischemia
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injury in brain or retina, free iron is released which catalyzes
the production of free-radicals and increases the oxidative
stress. These free-radicals cause damage to proteins, DNA
resulting in cell death.

A better understanding of the molecular mechanisms can
provide deeper insight into iron homeostasis and processes of
neurodegenerative processes underlying ischemia. New ther-
apeutic strategies against ischemia as well as other neurode-
generative disorders can be screened on the basis of this
analysis.
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Oxidative stress and angiogenic factors have been placed as the prime focus of scientific investigations after an establishment of
link between vascular endothelial growth factor promoter (VEGF), hypoxia, and amyotrophic lateral sclerosis (ALS) pathogenesis.
Deletion of the hypoxia-response element in the vascular endothelial growth factor promoter and mutant superoxide dismutase
1 (SOD1) which are characterised by atrophy and muscle weakness resulted in phenotype resembling human ALS in mice. This
results in lower motor neurodegeneration thus establishing an important link between motor neuron degeneration, vasculature,
and angiogenic molecules. In this review, we have presented human, animal, and in vitro studies which suggest that molecules like
VEGF have a therapeutic, diagnostic, and prognostic potential inALS. Involvement of vascular growth factors and hypoxia response
elements also highlights the converging role of oxidative stress and neurovascular network for understanding and treatment of
various neurodegenerative disorders like ALS.

1. Introduction

At the developmental stages, the establishment of a neurovas-
cular network, outside CNS, is crucial to the subsequent brain
and spinal cord development. Molecules deserving special
attention in the course of development and maintenance of
neurovasculature include VEGF (especially VEGF-A)/VEGF
receptors, Notch, ephrin, semaphorins/plexin receptors,
latent transforming growth factor 𝛽’s [TGF𝛽’s], and TGF𝛽
receptors, 𝛼v𝛽8 integrin, neuropilins, and FGF1 [1–3]. Any
dysregulation in the pathways having the above mentioned
factors (responsible for angiogenesis) which contributes to
the development of this communication network has serious
consequences manifesting in the form of CNS disorders.
Hence angiogenesis is required for vasculature development
and is governed by the gene expression of vascular molecules
[4]. Abnormal expression and reduced levels of VEGF have
been explored to account for devastating disorders of the
CNS, especially in studies focused on ALS, which is desig-
nated bymotor neuron degeneration and is fatal in nature [5].
Genetic studies in a transgenic mouse and rat model of
ALS with mutated superoxide dismutase 1 SOD1G93A have
indicated that inhibition of hypoxia response element (HRE)
in the VEGF gene promoter may promote motor neuron

degeneration (since HRE is responsible for inducing angio-
genesis throughVEGF as shown in Figure 1) whereas admin-
istration of VEGF prolongs survival [6]. Hence, here we
review the role of neurotrophic and angiogenic factors like
VEGF in the pathogenesis of ALS.

2. ALS: A Fatal Disease of the Motor Neurons

Motor neuron disease (MND) defines conglomerate of
related and progressive degenerative disorders character-
ized by selective degeneration of upper motor and lower
motor neuron located in the motor cortex and brain stem
and spinal cord, respectively [4]. The disease may either
affect lower motor neuron (progressive muscular atrophy)
or upper motor neurons (primary lateral sclerosis) or both
upper/lower motor neurons (amyotrophic lateral sclerosis);
however, careful pathological and clinical studies in MND
have shown that extra-motor parts of the central nervous
system are also affected. ALS is the most severe MND where
selective degeneration of motor neurons leads to atrophy of
voluntary muscles followed by paralysis and may prove fatal
[5]. Mechanisms of selective degeneration of motor neurons
in ALS are obscure. Largely, ALS symptoms include weakness
of muscles, especially those in the hands, arms, and legs with
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Figure 1:The role of hypoxia in stimulating theVEGF through an activation ofHIF-1 alpha element. HIF-1 alpha gets activated in deficiency of
oxygen in mitochondria leading to creation of oxidative stress. This involves the formation of reactive oxygen species which on reaction with
free nitrogen forms NO ultimately leading to reactive nitrogen species (RNS). This RNS further activates NF-𝜅B pathway which ultimately
leads to activation of HIF-1 alpha factor. The activated form of HIF-1 alpha further leads to VEGF activation thus leading to angiogenesis.

or without dysarthria and dysphagia. Fasciculation or muscle
twitching is also an important clinical finding [7].

3. ALS: Contributing Factors

ALS occurs in both sporadic and familial form at an incidence
varying between 0.4 and 2.6 for every 100,000 individuals
and a prevalence rate of 4–6 per 100,000 population per year
[8]. The etiology of ALS has been elusive and believed to
be multifactorial. Though causes of most cases of ALS are
unknown, major factors include genetic factors like point
mutations in superoxide dismutase 1 (SOD1) gene accounting
for around 20% of familial ALS (fALS) cases [9]. The purely
lower motor neuron (LMN) degeneration variant of ALS
shows missense mutations in CHMP2B (charged multivesic-
ular protein 2B; involved in cellular transport). In 10% cases
of ALS, patients with CHMP2Bmutations are shown to have
lower motor neuron degeneration. Apart from this, other
genes like vesicle-associated membrane protein B (VAPB)
(which is involved in providing unfolded protein response
to endoplasmic reticulum), senataxin (SETX) (gene present
in central nervous system involving brain and spinal cord as
well as muscle and play major role in DNA repair to maintain
integrity of cell), and dynactin 1 (involved in cellular transport
during cell division and specially in axonal transport of
nerve cells) with mutations have been shown to play role in
aggregate formation andhampering the normal activity of the
motor neurons thus contributing to the pathogenesis of ALS

overall in subject’s body [10–14]. Genes encoding angiogenin
(ANG) havingmissense mutations have also been involved in
the pathogenesis of ALS. Angiogenin, likeVEGF, is produced
in response to hypoxia and plays a role in neovascularisation
as shown in Figure 1. Its importance further stems from
the fact that it can regulate the expression of VEGF [15,
16]. Hypoxia takes place when oxygen availability is low in
cell due to which the mitochondria produces ROS species
which in turn reacts with nitric oxide (NO) to produce
reactive nitrogen species RNS and activates HIF-𝛼 pathway
through NF-𝜅B pathway resulting in stimulation of VEGF.
The expression of this VEGF is dependent on the nucleolar
ANG which directly helps in stimulating the proliferation of
epithelial cells and helps in angiogenesis [17]. However, this
hypothesis raises a question whether angiogenin crosses the
blood brain barrier or is retained in cerebrospinal fluid [18].

Apart from genetic factors, the presence of insoluble
intracellular protein aggregates in motor neurons and reac-
tive astrocytes are considered as the hallmarks for the disease
(Figure 3). [19]. The other factors include glutamate toxicity
[20], lack of trophic growth factors [6, 21], autoimmunity
[22], toxin [23], and susceptibility ofmotor neurons to neuro-
degeneration because of their large size and high energy
demands [24].

Currently, there is no treatment that could substantially
alleviate the disease burden because of incomplete under-
standing of ALS etiology. Food and Drug Administration
(FDA) has approved only single drug for the treatment of
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ALS, a glutamate antagonist that is Riluzole [25, 26]. Riluzole
has also been studied as a potential inhibitor of VEGF
induced endothelial cell proliferation under both in vitro and
in vivo conditions [27]. Its neuroprotective effect via sodium
channel blockage is brought about by the fact that this mech-
anism increases resistance to hypoxia through a reduction in
energy demands (a decreased cerebral glucose consumption)
[28].

4. VEGF: The Neurotrophic and
Angiogenic Family

VEGFA gene in humans is positioned at chromosome 6p21.3
with eight exons and is expressed as several isoforms of dif-
ferent amino acid chain lengths because of alternative splicing
(𝑉𝐸𝐺𝐹

121
,𝑉𝐸𝐺𝐹

145
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,𝑉𝐸𝐺𝐹
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,𝑉𝐸𝐺𝐹
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)

[29] that differ in their ability to bind heparin, neuropilin-1
(NP-1), and neuropilin-2 (NP-2). Two classes of receptors for
VEGF are the tyrosine kinase and the nontyrosine kinase
receptors. VEGFR1 (Flt-1 (fms-related tyrosine kinase 1)),
VEGFR2 (KDR/Flk-1 (kinase insert domain receptor/fetal
liver kinase-1), and VEGFR-3 (Flt-4) are three structurally
related receptors present in tyrosine kinase class V, whereas
neuropilin-1 (NP-1) and neuropilin-2 (NP-2) are part of
nontyrosine kinase receptors. VEGF binds to NP 1 and 2 and
VEGFR1 and 2 but not to VEGFR-3 as the latter one is not
a receptor for VEGF. Studies indicate that for transmission
of critical angiogenic signals in response to VEGF VEGFR2
plays the role of key mediator [30]. However in case of
VEGFR1 the major function is prevention of VEGF binding
toVEGFR1 thought to be done by a virtue of “decoy receptor”
to negatively regulate angiogenesis [31].Neuropilins (NP1 and
2) whose primary location is in central nervous system are
described as receptor for collapsin/semaphorin family, which
are responsible for controlling neuronal cell guidance [32, 33].
For VEGF165 and a coreceptor ofVEGFR2Neuropilin-1 (NP-
1), it is a specific receptor whereas Neuropilin-2 (NP-2) binds
VEGF165 and VEGF145 in isoform specific manner. VEGF is
the part of genes which accommodate placental growth factor
(PLGF), VEGFB, VEGFC, VEGFD, and VEGFE including
VEGF-A, out of which lymphatic vessels development is
affected by VEGF-C [34]. Recent evidence from studies also
indicates that neural cells are directly affected by VEGF-A,
VEGF-B and VEGF-C [35]. In ALS, VEGF has been studied
as an important member of gene families impacting the
pathology of disease.

5. VEGF: Molecular Risk Factor in ALS

The lack of trophic (growth) factors has been hypothesized as
probable cause of ALS. Since growth factors are neurotrophic
and help in growth, survival, and maintenance of neuronal
cells. The hypoxia response brings together a cascade of
events involving angiogenic and inflammatory factors (Fig-
ures 1 and 3). Studies have focussed on predicting/correlating
disease state with changing levels of such factors in body
fluids even though these have been conducted utilising
heterogeneous controls.

VEGF and its receptors are reported to be localised in
neurons and astrocytes [36, 37] which, in case of ischemia
or spinal cord injuries, provides neuroprotection and stim-
ulates neuronal growth. Decreased VEGF levels may impair
perfusion and induce ischemia of motor neurons, other than
depriving cells of important survival and neuroprotective
signals which are VEGF dependent [6].

Cronin et al. reported elevated levels of serum angio-
genin, but no change in serum VEGF levels was observed.
The authors also failed to observe any correlation between
serum angiogenin andVEGF levels [16]. In another study, the
patients with limb onset and long duration of ALS showed
higher concentration of CSFVEGF as compared to thosewith
bulbar onset of ALS and patients with short duration illness,
respectively [38]. It may be possible that significant increase
in cerebrospinal fluid (CSF)VEGF levels may have protective
role against over-excitation ofmotor neurons (excitotoxicity).
This overexitation may be mediated by excessive accumula-
tion of glutamate at synaptic cleft in patients with limb onset
of ALS and those with long duration of the disease, since it
was suggested that the increased levels of VEGF account for
a compensatory mechanism and may be required to stabilize
neuronal excitation [39].The rationale was further supported
by Bogaert et al. who reported thatVEGF protectsmotor neu-
ron against excitotoxicity by upregulatingGlutamate receptor
2 [40]. Significantly, lower baseline CSF VEGF levels in case
of patients with ALS in comparison to normal controls and
neurologic controls during early phase of disease have been
observed, suggesting the possible link of ALS pathogenesis
with VEGF gene regulation [41].

Moreau et al. demonstrated that hypoxaemic ALS
patients had lower VEGF levels in CSF from normoxaemic
ALS patients.This happened due to an early defect in hypoxia
induced factor-1 (HIF-1) mediated regulation of VEGF. In
contrast, higher levels of VEGF in CSF were demonstrated
in hypoxaemic neurological controls than normoxaemic neu-
rological controls. Hypoxaemia severity in ALS is explained
by dysregulation of VEGF in ALS. This association of VEGF
expression and hypoxia (Figure 1) in ALS introduced a
concept of incongruous response [42]. Nagata et al. failed to
reproduce the above results as no significant difference was
observed in CSF VEGF levels between ALS patients, normal
controls, and controls with other neurological disorders [43].
It was argued by Cronin and coworkers that the conflicting
reports of elevated, normal, and decreased VEGF might
have resulted from different study designs and ELISA kit
employed with varying diagnostic criteria of ALS patients,
diverse clinical details of ALS patients including definite and
probable forms of disease [16]. In a unique histochemical
study, a markedly elevated level of VEGF was detected in the
skin of ALS patients when compared with normal subjects
suggesting a positive correlation of VEGF levels in skin and
severity of ALS patients [44]. The finding suggests systemic
dysregulation of VEGF expression in ALS. Recently, it has
been observed that elevated levels of VEGFA in CSF, serum,
and peripheral blood mononuclear cells may account for
substantially prolonged life span of Indian ALS patients as
compared to their Western counterparts [45–47]. Surpris-
ingly, longer survival is shown in Indian ALS patients after
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Figure 2: Role of hypoperfusion in elevation of oxidative stress and energy failure. As hypoperfusion reduces bloodflow towards cells resulting
in reduced ferritin Fe3+ protein, it releases unbound iron Fe2+ molecules resulting in formation of ROS thus increasing the oxidative stress.
Hypoperfusion also leads to unavailability of glucose to brain cells thus leading to energy failure.

onset (∼9 year) of ALS [45, 46, 48, 49]. Further, reduced levels
of soluble VEGFR1 (sVEGFR1), an inhibitory receptor of
VEGF, have been observed in these patients, supporting the
neurotropic nature ofVEGF [50]. However, these results need
confirmation in comparable Caucasian ALS population.

6. ALS: VEGF and Oxidative Stress

Lowering of VEGF levels places neural tissue at the risk of
limited perfusion thus making way for motor neuron degen-
eration [51]. This degeneration is a direct consequence of
the fact that the deficient oxygen and glucose levels created
as a result of decreased vascular perfusion can hardly meet
the energy demands of motor neurons [52]. Oxidative stress
due to hypoperfusion has been reported in cases of other
neurodegenerative disorders such asAlzheimer’s disease [53].
Oxidative stress is one of the outcomes of hypoperfusion
apart from energy failure as blood is known to carry several
vital components essential for cell survival including glucose
and ferritin. As glucose is able to readily cross blood brain
barrier (BBB), the deficiency of blood flow leads to reduced
supply of glucose to brain resulting in limited energy pro-
duction for cells. Similarly, the deficiency of ferritin, which
is responsible for binding of free iron, results in formation

of reactive oxygen species as shown in Figure 2 [54]. At least
one study has reported that the variable levels of VEGF lead
to altered ferritin levels [55]. Therefore, it is safe to say that
oxidative stress deserves special significance in the patho-
genesis of neurodegenerative diseases like ALS since motor
neurons are particularly susceptible to oxidative damage.

This significance is born out of the fact that the first
evidence of association between ALS pathology and VEGF
came when Oosthuyse et al. created homozygous VEGF
(𝑉𝐸𝐺𝐹𝛿/𝛿) knock-inmice by introducing homozygousmuta-
tion of hypoxia response element (HRE) in the VEGF
gene promoter to study angiogenic property of VEGF. They
observed that almost 60% of mice did not survive before or
around birth due to vasculature aberrations in lungs. The
40% who survived began to develop symptoms like classical
ALS around five months of age [6]. This unusual finding
compelled researchers to explore significance of growth
factors in pathology of ALS utilising a variety of tools such
as those discussed below.

6.1. Autopsy Based Studies. Spinal cord tissue analysis of ALS
patients has revealed elevated dendritic cell marker tran-
scripts (like CD83) and monocytic/macrophage/microglial
transcripts [56], expression of cyclooxygenase-2 (COX-2)
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[57], connective tissue growth factor (CTGF) [58], monocyte
chemoattractant protein-1 (MCP1) [56] and VEGF receptor
(VEGFR)-1 [59], and activity of glutamate dehydrogenase
(GDH) accompanied by reduced levels of glutamate and
aspartate [60].

The increase in CTGF expression is explained by the fact
that CTGF plays an important role in astrogliosis which is
often seen as a consequence of hypoxic conditions and is
therefore a pathological hallmark of ALS [58]. As depicted
in Figure 3 astrogliosis is the result of aggressive increase
of astrocytes number in the vicinity of damaged neuron
cell. Hypoxia generally induces damage in the DNA of the
neuronal cells. Since the neuronal damage has taken place its
normal activity of synapse formation is hampered affecting
the Na+K+ activity in those cells leading to breakdown of
Na+K+ homeostasis. This change in balance of K+ concen-
tration is detected by the astrocytes. This alteration results in
the activation of astrocytes by initiation of clustering around
the damaged cells in order to restore the functioning of those
damaged cells [61–63].

Gliosis is also related to the enhanced GDH activity as
reported byMalessa et al. [60].The function of the GDH is to
enhance the availability of the glutamate. This glutamate
further acts as neurotransmitter or gliotransmitters since it
increases the availability of Ca+ required by glial cells to
perform their normal function of providing protection, nutri-
tion, and avoiding accumulation of any chemicals involved

in synapse formation which may later lead to toxication of
neuron cell. Recruitment of glial cells to the site of damage
may be considered as the body’s primary response to save the
dying neurons [64, 65], and thus the fact may be related to
the point of association of enhanced GDH activity to gliosis.
The authors also suggested a disturbance in cholinergic trans-
mission in ALS spinal cord thus contributing to the reduced
amino acid levels [60]. Glutamate and aspartate amino acids
are linked with the neurotransmitters in the body. They are
mainly the excitatory neurotransmitters, which utilise the
Na+K+ pump to maintain their flow to the postsynaptic cleft
during the nerve transmission. Li and Zhuo demonstrated
that cholinergic transmitters play a role in inhibiting the
glutamate based transmission. Release of acetylcholine leads
to the activation of the muscarinic receptors, resulting in
an inhibition of AMPA receptors (also called as glutamate
receptors), and it increases the nonavailability of glutamate.
This evidence also supports the fact mentioned in the above
study that disturbance in cholinergic transmission may lead
to reduced amino acid levels [66].

VEGF was first measured in spinal cord and serum of
ALS patients by Nygren and colleagues. Authors did not
observe any significant alteration in spinal cord VEGF levels,
but they were able to observe higher serum VEGF levels in
ALS patients in comparison to controls similar to those later
reported by Gupta et al. in case of Indian ALS patients [46].
Considering the higher levels ofVEGF in serum suggests that
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the cells other than central nervous system or which are not
part of CNS are involved. In case of ALS skeletal muscles are
the most affected region of body. Regional ischemia, a con-
dition in which the blood supply is halted in specific region
of brain, has been reported in case of ALS [67]. Rissanen et
al. observed higher levels of VEGF in skeletal muscles with
acute phase of ischemia [68]. Thus, it was hypothesized that
VEGF is expressed in skeletal muscles in response to hypoxia
and the increase was also reflected in serum [69].

The autopsy samples depict the terminal stage of the
disease and provide a reliable proof of the disease and its
signatures [70].

6.2. Muscle Biopsy Based Studies. In contrast to the increased
cyclooxygenase (COX) activity in spinal cord of ALS patients,
as discussed above, Crugnola et al. reportedCOX deficiencies
in 46% patients, based on their histochemical analysis of
muscle specimens. Moreover, molecular studies and bio-
chemical analysis on the selected specimens displaying severe
COX deficiencies even correlated with mutations in SOD1
and TARDBP genes and mitochondrial DNA defects thus
pointing towards the secondary nature of COX deficiencies
in the pathogenesis of ALS in light of the genetic nature
of defects [71]. This is also confirmed by the findings of
Vielhaber et al. who observed mitochondrial DNA damage
in skeletal muscle, along with lowered levels ofmitochondrial
Mn-SOD [72].The specific nature of mitochondrial dysfunc-
tion is further revealed by studying mitochondrial markers
like citrate synthase and succinate dehydrogenase in muscle,
histochemically. However, such a study by Krasnianski et al.
revealed that one cannot narrow down the observed mito-
chondrial changes to only depict ALS but in fact view them
as an indication of other neurogenic atrophies too [73]. In
view of neurotrophic support provided by muscle tissue,
the findings by Küst et al. depicted enhanced expression
of nerve growth factor (NGF) and neurotrophins such as
brain-derived neurotrophic factor (BDNF), in postmortem
bicep tissue of ALS patients. Even so, externally administered
neurotrophins have not shown promising results in human
trials or animal models of ALS [74].

6.3. Polymorphism Based Studies. Increased oxidative stress
implies consequent increased oxidative damage for motor
neuronal DNA. Such oxidative damage of DNA is driven by
the base excision repair (BER) system. One such product of
oxidative damage of DNA is 8-hydroxy-2-deoxyguanosine
(8-OHdG) which is regulated by two enzymes, namely,
human 8-oxoguanine DNA glycosylase 1 (hOGG1) and
apurinic/apyrimidinic endonuclease APE1. Consequently,
mutations and polymorphisms in coding area of genes coding
for both of these enzymes are of interest to researchers.
Concurrent oxidative stress conditions and a faulty DNA
repair system are a risk factor for motor neurons.

In most studies concerning hOGG1 Ser326Cys polymor-
phism levels of 8-OHdG are taken into account as 8-OHdG
is the product of DNA oxidation [75]. A study conducted
by Chen et al. showed the reduced activity of hOGG1 in
patients with 326 CC polymorphisms (𝑃 = 0.02) as compared
to those with 326 SC polymorphisms (𝑃 = 0.05) [76].

Similar observations were made by authors in current study.
In a Caucasian study, Coppedè et al. studied the distribution
of allele frequencies and genotypes in sALS patients and
controls for the hOGG1 Ser326Cys polymorphism in sALS
patients and controls. The authors reported a significantly
increased sALS risk associated with a combined Ser326Cys
+ Cys326Cys genotype. However, the Ser326Cys genotype
showed nonsignificant results predicting that the hOGG1
Ser326Cys polymorphism in patient also pose a risk factor
for ALS. Ser326Cys polymorphism takes place when at exon
7, position 1245 C to G substitution occurs and as a result S is
substituted to C in codon 326.

Another interesting observation (though not significant
as the test group of subjects used for the study was small,
more significant results can be obtained if the studywith large
number of patients is conducted) in the above study was the
fact that sALS patients as opposed to those bearing one or
two copies of the 326Cys mutant allele bearing the Ser326Ser
genotype displayed lower levels of AOPP (advanced oxi-
dation protein products; believed to be stable markers of
oxidative damage to proteins) [77]. Since abnormal levels
of VEGF are implicated as risk factor in ALS, it is evident
that mice with hypoxia response element deletion in vascular
endothelial growth factor gene develop features reminiscent
of ALS [5] although no spontaneous mutations have been
observed in HRE in ALS patients [78, 79]. Large family-
based and case-control cohort of North American white
subjects (𝑛 = 1,603) were studied for the association of sALS
with promoter polymorphisms of three VEGF genes. VEGF
promoter polymorphisms do not find their casual role in
ALS in light of absence of their association with sALS [80].
Risk of developing ALS has been associated to VEGF due
to alterations in sequence in the promoter region of gene.
In The Netherlands, 373 patients with sporadic ALS along
with 615 matched healthy controls were found to have VEGF
promoter haplotypes. No significant association between the
previously reported at-risk haplotypes and ALS was found
[81]. However, in some studies ALS has been found to be
associated with VEGF C2578A polymorphism. In a study
of Chinese population by Zhang et al. 115 sALS patients
with 200 healthy individuals were analyzed for C2578A
polymorphism (by amplifying 2705 to 2494 bps of VEGF
gene promoter). Reports were in disagreement to previous
studies from Caucasian populations as Chinese population
did not fall susceptible for ALS due to C2578A polymorphism
(attributing the effect to different genetic background in
Chinese population) [82]. No significant association of ALS
with three common VEGF variations [-2578C/A, -1154G/A,
and -634G/C] in original form or in haplotype combination
in a recent meta-analysis study comprising of over 7000
individuals involving three North American population and
eight European populations was reported. However, in males
-2578AA genotype increased the risk of ALS in subgroup
analyses by gender [83] in contrast to a German study which
suggested that risk of ALS in case of female patients might
be higher as the VEGF role might be gender dependent
[84]. Oates and Pamphlett did not observe any alteration of
functioning of motor neurons by epigenetic transcriptional
silencing of VEGF gene by methylation [85]. Additionally,
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screening of regulatory sequences of VEGFR2 found no
association of polymorphism of VEGFR2 gene with risk of
ALS [86]. Although association of VEGF with ALS has been
well established by culture and animal studies, evidence from
genetic studies in human cohorts suggests only a minor
association between VEGF and the risk of developing ALS.

The role of VEGF involvement in ALS is questioned due
to lack of association of VEGF genotypes and haplotypes in
large meta-analysis study. Possibilities for VEGF role in
predisposed patients to ALS cannot be ruled out. More
studies are needed to discern the actual role of VEGF in
pathogenesis of ALS.

6.4. Animal Model Based Studies

6.4.1. Primates. The concept of utilizing the cytotoxic prop-
erties of the extract obtained from the spinal cord of ALS
patients was applied by Zil’ber et al. as early as in 1963 so
as to reproduce the disease in rhesus monkeys. The authors
could only conclude to a viral nature of this disease, but at
the same time they recognised that the high incidence pre-
viously reported in the Chamorro tribe of Guam suggested
a unique basis [87]. Another study conducted on rhesus
monkeys attempted to validate the efficacy of bovine SOD as a
therapeutic agent to compensate for the functions of the
mutated form of the enzyme. SOD being a locally acting
enzymewas administered intrathecally and intraventricularly
so as to bypass the blood brain barrier. The injected bSOD
showed commendable tolerance though its clearance was
slower when compared with results obtained from rats. But
the therapy when administered into a late stage FALS patient
did not show promising results [88].

6.4.2. Rodents. The neuroprotective effect of VEGF suggests
that exogenous VEGF administration may prevent degen-
eration of motor neuron. In a SOD1Gly93Ala rat model of
ALS, it was shown that onset of paralysis was delayed by 17
days, improved motor performance, and extended lifespan
by 22 days due to intracerebroventricular (i.c.v.) delivery of
recombinant (VEGF). The study demonstrated the high scale
effect in animal models of ALS achieved by protein delivery
[89]. Intrathecal transplantation of human neural stem cells
overexpressing VEGF increased the duration of survival of a
transgenicALSmousemodel [90]. Similarly,mice after spinal
cord ischemia showed susceptibility to paralysis in nervous
tissue with reduced VEGF-A expression levels whereas after
treatment with VEGF-A showed protective effect against
ischemicmotor neuron death [91].These results unveil a ther-
apeutic potential of VEGF for degenerating motor neurons
in case of human ALS. In similar study authors investigating
the protective role of VEGF during ischemia has shown to
reduce infarct size, improve neurological performance, and
enhance the survival of newborn neurons in the dentate gyrus
and subventricular zone in adult rat brain with focal cerebral
ischemia. Thus, VEGF shows acute neuroprotective effect,
and prolongs survival of new neurons in the ischemic brain
[92].

Zheng et al. demonstrated for the first time in Cu/Zn
SOD1 transgenic mouse model of ALS that VEGF delayed

diseased symptoms progression and prolonged survival,
suggesting the importance of VEGF or related compounds
in the treatment of ALS patients [93]. Rats having VEGF
treatment showed significantly improved performance up to
6 weeks after spinal cord contusion injury compared with
control animals. Furthermore, the group showed that VEGF
treated animals had increased amount of spared tissue in
the lesion centre with higher blood vessel density in parts of
the wound area compared to controls, proving neurogenic
and angiogenic capacity of VEGF [94]. Enhanced expression
of VEGF by intramuscular administration of zinc finger
transcription factor in SOD1 rats has been shown to improve
functional disability [95]. Nitric oxide is known to decrease
pressure in blood vessels [96], and it is possible that low
VEGF adversely affects vasculature via changing the amount
of nitric oxide released from endothelial cells, which further
impairs perfusion and causes ischemic damage of motor
neurons [91]. Moreover, decreased flow of blood has been
observed in patients with ALS [97]. Both mechanisms
may contribute to adult-onset progressive degeneration of
motor neurons, muscle weakness, paralysis, and death, a
typical feature of amyotrophic lateral sclerosis. It was earlier
demonstrated that exposure to low levels of lead prolongs
survival of ALS transgenic mouse, possibly mediated by
upregulation of VEGF, which in turn reduces astrocytosis
[98]. In another case retrograde delivery of lentivirus into
mouse model of ALS prolonged survival in animals. Authors
reported that lentivirus helped in stimulation of VEGF levels
during diseased condition in animals [99]. Although in ALS
animal models VEGF delivery has been successful, dose of
delivery of VEGF should be adequately optimized to prevent
adverse effects on the vascular system. It is possible that
levels of VEGF higher than a certain threshold value may
increase leakiness of blood vessels andmodulate permeability
of blood brain barrier [100] and therefore result in intrathecal
accumulation of fluid. The presence of the blood breakdown
product hemosiderin in and around spinal cord motor
neurons supports increased leakiness and malformed blood
vessels in ALS mouse models [101].

It must be noted that a drawback with using SOD1 based
transgenicmodels is that SOD1 genemutations represent only
20% of cases of familial ALS, which themselves represent just
10% of the total ALS cases. Therefore, remaining 90% of ALS
cases, sporadic in nature, are difficult to mimic using such
animal models [70].

6.5. Cell Culture Based Studies. Owing to a translational gap
from animalmodels of ALS to humans, in vitro investigations
utilising human motor neurons and astrocytes purified from
the human embryonic spinal cord anterior horns allow for
greater manipulations and are therefore a critical tool in
discerning mechanisms pertaining to motor neuron degen-
eration in ALS [102].

The mRNA level of VEGF has been an important marker
to analyse the role of VEGF in ALS. Destabilization and
downregulation of VEGF mRNA with concomitant loss of
protein expression in glial cells expressing mutant SOD1
in vitro are in consensus with many reports on the role
of reduced VEGF expression in ALS pathogenesis [103]. In
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contrast, it was reported that hypoxia induced proteins bind
and stabilize VEGF mRNA transcript resulting in increased
expression of VEGF as a compensatory protective mecha-
nism in later stages of disease [104].

The potential role of VEGF in preventing cell death by
SOD-1 mutation has been studied in NSC-34 motor neuron
cell line from mouse. Infection by adenovirus containing
mutant Gly93Ala-SOD1 was shown to increase cell death and
cellular oxidative stress. However, VEGF showed a dose
dependent resistance to oxidative damage from hydrogen
peroxide, TNF-alpha, and mutant Gly93Ala-SOD1 in NSC-
34 cells treated with VEGF. Both phosphoinositide-3-kinase
(PI3-K) and mitogen activated protein kinase (MAPK) activ-
ities inmouse NSC-34motor neuron-like cells were activated
by VEGF [105]. Recently, a culture study using primary
culture of SOD1 mutated rat motor neurons has shown that
decrease in VEGF before or during motor neuron degener-
ation amplifies the risk of mutated SOD1 induced toxicity in
motor neurons [106]. Thus, the in vitro study shows VEGF
as an antiapoptotic molecule. Overexpression of VEGF in
the hippocampus using recombinant adeno associated virus
vector in adult rats has been reported to result in improved
cognition in associationwith approximately 2-fold increase in
neurogenesis. Moreover, environmental induction of neuro-
genesis is completely blocked RNA interference based inhibi-
tion ofVEGF expression.This data supports amodel whereby
VEGF acting via kinase insert domain receptor (KDR) is a
mediator of the effect of the environment on neurogenesis
and cognition [107]. Meng et al. investigated in vitro the pro-
liferation and differentiation of subventricular zone neural
progenitors of adult mouse by virtue of direct effect ofVEGF.
Downregulation of endogenous VEGF receptors 1 and 2, in
association with reduced neural progenitor cell proliferation
and enhanced neuronal differentiation, was reported as a
result of high dose (500 ng/mL) of VEGF, whereas endoge-
nous VEGF receptors 1 and 2 were significantly upregulated
without increased proliferation and differentiation at low
dose (50 ng/mL) of VEGF. Above given experiments suggest
thatVEGF regulates neurogenesis and its high dose enhances
adult neural progenitor cell differentiation into neurons
showing exogenous VEGF to exert a biphasic effect on the
expression of endogenous VEGF receptors [108]. It has been
shown that VEGF induces differentiation of stem cells in
endothelial cells which in turn secrete various neurotrophic
factors and infers a novel mechanism of neuroprotection by
VEGF [109]. Apart from VEGF, recently, VEGFB was shown
to protect cultured primary motor neurons. Further, it was
observed that mutated SOD1 ALS mouse without VEGFB
gene developed more severe form of ALS than ALS mouse
with VEGFB [110].

7. VEGF in Blood Brain Barrier (BBB) and
Blood Spinal Cord Barrier (BSCB)

Blood brain barrier (BBB) is the only checkpoint that
stops inflammatory agents to reach central nervous system
(CNS), as it contains a balanced interaction of microvascular
endothelial cells and other components such as astrocytes,

pericytes, neurons, and basement membrane. These com-
ponents are collectively called as neovascular unit NVU.
Tight junctions among NVU make the entry of undesirable
components restricted to CNS [111]. BBB breakdown may
lead to disruption of various biochemical reactions or may
lead to accumulation of various inflammatory proteins that
may aggravate the disease conditions of CNS [112–114].
Similarly, blood brain and spinal cord barrier which can be
a morphological isotype for BBB performs same function in
separating the spinal cord from all harmful components that
may lead to diseased conditions of nervous system [115]. It
has been observed that in case of human and animal model
studies both the infiltration of brain and spinal cord with T
cell, dendritic cells, or IgG have resulted in degeneration of
motor neurons [116]. Claudins play a major role in forming
tight junctions in the body among the cells to function as
a barrier or act as a filter for these inflammatory factors to
enter CNS [117]. Earlier studies have shown that astrocytes
produce certain chemokines which play a role in attracting
the dendritic cells to the CNS [118]. Recently, a link between
the reactive astrocytes and disruption of these barriers has
been reported. Argaw et al. tried to examine a link between
astrocyte derived VEGFA and BBB permeability. Astrocytic
expression of HIF-alpha and VEGFA leads to downregula-
tion of claudins CLN-5 and their regulatory protein OCLN
[119]. VEGFA, by the virtue of tyrosine phosphorylation,
downregulates the expression of CLN ultimately resulting
in disruption of permeability barrier. VEGF induces the
migration among the endothelial cells and increasing the
permeability to CNS [120] (Figure 4). However, theis link of
VEGF is conflicting with the earlier reports in this paper
regarding the protective role of VEGF in ALS pathogenesis.

8. Natural Products and Regulation of
VEGF Expression

Naturally occurring compounds are also in current focus to
examine their role in VEGF expression. The mechanism has
been postulated to be common in all cases for those which
are known to be responsible for increase in the expression
of VEGF. All of them have been shown to affect the HIF
pathway inducing the expression of VEGF. It is not clear
how these natural compounds can be successfully translated
for clinical use in near future which will need more studies.
Certain extracts like turmeric, gigko biloba, and ginseng have
been shown in mice studies to delay the disease onset or
prolong survival in mice studies. However, recently a group
from China reported a component Baicalin in the roots of
plant Scutellaria baicalensis which enhances the expression
of VEGF [121]. Although the HIF expression was less as
compared toVEGF, authors reported that other transcription
factors such as oestrogen-related receptors (EERs) exert
their effects via VEGF promoters. Peroxisome proliferator-
activated receptor-𝛾 coactivator-1𝛼 (PGC-1𝛼), an important
molecule independent of activator, is shown to interact with
ERR𝛼 [122, 123].These PGC-1𝛼 are shown to enhance expres-
sion ofVEGF in culturedmuscle cells in vivo in HIF indepen-
dent pathway [121, 124]. In contrast, grape seed extract (GSE)
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is known for its antitumor properties and is shown useful
in case of breast, lung, skin, or gastrointestinal cancer [125–
127]. Lu and group recently showed that GSE reduced the
VEGF expression by inhibiting the HIF expression in human
breast tissue cancer cells. Authors argued that it involved the
blockade of HIF expression by inhibiting AKT-3 pathway
normally known for supporting the cell survival [128]. Apart
from these other natural components have been shown to
provide nonsatisfactory results in certain trials conducted in
different human population. Vitamin E the most commonly
studied antioxidant has been implicated with role of slowing
down the disease progression in its severe form. Desnuelle
C and colleagues conducted a study in French population of
ALS patients. 289 patients were recruited for the study. All
of them were randomly assigned the dose of Vitamin E and
were assessed after every 3 months. The results did not show
the effect in survival of muscle cells, except for the fact that
patients who were administered the Vitamin E stayed in the
milder form of disease for longer time [129]. Another study
done in German population with high dose of Vitamin-E

(5000mg/day) showed ineffective results in comparison to
the placebo effect [130]. However, in one of themeta-analyses
of 23 studies published in year 2008, it was stated that
antioxidants whether in combination or during individual
administration do not show effective results [131]. Creatine
one of the sports supplement has been known to increase
the muscle strength. One study that came up in 1999 was
conducted in animal model of ALS. Transgenic mice of ALS
was administered with creatine dose. Authors reported that
creatine was helpful in saving the mice neurons from dying
in the age of 120 days. The group reported that creatine was
also helpful in saving the mice from oxidative stress as well
[132]. Later in 2004 a translational study performed with the
same idea in human subjects demonstrated totally opposite
results. 175 probable laboratory supported ALS patients were
administered the 10 gm dose of creatine daily. The study
showed no effect on survival rate neither it helped in reviving
the rate of functional activities in patients [133]. Cannabinoid
another naturally produced chemical present in humans as
well as animals was studied by a group in 2004 in ALS mice
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model.They reported that Cannabinoid helped in prolonging
survival of animals. Authors also reported reduced oxidative
damage in spinal cord cell cultures of ALS mice and showed
that it acts as an antiexcitotoxic agent in vitro [134]. Similar
results have been shown in case of synthetically produced
chemical called as cannabinol with dosage of 5mg/kg/day for
over a period of 12 weeks although no effect was there on
survival [135]. Details for the functioning of these agents have
not been mentioned but all of them report to choose or affect
the oxidative stress pathway, although the oxidative stress
based stimulation pathway by these compounds for VEGF
cannot be ignored. Several studies report a common path for
VEGF enhanced expression, but validity of usefulness of these
natural components in case of ALS still needed to be studied.

9. Concluding Remarks

The human, animal, and culture studies have shown that
VEGF could be a promising therapeutic target inALS. Upreg-
ulation of VEGF by different means such as genetic engi-
neering, transplantation of stem cells overexpressing VEGF,
and/or direct infusion of VEGF may rescue the damage of
motor neurons and enhance the survival of patients with ALS
either by increasing blood perfusion or direct neuroprotec-
tive effect on motor neurons. However, additional blinded
preclinical studies ofVEGF, particularly among primates, are
still needed in ALS and other neurodegenerative disorders
including Alzheimer’s and Parkinson’s disease before starting
clinical trials. Regardless of the conflicting reports describing
the role of oxidative stress and role of VEGF in various ALS
investigations, both human and in vivo studies suffer from
longitudinal analysis including the prospective nutritional
interventional studies. Besides, the patient oriented genetic
profiling studies have failed to include large cohort of homo-
geneous populations thus impacting the understanding of
the demographic-SNP link in motor neuron degeneration.
Nonpharmacological therapeutic approaches inALS have not
been adequately addressed and need new research focus for
development of therapeutics.
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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a degenerative disorder of motor neurons which

leads to complete loss of movement in patients. The only FDA approved drug Riluzole pro-

vides only symptomatic relief to patients. Early Diagnosis of the disease warrants the impor-

tance of diagnostic and prognostic models for predicting disease and disease progression

respectively. In the present study we represent the predictive statistical model for ALS using

plasma and CSF biomarkers. Forward stepwise (Binary likelihood) Logistic regression

model is developed for prediction of ALS. The model has been shown to have excellent

validity (94%) with good sensitivity (98%) and specificity (93%). The area under the ROC

curve is 99.3%. Along with age and BMI, VEGF (Vascular Endothelial Growth Factor),

VEGFR2 (Vascular Endothelial Growth Factor Receptor 2) and TDP43 (TAR DNA Binding

Protein 43) in CSF and VEGFR2 and OPTN (Optineurin) in plasma are good predictors of

ALS.

Introduction

Amyotrophic Lateral Sclerosis (ALS), a multi-system neurodegenerative disorder, is a rare

motor neuron disease. The symptoms involve the degeneration of upper and lower motor neu-

rons along with weak muscular strength, lost ability of movement and speech leading to total

or partial paralysis. Talbott et al have reported the global prevalence of disease to be 6/100,000

individuals [1] with an approximate male: female ratio of disease incidence to be 1:3 [2]. Rilu-

zole is the only known Food and Drug Administration (FDA) approved drug for ALS which

gives only symptomatic relief to patients [3].

Diagnosis and prognosis of ALS is dependent upon clinical investigations. Various mod-

els have been proposed to predict the survival and prognosis of the disease [4–8]. These can

also help in analysing the course of disease progression during clinical trials. Diagnosing

ALS using clinical investigations can take a long time that leads to certain delay in starting

the treatment of patients. Hence, diagnosing ALS at the earlier stages of the disease is

immensely important.
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Biomarkers are the measures that can provide significant information about the disease pre-

diction or progression. In our previous study, out of a panel of six biomolecules including Vas-

cular Endothelial Growth Factor (VEGF), VEGF receptor 2 (VEGFR2), Angiogenin (ANG),

Optineurin (OPTN), Transactive response DNA binding protein 43 (TDP43) and Chemokine

Ligand 2 (CCL2), five biomolecules were found to be significantly altered in plasma [9]. In

another study, Cerebrospinal Fluid (CSF) from the same cohort (approx. half of the patients)

was analysed for the same six molecules [10]. Three of the molecules, involved in the angio-

genic and neuroprotective pathway, were found to be significantly altered. In the absence of a

single biomarker for the disease diagnosis, analysing a panel of molecules in various biofluids

simultaneously can have predictive value for ALS. The previous logistic regression model was

proposed based on VEGF and CCL2 mRNA levels, serum levels of CCL2 and consumption of

smoking and alcohol data with high sensitivity and specificity [11]. However, the model

included fewer numbers of patients and only three biomolecules i.e VEGF, CCL2 and lipid

hydroperoxides were studied.

We aimed to develop a predictive statistical model based on new panel of six bio-molecules

analysed in Plasma and CSF of patients along with their socio-demographic characteristics of

patient population. The forward stepwise (binary likelihood) logistic regression model pro-

posed in the present study can predict ALS with high sensitivity and specificity.

Methods

Participants

Total 239 participants (107 ALS and132 controls) were recruited. All the participants provided

informed consents. The study approval was provided by the Institutional ethical committee

(IEC approval number PGI/IEC/2014/2249) of the Post Graduate Institute of Medical Educa-

tion and Research (PGIMER), Chandigarh, India. ALS patients were recruited from the Neu-

rology outpatient Department. Among all participants, biomarkers were estimated in 187

unhaemolysed plasma and 86 CSF samples. Socio-demographic data was also collected for var-

iables such as gender, age, BMI, smoking, alcohol, diet, ALSFRS-R, disease onset and duration

of the disease. The criterion for including samples in statistical analysis was that there is no

missing value for any of the 21 variables. The logistic regression for developing the model was

developed considering 23 ALS patients and 14 controls. The patients were diagnosed clinically

and recruited on the basis of revised El Escorial criteria [11–13]. All the patients were found to

be sporadic on the basis of family history. According to el Escorial criteria, the patients were

categorised as definite/possible/probable ALS.

Statistical analysis and modelling

All the statistical tests were done using Statistical Product and service Solutions (SPSS v 23.0

SPSS Inc., Chicago, USA). Descriptive statistics was applied to analyse the distribution of data

for various parameters. Binary Logistic regression model was applied for predicting risk of

ALS based on the quantitative and qualitative data collected. Total 21 variables were tested

including the proteins levels such as VEGF, VEGFR2, ANG, OPTN, TDP43 and CCL2 in

plasma and CSF and socio-demographic details such as gender, age, BMI, smoking, alcohol,

diet, ALSFRS-R, disease onset and duration of the disease. A forward stepwise (likelihood

ratio) method was used for applying the model.
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Results

Development of ALS predicting logistic regression model

Forward stepwise (likelihood ratio) binary logistic regression analysis was performed to com-

pute the predicted risk (P) of ALS with the help of the following equation

P ¼
1

1þ e� Y

Where, Y is model score.

Before calculating Y, Hosmer–Lemeshow goodness of fit statistic was applied to test

whether the given data fits to the logistic model. Null hypothesis (H0) indicating that the given

data fits well to the logistic model was tested and chi square (χ2) = 0.468, degree of freedom

(df) = 8 and p = 0.994 suggests that the logistic model is adequately in agreement with the null

hypothesis and fits the data.

Omnibus test of model coefficients also confirmed that forward stepwise (likelihood) binary

logistic regression is highly appropriate analysis for generating predictive equation. Omnibus

test yielded χ2 = 255.58, df = 7 and p<0.001.

The Wald test showed that out of the 21 predictors only 7 predictors were significant and

can predict the risk of ALS. Following equation was obtained from the Beta values obtained by

Wald test and are presented in Table 1.

Model Score (Y) = -57.04 + 0.151 Age—0.243 BMI -2501.477 VEGFR2 plasma level

+ 93.109 OPTN plasma level—0.244 VEGF CSF level + 3.184 VEGFR2 CSF level—0.130

TDP43 CSF level.

Adequacy of the logistic regression model was supported by -2 log-likelihood method with

χ2 = 51.73. Coefficient of determination (R2) was computed using Cox and Snell’s, and Nagelk-

erke’s R2, to check the association of variables in current logistic regression model. R2 close to

1 suggests strong association of selected independent variables with dependent variables. The

present logistic regression model has Cox and Snell’s R2 = 0.684 and Nagelkerke’s R2 = 0.912.

Validity of logistic regression model

The Correct classification using logistic regression model of ALS was 94%. Sensitivity and

specificity of the logistic regression model was 98% and 93%, respectively. Receiver operating

characteristic (ROC) curve with 7 predictive variables revealed that the model for predicting

ALS risk is an excellent model, as the area under the curve was 99.3% (Fig 1). As expected the

ROC curve has low standard error of 0.003 with 95% confidence interval as 0.986–0.999

(Table 2).

Discussion

ALS is a motor neuron disease caused by degenerative changes in the motor neurons of spinal

cord and cortical regions in brain. The degenerated neurons lead to impaired synaptic connec-

tions with muscles leading to paralysis in patients. In severe cases this may lead to respiratory

failure causing fatality [14]. 10% of the cases have family history of ALS and are known as

familial ALS cases. However, 90% of the cases are sporadic and occur because of mutations in

varied number of genes. Most commonly associated cases are of C9ORF72 and SOD1 genes

[15]. The variability in the pathophysiology of disease makes it a multi system degenerative dis-

ease or a multivariate disease. This multi system degeneration obscures the diagnosis, progno-

sis and treatment strategies even more. However, early prediction of the disease and predictive
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prognostic patterns for individualised or cohorts of patients can help in finding effective treat-

ment strategies for ALS and delaying ALS-related adversity and mortality.

Failing to find a single molecule or factor for diagnosis, opting for a panel of markers or

some statistical models or equations can help in prediction of ALS. Such models can also help

in analysing the prognosis of disease in patients. We have analysed such a panel of markers

that are involved in pathways of pathology of disease. VEGF [16–18], VEGFR2 [19, 20] and

ANG [21, 22] have been studied in respect to angiogenic pathways as well as in neuroprotec-

tive pathways. The dysregulated levels of angiogenic molecules can cause oxidative stress. Oxi-

dative stress has been linked to neuronal degeneration in various studies [23, 24]. The soluble

counterpart of another VEGF receptor (sVEGFR1) has been associated with ALS in previous

lab studies. These molecules have been shown to be neuroprotective in various studies. Other

Table 1. Significant independent variables revealed by maximum likelihood method for logistic regression equation.

Variables Beta (β) Standard error Wald Degree of freedom p-value

Age 0.151 0.040 14.601 1 <0.001

BMI -0.243 0.106 5.296 1 0.021

VEGFR2 plasma level -2501.477 668.648 13.996 1 <0.001

OPTN plasma level 93.109 33.889 7.548 1 0.006

VEGF CSF level -0.244 0.071 11.777 1 0.001

VEGFR2 CSF level 3.184 0.639 24.841 1 <0.001

TDP43 CSF level -0.130 0.038 11.378 1 0.001

Constant -57.040 13.953 16.713 1 <0.001

Abbreviations: BMI Body Mass Index, VEGFR2 Vascular Endothelial Growth Factor Receptor 2, OPTN Optineurin, VEGF Vascular Endothelial Growth Factor, CSF

Cerebrospinal Fluid, TDP 43 Transactive Response DNA Binding Protein 43.

https://doi.org/10.1371/journal.pone.0247025.t001

Fig 1. Receiver operating characteristic (ROC) for the forward stepwise binary logistic regression model for

predicting ALS risk.

https://doi.org/10.1371/journal.pone.0247025.g001
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two molecules OPTN [25] and TDP43 [26] are associated with proteinopathy, which is a char-

acteristic of ALS. Both molecules have been found to be accumulated in protein inclusions in

the cytoplasm of neurons. Also TDP43 levels have been measured in CSF and serum of ALS

patients as it is a major content of motor neuron inclusions. CCL2 is the main molecule of

neuroinflammation pathway, which is also a characteristic feature of ALS [18, 27–29]. VEGF

and CCL2 have also been shown to contribute significantly to the regression model developed

by Gupta et al [11]. In this study, the molecules have been studied in plasma and CSF, both.

Since there are theories that CSF is the fluid that may carry the pathogenic markers responsible

for degeneration of motor neurons, measurement of proteins in CSF is important.

In combination with molecular markers simple socio-demographic factors such as age and

BMI can also contribute significantly as predicting factors in logistic regression model. Also

the protein levels in serum [30, 31] and SNPs [29, 32–34] can be seen in various candidate mol-

ecules and then the biomarker potential of these molecules can be explored using such regres-

sion models. Analysing the panel of markers in plasma and CSF both along with socio-

demographic and clinical details can add more value to the model developed and improve the

sensitivity and specificity of the model. The model has the potential of prediction of ALS even

though other prognostic and survival prediction models have also been developed in the past

years.

The model should be tested on larger cohorts to study the validity and predictability. Also,

the markers should be analysed in CSF to blood and at cellular level (in the form of gene

expression) to add to the validity of models.

Conclusion

The proposed forward stepwise (binary likelihood) logistic regression model has shown high

sensitivity and specificity. Also, the 99.3% area under the curve is indicative of the excellence

of the model in predicting the risk of ALS. However, lesser sample size can be shortcoming of

the predictive model. Developing such risk predicting models or combined models that can

predict the risk of disease as well as survival using bigger cohorts of participants can be helpful

in understanding the aetiology of ALS.
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Predictive Model for Earlier Diagnosis of Suspected
Age-Related Macular Degeneration Patients

Neel Kamal Sharma,1,* Suresh Kumar Sharma,2,* Amod Gupta,3

Sudesh Prabhakar,1 Ramandeep Singh,3 and Akshay Anand1

The primary goal of tailored medicine is to presymptomatically identify individuals at high risk for disease using
information of each individual’s genetic profile and collection of environmental risk factors. Recently, algorithms
were given the strong recognition of several replicated risk factors for age-related macular degeneration (AMD),
this distant goal is beginning to seem less mysterious. The purpose of the study was to develop a statistical model
for AMD. This study includes total 106 subjects. To identify the risk of earlier diagnosis of suspected AMD
patients, 22 independent variables were included in the study. Forward stepwise (likelihood ratio) binary logistic
regression has been used to find significant variables associated with the risk of AMD. Prediction equation, based
on significant risk factors, and model authenticity have been developed. Hosmer–Lemeshow goodness of fit
statistic (w2 = 0.143, df = 8, p = 1.0), which is nonsignificant, indicates the appropriateness of the logistic regression
model to predict AMD. After going through stepwise logistic regression, only 6 variables out of the 22 independent
variables, namely, serum complement factor H (CFH), serum chemokine (C-C motif) ligand 2 (CCL2), serum
superoxide dismutase 1 (SOD1), polymorphism in CCL2 (rs4586), stress, and comorbidity were found to be
significant ( p < 0.05). The binary logistic regression model is an appropriate tool to predict AMD in the presence of
serum CFH, serum CCL2, serum SOD1, polymorphism in CCL2 (rs4586), stress, and comorbidity with high
specificity and sensitivity. The area under the receiver operating characteristic curve (0.909, p = 0.001) with less
standard error of 0.034 and close 95% confidence intervals (0.842–0.976) further validates the model.

Introduction

Many diseases of aging characterized by complex in-
heritance patterns are progressive; the individual may

be asymptomatic in the early stages. One of these diseases,
age-related macular degeneration (AMD), is the mainly
reason of visual impairment and the most important reason
of blindness in old people.

AMD prevalence increases with advancing age in all
populations studied. Moreover, it is expected that the cases
of early AMD will rise to 17.8 million by 2050 and, if not
treated, the cases of late AMD will rise to 3.8 million (Rein
et al., 2009). It has been determined that vision loss from
AMD decreases the quality of life by 60%, similar to the
experience of dealing with a stroke that requires intensive
nursing care (Brown et al., 2006). The clinical presentation
and natural course of AMD are highly variable.

The clinical symptoms of AMD range from no visual dis-
turbances in early disease to profound loss of central vision
in the advanced late stages of the disease. Some patients

never progress beyond early AMD; however, in about 6% of
Caucasian patients with early stage disease, the condition
progresses to an exudative neovascular (or wet form) or
geographic atrophic (or dry form) AMD, which threatens
vision (Edwards et al., 2005; Hageman et al., 2005; Dewan
et al., 2006; DeAngelis et al., 2008). The phenotype is charac-
terized by the development of subretinal choroidal neovas-
cular complexes, hemorrhage, and fibrosis and is typically
associated with severe central vision loss (Klein et al., 2004).

In recent years, the information about epidemiologic and
genetic associations with AMD has grown widely. There are
some modifiable factors like smoking (Francis et al., 2007),
omega-3 fatty acid intake (AREDS, 2007a), and nutritional
(AREDS, 2007b) antioxidants in addition to age, family his-
tory, and ethnicity. Numerous genetic variants with consis-
tent and strong associations with AMD have been identified
(Li et al., 2006; Yang et al., 2006; Maller et al., 2007; Seddon
et al., 2007; Anand et al., 2012).

Yet, it remains mysterious whether these environmental
and genetic factors act jointly or independently and to what
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degree they can predict the incident of AMD or development
to advanced AMD from initial stages. Such predictions may
be helpful for screening the persons who are at a higher
threat because of family history or those having any signs of
disease. Some AMD-associated loci have been reported re-
cently, which appear to be moderately associated with AMD
risk and replication in additional groups will probably be
required to establish their role in AMD pathogenesis (Chen
et al., 2010; Neale et al., 2010).

In this study, we assessed the accuracy of a panel of CFH
(rs1061170) which helps in regulation of complement sys-
tem, CCL2 (rs4586, rs1024611), CCR2 (rs1799865), CCR3
(rs3091250, rs3091312), single-nucleotide polymorphisms
(SNPs), CCL2, CFH, SOD1, and eotaxin2 protein levels with
other risk factors to predict the risk of developing AMD.
Genes selected in the study were either studied previously in
different ethnic populations for involvement in AMD or in
other inflammatory diseases or selected due to their apparent
functional significance (Seddon et al., 2007; Jia et al., 2010;
Anand et al., 2012; Sharma et al., 2012a).

Detection in the early stages might decrease the rising
societal load due to AMD by emphasizing and targeting
modifiable habits and suggesting more frequent examina-
tions for those who are extremely susceptible. To evaluate
and develop such models, we evaluated the comparative
involvement of genetic and other risk factors in a well-
characterized AMD study population. Hence, effective and
early diagnosis of AMD for improved managing of AMD
patients needs the improvement of a statistical model.

Materials and Methods

Subjects

One hundred and six case–control samples were recruited
from the Advanced Eye Center, PGIMER, Chandigarh, India
in the study as per the Institute ethics guidelines (No. Micro/
10/1411). The clinical information of participants has been
listed in Table 1. A retina surgeon examined all patients and
controls for visual acuity measurement and dilated fundus
examination. All AMD patients had undergone fluoresce in
fundus angiography. The diagnosis of AMD was based on
ophthalmoscopic and fluorescein angiographic findings.

Demographic information

Subjects were asked to provide a written informed consent
form (Sharma et al., 2012a, 2012b) signed by each participant,
containing the written risk factor questionnaire. The infor-
mation such as age, gender, alcohol consumption, cigarette
smoking status, food habit, physical activity, hypertension,
diabetes, migraine, comorbidity, body mass index (BMI), and
stress as reported by subjects were entered in the data base
for investigation. Those who smoked at least 3 cigarettes per

day or 54 boxes for at least 6 months were defined as
smokers. Those who had chicken, meat, or fish for at least 6
months were defined as nonvegetarian. Information about
alcohol use for at least 6 months was also collected. Co-
morbidities were determined based on the participant’s an-
swers to whether a physician had ever told them for diagnosis
of any main neurological, cardiovascular, or metabolic ill-
ness. Hypertension was defined as diastolic blood pressure
‡ 90 mmHg and systolic blood pressure ‡ 140 mmHg at the
time of examination, or detected by a physician previously
and whether they had ever taken medications for this condi-
tion. Similar practices have been used in earlier studies
(Sharma et al., 2012b). Height (in meters) and weight (in ki-
logram) was measured for each subject to determine the BMI.
Based on the value of BMI, subjects were categorized into four
classes: (1) under weight: BMI below 18.5, (2) normal: BMI
18.6–24.9, (3) over weight: BMI 25–29.9, and (4) obese: BMI
above 30.0. The demography of participants has been re-
produced in Table 2. Subjects were also inquired to report any
prior diagnosis of diabetes, migraine, and comorbidity. Co-
morbidity was determined based on the individual’s response
to whether a physician had ever informed them for finding of
any main metabolic, neurological, or cardiovascular diseases.

DNA and serum separation

Eight milliliters of venous blood was collected from all
subjects. Four milliliters was added in a serum separator
tube (BD Biosciences) for separation of serum. Genomic
DNA was extracted from the peripheral venous blood using
a commercial kit (Qiagen and Invitrogen) according to the
manufacturer’s protocol.

Enzyme-linked immunosorbent assay

The quantitative detection of serum for CCL2, CFH,
eotaxin2, and SOD1 was done by using enzyme-linked im-
munosorbent assay (ELISA) (Cusabiotech, Catalog no. CSB-
E08931h; RayBio, Catalog no. ELH-MCP1-001; RayBio,
Catalog no. ELH-Eotaxin2-001; AB Frontier, Catalog no. LF-
EK0101) as per the manufacturer’s protocol using 680XR
Microplate reader (Biorad). All the values were normalized
to total serum protein and linear regression analysis was
done for standard curve formation.

Real-time PCR

Real-time PCR was used to check the SNP in DNA and
was carried out in the 48-well version of Step One� (Applied
Biosystems, Inc.).

Statistical analysis

In binary logistic regression, the dependent variable is
dichotomous and independent variables may have

Table 1. Clinical Details of Subjects

Subjects Age of onset (years) M/F Disease duration (months) Wet/dry Sporadic/familial

AMD 64.32 – 6.9 48/25 25.81 – 2.6 53/20 67/6
Controls 58.79 – 14.02 22/11

Values are mean – SD, disease duration is the interval between appearance of first symptom of AMD and collection of sample.
AMD, age-related macular degeneration.
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combinations of continuous and categorical variables. The
predicted probability in logistic regression always lies be-
tween 0 and 1, which is never the case when we model the
probabilities with an ordinary linear regression model. The
sudden increase in predicted probability gives an indication
that when the threshold point is reached, the risk may in-
crease to a very high level.

Twenty-two independent demographic and biochemical
risk factors, which were believed to be associated with AMD,
were included in the logistic regression model (Table 3). To
predict the risk of AMD, a forward stepwise (likelihood
ratio) was carried out in logistic regression. A numerical code
(Table 3) was assigned to each qualitative risk factor. The
analysis was carried out using statistical product and service
solutions (SPSS) version 20.0 software. For analysis purpose,
22 risk factors were named from X1,.,X22, where X1: serum
CCL2; X2: serum CFH; X3: serum SOD1; X4: serum eotaxin2;
X5: age; X6: gender; X7: smoking; X8: alcohol; X9: food habit;
X10: physical activity; X11: stress; X12: hypertension; X13: di-
abetes; X14: migraine; X15: comorbidity; X16: BMI; X17:
CCL2_rs4586; X18: CCL2_rs1024611; X19: CCR2_rs1799865;
X20: CCR3_rs3091250; X21: CCR3_rs3091312; and X22:
CFH_rs1061170.

Results

Logistic regression model development

The predicted risk of AMD can be obtained from the
equation:

P¼ 1

1þ e�Y
, where Y¼ b0þ b1X1þ . . . . . . ::þ b22X22:

The unknown parameter of the logistic regression model,
that is, b0, b1, . . . , b22 has been estimated using the iterative
maximum likelihood method.

We express the logistic regression model in terms of link
function in which the model can act as a generalized linear
model. This is achieved by taking log odds of the predicted
risk, that is,

Y¼ Log
P

1�P

� �
¼ b0þ b1X1þ . . . . . . ::þ b22X22:

Thus, the log odds have a linear relationship.

Table 2. Demographic Characteristics of Subjects

Subjects

% of
vegetarian/

nonvegetarian

% of
smokers/

never
smoker

% of
alcoholic/

nonalcoholic

% of physical
activity/no

physical
activity

% of
stress/

no stress

% of
diabetes/no

diabetes

% of
hypertension/

no
hypertension

% of
migraine/no

migraine

% of
comorbidity/

no
comorbidity

AMD 53.04/46.96 43.48/56.52 32.17/67.83 56.52/43.48 33.33/66.67 18.58/81.42 46.02/53.98 18.26/81.74 73.45/26.55
Controls 56.36/43.64 20/80 30.91/69.09 83.33/16.67 12.73/87.27 5.45/94.55 18.18/81.82 1.19/98.18 18.52/81.48

Table 3. Risk Factor Statistics

AMD Controls p-Value

Quantitative variables
Serum CCL2 (pg/mg) 0.0115 – 0.0128 0.0033 – 0.0027 0.0001
Serum CFH (pg/mg) 0.0060 – 0.0040 0.0084 – 0.0049 0.001
Serum SOD1 (pg/mg) 5.0568 – 2.5315 2.6360 – 1.4853 0.0001
Serum eotaxin2 (pg/mg) 0.0221 – 0.0158 0.0136 – 0.0078 0.0001
Age (years) 64.97 – 7.145 60.38 – 13.24 0.001

Numerical codes for qualitative variables
Gender Female = 1 Male = 0
Smoking Smokers = 1 Nonsmokers = 0
Alcohol Alcoholic = 1 Nonalcoholic = 0
Food habit Vegetarian = 1 Nonvegetarian = 0
Physical activity Exercise = 1 No exercise = 0
Stress Yes = 1 N0 = 0
Hypertension Yes = 1 No = 0
Diabetes Yes = 1 No = 0
Migraine Yes = 1 No = 0
Comorbidity Yes = 1 No = 0
BMI Underweight = 0 Normal = 1, overweight = 2 Obese = 3
CCL2_rs4586 Heterozygous = 0 Homozygous_minor = 1 Homozygous_major = 2
CCL2_rs1024611 Heterozygous = 0 Homozygous_minor = 1 Homozygous_major = 2
CCR2_rs1799865 Heterozygous = 0 Homozygous_minor = 1 Homozygous_major = 2
CCR3_rs3091250 Heterozygous = 0 Homozygous_minor = 1 Homozygous_major = 2
CCR3_rs3091312 Heterozygous = 0 Homozygous_minor = 1 Homozygous_major = 2
CFH_rs1061170 Heterozygous = 0 Homozygous_minor = 1 Homozygous_major = 2

BMI, body mass index.
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Out of X1, . . . , X22 independent variables, only six vari-
ables, namely, serum CCL2, serum CFH, serum SOD1,
polymorphism in CCL2 (rs4586), stress, and comorbidity
were found to be significant ( p < 0.05).The predicted risk (P)
of AMD can be computed with the help of the following
equation:

P¼ 1

1þ e�Y
, where Y¼ b0þ b1X1þ b1X2þ b1X3

þ b1X11þ b1X15þ b1X17 (1)

Null hypothesis (H0): the given data fits well to the logistic
model against the alternate hypothesis (H1): the given data
does not fit well to the model that has been tested using the
Hosmer–Lemeshow goodness of fit statistic, which indicates
a good fit if the significance value is > 0.05. For our data,
w2 = 0.143, df = 8, p = 1.0, indicates the appropriateness of the
logistic regression model to predict AMD. Since p-value is
> 0.05, therefore the null hypothesis that given data fits well
to the logistic model is accepted. Moreover, according to
Omnibus tests of model coefficients, w2 = 5.692 and p = 0.017,
suggest that the forward stepwise (likelihood) procedure of
logistic regression is appropriate. The Wald test clearly
shows that there are six significant variables (or predictors),
which can predict the AMD risk and following logistic re-
gression equation, were obtained for the same (Table 4). The
value of Y can be written as

Y¼ 10:266� 2:27(CCL2rs4586)� 405:879(serumCCL2)

þ 664:16(serum CFH)� 2:821(serum SODI)

� 3:437(stress)� 2:605(comorbidity) (2)

The six variables chosen by the model show significant
changes in the - 2 log-likelihood method as shown in Table
5, which further supports the adequacy of the model. Coef-
ficient of determination (R2) was computed to check the as-
sociation of variables in the current model. It is evident from
Nagelkerke’s R2 = 0.879 value that there is a strong associa-
tion of selected independent variables with dependent vari-
ables (Nagelkerke, 1991). The predicted risk (P) can be
obtained from Equation (1), by substituting the value from
Equation (2) after specifying the values of six predictors.

Model validation

In a binary logistic model, 94.3% of the original cases have
been correctly classified (Table 6). The off diagonal subjects

(i.e., four for control and two for AMD) in Table 6 are mis-
classified cases as predicted by the model. The model yielded
97.3% sensitivity and 87.9% specificity, which indicated the
proportion of actual positives, which are correctly identified
as positives, and actual negatives, which are correctly iden-
tified as negatives. Figure 1 offers an excellent visual per-
formance of the model, based on six predictors. The receiver
operating characteristic (ROC) curve and the area under the
curve (AUC = 90.9%) suggest that the model works very well
with minimum standard error of 0.034 and with a close
range of 95% confidence intervals (CI 0.842–0.976).

Discussion

Based on a genetic risk score, six variants out of 22 risk
factors for AMD were found to be independently associated
with AMD, with adjustment for the genetic variants. With
this, we expand earlier efforts to guess the genetic risk for
AMD (Seddon et al., 2009; Gibson et al., 2010).

Seddon et al. (2009) explained a risk score model in four
loci of the six genetic variants, also including other factors
like smoking, BMI, diet, and age. Likewise, a study from
Gibson et al. (2010) accounted 0.83 AUC (95% CI 0.81–0.86)
using two environmental factors and six SNPs. This study
consisted of a case–control study with 106 cases.

If the area under the ROC curve approaches unity, it means
the efficacy of the diagnostic test is very high. In our case, the
area under the ROC curve is 0.909, indicating that one can
differentiate AMD and control with high accuracy, based on
the six predictors, identified by the logistic regression. More-
over, the predicted risk of AMD can be evaluated by speci-
fying the values of six independent significant factors.

Based on six independent variables, we have attempted
to present a binary logistic regression equation for those
at risk of AMD progression, including either demographic
(stress, comorbidity) or molecular (serum CCL2, CCL2

Table 4. Special Features and Level of Significance

of Selected Independent Variables by Maximum

Likelihood Method for Logistic Regression Equation

Variable b SE Wald df p-Value

CCL2_4586 - 2.279 0.899 6.422 1 0.011
CCL2 - 405.879 219.345 3.424 1 0.049
CFH 664.168 249.871 7.065 1 0.008
SOD1 - 2.821 0.955 8.736 1 0.003
Stress - 3.437 1.740 3.904 1 0.048
Comorbidity - 2.605 1.081 5.806 1 0.016
Constant 10.266 3.363 9.320 1 0.002

SE, standard error.

Table 5. Change in - 2 Log-Likelihood

Variable
Model log-
likelihood

Change in
- 2 log-

likelihood Df

Significance
of the

change

CCL2_4586 - 19.153 10.778 1 0.001
CCL2 - 21.093 14.658 1 0.000
CFH - 20.363 13.197 1 0.000
SOD1 - 37.347 47.166 1 0.000
Stress - 16.610 5.692 1 0.017
Comorbidity - 17.361 7.194 1 0.007

Df, degree of freedom.

Table 6. Classification Table

Predicted

Observed AMD (1) Control (0)

AMD (1) 71 2
Control (0) 4 29
Overall % 94.3%

Classification table showing overall % for correct prediction of
AMD. Normal control individuals are given an Arabic numeral code
‘‘0’’ and AMD patients were represented as ‘‘1.’’
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polymorphism, serum CFH, and serum SOD1) predictors,
which may be obtained easily by personal consultations or
by way of noninvasive assessment of CFH, CCL2, and SOD1
using established methods.

Previous molecular studies of AMD are in agreement with
our predictions. Low CFH may have analogous proin-
flammatory effects in activation of the innate immune re-
sponse in AMD (Zipfel et al., 2010). Likewise, the serum SOD
activity was found significantly higher in AMD patients as
compared to controls ( Jia et al., 2010). Depressive disorder and
comorbidity are significant problem for the elderly afflicted
with advanced macular degeneration (Brody et al., 2001).

Both the genetic and demographic risk factors were inde-
pendently linked with AMD, when measured at the same time.

Risk factors identified by the logistic regression model not
only shows their contribution for predicting AMD diagnosis
(94.3%) with good specificity and excellent sensitivity as
exposed by area under the ROC curve (Fig. 1). For bed side
utility and clinical applicability of the model to predict sus-
pected AMD patients, predictive correctness of the present
model has to cross authenticated bigger populations, where
apart from confirmed AMD patients, persons with different
eye disorders should also be measured.

So the development of AMD problems can be slowed by
treatment. If the disease development to advanced form is
noticed in the beginning in high-risk patients, instant inter-

vention might be necessary to maintain full vision for a more
extended time.

Therefore, the individuals at high risk may be recom-
mended to seek clinical follow-ups regularly and might also
profit from dietary suggestions, including the intake of
omega-3 fatty acids or antioxidants (ARED, 2007a). Re-
cognition of persons at more risk for developing AMD may
also facilitate to include defined persons in clinical trials,
which may permit a better evaluation of therapeutic effects.

Efficacy of AMD genetic testing will shift forward if the
outcome of a predictive test explains in to actionable infor-
mation for the physician. This study highlights the need to
carry on to explore the biology of AMD, to advance our
understanding of the genetics linked with the disease and
expand these findings in upcoming studies to estimate clin-
ical performance metrics in the acute clinical population di-
agnosed with early AMD. The genetic test-identifying
persons at risk of increasing AMD grab the promise for ad-
vance detection through risk-based observation protocols
and better outcomes arising from more timely intervention.

In conclusion, the study presents a genetic risk score for
AMD from a well identified case–control study underlining
huge proportion of the disease elucidated by genetic markers
mainly for younger subjects. However, large sample studies are
still required to validate model authenticity, which may also
include subjects with other eye disorders and AMD-like

FIG. 1. Receiver operating
characteristics obtained from
the binary logistic regression
model, which generates sig-
nificant predictors of AMD.
The area under the curve is
reported to be 90.9% and
suggests that the current
model is good enough to
differentiate AMD individu-
als from normal controls.
AMD, age-related macular
degeneration.
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symptoms. To some extent, screening would recognize high-
risk subjects who would be expected to chase a healthy lifestyle
by taking fish and vegetables, not smoking, getting exercise,
maintaining weight, and taking antioxidant supplements.
These factors are identified to influence the immune and in-
flammatory pathways, which are known to be involved in the
pathogenesis of AMD (Nussenblatt and Ferris 2007). The binary
logistic regression model seems to be an appropriate model to
predict AMD in the presence of serum CCL2, serum CFH,
serum SOD1, polymorphism in CCL2 (rs4586), stress, and co-
morbidity with high specificity and sensitivity. The area under
the ROC curve (0.909, p = 0.001) with less standard error of 0.034
and close 95% (CI 0.842–0.976) further validates the model. As
the model was based on six predictors with correct classification
of more than 94%, no overfitting or cross validation is required.
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