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Abstract

Purpose: To investigate the impact of antioxidant treatment and genetic risk on the development of intermediate age-related
macular degeneration (AMD) in patients without baseline AMD, using data from the Age-Related Eye Disease Study (AREDS)
Cataract Trial. Methods: Genetic risk and antioxidant treatment were analyzed as independent and interacting risk factors for
the development of intermediate AMD in 554 AREDS individuals for whom genotyping was available. Genetic risk was determined
using an allele dosage model based on the total number of complement factor H and age-related maculopathy sensitivity 2 risk
alleles. Results: Overall, 14% of patients developed intermediate AMD over approximately 8 years. The risk of developing
intermediate AMD varied from 6.5% for patients with O risk alleles to 39% for those with 3 or 4 risk alleles (P < .0001). Anti-
oxidants had no impact on the development of intermediate AMD overall. However, antioxidant treatment had a significant
impact on progression to intermediate AMD for patients with low or high genetic risk. Patients with 0 or | risk alleles had
increased risk of progression to intermediate AMD (hazard ratio [HR] = 2.31, P = .017) if treated with antioxidants compared to
placebo. Patients with 3 or 4 risk alleles had decreased risk of progression to intermediate AMD (HR = 0.27, P = .0008) if treated
with antioxidants compared to placebo. Conclusion: On average, antioxidant treatment has no impact on the development of
intermediate AMD in patients without AMD. However, antioxidant treatment may increase the risk of developing intermediate
AMD in patients with low genetic risk and may reduce the risk of developing intermediate AMD in patients with high genetic risk.
Since patients with high genetic risk have the greatest risk of progressing from intermediate to advanced AMD, genotype-directed
antioxidant treatment of patients without AMD may ultimately lead to fewer cases of advanced AMD.
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Introduction

Age-related macular degeneration (AMD) is the leading cause
of severe vision loss in industrialized countries. Age-related
macular degeneration progresses through well-characterized
stages. Early AMD is characterized by the presence of small
drusen; intermediate AMD by large drusen, pigment changes,
and occasional mild vision loss; and advanced AMD by chor-
oidal neovascularization or central geographic atrophy, typi-
cally with significant vision loss. Supplementation with zinc
and antioxidants reduces the risk of progression from inter-
mediate to advanced AMD in some patients. No identified
means exist to decrease the development of early or intermedi-
ate AMD, although evidence suggests that lifestyle modifica-
tions such as smoking cessation and a healthy diet may reduce
this risk.' Despite the lack of evidence of benefits of nutritional

supplements for patients with minimal or no AMD, ocular
nutritional supplements are widely marketed and used. In the
United States, dietary supplements are not evaluated or
regulated for efficacy or safety.> Supplements promoting
“eye health” are readily available, and of the 59% of adults
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in the United States who take dietary supplements, 7% use a
supplement for eye health.?

The Age-Related Eye Disease Study (AREDS) primary
analysis of the influence of nutritional supplements on AMD
progression included patients with categories 2 (minimal), 3
(intermediate), and 4 (advanced in the nonstudy eye) AMD.
These patients were assigned to treatment with placebo, anti-
oxidants (B-carotene, vitamin C, and vitamin E), zinc (80 mg
daily), or antioxidants plus zinc. The AREDS investigators
concluded that, for patients with category 3 or 4 AMD, anti-
oxidants plus zinc reduced the 5-year risk of progression to
advanced AMD by 25% and produced a 19% reduction in
severe vision loss.> The Age-Related Eye Disease Study 2
(AREDS2) showed that omega-3 fatty acids or the alternate
carotenoids, lutein and zeaxanthin, did not improve upon the
original AREDS formulation.* However, lutein and zeaxanthin
are safe and effective substitutes for B-carotene—a known pro-
moter of lung cancer risk in smokers.* The AREDS or
AREDS?2 formulations are recommended currently for people
with intermediate AMD in both eyes or with intermediate
AMD in 1 eye and advanced AMD in the fellow eye.

The AREDS AMD trial was designed to study the progres-
sion of patients with established AMD. Patients in the AREDS
trial with category 1 (no AMD, total drusen area <63 pm) were
thought to be at low risk for vision loss from AMD and were
not included in the AMD trial. These patients were enrolled in
the AREDS cataract trial and were randomized to treatment
with placebo or antioxidants to study the impact on cataract
progression. Patients in the AREDS cataract trial were not
treated with zinc or antioxidants plus zinc, because AREDS
investigators had no reason to suspect that zinc would reduce
the risk of progression of lens opacities.” Retinal outcomes
were recorded, enabling a study of antioxidant treatment as
primary prevention of AMD.

We previously reported the results of a genetic subgroup
analysis of AREDS patients, concluding that complement fac-
tor H (CFH) and age-related maculopathy sensitivity 2 (ARMS?2)
genetic polymorphisms may predict response to antioxidants
and/or zinc, the major components of the AREDS formula-
tion.> Others have also studied the relationship between
nutritional supplementation and genetic risk alleles in
patients with AMD and have reached differing conclu-
sions.*'* We identified an adverse response to the AREDS
formulation, compared to placebo, in patients homozygous
for CFH genetic risk and without ARMS?2 genetic risk. Based
on this evidence, we concluded that genotype-directed nutri-
tional therapy for individuals with intermediate AMD could
lead to an overall reduction in the incidence of advanced
AMD. A more recent analysis of over 4000 eyes of patients
enrolled in the AREDS has confirmed the presence of a sig-
nificant interaction between CFH and ARMS?2 genetic risk and
treatment with antioxidants plus zinc for patients with inter-
mediate to unilateral advanced AMD."?

Given evidence of the interaction between genetic risk fac-
tors and nutritional supplements in the progression of inter-
mediate to advanced AMD, we now investigate the potential

for interaction between antioxidants, genetic polymorphisms,
and the de novo development of intermediate AMD among
individuals enrolled in the AREDS cataract trial. The long and
detailed observation and documentation of progression of these
patients provide a useful data set with which the interaction of
genetics, antioxidant therapy, and the development of inter-
mediate AMD can be evaluated.

Dietary antioxidants have been shown to have a differential
impact on the progression of AMD based on a conventional
allele dosage model of total CFH and ARMS? risk allele num-
ber.'"* We chose to analyze the impact of antioxidant supple-
mentation on AMD development using a similar approach,
based on total CFH and ARMS? genetic risk allele number.

Methods

Patients were derived from the AREDS population. Study proce-
dures have been reported previously.'® Patient consent was given
to permit genetic samples to be used for eye diseases only or for
general research use. Patients were characterized by AREDS
investigators at enrollment with time course retinal images clas-
sified by a central reading center, allowing determination of the
time interval from study enrollment to AMD progression.'?
Patients with AREDS category 1 disease were enrolled only in
the AREDS cataract trial and were randomized to treatment with
either placebo or antioxidants (f-carotene 15 mg, vitamin C 500
mg, and vitamin E 400 IU). Retinal phenotype was documented
with fundus photographs at 12-month intervals. Since genetic risk
factors for AMD have been best characterized in white persons,
we restricted our analysis to this group.

Genotyping

Targeted sequencing was performed on over 3000 samples
from the AREDS and Universities of Michigan and Pennsylva-
nia samples as described elsewhere.'® The short-read
sequences were matched to Genome Reference Consortium
Build 37 (GRCh37) assembly before being deposited into the
dbGaP database of the National Institutes of Health (NIH). We
obtained the aligned sequences from dbGaP service using
NIH’s SRA toolkit (version 2.5.4). The read sequences for the
CFH (chromosome 1) and ARMS2 (chromosome 10) loci were
processed using the SAMtools package (http://www.htslib.org)
to deduce unphased genotypes at single-nucleotide poly-
morphic (SNP) variants in the CFH genomic region
(rs1061170, rs3766405, rs1410996, rs412852) and 1 SNP
(rs10490924) in the ARMS?2 region (http://www.htslib.org).
To validate the sequencing data and the deduced SNP
genotypes obtained via dbGAP database, we identified
139 AREDS cases for which DNA was available from the Coriell
Institute (Camden, New Jersey). Genotyping on this subset of
cases was performed by Beckman Coulter Genomics (Danvers,
Massachusetts) using bidirectional Sanger dideoxy sequencing.
Genotypes from the same group of patients from these 2 sources
were directly compared, resulting in complete concordance.
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As described previously,'” risk alleles at the CFH locus
were determined by defining a 2 SNP haplotype that interro-
gates the 2 blocks of identified linkage disequilibrium.'® To
analyze the common genetic variability of the CFH locus, we
selected a set of 5 polymorphisms for genotyping that were
reported by Li et al to tag 4 common, disease-associated CFH
haplotypes'®: 1s1048663, rs3766405, rs412852, rs11582939,
and rs1066420 (previously rs1280514). rs1066420 was
excluded from further analyses due to deviations from
Hardy-Weinberg equilibrium in controls (P < .001). Linkage
disequilibrium and tagging analysis of the remaining 4 SNPs
revealed that any combination of 2 SNPs is sufficient to tag all
common haplotypes (>1%) of this SNP haplotype block. We
selected rs3766405 and rs412852 to tag the 2 major CFH hap-
lotypes as has been done previously using linked SNPs
1s2274700 (¥ = .86 with rs3766405) and rs1061170 (* = .82
with 1s412852).'?° We defined the 2 SNP “high-risk” haplo-
type to be rs3766405 CC/rs412852 CC and the “medium-risk”
haplotype to be rs3766405 CC/rs412852 CT or rs3766405
CT/rs412852 CT. All combinations not designated as “high”
or “intermediate risk” were designated “low risk” at the
CFH locus. Risk alleles at the ARMS2 locus were defined
by the single SNP rs10490924 with homozygous risk genotype
(TT) combined with heterozygous genotype (TG) to define a
high-risk group, and GG homozygous nonrisk genotype defining
a low-risk group. This was done since TT genotype occurred in
only 19 patients.

Clinical Outcome Determination

Participants in the AREDS cohort varied based on initial AMD
status. Disease was classified based on the category of AMD in
each eye—AREDS category 1 (no AMD): fewer than 5 small
drusen with area <63 pum; category 2 (mild AMD): multiple
small drusen, nonextensive intermediate drusen (63-124 pum),
pigment abnormalities, or a combination thereof; category 3
(intermediate AMD): at least 1 large drusen (<125 pm), exten-
sive intermediate drusen, or geographic atrophy not involving
the center of the macula; and category 4 (advanced AMD in 1
eye only): central geographic atrophy or neovascular AMD or
visual loss resulting from AMD regardless of lesion type. Only
white patients with both eyes assessed as AMD category 1 at
baseline and with genotyping available were eligible for our
analysis (N = 554 patients). Patients with neither eye attaining
category 3 by the last visit were considered censored, with the
follow-up time determined by the date of the last visit. Event
time for cases was determined as time to the first visit where 1
eye was assessed as progressing to category 3 AMD. Within
this study set, 4 patients progressed directly to category 4 dur-
ing the period of follow-up and were excluded from the anal-
ysis, resulting in 550 patients available for statistical analysis.

Statistical Analysis

We evaluated the quantitative interaction of the total number of
CFH and ARMS? risk alleles (range, 0-4) with antioxidant

Table I. Comparison of Key Nongenetic Characteristics of Study Set
Patients With All AREDS Cataract Trial Patients.

High Smoke
Total Age BMI School (%) (%) AO (%)
Study set with 554 67.8 274 521 (94) 283 (51) 269 (48.7)
DNA
AREDS 1117 67.5 273 1050 (94) 547 (49) 534 (48.1)
cataract trial
P value - .14 .89 93 219 .84

Abbreviations: AO, antioxidants; AREDS, Age-Related Eye Disease Study; BMI,
body mass index.

therapy. The analysis of genetic and nutritional supplement
effects, and their interaction, was done using Cox proportional
hazards mode, which was also adjusted for previously reported
potential confounders: body mass index, sex, age, and smoking
status. All analyses were done using R statistical software
(https://cran.r-project.org). The Wald test and % log-
likelihood ratio tests were used for significance testing of coef-
ficients and contrasts from the Cox model. Comparison of
categorical data was done using the Pearson x> test. The
Mann-Whitney nonparametric test was used to compare con-
tinuous data.

Results

The AREDS cataract trial enrolled 1117 patients with cate-
gory 1 (bilateral “normal eye”’) designation at the study onset.
Of these, 554 white individuals were represented in the tar-
geted sequencing study set, with genotyping available at CFH
and ARMS? sites. This subset with genetic information was
comparable to the entire set of AREDS cataract trial patients
with respect to age, body mass index, education level, smok-
ing history, and randomization to antioxidants or placebo
(Table 1).

We compared the frequency of CFH and ARMS?2 genotypes
within our 554 patient study set with that of white persons in
general. The 1000 Genomes Project (http://www.1000genomes
.org) provides genotype frequencies at the ARMS2 SNP,
rs10490924, and for the 2 SNP CFH haplotype (rs412852 and
1s3766405) for 503 individuals of European descent. The dis-
tribution of risk marker frequency was similar in both groups,
indicating that our AREDS population sample was representa-
tive of the white population living in the United States with
respect to ARMS2 and CFH risk allele frequency (Table 2). The
proportion of patients treated with antioxidants was similar
across and between genetic risk groups (Table 3).

Excluding the 4 patients who progressed directly to
advanced AMD, 14.2% of patients progressed to intermediate
AMD at an average of 7.58 years. The AREDS cataract trial
enrolled patients aged 55 to 80 years. The patients in the oldest
tertile had a greater than average percentage of progression to
intermediate AMD, but the difference among age groups was
not statistically significant. Progression to intermediate AMD
was documented at an average age of 75.9 years.
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Table 2. Comparison of Distribution of CFH and ARMS2 Genetic Risk
in the Study Set With a Reference European Population From the
1000 Genomes Project.

Genetic Risk AREDS (554) EUR (503) P Value
ARMS2
Low 354 (0.639) 326 (0.648) 813
Medium 182 (0.329) 158 (0.314)
High 18 (0.032) 19 (0.038)
CFH
Low 168 (0.303) 178 (0.354) 142
Medium 295 (0.532) 239 (0.475)
High 90 (0.162) 86 (0.171)

Abbreviations: AREDS, Age-Related Eye Disease Study; ARMS2, age-related
maculopathy sensitivity 2; CFH, complement factor H; EUR, European descent.

Table 3. Distribution of Treatment Assignment Within Each Genetic
Subgroup.

Risk Allele AO Placebo Proportion of AO
Number  Treatment Treatment Treatment (95% CI)
0 49 60 0.45 (0.35-0.55)

I 128 114 0.53 (0.46-0.59)
2 83 92 0.47 (0.40-0.55)
3-+4 10 18 0.36 (0.19-0.56)
Total 270 284 -

Abbreviation: AO, antioxidants.

Table 4. Incidence of Progression to Advanced Age-Related Macular
Degeneration as a Function of Risk Allele Number.

Risk Allele Number 0 | 2 3or4
Subject number 108 242 172 28
Progress (%) 7 (6.48) 31 (12.8) 29 (16.9) 11 (39.3)
P (3* test) - 12 019 <000l
Average time to 6.87 691 8.12 85I
progression

P (Mann-Whitney test) - 412 643 .306
Censor time of 10.4 10.4 10.6 1.1

nonprogressors

Table 5. The Impact of Antioxidant Treatment on the Risk of
Progression to Advanced Age-Related Macular Degeneration, as
Influenced by Total CFH and ARMS2 Risk Allele Number.

Risk Allele Number HR, AO vs PBO (95% ClI) P Value
0 3.98 (1.52-10.39) 005
Oor | 2.31 (1.64-4.59) 017
2 0.67 (0.28-1.16) A5
3or4 0.27 (0.11-0.71) .008

Abbreviations: AO, antioxidants; ARMS2, age-related maculopathy sensitivity 2;
CFH, complement factor H; HR, hazard ratio; PBO, placebo.

Progression to intermediate AMD increased with increas-
ing total CFH and ARMS? risk alleles, ranging from 6.5% at
a mean of 6.9 years for those without risk alleles to 39% at
a mean of 8.5 years for those with 3 or 4 risk alleles
(Table 4).

Impact of Antioxidant Supplementation on Progression to
Intermediate AMD

Overall, treatment with antioxidants did not alter the progres-
sion from no AMD (AREDS category 1) to intermediate AMD
(AREDS category 3; hazard ratio [HR] = 1.00; P = .99). Under
a Cox model, the covariant of CFH and ARMS? total risk allele
number (range, 0-4) was a significant determinant of progres-
sion risk (HR = 2.41; P <.0001) and interacted with treatment
group (antioxidant vs placebo) with an HR of 0.41 (P = .001),
demonstrating a genotype-influenced heterogeneity in antiox-
idant treatment response.

For patients treated with antioxidants compared to those
treated with placebo, the HR for progression to intermediate
AMD was increased in those with low CFH and ARMS?2
genetic risk and decreased in those with high CFH and ARMS?2
genetic risk in an allele dosage-dependent manner (Table 5).
Among individuals with 0 total CFH and ARMS? risk alleles,
antioxidant treatment appeared to increase the risk of progres-
sion to intermediate AMD, with an HR of 3.98 (P = .005). For
patients with 0 or 1 total CFH and ARMS? risk alleles, an
increased risk of developing intermediate AMD with antioxi-
dant treatment was also observed (HR = 2.31; P = .017)
(Figure 1). For patients with 2 risk alleles, antioxidant treat-
ment had no significant impact (HR = 0.67; P = .15). For
patients with 3 or 4 total CFH and ARMS?2 risk alleles, anti-
oxidant treatment was associated with a highly significant
reduction in progression to intermediate AMD (HR = 0.27;
P = .008) (Figure 2). The opposing impact of antioxidant
treatment on progression from no AMD (AREDS category
1) to intermediate AMD (AREDS category 3) as influenced
by genetic risk is illustrated by comparing Figures 1 and 2.

Discussion

Our analysis of AREDS cataract trial data provides evidence
that treatment with antioxidants may impact the de novo devel-
opment of intermediate AMD as a function of CFH and ARMS?2
geneticrisk. In persons without AMD, the genetic predisposition
to develop AMD can be modified by antioxidant supplements.
While the average progression risk for patients in this analysis
was not impacted by antioxidant treatment, this average out-
come appears to be the net result of dramatically different
responses to antioxidant treatment; patients with low CFH or
ARMS? genetic risk had significantly increased progression to
intermediate AMD, while those with high CFH and ARMS?2
genetic risk had significantly decreased progression risk. Our
analysis also demonstrated that a substantial percentage of
patient with high CFH and ARMS?2 genetic risk developed inter-
mediate AMD during the course of the trial (39% by 8.5 years).
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Survival curves for subjects with 0 or 1 risk alleles in AO and PBO arms
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Figure |. Estimated survival curves from Cox proportional hazards
model of progression from no age-related macular degeneration
(AMD) to intermediate AMD in patients with low genetic risk (0 or |
complement factor H (CFH) or age-related maculopathy sensitivity 2
[ARMS?2] risk alleles). Patients treated with antioxidants (AO) had
increased progression risk (hazard ratio [HR] = 2.31, P = .017)
compared to those treated with placebo (PBO).

Survival curves for subjects with 3 or 4 risk alleles in AO and PBO arms
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Figure 2. Estimated survival curves from Cox proportional hazards
model of progression from no age-related macular degeneration
(AMD) to intermediate AMD in patients with high genetic risk (3 or 4
complement factor H (CFH) and age-related maculopathy sensitivity 2
[ARMS2] risk alleles). Patients treated with antioxidants (AO) had
reduced progression risk (hazard ratio [HR] = .27, P = .0077)
compared to those treated with placebo (PBO).

Our observations are consistent with published findings
from the Rotterdam Study, which reported that high dietary
intake of nutrients with antioxidant properties reduced the risk
of early AMD in those at high genetic risk but did not reduce
progression in those with low genetic risk.?! Patients with 2

CFH risk alleles in the lowest tertile of B-carotene intake had
an HR for early AMD of 2.54, but those in the highest intake
tertile had a reduction in HR to 1.47 (P = .05). Similar differ-
ences were observed for those in the highest versus lowest
tertile of dietary lutein/zeaxanthin intake (HR = 2.63 vs
1.72; P = .05) and dietary eicosapentaenoic acid/docosahex-
aenoic acid (1.97 vs 1.3; P = .03). No benefit from any dietary
antioxidant was demonstrated for patients without genetic risk,
and there was a nonsignificant increase in AMD risk (HR =
1.25; P = .31) for patients without genetic risk in the highest
tertile of B-carotene intake. Investigators from the Blue Moun-
tain Eye Study and the Rotterdam Study also reported an inter-
action between genetic risk and dietary intake of lutein and
zeaxanthin in a pooled data analysis (P = .0009), with high
dietary intake attenuating the deleterious effects of genetic risk
factors on the development of AMD.'*

Other evidence exists that individuals with different genetic
backgrounds respond differently to intended prophylactic treat-
ment. Low-dose aspirin lowers the risk of developing color-
ectal cancer, but the protective effect is influenced by
genetics.”> A recent large case—control study found that
although low-dose aspirin or nonsteroidal anti-inflammatory
drug use was associated with an overall reduced risk of color-
ectal cancer, no protective effect was observed for 9% of
patients, and an increased risk of cancer was observed in 4%,
with differences attributed to genetic variations.?

The prevalence of dementia among individuals with AMD is
increased over the population average.>® This is consistent with
the biochemical similarities between drusen and neurofibrillary
plaques observed in the brains of patients with Alzheimer dis-
ease” and common SNPs associated with the development of
each disease, such as those in the apolipoprotein E (4APOE)
gene.'®% Given evidence of genetically influenced variability
in AMD progression associated with nutritional supplementa-
tion, it is reasonable to investigate the risk of dementia in these
same groups. While the present data set does not allow such a
comparison, detailed neuropsychiatric data were collected by
AREDS investigators and may provide further insight into the
relationship between genetics, supraphysiological dietary sup-
plementation, and chronic neurodegenerative conditions.*?

Treatment Implications

Since patients without AMD were randomized only to anti-
oxidants or placebo in the AREDS cataract trial, we do not
know how the zinc-containing AREDS or AREDS2 formula-
tions impact patients without AMD. However, our prior anal-
ysis of patients with intermediate AMD revealed that patients
with high CFH and no ARMS? risk alleles had increased pro-
gression to advanced AMD if treated with zinc or with anti-
oxidants plus zinc.>'” Given the absence of evidence of
benefit and the possibility of a similar adverse treatment
response, patients without AMD should refrain from taking
the AREDS or AREDS2 formulation, consistent with gener-
ally accepted recommendations.
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This analysis is limited to antioxidant treatment with [3-
carotene, vitamin A, and vitamin E. The AREDS2 found
that lutein and zeaxanthin are safe and effective substitutes
for B-carotene. The AREDS2 outcomes, as well as dietary
studies, suggest that lutein and zeaxanthin interact with
CFH and ARMS? risk alleles similar to B-carotene.”'

Persons with low genetic risk constitute the majority of the
general population (63% in this study set). Therefore, indiscri-
minate treatment with antioxidants should be discouraged, as
treatment may increase the risk of developing intermediate
AMD in the average individual without AMD.

Five percent of patients in this analysis had 3 or 4 total CFH
and ARMS? risk alleles. However, select populations (most
notably, adult children of patients with advanced AMD) will
contain a substantial percentage of patients with high genetic
risk. In the AREDS AMD analysis, approximately 20% of
patients with category 3 and 4 AMD at baseline had 3 or 4
CFH and ARMS? risk alleles.'” Persons with high CFH and
ARMS? genetic risk with intermediate AMD are at much higher
than average risk of progressing to advanced AMD (approxi-
mately 75% over 10 years).*® Therefore, decreasing the inci-
dence of intermediate AMD in persons with high genetic risk
should ultimately result in fewer cases of advanced AMD.

It is challenging to identify the effects of long-term, low-
dose treatments such as nutritional supplements. The AREDS
cataract trial data provide valuable insights into gene—environ-
ment interactions and their implications for antioxidant supple-
mentation. Genotype-directed antioxidant treatment may lead
to improved outcomes for persons without AMD. Our study
raises interesting questions about whether the antioxidants used
in the AREDS formulation may be harmful for the majority of
people without AMD, who have low genetic risk, yet beneficial
for those with high genetic risk. Pending validation studies,
physicians, and patients should be mindful of the unproven
benefit, and the potential risk, of antioxidant supplementation
for most patients without AMD.
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