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Objective: Lipid dysregulation and complement system (CS) activation are 2 important pathophysiology
pathways for age-related macular degeneration (AMD). We hypothesized that the relationship between lipids and
AMD may also differ according to CS genotype profile. Thus, the objective was to investigate the relationships
between lipid-related metabolites and AMD according to CS genotypes.

Design: Population-based cross-sectional study.
Participants: A total of 6947 participants from Singapore Epidemiology of Eye Diseases study with complete

relevant data were included.
Methods: We investigated a total of 32 blood lipiderelated metabolites from nuclear magnetic resonance

metabolomics data including lipoproteins and their subclasses, cholesterols, glycerides, and phospholipids, as
well as 4 CS single nucleotide polymorphisms (SNPs): rs10922109 (complement factor H), rs10033900 (com-
plement factor I), rs116503776 (C2-CFB-SKIV2L), and rs2230199 (C3). We first investigated the associations
between AMD and the 32 lipid-related metabolites using multivariable logistic regression models. Then, to
investigate whether the effect of lipid-related metabolites on AMD differ according to the CS SNPs, we tested the
possible interactions between the CS SNPs and the lipid-related metabolites.

Main Outcome Measures: Age-related macular degeneration was defined using the Wisconsin grading
system.

Results: Among the 6947 participants, the prevalence of AMD was 6.1%, and the mean age was 58.3 years.
First, higher levels of cholesterol in high-density lipoprotein (HDL) and medium and large HDL particles were
associated with an increased risk of AMD, and higher levels of serum total triglycerides (TG) and several very-
lowedensity lipoprotein subclass particles were associated with a decreased risk of AMD. Second, these lipids
had significant interaction effects on AMD with 2 CS SNPs: rs2230199 and rs116503776 (after correction for
multiple testing). For rs2230199, in individuals without risk allele, higher total cholesterol in HDL2 was associated
with an increased AMD risk (odds ratio [OR] per standard deviation increase, 1.20; 95% confidence interval (CI),
1.06e1.37; P ¼ 0.005), whereas, in individuals with at least 1 risk allele, higher levels of these particles were
associated with a decreased AMD risk (OR, 0.69; 95% CI, 0.45e1.05; P ¼ 0.079). Conversely, for rs116503776, in
individuals without risk allele, higher serum total TG were associated with a decreased AMD risk (OR, 0.84; 95%
CI, 0.74e0.95; P ¼ 0.005), whereas, in individuals with 2 risk alleles, higher levels of these particles were
associated with an increased risk of AMD (OR, 2.3, 95% CI, 0.99e5.39, P ¼ 0.054).

Conclusions: Lipid-related metabolites exhibit opposite directions of effects on AMD according to CS ge-
notypes. This indicates that lipid metabolism and CS may have synergistic interplay in the AMD
pathogenesis. Ophthalmology Science 2022;2:100211 ª 2022 by the American Academy of Ophthalmology. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org.
Age-related macular degeneration (AMD) is a leading cause
of irreversible blindness in Asia and worldwide.1 It is
known to be a multifactorial disease caused by a
combination of lifestyle and genetic factors.2-5 Several
pathways are involved in the pathogenesis of AMD, such as
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complement system (CS) activation and lipid dysregula-
tion.6-10 Deregulation of the alternative CS pathway leads to
an increase in inflammation, which results in photoreceptor
degeneration and the loss of central vision over time.11 In
recent studies, the retinal pigment epithelium (RPE) and
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the choroid have been identified as being key sites of the CS
pathway.12,13 Although progress is being made in the
understanding of the CS pathway, how the dysregulation
of lipids and lipoproteins contribute to AMD remains
unclear. The latest epidemiologic studies have reported
that increased levels of high-density lipoprotein (HDL)
cholesterol are associated with a higher risk of AMD and
triglycerides (TG) with lower risk.14e17

However, there are known links between lipid meta-
bolism and CS activity, which could potentially confound
our understanding of the role of lipids in AMD patho-
physiology. First, recent proteomic analyses revealed that
several types of HDL particles contain CS components,
such as C3, C4, or C9.18,19 Furthermore, a subset of HDL
particles carry very specific complement components or
regulators, such as C4a, C4b, C9, and vitronectin.20

Studies show that the complex interactions between CS
components and lipids can lead to both changes in the
lipid properties and regulation of the CS. For example,
during an acute-phase response, the HDL could become
dysfunctional and change from anti-inflammatory to
proinflammatory.21 Therefore, to fully understand the role
of lipids in the pathogenesis of AMD, the CS needs to be
accounted for.

We hypothesized that the relationship between lipid-
related metabolites and the risk of AMD may differ
according to CS genotypes. Because the size and
composition of lipoprotein particles may impact their
functions, we considered measurements of lipoprotein
particle subclasses using nuclear magnetic resonance
(NMR) metabolomics. The objective of this study was to
determine the relationships between NMR lipiderelated
metabolites and AMD according to CS genotype pro-
files. We used a data-driven approach using this large set
of lipid-related metabolites along with the main CS ge-
netic variants to identify which components of the lipid
metabolism and CS activity interact with regard to the
risk of AMD. This study will help generate more spe-
cific hypotheses for future studies.
Methods

Study Population

Participants were enrolled from the Singapore Epidemiology of
Eye Diseases study (n ¼ 10 033). Singapore Epidemiology of Eye
Diseases is a multiethnic population-based study that has recruited
subjects from 3 major ethnic groups (Chinese [n ¼ 3353], Malay
[n ¼ 3280], and Indian [n ¼ 3400]) to investigate risk factors for
major age-related eye diseases. Participants underwent a stan-
dardized interview, clinical examination, and laboratory in-
vestigations. Singapore Epidemiology of Eye Diseases baseline
examinations were conducted from 2004 to 2011. The detailed
methodology of Singapore Epidemiology of Eye Diseases has been
published previously.21e23 Briefly, an age-stratified random sam-
pling was used to select subjects aged �40 years from each ethnic
group living across southwestern Singapore (overall response rate
of 75.6%). This study was approved by the SingHealth Centralized
Institutional Review Board and was conducted according to the
tenets of the Declaration of Helsinki after informed consent was
obtained.
2

Clinical Examination

Age-related macular degeneration was graded from retinal photo-
graphs using the Wisconsin AMD classification.24 Several features
were assessed to determine the grading: presence and extent of RPE
degeneration, increased pigment, RPE detachment and serous
detachment of the sensory retina, retinal hard exudate, subretinal
and sub-RPE hemorrhage, subretinal and sub-RPE fibrous tissue,
geographic atrophy, retinal edema (thickening), and retinal hem-
orrhages. Moreover, the following demographic and clinical infor-
mation were collected: age, sex, ethnicity (Chinese, Indian, or
Malay), hypertension (yes/no), diabetes (yes/no), smoking status
(current or past smoker, never smoked), body mass index, and the
use of lipid-lowering medication (statin, fibrate, or other
cholesterol-lowering drugs) (yes/no).

Blood LipideRelated Metabolites

A total of 228 blood metabolites were quantified from stored serum
(Chinese and Indian) and plasma (Malay) samples using a high-
throughput proton NMR metabolomics platform at Nightingale
Health Ltd (Helsinki, Finland). This method provides simultaneous
quantification of routine lipids, lipoprotein subclass profiling with
lipid concentrations within 14 subclasses, fatty acid composition,
and various low molecular metabolites, including amino acids,
ketone bodies, and gluconeogenesis-related metabolites, in molar
concentration units. Details of the methodology and applications of
the NMR metabolomics platform have been described previ-
ously.25 This study focused on a subset of 32 lipid-related me-
tabolites divided into 4 categoriesdlipoproteins subclasses,
lipoprotein particle sizes, cholesterol, glycerides and phospholipids
(Fig S1, available at www.ophthalmologyscience.org). Lipoprotein
subfraction concentrations (e.g., the concentration of cholesteryl
esters or free cholesterol within each lipoprotein subclass) were
disregarded, and the overall concentration of each lipoprotein
subclass (e.g., the concentration of large HDL) was kept.
Because the lipid-related metabolites were available in 2 different
units, we disregarded the ratio to total lipids and analyzed con-
centrations (as done in previous studies).26,27 Removing these
metabolites mitigated multicollinearity issues caused by (very)
high correlations.

Complement System Single Nucleotide
Polymorphisms

We considered the lead single nucleotide polymorphisms (SNPs)
identified to be associated with AMD in the latest large interna-
tional genome-wide association studies conducted on 16 144 pa-
tients with AMD and 17 832 controls.3 They were located in the
following loci: complement factor H (CFH), complement factor
I, C9, C2-CFB-SKIV2L, and C3. However, the SNP located in
the locus C9 (rs62358361) was not available in our genotype data.
Therefore, we considered the following 4 SNPs: rs10922109
(CFH), rs10033900 (complement factor I), rs116503776 (C2-CFB-
SKIV2L), and rs2230199 (C3). Figure S2 (available at
www.ophthalmologyscience.org) shows the allele frequencies
according to the ethnic groups.

Statistical Analyses

The lipid-related metabolites were first log-transformed, then
centered and scaled (thus expressed as increase or decrease in
standard deviation). Moreover, we removed the outliers, defined as
having a value lower than �4 standard deviation or higher than þ4
standard deviation. The SNPs were considered as continuous var-
iables (0, homozygous reference allele; 1, heterozygous; and 2,

http://www.ophthalmologyscience.org
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Table 1. Characteristics of the Study Population According to the AMD Status

Free of AMD (N [ 6524) AMD (N [ 423) P Value

Age (yrs), mean (SD) 57.84 (9.8) 65.82 (10.1) < 0.001
Female, n (%) 3287 (50.4) 168 (39.7) < 0.001
Ethnicity, n (%) 0.561
Chinese 2087 (32.0) 145 (34.3)
Indian 2220 (34.0) 143 (33.8)
Malay 2217 (34.0) 135 (31.9)

Hypertension, n (%) 4019 (61.6) 339 (80.1) < 0.001
Diabetes, n (%) 1846 (28.3) 134 (31.7) 0.135
BMI (kg/m2), mean (SD) 25.5 (4.7) 25.26 (5.0) 0.301
Lipid-lowering medication, n (%) 1504 (23.1) 133 (31.4) < 0.001
Smoking status, n (%) < 0.001
Never smoked 4551 (69.8) 279 (66.0)
Current smoker 1066 (16.3) 56 (13.2)
Past smoker 907 (13.9) 88 (20.8)

AMD ¼ age-related macular degeneration; BMI ¼ body mass index; SD ¼ standard deviation.
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homozygous risk allele), with the common underlying assumption
of linearity.

First, we investigated the associations between AMD and
the 32 lipid-related metabolites and the 4 CS SNPs using a
multivariable logistic regression model. These models were
adjusted for age, sex, ethnicity, lipid-lowering medication,
hypertension, diabetes, body mass index, and smoking status.
Second, to investigate whether the effect of lipid-related me-
tabolites on AMD differs according to the CS SNPs, we tested
the 128 possible interactions between the 4 CS SNPs and the
32 lipid-related metabolites. One separate model was run for
each interaction using multivariable logistic regression models
adjusted on age, sex, ethnicity, lipid-lowering medication, hy-
pertension, diabetes, body mass index, and smoking status.
Moreover, to correct for multiple testing and, thus, reduce the
risk of false-positive results, we used the false discovery rate
method.28,29 Third, for significant (after false discovery rate
correction) interactions, we estimated the effect of the
corresponding lipid-related metabolites on AMD in different
subgroups on the basis of the CS SNP risk alleles. We used 3
categoriesdthat is, 0, homozygous reference allele; 1, hetero-
zygous; and 2, homozygous risk alleledif the sample size was
large enough, especially for category 2. Alternatively, we
combined categories 1 and 2 into 1 category, thus corre-
sponding to at least 1 risk allele. For all the analyses, the
metabolites were considered as continuous variables. The odds
ratios (ORs) corresponding to the effects of lipid-related me-
tabolites on AMD were calculated as the exponential of the
logistic regression’s coefficients and were given with their 95%
confidence intervals. All statistical analyses were performed
with R, version 4.0.4. Finally, to account for the genetic
structure of the population, we further adjusted the analyses on
the first 5 principal components.
Results

The prevalence of AMD in our population was 6.1% (n ¼
423/6947). Of the 423 AMD cases, 393 (92.9%) were early
cases. Those with AMD, compared with those without
AMD, were more likely to be male (60.3% vs. 49.6%), to be
older (65.8 vs. 57.8 years), to be on lipid-lowering
medication (31.4% vs. 23.1%), and to have hypertension
(80.1% vs. 61.6%) and diabetes (31.7% vs. 28.3%)
(Table 1).

On one hand, as shown in Figure 1, of the 32 lipid-related
metabolites, 5 were positively associated (all P < 0.05) with
AMD (levels of cholesterol in HDL and HDL2, mean
diameter for low-density lipoprotein particle, and concen-
trations of medium and large HDL particles). On the other
hand, 7 were negatively associated (all P < 0.05) with AMD
(total level of TG, level of TG in very-lowedensity lipo-
protein [VLDL] particles, ratio of TG to phosphoglycerides,
and concentrations of chylomicrons, extremely large, very
large, and small VLDL particles). Regarding the associa-
tions between the 4 CS SNPs and AMD, we found the
following ORs: 0.88 (0.77e1.01) (P ¼ 0.06) for
rs10922109, 1.07 (0.93e1.23) (P ¼ 0.37) for rs10033900,
0.81 (0.65e1.00) (P ¼ 0.05) for rs116503776, and 1.30
(0.93e1.81) (P ¼ 0.12) for rs2230199.

Of 128 interactions tested between lipid-related metab-
olites and CS SNPs with regard to AMD, 38 were signifi-
cant at the P threshold of 0.05, without correction for
multiple testing, involving 21 lipid-related metabolites and 3
SNPs. After false discovery rate correction, 13 interactions
were considered significant, involving 11 lipid-related me-
tabolites and 2 SNPs (Fig 2). We removed 6 interactions
owing to the very high correlations between lipids. For
example, 2 significant interactions were total cholesterol in
HDL � rs2230199 and total cholesterol in HDL2 �
rs2230199. The correlation between the 2 cholesterols was
0.99, implying that the 2 interactions represent similar
information. We removed total cholesterol in HDL �
rs2230199 because this metabolite had higher correlations
with the other metabolites than total cholesterol in HDL2.
By doing so, no metabolites involved in the remaining
interactions had a correlation higher than 0.95 (Fig S3,
available at www.ophthalmologyscience.org). Finally, a
total of 7 interactions involving 6 lipid-related metabolites
(1 cholesterol, 1 glyceride, and 4 lipoprotein particles) and 2
SNPs (rs2230199 and rs116503776) remained (Fig 2).
3
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Figure 1. Associations between lipid-related metabolites and age-related macular degeneration, expressed as odds ratios (ORs). The metabolites were
considered as continuous variables. They were log-transformed, then centered and scaled so that ORs corresponded to the variation of age-related macular
degeneration risk for 1 standard deviation increase in metabolite levels. Odds ratios were calculated as the exponential of the logistic regression’s coefficients.
Dark and light blue corresponded to an OR higher and lower than 1, respectively. The red stars correspond to significant associations (P < 0.05), and for
these associations, the corresponding values of the ORs are reported in dark gray in the bars. A indicates cholesterols, B indicates glycerides and phos-
pholipids, C indicates lipoprotein particle sizes, and D indicates lipoprotein subclasses. HDL ¼ high-density lipoprotein; IDL ¼ intermediate-density li-
poprotein; LDL ¼ low-density lipoprotein; VLDL ¼ very-lowedensity lipoprotein.
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The effect of these 7 lipid-related metabolites (which
had significant interaction with CS SNP) on AMD are
presented in Figure 3 and Table 2. For total cholesterol
in HDL2 and large HDL particles, the associations with
AMD were positive (OR, 1.20 [1.06e1.37] and 1.19
[1.05e1.35]) in individuals with no risk allele
(category 0) and negative (OR, 0.69 [0.45e1.05] and
0.75 [0.52e1.08]) in individuals with a single or 2
risk alleles (categories 1 or 2). For serum total TG
and the different VLDL particles, the associations with
AMD were negative in individuals with no risk allele
4

and positive otherwise. For example, the level of
chylomicrons and extremely large VLDL particles was
significantly negatively associated with AMD in
individuals with no risk allele for rs116503776 (OR,
0.82 [0.73e0.91]; P < 0.001) and significantly
positively associated in individuals with 2 risk alleles
(OR, 3.83 [1.04e14.18]; P ¼ 0.04). Finally, the
results were very similar after further adjusting on the
5 first principal components to account for the genetic
structure of the population (Table S1, available at
www.ophthalmologyscience.org).
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Figure 2. Table and graph showing the interaction effects between lipid-related metabolites and complement system (CS) genetic variants on age-related
macular degeneration. In the graph, each of the 128 points corresponds to 1 interaction between 1 metabolite and 1 CS genetic variant. Each interaction
was tested in a separate model adjusted for the confounders mentioned in the statistical analyses section. The metabolites and CS genetic variants were
considered continuous, so the models returned 1 coefficient per interaction between 1 metabolite and 1 genetic variant. The table shows significant in-
teractions after correction for multiple testing using the false discovery rate (FDR) method (those above the red dotted line in the graph). The color legend
indicates the type of lipid-related metabolite. The shape legend indicates the CS genetic variant. HDL ¼ high-density lipoprotein; TG ¼ triglycerides;
VLDL¼ very-lowedensity lipoprotein.
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Discussion

In this large population-based study using NMR metab-
olomics data, we first identified lipid-related metabolites that
were associated with AMD. Some were positively associ-
ated, such as total cholesterol in HDL2 and medium and
large HDL particles; others were negatively associated, such
Figure 3. Effects of the lipid-related metabolites on AMD according to the c
significant interactions (see Figure 2) after correction for multiple testing. Each p
complement genetic variant. The metabolites were log-transformed, then cente
around the solid lines corresponded to the 95% confidence intervals. AMD ¼ ag
very-lowedensity lipoprotein.
as serum total TG and several VLDL subclass particles.
Next, we found that the effects of these metabolites
exhibited significant interactions (after correction for mul-
tiple testing) with 2 CS genotypes (rs2230199 [C3] and
rs116503776 [C2-CFB-SKIV2L]). Indeed, some metabo-
lites had opposite directions of effects on AMD (significant
in both directions), depending on the CS allele distribution.
omplement system genetic variants. These interactions correspond to the
anel corresponds to the effect of one metabolite on AMD according to one
red and scaled (x-axis corresponds to standard deviations). The gray areas
e-related macular degeneration; HDL ¼ high-density lipoprotein; VLDL ¼
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Table 2. Effects of Lipid-Related Metabolites According to the Complement System Genetic Variants

Lipid-Related Metabolite Complement System Genetic Variant Allele Sample Size Odds Ratio (95% CI) P Value

Total cholesterol in HDL2 rs2230199 0 6481 1.20 (1.06e1.37) 0.005
1/2* 550 0.69 (0.45e1.05) 0.079

Serum total TG rs116503776 0 5249 0.84 (0.74e0.95) 0.005
1 1620 1.04 (0.83e1.3) 0.730
2 178 2.30 (0.99e5.39) 0.054

Mean diameter for VLDL particles rs2230199 0 6497 0.86 (0.77e0.96) 0.010
1/2* 552 1.46 (1.01e2.11) 0.043

Small VLDL particles rs116503776 0 5247 0.85 (0.76e0.96) 0.010
1 1620 1.06 (0.84e1.33) 0.628
2 177 1.88 (0.81e4.36) 0.140

Chylomicrons and extremely large VLDL particles rs116503776 0 5252 0.82 (0.73e0.91) 0.000
1 1623 0.99 (0.81e1.21) 0.925
2 178 3.83 (1.04e14.18) 0.044

Large HDL particles rs2230199 0 6501 1.19 (1.05e1.35) 0.005
1/2* 552 0.75 (0.52e1.08) 0.127

Mean diameter for VLDL particles rs116503776 0 5250 0.85 (0.75e0.96) 0.009
1 1621 1.01 (0.8e1.26) 0.945
2 179 2.40 (0.98e5.86) 0.055

The metabolites were considered as continuous variables. They were log-transformed, then centered and scaled so that the odds ratios corresponded to the
variation of AMD risk for 1 standard deviation increase in metabolites levels. The interactions presented in this table are the ones significant after correction
for multiple testing using the false discovery rate method.
CI ¼ confidence interval; HDL ¼ high-density lipoprotein; TG ¼ triglycerides; VLDL ¼ very-lowedensity lipoprotein.
*Because of the limited sample size (only 26 individuals with 2 risk alleles for this single nucleotide polymorphism), we combined categories 1 and 2.
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The key observations are as follows: in individuals without
risk allele for C3 SNP, higher total cholesterol in HDL2 and
large HDL particles were associated with an increased risk
of AMD, whereas, in individuals with at least 1 risk allele,
higher levels of these particles were associated with a
decreased risk of AMD. In contrast, in individuals without
risk allele for C2 SNP, higher serum total TG and VLDL
particle subclasses were associated with a decreased risk of
AMD, whereas, in individuals with 2 risk alleles, higher
levels of these particles were associated with an increased
risk of AMD. In other words, when C3 SNP has a risk allele,
the properties of HDL particles and cholesterol subfractions
become protective (e.g., via a shift from proinflammatory to
anti-inflammatory properties), whereas, when C2 SNP has
risk alleles, TG and VLDL particles subclasses become risk
factors (e.g., via a shift from anti-inflammatory to proin-
flammatory properties).

Our findings regarding the overall effects of HDL
cholesterol and TG on AMD were similar to those in the
latest large studies14e16: HDL cholesterol was positively
associated with AMD, whereas TG was negatively associ-
ated with AMD. However, more importantly, we found that
these effects could invert in the opposite direction,
depending on the CS genotype. Under certain circum-
stances, HDL properties can indeed change from anti-
inflammatory to proinflammatory.20,30,31 For example, in
individuals with chronic conditions that promote systemic
oxidative stress and inflammation, such as diabetes, HDL
may actually become proinflammatory.20 When converted
into a dysfunctional proinflammatory particle, HDL cannot
promote cholesterol efflux or prevent low-density lipopro-
tein oxidation.32e34 These modifications in HDL properties
result from changes in the HDL composition, for example,
6

decreased levels and activities of anti-inflammatory and
antioxidant factors, such as apolipoprotein AI (apoA-I) and
paraoxonase PON1.35e37 These changes in HDL inflam-
matory properties may also be associated with the immune
innate response.20

There are intimate links between lipid metabolism and
CS. On one hand, the CS can regulate lipid metabolism. For
instance, changes in CFH concentration can modify the anti-
inflammatory properties of large HDL particles.38 The
enrichment of CFH in HDL allows it to prevent the
organization of complement membrane attack complex
and suppress inflammation.39 Moreover, C3adesarg, the
degradation product of C3, can stimulate TG synthesis in
adipocytes.40 Taken all together, the complex interactions
between CS components and lipids may lead to
modifications of the properties of the lipids, such as the
inflammatory and atherogenic properties of HDL, which in
turn modify their effects on the development of AMD.
This seems to explain the interactions we found between
HDL cholesterol and some CS genetic variants. More
investigations need to be performed regarding the
interactions between CS components and other types of
lipids and lipid subfractions, such as TG and VLDL
particles. On the other hand, lipids can also play a role in
regulating the CS. High-density lipoprotein particles can,
for example, inhibit the complement lytic mechanism.41

Moreover, chylomicrons carry transthyretin, which has
been shown to stimulate C3 and C3adesarg, the
degradation product of C3, in a dose-dependent manner.42

Furthermore, apolipoprotein J (an HDL component) was
suggested to be a central player in the inhibition of the
complement-mediated lysis via binding to C7, C8, and
C9.43e45 Finally, apolipoprotein E (APOE) binds to CFH



Sim et al � Lipid-Related Metabolites and AMD
and subsequently regulates complement activation.46 More
research is needed to better understand these complex
interactions and how they play a role in the
pathophysiology of AMD.

It is crucial to better understand the role of lipids in the
development of AMD because they may be involved in the
early stages of the disease pathologies. Colijn et al14 found
that the magnitude of the effects of HDL cholesterol and TG
were higher for early than for late AMD cases. In the present
study, the great majority of AMD cases were early (93%),
and there were unfortunately not enough late cases to
allow stratification by severity. Specifically, understanding
precisely how the lipid dysregulation and which lipids are
involved in early AMD will help clarify whether statins
can be useful for AMD therapeutics. Many studies have
been conducted; however, so far, there is no clear
answer.47e50 Given our results, it is possible that statin
medication could be beneficial for individuals with a risk
allele on the C3 SNP. Indeed, statin increases the level of
HDL, and for people with such a genotype, a higher level of
HDL is protective for AMD. A specific study to investigate
the effect of statin according to the CS genotypes is required
to fully answer this question.

This population-based study has the following strengths.
First, the large sample size allowed us to investigate the
effect of lipids on AMD in the different subgroups corre-
sponding to the CS genotypes, even though some allele
frequencies were low. Second, we used an NMR approach
to measure the lipid-related metabolites. That made it
possible to quantify many lipoproteins subclasses, which
inform better on their functionalities. For example, we could
show some novel associations between AMD and the levels
in TG in VLDL or between AMD and the mean diameter of
low-density lipoprotein particles. More studies are needed to
investigate the specific roles of these lipid subfractions in
the development of AMD. However, this study has limita-
tions. First, the NMR metabolite quantification has not been
done in the same type of sample according to the ethnicity:
serum for Chinese and Indians and plasma for Malay.
However, the correlation between lipid-related metabolites
concentrations in these 2 matrixes is high51 and should,
thus, not have introduced major bias into our findings.
Moreover, the patients were not fasting at the time of
blood draw, which could confound the results. Second, we
only investigated 4 lead CS genetic variants that were
associated with AMD at the genome-wide significance
level3; however, more genetic variants, that is, not just lead
SNPs, at a less conservative threshold could be considered.
That would allow determining whether other CS genetic
variants are interacting with lipids. Finally, here we used
the CS genotypes as a surrogate of the CS activity; the
next step will thus be to use the quantification of the CS
proteins to identify which are interacting with the lipids
metabolism.

The contribution of lipid dysregulation to AMD patho-
physiology is poorly understood. We show in this study that
lipid-related metabolites can exhibit opposite directions of
effects on AMD according to CS genotypes. Specific in-
teractions between CS components and lipids may change
lipid properties and, thus, modify the risk of AMD. These
results suggest that lipid dysregulation and CS activation
may have synergistic interplay in AMD pathogenesis.
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