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Objective: Our objective was to determine the effects of lipids and complement proteins on early and in-
termediate age-related macular degeneration (AMD) stages using machine learning models by integrating
metabolomics and proteomic data.

Design: Nested caseecontrol study.
Subjects and Controls: The analyses were performed in a subset of the Singapore Indian Chinese Cohort

(SICC) Eye Study. Among the 6753 participants, we randomly selected 155 Indian and 155 Chinese cases of AMD
and matched them with 310 controls on age, sex, and ethnicity.

Methods: We measured 35 complement proteins and 56 lipids using mass spectrometry and nuclear
magnetic resonance, respectively. We first selected the most contributing lipids and complement proteins to early
and intermediate AMD using random forest models. Then, we estimated their effects using a multinomial model
adjusted for potential confounders.

Main Outcome Measures: Age-related macular degeneration was classified using the Beckman classifi-
cation system.

Results: Among the 310 individuals with AMD, 166 (53.5%) had early AMD, and 144 (46.5%) had interme-
diate AMD. First, high-density lipoprotein (HDL) particle diameter was positively associated with both early and
intermediate AMD (odds ratio [OR]early ¼ 1.69; 95% confidence interval [CI],1.11e2.55 and ORintermediate ¼ 1.72;
95% CI, 1.11e2.66 per 1-standard deviation increase in HDL diameter). Second, complement protein 2 (C2),
complement C1 inhibitor (IC1), complement protein 6 (C6), complement protein 1QC (C1QC) and complement
factor H-related protein 1 (FHR1), were associated with AMD. C2 was positively associated with both early and
intermediate AMD (ORearly ¼ 1.58; 95% CI, 1.08e2.30 and ORintermediate ¼ 1.56; 95% CI, 1.04e2.34). C6 was
positively (ORearly ¼ 1.41; 95% CI, 1.03e1.93) associated with early AMD. However, IC1 was negatively asso-
ciated with early AMD (ORearly ¼ 0.62; 95% CI, 0.38e0.99), whereas C1QC (ORintermediate ¼ 0.63; 95% CI,
0.42e0.93) and FHR1 (ORintermediate ¼ 0.73; 95% CI, 0.54e0.98) were both negatively associated with interme-
diate AMD.

Conclusions: Although both HDL diameter and C2 levels show associations with both early and intermediate
AMD, dysregulations of IC1, C6, C1QC, and FHR1 are only observed at specific stages of AMD. These findings
underscore the complexity of complement system dysregulation in AMD, which appears to vary depending on the
disease severity.
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Age-related macular degeneration (AMD) is an important
cause of irreversible blindness in Asia and worldwide.1,2

The spectrum of AMD comprises stages that are classified
as early, intermediate, and late. The early and intermediate
AMD stages are characterized by drusen in the outer
retinal layers causing none or minimal reductions in visual
ª 2024 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
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function. However, the late manifestation of geographic
atrophy (GA), which is a confluent atrophy of the outer
retinal layers or the presence of neovascular complexes
(macular neovascularization [MNV]) lead to severe central
visual loss.2 Age-related macular degeneration is known to
be a multifactorial disease caused by a combination of
1https://doi.org/10.1016/j.xops.2024.100538
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lifestyle and genetic factors.3e6 Several pathways are
involved in the pathogenesis of AMD, such as complement
system activation and lipid dysregulation.7e11 Although
progress has been made in the understanding of these
pathways, treatment options to prevent AMD onset and
progression remain limited because the etiology and path-
ogenesis of AMD are remain incompletely understood.

Dysregulation of the complement system is a significant
driver of AMD pathogenesis. Mutations in complement
genes account for up to 60% of AMD heritability,12 with the
main mutations identified in complement factor H (CFH),13

and some others in complement protein 3 (C3), complement
protein 5 (C5), complement protein 9 (C9), and complement
factor D genes,4,14 indicating that multiple complement
components are dysregulated in patients with AMD.
Higher levels of complement activation (C3d/C3 ratio)
have been found in patients with intermediate AMD and
late dry AMD, compared with both controls and early
AMD groups,15 suggesting that this excessive activation
of the complement cascade is at play after the onset of the
disease. It is essential to further determine the
contributions of the different complement components
according to the disease severity, especially at the early
stages.

Lipid dysregulation, which hitherto been given less
prominence, has also been identified as playing a funda-
mental role in AMD pathogenesis. The accumulation of
very low-density lipoprotein (VLDL) and low-density li-
poprotein (LDL) containing esterified cholesterol-rich
apolipoprotein B within Bruch membrane, and accumula-
tions of drusen, which are the hallmark of AMD, have led
researchers to suggest that these metabolites are involved in
the pathogenesis of AMD specific lesions.16 Recent large
epidemiologic studies have reported that elevated high-
density lipoprotein (HDL) cholesterol is associated with a
higher risk of AMD, whereas triglycerides (TGs) confer
lower risk.17e20 Interestingly, these associations are
reversed in other diseases of chronicity such as cardiovas-
cular disease. Furthermore, both lipid classes exhibit higher
magnitude effects for early than for late AMD, suggesting
an initiating role for lipids at the early phase of disease
rather than a potentiating role in terms of progression to late
stages.17 The precise contributions of the subclasses of
lipids to disease evolution and stage remain poorly
understood.

We proposed here to integrate metabolomics and prote-
omic data to disentangle the effects of lipids and comple-
ment proteins in the pathogenesis of early and intermediate
AMD stages. Machine learning models were used to ac-
count for the complex characteristics of the data. Our
objective was to determine the relative contributions of
lipids and complement proteins in terms of association with
early and intermediate AMD stages.

Methods

Study Design and Participants

The analyses were performed in a subset of the Singapore Indian
Chinese Cohort (SICC) Eye Study. The Singapore Indian Chinese
2

Cohort is a prospective population-based study of 6753 subjects
aged �40 years.21 Participants underwent a standardized interview
and laboratory investigations. Informed, written consent was
obtained from participants, and ethical approval was obtained
from the Institutional Review Board of SingHealth.

We selected among the SICC participants those of Indian (n ¼
3400) and Chinese (n ¼ 3353) ancestry. We excluded the following
individuals: (1) those with incomplete clinical data (n ¼ 662), or
with missing information on lipid levels (n ¼ 616) and (2) those
with any retinopathy (n¼ 385), any cataract (n ¼ 1964), or any type
of glaucoma (n ¼ 133; Fig S1, available at www.ophthalmology
science.org). Among the remaining population (n ¼ 3206), we
randomly selected 200 Indian and 200 Chinese individuals with
early or intermediate AMD at the baseline examination. Then, we
selected our control population (individuals without features of
any of the stages of AMD in both eyes) matched based on age (5-
year categories), sex, and ethnicity. This iterative process yielded
197 and 196 pairs of cases and controls among the Indian and the
Chinese populations, respectively (3 Indians and 4 Chinese cases did
not have any control with the same age category and sex). Finally,
we selected 155 pairs of Indian participants (n ¼ 310) and 155 pairs
of Chinese participants (n ¼ 310) who had enough serum stored (if
the case or the control within a pair did not have enough blood, then
the entire pair was excluded).

AMD Grading

In SEED, color fundus photographs were graded by the Singapore
National Eye Centre Ocular reading center. Features of AMD were
identified, and the severity of AMD was determined according to
the Beckman classification system.22 In brief, an individual was
considered free of any AMD if pigmentary abnormalities
(hyperpigmentation or depigmentation) and drusen (>63 mm)
were absent in both eyes. Early AMD was defined as the
presence of drusen �63 mm and �125 mm in at least 1 eye and
without pigmentary abnormalities (Fig S2, available at
www.ophthalmologyscience.org). Intermediate AMD was defined
as the presence of large drusen (�125 mm) or the presence of
pigmentary abnormalities in at least 1 eye (Fig S3, available at
www.ophthalmologyscience.org). The analyses were performed
at the individual level with the Beckman grading of the more
severe eye considered for each individual.

Proteomics Data

A targeted liquid chromatographyemass spectrometry proteomics
technique was used to quantify protein’s serum concentrations.
This technique allows the simultaneous measurement of many
proteins in a single experiment. We used 20 mL of stored serum
samples at the baseline visit. A Reference Peptide Mix standard
was added to the reconstituted peptide sample according to man-
ufacturer’s protocol (PlasmaDive Reference Peptides kit, Bio-
gnosys AG). The reconstituted peptide samples were then analyzed
on an EASY-nLC 1200 system coupled to Orbitrap Exploris 480
mass spectrometer (ThermoFisher Scientific). Orbitrap Exploris
480 mass spectrometer was operated in data-independent and
positive ionization mode. The resulting tandem mass spectrometry
data were processed using Spectronaut (Biognosys AG) DIA
analysis. Among the 313 proteins quantified, we selected 35
complement proteins. Individuals with missing values (n ¼ 7) were
imputed by the minimum value divided by 5 (because they were
below the detection threshold). The distributions were log trans-
formed and standardized (centered and scaled). Finally, individuals
with values lower than �5 and higher than þ5 standard deviations
(SDs) were excluded (n ¼ 24).
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Metabolomics Data

A high-throughput proton nuclear magnetic resonance metab-
olomics platform (Nightingale Health Ltd) was used to measure
each metabolite’s serum concentrations. Details of the methodol-
ogy and applications of the nuclear magnetic resonance metab-
olomics platform have been described.23 This method provides
simultaneous quantification of the following 150 blood lipid-
related metabolites: total and subfractions of cholesterol, triglyc-
eride, phospholipid, cholesterol ester, and free cholesterol in HDL,
LDL, and VLDL particles; phosphoglyceride; choline, apolipo-
proteins; and S/M/L/XL and XXL HDL, LDL, and VLDL lipo-
protein subclasses. Moreover, in each subclass, the concentrations
of lipids, triglycerides, cholesterol esters, free cholesterol, and
phospholipids were quantified. Because the correlations among
these 150 lipid-related metabolites were very high, we did not
consider the levels of these subfractions in each lipoprotein sub-
class, thus including a total of 56 lipid-related metabolites. The
distributions were log transformed and standardized (centered and
scaled). Finally, individuals with values lower than �5 and higher
than þ5 SDs were excluded (n ¼ 31).

Statistical Analyses

The statistical analyses were conducted in 3 steps. First, we tested
each of the 56 lipids and 35 complement proteins in separate logistic
models adjusted on age (5-year category), sex, ethnicity, lipid-
lowering medication, hypertension, diabetes, and body mass index
(BMI). Separate analyses were performed for early and intermediate
AMD. To address multiple testing issues, we used the method
developed by Gao et al,24 which account for the multicollinearity
between the variables. This method uses principal component
analysis to reduce dimensionality of the data considered (i.e.,
lipids and complement proteins) and identify the number of
independent components. We have chosen the first 8 components
that explain 99.2% of the variance. The P value considered for
significance was thus equal to 0.05/8 ¼ 0.00625.

Second, to account for possible nonlinearity and interactions
between the variables, we used random forest models to select
lipids and complement proteins with highest contributions. Here,
all the variables were included in the model to allow the esti-
mations of their effects independently of each other’s. The
variable contributions were estimated using the variable impor-
tance (VI) metric. The higher the VI value, the higher the
contribution. For the number of variables to be randomly
Table 1. Characteristics of the Study Popula

No AMD n [ 310 Early

Age (yrs), n (%)
(40e50) 93 (30) 5
(50e60) 132 (42.6) 7
(60e85) 85 (27.4) 3

Female, n (%) 157 (50.6) 8
Body mass index, median (IQR) 24.6 (22.1e27.1) 25.
Hypertension, n (%) 157 (50.6) 7
Diabetes, n (%) 54 (17.4) 3
Lipid-lowering medication, n (%) 70 (22.6) 3
Ethnic group, n (%)
Chinese 155 (50) 7
Indian 155 (50) 9

AMD ¼ age-related macular degeneration; IQR ¼ interquartile range.
selected at each split in each tree, we used the square root of the
total number of variables (10). One thousand trees were run. One
separate model was run for early AMD, and 1 was run for in-
termediate AMD. The same confounders as the ones previously
considered were included in the model. We selected the 20 lipids
and complement proteins with the highest VI values for each
outcome.

Third, we built a multinomial model with the 2 sets of 20 variables
selected in step 1, minus the overlapping ones selected (selected in
both models). We combined the 2 sets of variables because the
multinomial model allows to determine the effects of these variables
on early and intermediate AMD in a single model. The same
adjustment variables as the first 2 steps were considered. Finally, we
tested the possible interactions between the lipids and complement
proteins with the ethnic group (those who were Indian vs. those who
were Chinese). The same multinomial model was used to test these
possible interactions, with the ethnicity considered as an interaction
variable with each lipid and complement protein (instead of an
adjustment variable). All the analyses were done using R software
version 4.0.4.25

Results

Study Population

Among the 310 individuals with AMD, 166 (53.5%) had
early AMD, and 144 (46.5%) intermediate AMD (Table 1).
The age and sex distribution were similar, as a result of the
matching between cases and controls, as well as other
possible confounders such as BMI and diabetes status.
However, more intermediate AMD cases were reported in
the Chinese population than in the Indian population
(56.9% vs. 43.1%).

Selection of Lipids and Complement Proteins

The effects of each lipid and complement protein were
first tested separately in logistic models. Regarding lipids,
several HDL subfractions (cholesterol, phospholipids,
cholesterol ester, and free cholesterol), average HDL
diameter, apolipoprotein A1 (ApoA1), and concentrations
of large and medium HDL particles were associated with
both early and intermediate AMD. The apolipoprotein
tion According to AMD Severity Stage

AMD n [ 166 Intermediate AMD n [ 144 P Value

0.179
6 (33.7) 37 (25.7)
4 (44.6) 58 (40.3)
6 (21.7) 49 (34)
5 (51.2) 72 (50) 0.978
4 (22.8e27.7) 24.6 (21.9e27.5) 0.312
9 (47.6) 83 (57.6) 0.194
4 (20.5) 32 (22.2) 0.441
7 (22.3) 36 (25) 0.818

0.075
3 (44) 82 (56.9)
3 (56) 62 (43.1)

3



Figure 4. Effects of lipids and complement proteins on early and intermediate AMD (b estimates from logistic regression models). Each lipid and com-
plement protein were tested separately in a model adjusted for age, sex, ethnicity, lipid-lowering medication, hypertension, diabetes, and body mass index.
The red horizontal lines correspond to a significant threshold at 0.05 (dotted line) and 0.006 (dashed line). The latter threshold was calculated by dividing
0.05 by the number of components that explained 99.2% of the variance of the lipids (0.05/8¼ 0.006). AMD¼ age-related macular degeneration; C1QC ¼
complement protein 1QC; C7 ¼ complement protein 7; C8B ¼ complement protein 8B; HDL ¼ high density lipoprotein.
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B/ApoA1 ratio was associated with early AMD, and very
large HDL particles were associated with intermediate
AMD. However, after correcting for multiple testing, only
the HDL diameter was significantly associated with in-
termediate AMD (Fig 4). Among complement proteins,
complement protein 7 (C7) was associated with early
Figure 5. Top 25 lipids and complement proteins selected by a random forest m

4

AMD, and complement protein 1QC (C1QC) and
complement protein 8B were associated with
intermediate AMD, but these associations lost
significance after accounting for multiple testing.

Then, we used random forests models to select the 20
most contributing lipids and complement proteins for each
odel for (A) early and (B) intermediate age-related macular degeneration.



Table 2. Contributions of Lipids and Complement Proteins, Expressed as Odds Ratios per 1-SD Increase with their 95% Confidence
Intervals, to Early and Intermediate AMD.

Early AMD

P Value

Intermediate AMD

P ValueOR (95% CI) OR (95% CI)

Lipid HDL diameter 1.69 (1.11e2.55) 0.013 1.72 (1.11e2.66) 0.016
Protein C1QC 0.77 (0.53e1.12) 0.177 0.63 (0.42e0.93) 0.021

C6 1.41 (1.03e1.93) 0.032 1.06 (0.76e1.47) 0.739
IC1 0.62 (0.38e0.99) 0.047 0.61 (0.37e1.01) 0.055
C2 1.58 (1.08e2.30) 0.017 1.56 (1.04e2.34) 0.030
FHR1 0.93 (0.68e1.26) 0.621 0.73 (0.54e0.98) 0.039

C1QC ¼ complement protein 1QC; C2 ¼ complement protein 2; C6 ¼ complement protein 6; FHR1 ¼ complement factor H-related protein 1; HDL ¼
high-density lipoprotein; IC1 ¼ complement C1 inhibitor.
The 6 variables presented in this figure correspond to the significant variables tested in the multinomial model adjusted for age, sex, ethnicity, lipid-lowering
medication, hypertension, diabetes, and body mass index.

Figure 6. Effects of lipids and complement proteins, expressed in ORs with
their 95% confidence intervals, on early and intermediate AMD. The 6
variables presented in this figure correspond to the significant variables
tested in the multinomial model adjusted for age, sex, ethnicity, lipid-
lowering medication, hypertension, diabetes, and body mass index.
AMD ¼ age-related macular degeneration; C1QC ¼ complement protein
1QC; C2 ¼ complement protein 2; C6 ¼ complement protein 6; FHR1 ¼
complement factor H-related protein 1; HDL ¼ high density lipoprotein;
IC1 ¼ complement C1 inhibitor; OR ¼ odds ratio.

Nusinovici et al � Role of Lipids and Proteins in AMD
outcome (Fig 5). Given that 12 variables were selected in
both models (early and intermediate), the final set of
variables considered was composed of 28 variables,
including 4 lipids and 24 complement proteins.

Contribution of Lipids and Complement Proteins

The set of 28 lipids and complement proteins were included
in a multinomial model adjusted on confounders. Among
these variables, 1 lipid and 4 complement proteins were
significantly associated with early or intermediate AMD or
both. Larger HDL diameter (OR ¼ 1.69; 95% confidence
interval [CI], 1.11e2.55 and OR ¼ 1.72; 95% CI,
1.11e2.66 per 1-SD increase in HDL diameter) and higher
levels of complement protein 2 ([C2]; OR ¼ 1.58; 95% CI,
1.08e2.30 and OR ¼ 1.56; 95% CI, 1.042.34) were
associated with higher odds of both early and intermediate
AMD. Higher levels of complement protein C6 were
associated with higher odds of early AMD (OR ¼ 1.41;
95% CI, 1.03e1.93). Furthermore, a higher level of com-
plement protein 1 inhibitor (IC1) was associated with lower
odds of early AMD (OR ¼ 0.62; 95% CI, 0.38e0.99).
Finally, higher levels of C1QC (OR ¼ 0.63; 95% CI,
0.42e0.93) and FHR1 (OR ¼ 0.73; 95% CI, 0.54e0.98)
were associated with lower odds of intermediate AMD
(Table 2; Figs 6 and 7). The raw distributions of the
significant lipids and complement proteins according
to AMD features (pigmentary abnormalities and drusen
size) are presented Figures S8 and S9 (available at
www.ophthalmologyscience.org). The effects of all the 28
variables tested are presented in Figure S10 and Table S3
(available at www.ophthalmologyscience.org).

Interactions between Lipids and Complement
Proteins with Ethnic Group

Finally, we tested the interactions between the 28 selected
lipids and complement proteins and the ethnic group. No
interaction was found with the 6 lipids and complement
proteins associated with AMD. However, the effect of
triglycerides subfraction in HDL on early AMD was
significant only in the Chinese population (ORChinese ¼
1.92; 95% CI, 1.26e2.93; ORIndian ¼ 0.8; 95% CI,
0.57e1.13), and the effect of C4B on intermediate AMD
was only significant in the Indian population (ORChinese ¼
1.35; 95% CI, 0.93e1.96; ORIndian ¼ 0.56; 95% CI,
0.33e0.94; Fig S11, available at www.ophthalmology
science.org).

Discussion

In this study, we used a combination of metabolomics and
proteomics data to determine the effects of lipids and
complement proteins according to AMD severity. We used
random forest models to identify the most contributing
5
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Figure 7. Overview of the effects of lipids and complement proteins to early and intermediate AMD. AMD ¼ age-related macular degeneration; C1QC ¼
complement protein 1QC; C2 ¼ complement protein 2; C6 ¼ complement protein 6; FHR1 ¼ complement factor H-related protein 1; HDL ¼ high density
lipoprotein; IC1 ¼ complement C1 inhibitor.

Ophthalmology Science Volume 4, Number 5, October 2024
variables and further tested them using a multivariable
multinomial model. We found that, among 56 lipid-related
metabolites and lipoprotein characteristics and 35 comple-
ment proteins, only the average HDL particle diameter and 5
complement proteins (i.e., C6, IC1, C1QC, FHR1, and C2)
were associated with early or intermediate AMD stages.
Larger HDL particle diameter and a higher level of C2 were
similarly associated with higher odds of early or interme-
diate AMD, However, a higher level of C6 and a lower level
of IC1 were associated with higher odds of early AMD; and
lower levels of C1QC and FHR1 were associated with
higher odds of intermediate AMD.

Our data suggest that dysregulation of lipid metabolism is
likely involved at both early and intermediate stages with the
same magnitude of effect. Notably, we observed that,
compared with individuals with no AMD, those with early
and intermediate AMD had higher ORs. In this context, mean
HDL diameter can be regarded as an integrative measure of
HDL heterogeneity and particle profile.26 High-density li-
poprotein consists of many different particles which are
heterogeneous in structure, size, composition, and biological
activity. These characteristics define HDL functionality. The
2 main types of HDL are the large HDL2 and the smaller
HDL3. The smaller HDL3 particles are highly efficient in
promoting cholesterol efflux via the ABCA1 transporter,
which in turn has numerous effects including anti-
inflammatory and antioxidant properties.27 By contrast, the
association seen with the larger HDL diameter particles in
individuals with features of AMD is in accord with the
view that higher risk of disease exists when there is
reduced anti-inflammatory and antioxidant activity.

We identified 5 complement proteins that were associ-
ated with AMD. Although C2 and IC1 were associated with
both early and intermediate AMD (albeit borderline signif-
icant for IC1 in intermediate AMD), C6 was specifically
6

associated with early AMD, and C1QC and FHR1 were
associated with intermediate AMD. Higher levels of C2 and
lower levels of IC1 were found in individuals with early and
intermediate AMD. Polymorphism in the C2 gene is asso-
ciated with AMD.4,28 Although C2 contributes to the
activation of the classical pathway, IC1 regulates its
activation; therefore, it can be surmised that their
respective increase and decrease might be associated with
an increased level of inflammation. Moreover, we found
C6 to be increased specifically in early AMD, and C1QC
and FHR1 were found to be decreased in intermediate
AMD. C6 is involved in the formation of the membrane
attack complex. This protein has been found in AMD
donors’ drusen.29 Its increase might indicate an overall
increase in the complement system activity. Furthermore,
C1QC is 1 of the subcomponents of the C1Q protein,
which is the first component of the classical pathway.
C1Q has been identified as a key driver of complement
activity in AMD and as a candidate therapeutic target for
GA.30 A decrease could suggest an activation of the
complement system, where C1QC is utilized in the
process. Finally, FHR1 plays a role in the regulation of
the complement system as an inhibitor involved in the
regulation of complement factor C3b turnover. Therefore,
its decrease could reveal an excessive complement
activation. Taken together, our results suggested that,
although an overall increase activation of the complement
system occurs in early and intermediate stages through
variations C2 and IC1, specific modulations may happen
at specific stages, i.e., C6 in early and C1QC and FHR1
in intermediate, either related to an increased activity or a
decreased regulation of the system.

Some known associations involving lipids and complement
proteins have not been evidenced in our study. First, regarding
lipids, no association between AMD and lipids such as



Nusinovici et al � Role of Lipids and Proteins in AMD
triglycerides or LDL cholesterol was found. This absence of
effect could be due to our limited sample size. Second, com-
plement proteins known to be associated with AMD, such as
CFH or C3, were not significant in our study. However, both
CFH and C3 proteins were selected by the random forest
models, and non-significant trends were found in the multi-
nomial model (ORC3 ¼ 1.42; 95% CI, 0.97e2.09; P ¼ 0.075
for intermediate AMD and ORCFH ¼ 0.76; 95% CI,
0.54e1.05; P ¼ 0.093 for early AMD) suggesting that this
could be due to a lack of statistical power owing to the limited
sample size.

The principal strength of this study is its combination of
metabolomics and proteomic data to identify the contribu-
tions of lipid-related metabolites and complement proteins
to AMD severity. Moreover, we have used both machine
learning and classical statistical models to filter possible
contributors to AMD risk while accounting for complex
patterns in the data and further test their associations inde-
pendently of the main confounders. Our study also suffers
from limitations. First, the sample size was limited and only
included individuals of Indian and Chinese ancestries.
Therefore, further studies are needed with larger sample
sizes including other ethnicities to investigate the general-
izability and reproducibility of our results in different pop-
ulations and geographic locations where cultural factors
influence diet and consequently lipid metabolism. Never-
theless, the absence of interaction between ethnicity and the
lipids and proteins associated with AMD suggest that our
results are robust in our 2 ethnic groups. Second, we did not
include individuals with late AMD, limiting our ability to
investigate the separate contributions of lipids and comple-
ment proteins to the late stage of the disease. Finally,
because of the limited sample size, only the average HDL
diameter reached significance after correction for multiple
testing. Larger studies are needed to confirm our findings.

To summarize, we identify and determine the contri-
bution of lipids and complement proteins on early and in-
termediate AMD stages using a combination of
metabolomics and proteomics data. First, our findings
suggest that dysregulation of the lipid metabolism via HDL
particles is likely involved at both early and intermediate
stages with same magnitude of effect. Second, we found
increased activation of the complement system via C6
protein and decreased levels of inhibition via IC1 for in-
dividuals with early AMD; and an increased activation of
the classical pathway via C1QC and decreased levels of
inhibition via FHR1 in individuals with intermediate AMD.
These findings underscore the complexity of complement
system dysregulation, which appears to vary depending on
the disease severity.
Footnotes and Disclosures
Originally received: March 11, 2024.
Final revision: April 8, 2024.
Accepted: April 19, 2024.
Available online: April 26, 2024. Manuscript no. XOPS-D-24-00081R1.
1 Singapore Eye Research Institute, Singapore National Eye Centre,
Singapore.
2 Ophthalmology & Visual Sciences Academic Clinical Program (Eye
ACP), Duke-NUS Medical School, Singapore.
3 School of Optometry; Department of Applied Biology and Chemical
Technology, The Hong Kong Polytechnic University, Hong Kong.
4 Institute of Molecular and Cell Biology, Agency for Science, Technology
and Research (A*STAR), Singapore.
5 Tsinghua Medicine, Tsinghua University, Beijing, China.
6 Queen’s University of Belfast, United Kingdom.
7 Department of Ophthalmology, Yong Loo Lin School of Medicine, Na-
tional University of Singapore, Singapore.
8 Centre for Innovation and Precision Eye Health, Yong Loo Lin School of
Medicine, National University of Singapore, Singapore.

Disclosures:

All authors have completed and submitted the ICMJE disclosures form.

The authors have no proprietary or commercial interest in any materials
discussed in this article.

Supported by A*STAR BMRC (08/1/35/19/550), Lee Foundation grant,
and SingHealth Duke-NUS Academic Medicine Research Grant (AM/
TP071/2023).

HUMAN SUBJECTS: Human subjects were included in this study.
Informed, written consent was obtained from participants, and ethical
approval was obtained from the Institutional Review Board of SingHealth.
All research adhered to the tenets of the Declaration of Helsinki.
No animal subjects were included in this study.

Author Contributions:

Conception and design: Nusinovici, Chakravarthy, Cheng

Data collection: Nusinovici, Zhou, Xinyue Wang

Analysis and interpretation: Nusinovici, Zhou, Xinyue Wang, Tham,
Xiaomeng Wang, Wong, Chakravarthy, Cheng

Obtained funding: Nusinovici, Cheng

Overall responsibility: Nusinovici, Zhou, Xinyue Wang, Tham, Xiaomeng
Wang, Wong, Chakravarthy, Cheng

Abbreviations and acronyms:
AMD ¼ age-related macular degeneration; ApoA1 ¼ apolipoprotein A1;
BMI ¼ body mass index; C1QC ¼ complement protein 1QC;
C2 ¼ complement protein 2; C3 ¼ complement protein 3;
C5 ¼ complement protein 5; C6 ¼ complement protein 6;
C7 ¼ complement protein 7; C9 ¼ complement protein 9;
CFH ¼ complement factor H; CI ¼ confidence interval;
FHR1 ¼ complement factor H-related protein 1; GA ¼ geographic atro-
phy; HDL ¼ high-density lipoprotein; IC1 ¼ complement protein 1 in-
hibitor; LDL ¼ low-density lipoprotein; MNV ¼ macular
neovascularization; OR ¼ odds ratio; SD ¼ standard deviation;
SICC ¼ Singapore Indian Chinese Cohort; TG ¼ triglyceride;
VI ¼ variable importance; VLDL ¼ very low-density lipoprotein.

Keywords:
Multi-omics, Lipids, Complement proteins, Age-related macular degener-
ation, Severity.

Correspondence:
Simon Nusinovici, PhD, 11 Third Hospital Avenue, Singapore 168751.
E-mail: simon65@nus.edu.sg.
7

mailto:simon65@nus.edu.sg


Ophthalmology Science Volume 4, Number 5, October 2024
References
1. Wong WL, Su X, Li X, et al. Global prevalence of age-related
macular degeneration and disease burden projection for 2020
and 2040: a systematic review andmeta-analysis. Lancet Glob
Health. 2014;2:e106ee116.

2. Fleckenstein M, Schmitz-Valckenberg S, Chakravarthy U.
Age-related macular degeneration: a review. JAMA. 2024;331:
147e157.

3. Mitchell P, Liew G, Gopinath B, Wong TY. Age-related
macular degeneration. Lancet. 2018;392:1147e1159.

4. Fritsche LG, Igl W, Bailey JNC, et al. A large genome-wide
association study of age-related macular degeneration high-
lights contributions of rare and common variants. Nat Genet.
2016;48:134e143.

5. Saunier V, Merle BMJ, Delyfer MN, et al. Incidence of and
risk factors associated with age-related macular degeneration:
four-year follow-up from the ALIENOR study. JAMA Oph-
thalmol. 2018;136:473e481.

6. Chen Y, Bedell M, Zhang K. Age-related macular degenera-
tion: genetic and environmental factors of disease. Mol Interv.
2010;10:271e281.

7. Tan PL, Bowes Rickman C, Katsanis N. AMD and the alter-
native complement pathway: genetics and functional implica-
tions. Hum Genomics. 2016;10:23. https://doi.org/10.1186/
s40246-016-0079-x.

8. Tan LX, Germer CJ, La Cunza N, Lakkaraju A. Complement
activation, lipid metabolism, and mitochondrial injury:
converging pathways in age-related macular degeneration.
Redox Biol. 2020;37:101781. https://doi.org/10.1016/j.redox.
2020.101781.

9. Geerlings MJ, De Jong EK, Den Hollander AI. The comple-
ment system in age-related macular degeneration: a review of
rare genetic variants and implications for personalized treat-
ment. Mol Immunol. 2017;84:65e76.

10. Khandhadia S, Cipriani V, Yates JRW, Lotery AJ. Age-related
macular degeneration and the complement system. Immu-
nobiology. 2012;217:127e146.

11. Zhang M, Jiang N, Chu Y, et al. Dysregulated metabolic
pathways in age-related macular degeneration. Sci Rep.
2020;10:2464. https://doi.org/10.1038/s41598-020-59244-4.

12. Fritsche LG, Fariss RN, Stambolian D, et al. Age-related
macular degeneration: genetics and biology coming together.
Ann Rev Genomics Hum Genet. 2014;15:151e171.

13. Klein RJ, Zeiss C, Chew EY, et al. Complement factor H
polymorphism in age-related macular degeneration. Science.
2005;308:385e389.

14. Shughoury A, Sevgi DD, Ciulla TA. Molecular genetic
mechanisms in age-related macular degeneration. Genes.
2022;13:1233. https://doi.org/10.3390/genes13071233.

15. Heesterbeek TJ, Lechanteur YTE, Lorés-Motta L, et al.
Complement activation levels are related to disease stage in
AMD. Invest Ophthalmol Vis Sci. 2020;61:18. https://doi.org/
10.1167/iovs.61.3.18.
8

16. Curcio CA, Johnson M, Huang JD, Rudolf M. Aging, age-
related macular degeneration, and the response-to-retention
of apolipoprotein B-containing lipoproteins. Prog Retin Eye
Res. 2009;28:393e422.

17. Colijn JM, den Hollander AI, Demirkan A, et al. Increased high-
density lipoprotein levels associated with age-related macular
degeneration: evidence from the EYE-RISK and European Eye
Epidemiology Consortia. Ophthalmology. 2019;126:393e406.

18. van Leeuwen EM, Emri E, Merle BMJ, et al. A new
perspective on lipid research in age-related macular degener-
ation. Prog Retin Eye Res. 2018;67:56e86.

19. Fan Q, Maranville JC, Fritsche L, et al. HDL-cholesterol levels
and risk of age-related macular degeneration: a multiethnic
genetic study using Mendelian randomization. Int J Epidemiol.
2017;46:1891e1902.

20. Wang Y, Wang M, Zhang X, et al. The association between
the lipids levels in blood and risk of age-related macular
degeneration. Nutrients. 2016;8:663. https://doi.org/10.3390/
nu8100663.

21. Lavanya R, Jeganathan VSE, Zheng Y, et al. Methodology of
the Singapore Indian Chinese Cohort (SICC) eye study: quan-
tifying ethnic variations in the epidemiology of eye diseases in
Asians. Ophthalmic Epidemiol. 2009;16:325e336.

22. Ferris FL, Wilkinson CP, Bird A, et al. Clinical classification of
age-related macular degeneration. Ophthalmology. 2013;120:
844e851.

23. Soininen P, Kangas AJ, Würtz P, et al. Quantitative serum nu-
clear magnetic resonance metabolomics in cardiovascular
epidemiology and genetics. Circ Cardiovasc Genet. 2015;8:
192e206.

24. Gao X, Starmer J, Martin ER. A multiple testing correction
method for genetic association studies using correlated single
nucleotide polymorphisms.GenetEpidemiol. 2008;32:361e369.

25. R Core Team. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing; 2021. https://www.R-project.org/.

26. Rosenson RS, Brewer HB, Chapman MJ, et al. HDL measures,
particle heterogeneity, proposed nomenclature, and relation to
atherosclerotic cardiovascular events. Clin Chem. 2011;57:
392e410.

27. Talbot CPJ, Plat J, Ritsch A, Mensink RP. Determinants of choles-
terol efflux capacity in humans. Prog Lipid Res. 2018;69:21e32.

28. Gold B, Merriam JE, Zernant J, et al. Variation in factor B (BF)
and complement component 2 (C2) genes is associatedwith age-
related macular degeneration. Nat Genet. 2006;38:458e462.

29. Crabb JW, Miyagi M, Gu X, et al. Drusen proteome analysis:
an approach to the etiology of age-related macular degenera-
tion. Proc Natl Acad Sci U S A. 2002;99:14682e14687.

30. Yednock T, Fong DS, Lad EM. C1q and the classical com-
plement cascade in geographic atrophy secondary to age-
related macular degeneration. Int J Retina Vitreous. 2022;8:
79. https://doi.org/10.1186/s40942-022-00431-y.

http://refhub.elsevier.com/S2666-9145(24)00074-5/sref1
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref1
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref1
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref1
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref1
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref2
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref2
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref2
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref2
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref3
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref3
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref3
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref4
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref4
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref4
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref4
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref4
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref5
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref5
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref5
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref5
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref5
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref6
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref6
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref6
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref6
https://doi.org/10.1186/s40246-016-0079-x
https://doi.org/10.1186/s40246-016-0079-x
https://doi.org/10.1016/j.redox.2020.101781
https://doi.org/10.1016/j.redox.2020.101781
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref9
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref9
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref9
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref9
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref9
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref10
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref10
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref10
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref10
https://doi.org/10.1038/s41598-020-59244-4
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref12
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref12
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref12
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref12
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref13
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref13
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref13
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref13
https://doi.org/10.3390/genes13071233
https://doi.org/10.1167/iovs.61.3.18
https://doi.org/10.1167/iovs.61.3.18
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref16
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref16
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref16
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref16
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref16
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref17
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref17
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref17
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref17
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref17
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref18
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref18
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref18
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref18
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref19
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref19
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref19
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref19
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref19
https://doi.org/10.3390/nu8100663
https://doi.org/10.3390/nu8100663
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref21
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref21
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref21
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref21
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref21
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref22
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref22
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref22
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref22
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref23
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref23
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref23
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref23
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref23
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref24
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref24
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref24
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref24
https://www.R-project.org/
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref26
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref26
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref26
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref26
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref26
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref27
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref27
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref27
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref28
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref28
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref28
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref28
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref29
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref29
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref29
http://refhub.elsevier.com/S2666-9145(24)00074-5/sref29
https://doi.org/10.1186/s40942-022-00431-y

	Contributions of Lipid-Related Metabolites and Complement Proteins to Early and Intermediate Age-Related Macular Degeneration
	Methods
	Study Design and Participants
	AMD Grading
	Proteomics Data
	Metabolomics Data
	Statistical Analyses

	Results
	Study Population
	Selection of Lipids and Complement Proteins
	Contribution of Lipids and Complement Proteins
	Interactions between Lipids and Complement Proteins with Ethnic Group

	Discussion
	References


