
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Tong et al. Lipids in Health and Disease          (2024) 23:359 
https://doi.org/10.1186/s12944-024-02337-0

Lipids in Health and Disease

†Bin Tong, Chubing Long, and Jing Zhang contributed equally to this 
work.

*Correspondence:
Yunwei Hu
ndefy22085@ncu.edu.cn
Peng Yu
yu8220182@163.com

Full list of author information is available at the end of the article

Abstract
Background  Metabolic disruptions were observed in patients with optic neurodegenerative diseases (OND). 
However, evidence for the causal association between metabolites and OND is limited.

Methods  Two-sample Mendelian randomization (MR). Summary data for 128 blood metabolites was selected from 
three genome-wide association study (GWASs) involving 147,827 participants of European descent. GWASs Data for 
glaucoma (20906 cases and 391275 controls) and age-related macular degeneration (AMD, 9721 cases and 381339 
controls) came from FinnGen consortium. A bi-directional MR was conducted to assess causality, and a Mediation 
MR was further applied to explore the indirect effect, a phenome-wide MR analysis was then performed to identify 
possible side-effects of the therapies.

Results  All the results underwent correction for multiple testing and rigorous sensitivity analyses. We identified 
N-acetyl glycine, serine, uridine were linked to an elevated risk of glaucoma. 1-arachidonic-glycerol-phosphate-
ethanolamine, 4-acetamido butanoate, o-methylascorbate, saturated fatty acids, monounsaturated fatty acids, 
VLDL cholesterol, serum total cholesterol, X-11,529 were linked to reduced risk of glaucoma. There were 4 
metabolites linked to a reduced risk of AMD, including tryptophan betaine, 4-androsten-3beta-17beta-diol disulfate, 
apolipoprotein B, VLDL cholesterol. We discovered IOP, AS, T2D as glaucoma risk factors, while BMI, AS, GCIPL as AMD 
factors. And 6 metabolites showed associations with risk factors in the same direction as their associations with 
glaucoma/AMD. Phenome-wide MR indicated that selected metabolites had protective/adverse effects on other 
diseases.
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Introduction
Glaucoma and age-related macular degeneration (AMD) 
are both optic neurodegenerative diseases (OND) and 
are leading causes of irreversible vision impairment and 
blindness in seniors [1–3]. An analysis by Tham et al. 
estimated the worldwide number of people with glau-
coma to be 76  million, projected to rise to 112  million 
in 2040 [4]. Another meta-analysis by Wong et al. esti-
mated the global prevalence of AMD to be 196  million 
individuals in 2020, with a projected increase to 288 mil-
lion by 2040 [5]. In recent years, high myopia has become 
increasingly prevalent worldwide. Evidence suggests a 
connection between high myopia and the development 
of glaucomatous optic neuropathy and macular degen-
eration [6]. Glaucoma is an irreversible optic neuropathy 
due to impairment of the retinal nerve fiber layer (RNFL) 
and the optic nerve head (ONH). It causes peripheral 
and even central vision impairment, finally resulting in 
irreversible blindness. Elevated IOP is the sole recog-
nized changeable risk factor for glaucoma, and all cur-
rent therapies focus on reducing it [2]. AMD damages 
the macular portion of the retina, resulting in a gradual 
decline in central vision [7]. Antivascular endothelial 
growth factor therapy in the vitreous body, such as beva-
cizumab, pegaptanib, or ranibizumab, is extremely help-
ful for treating neovascular AMD. At present, there is no 
effective treatment for atrophic AMD, while some drugs 
are being explored [8]. In short, early-stage glaucoma 
and AMD often occurs without obvious symptoms, pos-
ing difficulties for timely diagnosis [9, 10]. Consequently, 
when the conditions are identified clinically, they often 
have advanced to stages where treatment options are lim-
ited, and vision loss becomes increasingly irreversible.

The human metabolome includes a person’s unique 
metabolic profile, which includes lipids, amino acids, 
cofactors and vitamins, carbohydrates, energy, pep-
tides, and nucleotides [11, 12]. Metabolomics research 
may facilitate a more comprehensive understanding of 
the fundamental disease mechanisms. As early as 2009, 
Suzana et al. reported alterations in various serum lip-
ids among glaucoma patients, such as cholesterol, low-
density lipoprotein cholesterol, and triglycerides [13]. 
And some researchers have adopted dietary therapy to 
prevent AMD and have achieved promising results [14]. 
At present, there are insufficient large-scale randomized 
controlled trials (RCTs) to assess the causal association 
between blood metabolites and glaucoma/AMD. Based 
upon metabolomics and genomics, our article illustrates 

metabolic pathways of potential screening, prevention, 
and treatments for glaucoma and AMD, and demon-
strates the importance of metabolomics in discovering 
pharmacological targets.

However, whether metabolites directly or indirectly 
affect glaucoma/AMD remains unknown. For example, 
higher monounsaturated fatty acid intake was associated 
with lower AMD risk [15, 16]. Yuan et al. demonstrated 
an inverse correlation between monounsaturated fatty 
acid (MUFA) intake and overweight/obesity through 
longitudinal analysis of data from the China Health and 
Nutrition Survey spanning 1991 to 2018 [17]. Addi-
tionally, Zhang et al. demonstrated a linear relationship 
between increasing BMI and elevated AMD risk [18]. 
Based on the articles mentioned above, it can be specu-
lated that the protective effect of monounsaturated fatty 
acids on AMD may be mediated by BMI. Therefore, 
we conducted Mendelian randomization to elucidate 
whether blood metabolites may affect AMD and glau-
coma via intermediate factors.

Mendelian randomization (MR) has been extensively 
utilized to deduce causal effects [19]. The MR is a sig-
nificant substitute for offering trustworthy proof in the 
causal effect of exposures on diseases, particularly when 
lacking randomized controlled trials (RCTs). To specific, 
MR employes single nucleotide polymorphisms (SNPs) as 
instrumental. MR leverages the distributive randomness 
and and timing priority of genetic variation, effectively 
mitigating confounding biases and reverse causalities 
commonly encountered in traditional observational stud-
ies [20, 21].

Methods
Study overview
This study consisted of five key parts, as shown in Fig. 1. 
First, we conducted primary MR to evaluate the causal 
effects of 128 metabolites on glaucoma and AMD. Then, 
we conducted two-step MR (step-1 MR: 10 possible risk 
factors → glaucoma and AMD; step-2 MR: 128 metabo-
lites → identified risk factors), bi‑directional MR (glau-
coma/AMD → identified metabolites and risk factors), 
Mediation MR (metabolites → risk factors → glaucoma/
AMD) and phe-MR (identified metabolites→ PheWAS) 
to further explore the uncovered mechanism. Reverse 
causality can occur when the association between metab-
olites and OND arises not because metabolites influence 
OND, but because OND itself alters metabolite levels.
The bi-directional MR approach specifically assesses 

Conclusions  By integrating genomics and metabolomics, this study supports new insights into the intricate 
mechanisms, and helps prevent and screen glaucoma and AMD.
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whether reverse causality exists between metabolites 
and OND. The mediation MR approach aims to inves-
tigate whether a mediator can mediate the effect of the 
exposure (metabolites) on the outcome (OND). Gen-
erally, MR employs single-nucleotide polymorphisms 
(SNPs) as instrumental variables (IVs) should follow: IVs 
(1) are closely linked to exposure, (2) are not linked to 
confounders, (3) affect outcome only via exposure [22]. 
This study followed the Strengthening the Reporting of 
Observational Studies in Epidemiology using Mendelian 
Randomization (STROBE-MR) guideline [23].

Data source
The genetic data for human metabolome were obtained 
from three huge-scale GWASs summary data involving 
147,827 European participants. In short, Shin et al. [24] 
analyzed 453 metabolic characteristics of 7,824 individu-
als across two cohorts, including nearly 3 million SNPs; 
Kettunen et al. [25] explored 453 metabolic character-
istics of 24,925 individuals across 14 cohorts, including 
nearly 12  million SNPs; while Borges et al. scrutinized 
249 metabolic characteristics of 115,078 individuals from 
UK Biobank, including nearly 12  million SNPs. Finally, 
a total of 469 metabolites are retained after removing 
redundant metabolites in three GWASs (Table 1, S1-S4).

The primary outcomes were the risk of glaucoma and 
AMD. The European GWAS summary data for glaucoma 
(20906 cases and 391275 controls) and AMD (9721 cases 
and 381339 controls) were obtained from the tenth ver-
sion of the FinnGen consortium [26]. This is a prospec-
tive cohort study in which patients were evaluated using 
International Classification of Diseases (ICD) diagnosis 
codes for glaucoma and AMD (Table S3,4,6). Population 
overlap rate in our study is below 10%, indicating that the 
causal relationships we derived are reliable [27].

The secondary outcomes that we analyzed were risk 
factors for glaucoma/AMD. After retrieving relevant lit-
erature [2, 3, 28, 29] through PubMed, we identified ten 
medications that may be the factors for glaucoma and 
AMD. We also downloaded GWAS summary data for 
these Mediations, including type 2 diabetes (61,714 Euro-
pean and 1,178 South Asian cases, 593,952 European 
and 2,472 South Asian controls) [30], body mass index 
(694,649 European) [31], intraocular pressure (31269 
European) [32], outer nuclear layer thickness (31,135 
European) [33], retinal nerve fiber layer thickness (31,434 
European) [34], ganglion cell inner plexiform layer thick-
ness (31,434 European) [34], myopia (32,650 European 
cases and 3,973 European controls) [35], hypermetropia 
(16,035 European cases and 2,695 European controls) 

Fig. 1  Overview of this MR study. This study consisted of five key parts. First, we conducted primary MR to evaluate the causal effects of 128 metabo-
lites on glaucoma and AMD. Then, we conducted two-step MR (step-1 MR: 10 possible risk factors → glaucoma and AMD; step-2 MR: 128 metabolites 
→ identified risk factors), bi‑directional MR (glaucoma/AMD → identified metabolites and risk factors), Mediation MR (metabolites → risk factors → 
glaucoma/AMD) and phe-MR (identified metabolites→ PheWAS. The brown box represents exposure in MR, and the blue box represents outcome in MR
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[35], ankylosing spondylitis (456,348 European cases 
and 456,162 European controls) [35], sleep apnea (2,827 
European cases and 453,521 European controls) [35] 
(Table S8).

The summary-level data on human blood Metabolites, 
glaucoma, AMD, and all the risk factors utilized in our 
current study were mainly gathered from publically Euro-
pean-descent GWASs. To see more details in Table S16. 
The ethics committee of the original GWASs approved 
the protocol and data collection, and each participant 
provided written informed consent prior to data collec-
tion. In addition, this study did not use any individual-
level data. As a result, no new approval from the ethical 
review board was needed.

IVs selection for metabolites and risk factors
For MR, we selected the SNPs with significant associa-
tions for human blood metabolites at the genome-wide 
significance level (p < 5 × 10− 8). Then, independent SNPs 
were selected due to their low linkage disequilibrium 
(LD) with other SNPs (r2 < 0.001, clump window 10 kb), 
indicating their independence as IVs for the specific 
metabolites. The F-statistic was applied to assess the 
strength of the IVs. We measured F-statistics for each 
SNP of exposure (F = beta2/se2) and removed the weak 
SNP determined by F-statistics (F < 10). An essential pro-
cedure in MR is ensuring that SNP effects on outcome 
match the similar allele as effects on exposure. After 
combining exposure and outcome datasets, we removed 

incompatible alleles and palindromic SNPs. After that, 
the remaining SNPs were the real IVs we employed in 
MR. Furthermore, some sensitivity analyses in MR design 
required at least three SNPs as IVs [36]. When deleting 
metabolites with fewer than three strongly linked SNPs 
after being merged by glaucoma and AMD, 341 of the 
original 469 metabolites were eliminated. Only 128 blood 
metabolites passed the selection criteria for the MR study 
(see Table S1-S4). For IVs of 10 risk factors, glaucoma, 
and AMD, we set LD to r2 < 0.001 or clump window 
10,000 kb and kept other parameters unchanged.

Statistical analyses
Systematic MR and sensitivity analysis
We applied a two-sample MR system involving sensi-
tivity analyses for primary MR, two-step MR, bi‑direc-
tional MR, mediation MR, and Phe-MR. In this study, 
we applied the inverse-variance weighted (IVW) method 
as a major method to evaluate the associations between 
exposure and outcome [37]. Due to differences in analysis 
platforms, experimental conditions, participant popula-
tions, and SNPs, heterogeneity may exist in MR analysis, 
potentially biasing the estimation of causal effects. To 
assess this heterogeneity, we used Cochran’s Q test [38]. 
We employed a fixed-effect IVW model if no significant 
heterogeneity was identified, and a random-effect IVW 
model otherwise. We employed the MR-Egger method 
[39] and the weighted median method [40] as sensitiv-
ity analysis in order to confirm the strength of the causal 

Table 1  Detailed description of human blood metabolites GWASs
Reference phenotype Study 

Cohort
Cohort design GWAS 

Sample 
Size

Population Female% Mean
Age

Sample
material

Shin et al. 
[24]

453 
Metabolites

TwinsUK An adult twin British registry cohort 
study

6056 German 93 53.4 1052 Serum, 
5004 Plasma

KORA Population-based cohort study 1768 British 52 60.8 Serum
Kettunen 
et al. [25]

123 
Metabolites

EGCUT Population-based cohort study 3,287 Estonian 58 46.3 Plasma
COROGENE Case-control study, only controls uesd 828 Finnish 54 53.2 Serum
FR97 Population-based cohort study 3,661 Finish 45.3 55 Serum
ERF Family-based study 2,118 Dutch 58 48.2 Serum
HBCS British cohort study 708 Finnish 60 61.3 Serum
GenMets Case-control study 572 Finnish 57 55.8 Serum
LLS Family-based study 2,227 Dutch 54 59.2 Plasma
KORA Population based cohort study 1,745 German 52 60.9 Serum
NTR Population based twin study 1,192 Dutch 64 38.8 Plasma
NFBC 1966 Brith cohort study 4,709 Finnish 51 31.2 Serum
PROTE Population based study 597 Estonian 51 38.3 Plasma
Predict CVD Cohort study 374 Finnish 37 47.5 Serum
YFS Follow up study in children 2,390 Finnish 54 37.7 Serum
FTC Population based twin study 664 Finnish 50 23.9 Serum

Borges 
et al.

249 
Metabolites

UK Biobank Population-based study 115,078 European NA NA Blood

Total 825 
Metabolites

/ / 147,827 European / / Blood



Page 5 of 13Tong et al. Lipids in Health and Disease          (2024) 23:359 

connections reported in the IVW method. In our study, 
only metabolites with PFDR less than 0.05 from the IVW 
method, and consistent directions between the IVW 
method and other sensitivity analyses were considered 
potentially eligible. We additionally utilized a leave-one-
out method for sensitivity analysis, in which we removed 
each SNPs one at a time and estimated the remaining 
SNP effects. Furthermore, we specifically evaluated pos-
sible pleiotropy via the MR-Egger method’s intercept and 
MR-PRESSO [39]. Last, the effect of continuous outcome 
was reported as beta (β) value with standard error (SE) 
and the effect of binary outcome was reported as odds 
ratio (OR) with a 95% confidence interval (CI). An OR 
greater than 1 indicates that the exposure is a risk factor 
for the outcome, while an OR less than 1 suggests that the 
exposure has a protective effect. If the confidence inter-
val (CI) does not cross the null line (i.e., both the lower 
limit is greater than 1 or the upper limit is less than 1), 
the result is considered statistically significant. The IVW 
method underwent correction for multiple testing using 
the false discovery rate (FDR) method, and PFDR < 0.05 
were considered significant.

Mediation MR
To calculate the direct and indirect effects of the blood 
metabolites on glaucoma and AMD, We employed two-
steps Mendelian randomization [41]. On top of acquir-
ing the total effect of blood metabolites on glaucoma and 
AMD (β) from the primary MR, we also calculated two 
additional effect estimates: (1) the effect of the risk fac-
tors on glaucoma and AMD (β2), and (2) the effect of the 
blood metabolites on the risk factors (β1). The indirect 
effect, meaning causative effect of metabolites on glau-
coma and AMD through risk factors, could be calculated 
by the product method (β1*β2). Thus, the proportion of 
mediation effect could be calculated as ([β1*β2]/β), and 
the SE and CI could be estimated by the Delta method 
[42].

Phenome-wide MR (Phe-MR)
We performed Phe-MR to identify possible side-effects 
of the 10 glaucoma-associated metabolites and 4 AMD-
associated metabolites, respectively. Data for SNP-
outcome effects was derived from the UK Biobank 
cohort (N ≤ 408,961). They conducted GWAS using the 
SAIGE v0.29 method to address imbalanced case-con-
trol ratios and defined disease based on PheCodes [43]. 
We removed diseases less than 500 cases, leaving 784 
diseases for Phe-MR. SNP-outcome associations were 
retrieved from the SAIGE GWAS ​(​​​h​t​​t​p​s​​:​/​/​w​​w​w​​.​l​e​e​l​a​b​s​
g​.​o​r​g​/​r​e​s​o​u​r​c​e​s​​​​​)​. Phe-MR means the danger/protective 
effect of each standard deviation rise in blood metabo-
lites level. Phe-MR underwent correction for associated 
metabolites and 784 diseases using FDR method.

Most statistical analyses were performed in R software 
(v4.3.2) with the packages TwoSampleMR, data.table, 
dplyr, R.utils, ggplot, CMplot. We also performed Micro-
soft Office software.

Results
IVs selected
After screening for significant correlation and low LD 
SNPs within the initial 469 metabolites, we identified 
that a total of 4527 SNPs of 177 metabolites met the cri-
teria. We then further filtered out metabolites with fewer 
than 3 SNPs after merging with OND, finally remaining 
128 metabolites with SNP counts ranging from 3 to 247 
(Table S1-S4). In the end, 128 blood metabolites were 
reviewed in the current MR study, and the F statistics 
for the IVs ranged from 22.7 to 5500.4 (median, 47.0), 
indicating that our IVs are closely linked to metabolites 
(Table S2).

We also selected the most suitable IVs for all the ten 
risk factors, including type 2 diabetes (T2D), body mass 
index (BMI), intraocular pressure (IOP), outer nuclear 
layer thickness (ONL), retinal nerve fiber layer thickness 
(RNFL), ganglion cell inner plexiform layer thickness 
(GCIPL), myopia, hypermetropia, ankylosing spondylitis 
(AS), sleep apnea (SA). The F statistics for the IVs of these 
fators ranged from 20.8 to 1765.2 (median, 42.8) (Table 
S8). To explore the reverse causality, the F statistics for 
the IVs of glaucoma ranged from 29.8 to 345.0 (median, 
40.7) (Table S6). And the F statistics for the IVs of AMD 
ranged from 30.1 to 1744.9 (median, 48.0) (Table S6).

Exploration of glaucoma/AMD-associated metabolites
While assessing the relationship between 128 blood 
metabolites and glaucoma/AMD (Fig. 2), we applied the 
IVW method as primary analysis. After multiple test 
adjustments for 128 metabolites using the FDR method 
(PFDR < 0.05), 12 metabolites were discovered to be asso-
ciated with glaucoma, and 11 with AMD (Table S5). Of 
these, there are 12 lipids, 5 amino acids, 1 nucleotide, 
1 cofactor and vitamin, and 2 unknown (Table S5). The 
MR-Egger intercept did not indicate any signs of hori-
zontal pleiotropy in the associations between these 
metabolites and the risk of glaucoma/AMD (PEgger-intercept 
> 0.05) (Table S5). MR-PRESSO indicated that the IVs 
selected for these metabolites which are associated with 
glaucoma did not show any outliers and no pleiotropy 
(PGlobal-Test > 0.05) (Table S5). However, the MR-PRESSO 
method identified significant outliers in some metabo-
lites which are associated with AMD (Table S5). We 
therefore excluded these outliers and reran MR-PRESSO 
until all outliers were removed. Even after excluding all 
outliers from the IVs of LDL cholesterol, remnant cho-
lesterol (non-HDL, non-LDL cholesterol), and clinical 
LDL cholesterol, pleiotropy persisted (PGlobal-Test < 0.05), 

https://www.leelabsg.org/resources
https://www.leelabsg.org/resources
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so these metabolites were removed from the analysis 
(Table S5). We then conducted MR and found that the 
remaining metabolites still showed significant causal 
relationships with AMD (PIVW < 0.05). But after mul-
tiple corrections, the causal relationships became less 
evident (PIVW-FDR > 0.05). And then, we excluded phos-
phatidylcholine and other cholines, total phosphoglyc-
erides, and monounsaturated fatty acids (Table S5). No 
indications of reverse causality were found, except for 
AMD to 4-androsten-3beta-17beta-diol disulfate, and 

glaucoma to X-11,529 (Table S7). All sensitivity analyses 
aligned with the IVW method, except for kynurenine to 
glaucoma, and X-11,204 to AMD (Table S5, Figure S1-
S3). Finally, we excluded metabolites with inconsistent 
sensitivity analyses, retaining 11 metabolites for glau-
coma and 4 for AMD (Table S5). N-acetylglycine (OR[
95%CI] = 1.313[1.083,1.592], PFDR = 0.037), serine (OR
[95%CI] = 2.618[1.364,5.023], PFDR = 0.032), uridine 
(OR[95%CI] = 5.635[1.657,19.163], PFDR = 0.037) were 
linked to an elevated risk of glaucoma (Fig. 3, Table S5). 

Fig. 3  Summary of significant MR results of blood metabolites to glaucoma and AMD. A fixed-effect IVW model was employed if no significant 
heterogeneity was identified, and a random-effect IVW model otherwise. The effect of binary outcome was reported as odds ratio (OR) with a 95% 
confidence interval (CI). The IVW method underwent correction for multiple testing using the false discovery rate (FDR) method, and PFDR < 0.05 were 
considered significant

 

Fig. 2  MR results of all 128 metabolites to glaucoma (A) and AMD (B). (a) odds ratio (OR) of IVW method. (b) p value of IVW method. (c) OR of MR-
Egger method. (d) OR of Weighted-median method. (e) p value of MR-Egger method’s intercept to evaluate pleiotropy (f) p value of Q test to evaluate 
heterogeneity. A fixed-effect IVW model was employed if no significant heterogeneity was identified, and a random-effect IVW model otherwise. The 
effect of binary outcome was reported as OR. P-values uncorrected for multiple testing were presented in this figure, to highlight associations that may 
be noteworthy when studied alone, and we put the p-values that corrected for multiple testing in the following context
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1-arachidonic-glycerol-phosphate-ethanolamine (OR[95
%CI] = 0.384[0.199,0.740], PFDR = 0.032), 4-acetamidobu-
tanoate (OR[95%CI] = 0.396[0.229,0.686], PFDR = 0.015), 
o-methylascorbate (OR[95%CI] = 0.632[0.470,0.852], PFDR 
= 0.028), X-11,529 (OR[95%CI] = 0.878[0.824,0.936], PFDR 
=0.004), saturated fatty acids (OR[95%CI] = 0.912[0.859
,0.967], PFDR = 0.023), monounsaturated fatty acids (OR
[95%CI] = 0.919[0.878,0.962], PFDR = 0.010) VLDL cho-
lesterol (OR[95%CI] = 0.937[0.897,0.979], PFDR = 0.032), 
serum total cholesterol (OR[95%CI] = 0.952[0.922,0.9
83], PFDR = 0.028) were linked to reduced risk of glau-
coma (Fig. 3, Table S5). Four metabolites were linked to 
reduced risk of AMD, including tryptophan betaine (OR
[95%CI] = 0.671[0.526,0.857], PFDR = 0.007), 4-androsten-
3beta-17beta-diol disulfate (OR[95%CI] = 0.773[0.641,0.9
32], PFDR = 0.031),apolipoprotein B (OR[95%CI] = 0.773[
0.699,0.854], PFDR = 9.39 × 10− 6), VLDL cholesterol (OR[9
5%CI] = 0.770[0.699,0.848], PFDR = 3.71E-06), (Fig. 3, Table 
S5). Specially, VLDL cholesterol concurrently reduces the 
risk of glaucoma and AMD.

Exploration of potential risk factors for glaucoma/AMD
We employed two-steps MR analyses to explore potential 
causal mechanisms linking 128 blood metabolites with 
glaucoma/AMD (step-1 MR: risk factors → glaucoma/
AMD; step-2 MR: blood metabolites → risk factors). 
After multiple test adjustments for 10 risk factors using 
the FDR method (PFDR < 0.05), we discovered 3 factors 
that were causally linked to an increased risk of glaucoma 
and 5 factors for AMD (Table S9). The MR-Egger inter-
cept did not indicate any signs of horizontal pleiotropy 
in the associations between these risk factors and glau-
coma/AMD (PEgger-intercept > 0.05) (Table S9). No indica-
tions of reverse causality were found, except for glaucoma 
to IOP and AS (Table S10). All sensitivity analyses 
aligned with the IVW method, except for IOP and ONL 
to AMD (Table S9). Finally, we excluded metabolites with 
inconsistent sensitivity analyses, retaining 3 factors for 
glaucoma and 3 for AMD, including IOP to glaucoma 

(OR[95%CI] = 1.656[1.407,1.949], PFDR =1.83 × 10− 8), 
AS to glaucoma (OR[95%CI] = 1.015[1.009,1.021], PFDR 
=3.42 × 10− 6), T2D to glaucoma (OR[95%CI] = 1.055[1.01
8,1.093], PFDR =0.015), GCIPL to AMD (OR[95%CI] = 1.0
40[1.008,1.074], PFDR =0.040), AS to AMD (OR[95%CI] = 
1.013[1.003,1.025], PFDR =0.040), BMI to AMD (OR[95%
CI] = 1.113[1.004,1.235], PFDR = 0.085) (Fig.  4, Table S9). 
The IVW analysis indicated that BMI’s association with 
AMD did not withstand corrections (P < 0.05, PFDR>0.05), 
while the associations with the other factors remained 
significant after corrections (PFDR<0.05). Specially, AS 
increases the risk of glaucoma and AMD, concurrently.

Exploration of causal effects of blood metabolites to 
glaucoma/AMD risk factors
We further explored the MR analysis of 128 blood 
metabolites with the five risk factors, namely IOP, AS, 
T2D, BMI, and GCIPL. After multiple test adjustments 
for 128 metabolites using the FDR method (PFDR<0.05), 
55 blood metabolites showed associations with at least 
one risk factor, after multiple testing correction adjust-
ments for 128 metabolites (Table S11). Of these, there 
are 28 lipids, 5 cofactors and vitamins, 5 amino acids, 4 
peptides, 2 carbohydrates, 1 energy, and 10 unknown. No 
horizontal pleiotropy evidence was found, and sensitiv-
ity analyses aligned with the IVW method. 6 metabolites 
showed significant associations with risk factors in the 
same direction as their significant associations with glau-
coma/AMD, suggesting that the associations between 6 
metabolites and OND may be mediated by these risk fac-
tors (Table S13).

O-methylascorbate was associated with IOP (OR[95%
CI] = 0.098[0.030,0.322], PFDR = 0.002), and T2D (OR[95%
CI] = 0.396[0.219,0.713], PFDR = 0.006). VLDL cholesterol 
was associated with GCIPL (OR[95%CI] = 0.713[0.563,0.9
02], PFDR = 0.031), and BMI (OR[95%CI] = 0.946[0.923,0.9
68], PFDR = 4.52 × 10− 5). Serum total cholesterol was asso-
ciated with T2D (OR[95%CI] = 0.809[0.710,0.922], PFDR = 
0.008).Apolipoprotein-B was associated with BMI (OR[

Fig. 4  Summary of significant MR results of risk factors to glaucoma and AMD. A fixed-effect IVW model was employed if no significant hetero-
geneity was identified, and a random-effect IVW model otherwise. The effect of binary outcome was reported as odds ratio (OR) with a 95% confidence 
interval (CI). The IVW method underwent correction for multiple testing using the false discovery rate (FDR) method, and PFDR < 0.05 were considered 
significant.
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95%CI] = 0.942[0.920,0.964], PFDR = 8.64 × 10− 6). In par-
ticular, o-methyl ascorbate and VLDL cholesterol were 
associated with more than one risk factor simultaneously. 
No indications of reverse causality were found, except for 
BMI to Apolipoprotein B.

Effect of metabolites on glaucoma/AMD through risk 
factors
To calculate the indirect effect, we utilized the product 
method ([β1*β2]/β), and for SE and CI, we used the Delta 
method. We excluded 2 groups with evidence of reverse 
causality (Table S13). In general, we found indirect effects 
of T2D in the relationships between O-methyl ascorbate, 
Serum total cholesterol and glaucoma, with a mediation 
proportion of 10.79% and 23.01%, respectively. Addi-
tionally, we observed the indirect effects of GCIPL and 
BMI in the association between VLDL cholesterol and 
AMD, with a mediation proportion of 4.97% and 2.29%, 
respectively (Table 2, Table S13). Our results indicate that 
metabolites primarily impact glaucoma/AMD through 
direct effect.

.

Phe-MR analysis of identified metabolites
We performed Phe-MR of glaucoma/AMD-associated 
metabolites to 784 diseases in the UK Biobank, respec-
tively (Table S14). Our Phe-MR indicated that one-SD 
increase in blood metabolite levels correlates with either 
an increased or decreased likelihood of a specific disease 
or trait. We applied the IVW method underwent correc-
tion for associated metabolites and 784 diseases using the 
FDR method, and calculated the pleiotropy and hetero-
geneity. Only results with significant associations and no 
pleiotropy were included.

For glaucoma-associated metabolites, we discovered 
130 associations with other diseases, of which 85 (65%) 
were beneficial (to see more details in Table S15). For 
example, monounsaturated fatty acids were beneficial 
for 10 diseases of endocrine/metabolic, injuries & poi-
sonings, neoplasms, and circulatory system. Inversely, It 
was deleterious for digestive, and genitourinary disease. 
Simple and unspecified goiter was the most prominent 
association, beta = -0.834, PFDR = 8.82 × 10− 8. O-meth-
ylascorbate was beneficial for 28 diseases of circulatory 

system, musculoskeletal, respiratory, mental disorders, 
injuries & poisonings, endocrine/metabolic, digestive, 
genitourinary, respiratory. Inversely, It were deleterious 
for neoplasms, musculoskeletal. Other mental disorder 
was the most prominent associations, beta = -0.687, PFDR 
= 7.83 × 10− 5 (Figure S4, Table S15).

For AMD-associated metabolites, we discovered 162 
associations with other diseases, of which 69 (43%) were 
beneficial (to see more details in Table S15). For example, 
VLDL cholesterol was beneficial for 11 diseases of geni-
tourinary, mental disorders, digestive, hematopoietic, 
pregnancy complications, musculoskeletal, endocrine/
metabolic, circulatory system, injuries & poisonings. 
Inversely, It was deleterious for 25 diseases of neoplasms, 
endocrine/metabolic, endocrine/metabolic, circulatory 
system, digestive, mental disorders, digestive, muscu-
loskeletal, neurological, and respiratory. Disorders of 
lipoid metabolism was the most prominent association, 
beta = 0.866, PFDR = 1.39 × 10–63(Figure S4, Table S15).

Discussion
The growing prevalence of an aging population has 
underscored the importance of caring the health of 
seniors [44]. Visual impairments and blindness have a 
substantial impact on the quality of life for seniors, pre-
senting a significant public health concern. Optic neu-
rodegenerative diseases (OND), including glaucoma and 
age-related macular degeneration (AMD), are major 
causes of irreversible visual impairment and blindness in 
seniors [1–3]. Furthermore, there were only a few achiev-
able medication options for glaucoma and AMD [45]. In 
this study, we utilized Mendelian randomization (MR) 
to identify causal relationships between human blood 
metabolites and glaucoma or AMD.

To our knowledge, our research is the most compre-
hensive MR study systematically evaluating the causal 
role of human blood metabolites on glaucoma and AMD 
in the European population. Therefore, our MR study 
enhances the evidence supporting an association between 
blood metabolites and OND risk. Through GWAS sum-
mary data for 128 human blood metabolites involving 
147,827 European participants, our study discovered 
that 10 metabolites were linked to glaucoma, with serine, 
uridine, and N-acetylglycine exerting deleterious effects, 

Table 2  Mediation MR results. β = total effect of blood metabolites on glaucoma and AMD, β1 = the effect of blood metabolites on 
the risk factors, β2 = the effect of the risk factors on glaucoma and AMD. The proportion of the mediation effect could be calculated as 
([β1*β2]/β), and the SE and CI could be estimated by the Delta method
Exposure Mediator Outcome beta Mediation/Indirect effect Proportion of mediation effect

β β1 β2 beta se OR [95%CI]
O-methylascorbate T2D glaucoma -0.458 -0.927 0.053 -0.049 0.024 0.952(0.902,0.989) 10.79%
Serum total cholesterol T2D glaucoma -0.049 -0.212 0.053 -0.011 0.005 0.989(0.977,0.997) 23.01%
VLDL cholesterol GCIPL AMD -0.261 -0.339 0.039 -0.013 0.008 0.987(0.970,0.999) 4.97%
VLDL cholesterol BMI AMD -0.261 -0.056 0.107 -0.006 0.003 0.994(0.987,1.000) 2.29%
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while 1-arachidonic-glycerol-phosphate-ethanolamine, 
4-acetamidobutanoate, O-methylascorbate, serum total 
cholesterol, saturated fatty acids, VLDL cholesterol, and 
monounsaturated fatty acids exhibiting protective effects. 
We also identified 3 factors that exhibited deleterious 
effects, including IOP, T2D, and AS. We further discov-
ered that the effect of O-methyl ascorbate and Serum 
total cholesterol was possibly mediated by T2D. As for 
AMD, we identified 4 metabolites that exerted protec-
tive effects, including tryptophan betaine, 4-androsten-
3beta-17beta-diol disulfate, apolipoprotein B, VLDL 
cholesterol. We aldo identified 3 factors that exhibited 
deleterious effects, including GCIPL, BMI, and AS. We 
further discovered that the effect of VLDL cholesterol 
was possibly mediated by GCIPL and BMI. In addi-
tion, we employed Phe-MR to foresee the side effects of 
interfering with highlighted metabolites. For glaucoma-
associated metabolites, we discovered 130 associations 
with other diseases, of which 85 (65%) were beneficial. 
For AMD-associated metabolites, we discovered 162 
associations with other diseases, of which 69 (43%) were 
beneficial.

Metabolite levels can potentially be modified through 
dietary interventions, pharmacological agents, or supple-
ments. Implementing such treatments requires further 
research to establish optimal dosing, duration, and deliv-
ery methods. However, metabolites within the human 
body are highly interconnected, and changes in one 
metabolite can affect entire metabolic pathways. There-
fore, we prefer dietary interventions rather than direct 
injections of these metabolites. Of course, further experi-
ments are needed to prove either approach. Due to the 
various lipids that are found to have a risk-reducing effect 
on glaucoma and AMD in our results, we strongly rec-
ommend patients relieve their symptoms by increasing 
nut intake, or individuals eat nuts for disease preven-
tion. This opinion is consistent with a study conducted by 
Amirul Islam et al. [46]. Similarly, Sala-Vila et al. found 
nuts could reduce cognitive decline in elders through 
brain fMRI [47]. Furthermore, additional clinical tri-
als are required to evaluate the potential of discovered 
metabolites for therapy.

In previous similar MR study, Hysi et al. [48] found 
that O-methyl ascorbate significantly reduces IOP, which 
aligns with prior research on the antihypertensive and 
antioxidative characteristics of ascorbate chemicals. Hu 
et al. [49] discovered that T2D increased the risk of pri-
mary open-angle glaucoma (POAG) in European popu-
lation while not in Asian population, and no evidence 
indicating that higher levels of HbA1c and fasting glucose 
are associated with an increased risk of POAG. However, 
Wang et al. [50] found associations between T2D, SBP, 
fasting glucose, and HbA1c with the risk of glaucoma, 
and no evidence supporting a causal association of BMI 

and blood lipids with glaucoma. Han et al. [51] con-
ducted a MR study between 8 lipids and AMD, revealing 
that LDL cholesterol, ApoB, total cholesterol, triglycer-
ides, and non-HDL cholesterol were linked to a reduced 
risk of AMD, whereas HDL cholesterol and ApoA1 were 
associated with an elevated risk of AMD. Wang et al. [52] 
performed a MR study between n-6 polyunsaturated fatty 
acids and AMD, discovering that circulating linoleic acid 
was a preventive factor while circulating arachidonic acid 
was a risk factor.

Overall, our study’s findings partially align with previ-
ous research. As for glaucoma, decreased d-serine levels 
significantly enhance the survival rate of retinal ganglion 
cells (RGCs) and reduce apoptosis through treated by 
d-amino acid oxidase in an experimental rat model of 
glaucoma [53]. Qin et al. compared saturated fatty acids 
in plasma of primary angle-closure glaucoma patients 
(n = 181) with non-glaucoma individuals (n = 340), and 
demonstrated that higher plasma levels of total saturated 
fatty acids were associated with a decreased risk of PACG 
(p = 0.008) [54]. Hysi et al. [48] found that O-methyl 
ascorbate significantly reduces IOP through MR, which 
aligns with prior research on the antihypertensive and 
antioxidative characteristics of ascorbate chemicals. 
MUFAs, particularly oleic acid, have been shown to 
reduce inflammation and oxidative stress, which is a sig-
nificant contributing factor to both glaucoma and AMD 
[55]. Furthermore, These fatty acids are known to reduce 
inflammation and oxidative stress, thereby mitigating the 
progression of glaucoma by preserving retinal ganglion 
cells and preventing damage to the retinal nerve fiber 
layer [56]. A study by Haydon et al. found that uridine 
diphosphate (UDP) derivatives may have therapeutic 
potential for glaucoma by activating the P2Y6 receptor 
on microglia, thereby promoting their phagocytic clear-
ance function and reducing intraocular pressure [57]. 
There is no direct evidence to reveal the relationship 
between VLDL and glaucoma. However, some indica-
tions may suggest their connection. Loewen et al. found 
VLDL receptor in müller cells was increased 3-fold 
(p = 0.001) when rats were anoxic [58]. Jiang et al. discov-
ered the absence of VLDL receptors can trigger vascular 
endothelial cells and greatly enhance angiogenesis in the 
retina [59]. Previous studies of total cholesterol showed 
inconsistent results, possibly due to methodological 
problems in traditional observational methods. The study 
by Rajesh et al. found that primary open-angle glaucoma 
patients (n = 50) had significantly (P < 0.001) higher mean 
total cholesterol levels (205 ± 37 mg/dl) compared to con-
trols (178 ± 23 mg/dl), suggesting a strong positive asso-
ciation between elevated serum total cholesterol and an 
increased risk of developing POAG [60]. Research on the 
relationship between 4-acetamidobutanoate, N-acetylg-
lycine, 1-arachidonic-glycerol-phosphate-ethanolamine 
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and glaucoma is very limited, which deserved further 
exploration.

As for AMD, previous research is also consistent with 
our findings. The abnormal vascular invasion observed 
in the retinas of mice with VLDL receptor defects, spe-
cifically into normal avascular photoreceptor cells, may 
suggest neovascular age-related macular degeneration 
(AMD) and potentially indicate a protective role of VLDL 
against AMD [61]. ApoB levels were associated with 
decreased risk of intermediate AMD, but not with cho-
roidal neovascularization [51]. However, further stud-
ies are needed to verify its specific mechanism. Betaine 
was shown to inhibit the activation of the Akt pathway, 
thereby attenuating the increased expression of vascular 
endothelial growth factor (VEGF) and hypoxia-induc-
ible factor (HIF)-1α. These findings suggest that betaine 
may potentially delay the progress of retinal vascular 
diseases [62]. 4-androsten-3beta-17beta-diol disulfate, a 
steroid sulfate derived from androstenediol, it functions 
through both traditional androgen receptor (AR) signal-
ing and alternative pathways within the retina, impacting 
neural differentiation, survival, and development [63]. 
By activating AR pathways, it reduces oxidative stress, 
inflammation, and cell apoptosis, contributing to its neu-
roprotective effect. Additionally, its androgenic prop-
erties allow it to interact with GABAA receptors in the 
central nervous system, further supporting its protective 
role in AMD [64].

Based on our Mediation MR results, we attempted to 
discuss the mechanisms by which these metabolites influ-
ence OND. A cross-sectional study found that 16 out of 
50 patients (28%) in the diabetes group had POAG, while 
in control group was 6%, which is statistically significant 
(p < 0.05) [65]. Furthermore, in a population-based study 
by Gavin et al., higher serum total cholesterol levels were 
associated with increased intraocular pressure in individ-
uals with diabetes mellitus (p = 0.001) [66]. Additionally, 
the association between T2D and glaucoma is well-estab-
lished, as diabetes can lead to vascular changes affecting 
the eye [67]. Research shows that higher total cholesterol 
levels, including VLDL, correlate with increased BMI, a 
known risk factor for various diseases [68]. Additionally, 
increased BMI has been associated with a higher risk of 
advanced AMD, highlighting the importance of weight 
management in ocular health [69]. The presence of ath-
erogenic lipoproteins, including VLDL, further relates to 
cardiovascular risks, which may also impact ocular health 
[70]. All of the above suggests that while the mediating 
effect may be small, its clinical significance should not be 
overlooked, making it worthy of further exploration.

Based on our Phe-MR results, we further discuss the 
role of these metabolites in other neurodegenerative 
diseases. Research suggests that reducing the release of 
neurotoxic d-serine from A1 inflammatory astrocytes 

may have therapeutic benefits for mild to late-stage 
Alzheimer’s disease [71]. Genetically predicted elevated 
levels of O-methylascorbic acid may be associated with a 
reduced risk of developing delirium [72]. Increased levels 
of apolipoprotein B in the cerebrospinal fluid of Alzheim-
er’s disease patients have been linked to t-tau, p-tau, 
and four synaptic markers in pre-symptomatic indi-
viduals [73]. Furthermore, in our previously published 
review, our team comprehensively summarized the role 
of lipid metabolism dysregulation in the pathogenesis of 
Alzheimer’s and Parkinson’s diseases, the application of 
lipid monitoring, and emerging lipid-targeting therapeu-
tic strategies [74].

There are several noteworthy benefits in our study. 
First, it was the first comprehensive MR investigation that 
integrates genomics and metabolomics data to uncover 
novel causal associations of metabolites and glaucoma, 
AMD. Second, we were the first to explore whether some 
risk factors mediate the association between metabo-
lites and glaucoma, AMD. Then, we used Phe-MR to 
thoroughly evaluate potential on-target side effects of 
medicative metabolites. Additionally, our research uti-
lized carefully designed GWASs with large sample sizes, 
allowing for the creation of strong causal inferences with 
significant statistical power. At last, our study utilized an 
MR design, largely avoiding residual confounding and 
reverse causation. To specific, we employed multiple 
sensitivity analyses to ensure the robustness of our MR 
estimates.

Still, there are a few intrinsic limitations in this article. 
First, given the limited number of SNPs that reached sig-
nificance, we lowered our selection criteria. Each SNP 
had the F statistics above 10, indicating that no weak 
instruments had been selected. Second, all participants 
in our study were of European ancestry, reducing the 
risk of misleading associations from population strati-
fication bias. However, this limits the generalizability of 
our findings to non-European populations. And then, the 
PheCode system was based on hospital diagnoses, which 
may have underrepresented illness with mild symptoms. 
Last, metabolites within the human body are highly 
interconnected, and changes in one metabolite can affect 
entire metabolic pathways. We hope that our study can 
inspire future research exploring non-linear interactions 
between metabolites and OND.

Conclusion
In short, our MR study indicates a potential causal rela-
tionship of blood metabolites on glaucoma and AMD. 
These findings could serve as valuable circulating meta-
bolical indicators for preventing and screening glaucoma 
and AMD. Thus, our study further proves the associa-
tion between metabolism and optic neurodegenerative 
diseases.
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