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Abstract

Introduction: Lipid metabolism is pivotal in diabetic retinopathy (DR) de-
velopment. Nevertheless, the relationship between lipid-lowering drugs and
the risk of DR remains a topic of debate. This study employed Mendelian
randomization (MR) to investigate the potential effects of pharmacological
lipid-lowering targets on DR and to clarify the causal association between
blood lipid characteristics and DR.

Material and methods: The data comprised genetic variations related to lip-
id traits and genetic variations associated with lipid-lowering drug targets
obtained from the Global Lipid Consortium. Total DR, non-proliferative DR
(NPDR), and proliferative DR (PDR) were sourced from the Finnish R9 data-
base. Lipid-lowering drug targets were tested using inverse variance-weight-
ed MR (IVW-MR) and statistics-based MR (SMR). Colocalization and media-
tion analysis were conducted to validate the results and explore potential
mediating factors.

Results: A reduced risk of total DR and NPDR was associated with genetical-
ly improved 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) (OR = 0.62;
95% Cl: 0.46-0.83; p = 1.30 x 107%; OR = 0.49; 95% Cl: 0.34-0.70; p = 9.70
x 107%). Strong colocalization (PP.H4 = 0.85) was observed between whole
blood tissue HMGCR expression and a significant MR relationship with total
DR (OR = 0.66; 95% Cl: 0.52-0.85; p = 7.31 x 107*). Furthermore, body mass
index (BMI) and glycated hemoglobin (HbA, ) are critical factors that medi-
ate the impact of HMGCR and apolipoprotein B (APOB) on DR risk.
Conclusions: This Mendelian randomization study suggests that abnormal-
ities in triglyceride (TG) levels serve as a pathogenic element in DR. Of the
nine lipid-lowering drug targets assessed, HMGCR and APOB have emerged
as potential promising targets for managing NPDR. These findings under-
score the importance of controlling both BMI and HbA, levels to optimize
outcomes in diabetic patients at risk for DR. The therapeutic mechanisms of
HMGCR and APOB in DR go beyond lipid lowering alone, and a multimodal
lipid-lowering strategy should be selected early and comprehensively to ad-
dress the patient’s medical conditions.
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Introduction

Diabetes is increasingly recognized as a significant global public health
challenge. The worldwide diabetic population has escalated to 529 mil-
lionin 2021 and is anticipated to rise to 1.31 billion by 2050 [1]. With the
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rising prevalence of diabetes mellitus and a trend
towards younger patient populations, the global
incidence of diabetic retinopathy (DR) has been
on the rise. By 2045, it is anticipated that DR cas-
es will increase to 160.5 million, impacting 44.82
million individuals with vision-threatening diabet-
ic retinopathy (VTDR) [2]. DR, a significant micro-
vascular complication, stands as a key contributor
to vision impairment among patients. This condi-
tion stems from sustained damage to the retinal
vasculature, resulting in alterations such as hard
exudates, cotton-wool spots, and vascular remod-
eling [3].

Laser therapy, vitrectomy, anti-ceramide immu-
notherapy, and intravitreal injections represent
available modalities for managing DR [4]. Howev-
er, these interventions are predominantly aimed
at slowing down DR progression rather than pro-
viding a definitive cure. Despite the existence of
treatment options, the screening rate for DR re-
mains below 50% due to various socio-environ-
mental factors, including economic and regional
disparities. Consequently, many patients who do
not receive timely and regular treatment face ir-
reversible visual impairment [5]. Therefore, the
identification and management of DR risk factors
are paramount.

There are numerous factors that influence the
risk of developing DR [6]. Notably, lipid profiles
within the diabetic cohort have garnered con-
siderable global attention due to their distinct
correlation with various medical conditions. Hy-
perlipidemia is a systemic metabolic disorder
[7]. Dyslipidemia escalates the susceptibility to
macrovascular complications such as peripher-
al vascular disease, coronary heart disease, and
cerebrovascular disease, as well as microvascular
issues such as retinopathy and end-stage renal
disease in patients with diabetes [8, 9]. Research
into the relationship between lipids and DR has
evolved significantly over the past decades. Initial
investigations have indicated that patients with
DR exhibit elevated baseline lipid concentrations
compared to the broader diabetic population
[10]. A growing body of research suggests that
this association may be due to the involvement
of multiple lipid components. Consequently, early
initiation of lipid-lowering medications not only
reduces the incidence of other complications, but
also significantly reduces mortality.

A diverse array of lipid-lowering medications
are presently accessible for managing dyslipid-
emia. The evolution of therapeutic approaches
has seen significant advancement, from the intro-
duction of first-generation statins to the develop-
ment of more targeted therapies. Guidelines, in-
cluding those from the European Atherosclerosis
Society (EAS), advocate for statins as the primary

therapeutic option for addressing dyslipidemia in
diabetic patients [11]. In addition, the combina-
tion of ezetimibe, PCSK9 inhibitors, and fibrates
is frequently employed to augment lipid-lower-
ing interventions [11, 12]. However, the evidence
concerning the influence of commonly used lip-
id-lowering medications on the initiation and
progression of DR remains contentious. Among
the studies of fenofibrate drugs, the well-known
Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) study and the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) study
suggested that fenofibrate slows the progression
of diabetic retinopathy. However, these studies
also revealed differences in the drug’s efficacy in
patients with different subtypes and severity of
DR [13, 14]. The role of statins in DR management
has been similarly debated over time. Early small-
scale studies and extensive observational studies
spanning the past two decades have indicated
potential advantages of statins in mitigating late-
stage complications of DR and averting vision im-
pairment [15-17]. These findings seemed prom-
ising until a recent study suggested that statin
usage might elevate the prevalence of DR in both
proliferative and non-proliferative diabetic reti-
nopathy (NPDR and PDR) subgroups, as well as in
the broader DR population [18]. These conflicting
outcomes underscore the critical need for addi-
tional comprehensive research to delineate the
precise impact of lipid-lowering drugs on DR.

To overcome the limitations of observational
studies, the use of MR methods leveraging com-
prehensive summary data from genome-wide as-
sociation studies (GWAS) is gaining traction. MR
harnesses genetic variations as inherent exper-
iments to provide insights into potential causal
relationships between risk factors and diseases,
with reduced susceptibility to environmental con-
founders or reverse causation [19]. In drug target
MR analysis, the simulation involves the pharma-
cological blockade of genetic drug targets utiliz-
ing pertinent genetic variants as instrumental
variables, encompassing quantitative trait loci for
expression (eQTLs) and protein (pQTLs). This ap-
proach is employed to assess the consequences
of drug exposure [20]. Using a drug-target MR ap-
proach, this study simulates exposure to lipid-low-
ering drugs in diabetic patients to elucidate the
causal relationship between these drugs and DR
and to provide a basis for clinical strategies for the
prevention and treatment of DR.

Material and methods
Study design

The recommendations for MR (STROBE-MR),
which strengthens the reporting of observational
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studies in epidemiology, were followed in this in-
vestigation (Supplementary Table SI) [21]. Mende-
lian randomization (SMR) utilizing summary data
and two-sample MR methods were employed to
explore the relationship between diabetic reti-
nopathy (DR) risk and targets of lipid-lowering
medications. All data used in this investigation
were sourced from published, publicly available
summary statistics, as detailed in Supplementa-
ry Table Sll. Approval from the respective ethics
committees was obtained for all original studies.
The study design workflow is depicted in Figure 1.

Data sources and selection of genetic
instrumental variables

Lipid biomarkers

Genetic association data for lipid biomarkers
were obtained from the Global Lipids Genetics
Consortium, which represents the largest ge-
nome-wide association study (GWAS) meta-anal-
ysis to date, encompassing approximately 1.5 mil-
lion people of European heritage [22]. The primary
biomarkers considered were triglycerides (TG),
total cholesterol (TC), and low-density lipoprotein
cholesterol (LDL-C), demonstrating significance
(p < 5 x 108). These biomarkers met the criteria of
a physical distance requirement of 10,000 kb and
a chain unbalance [LD] aggregation threshold of
r* < 0.001. To address potential sample overlap
bias, particularly given that the outcome vari-
ables were derived from a Finnish database, par-
ticipants from the Finnish Biobank (n = 177,987)
were excluded from the dataset.

Lipid-lowering drug targets

Using information on both established and
emerging lipid-lowering drugs [16, 23], we iden-
tified pertinent drug target genes using the
DrugBank database. Subsequently, we conduct-
ed a comprehensive analysis integrating insights
from existing literature and research findings [24,
25]. The study ultimately encompassed a total of
7 lipid-lowering drugs corresponding to 9 targets.
Statins function by inhibiting 3-hydroxy-3-methy!-
glutaryl-CoA reductase (HMG-CoA reductase), re-
sulting in the upregulation of hepatic low-density
lipoprotein receptors (LDL receptors). This mech-
anism enhances the efficiency of LDL clearance.
On the other hand, ezetimibe operates by inhib-
iting the Niemann-Pick C1-Like 1 (NPC1L1) gene,
which is accountable for cholesterol absorption
in the intestine and liver, significantly reducing
plasma total cholesterol and LDL-C levels. Propro-
tein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors function by impeding the interaction of
PCSK9 with LDL receptors (LDLR). This action pre-
vents the degradation of LDL receptors by PCSK9,
leading to an increase in the quantity of LDL re-
ceptors on the liver surface and a pronounced re-
duction in plasma LDL-C levels. Bile acid seques-
trants operate by binding bile acids within the
intestine, impeding their reabsorption and con-
sequently lowering LDL-C levels. Mipomersen acts
to diminish the synthesis of apolipoprotein B-100
(APOB-100), resulting in decreased levels of very
low-density lipoprotein (VLDL), LDL, and lipopro-
tein(a) [9]. Fibrates specifically target peroxisome

Lipids traits Drug Target
(Global Lipids Genetics Consortium) Lowing LDL HMGCR NPC1L1 PCSK9 APOB LDLR
TC TG LDL Lowing TG ANGPTL3 APOC3 LPL PPARA
Biomarker Outcome Drug target
> (FinnGen Cohort)
Mendelian randomization DR NPDR PDR Mendelian randomization

y

/

HMGCR

Drug Target with significant MR results

APOB

Y

Mediation analysis
* Age diabetes diagnosed
« HbA _
« Fasting blood glucose
* Hypertension
« Diabetic nephropathy
* Body mass index

Figure 1. Study design flowchart

Y
Colocalisation analysis
Evidence for colocalization

(PH.H4 > 0.8)

Arch Med Sci



Xue Zhang, Kuanlu Fan, Jiaxin Li

proliferator-activated receptor a. (PPARa), enhanc-
ing the activity of lipoprotein lipase, thereby sig-
nificantly reducing plasma triglyceride (TG) levels
[26]. Angiopoietin-like 3 (ANGPTL3) functions by
suppressing ANGPTL3 protein, thereby enhanc-
ing the activity of lipoprotein lipase. Antisense
oligonucleotides directed at APOC3 mRNA serve
to inhibit APOC3 synthesis, resulting in a notable
decrease in plasma TG levels [27]. Additionally,
lipoprotein lipase (LPL) mainly functions on the
surface of capillary endothelial cells, catalyzing
the hydrolysis of triglycerides within circulating
triglyceride-rich lipoproteins such as chylomicrons
and VLDL Predicated on the fundamental phar-
macological functions of these target genes, we
subsequently categorized them into genes target-
ing the reduction of LDL-C and TG levels. Detailed
information is summarized in Table I.

A systematic methodology was employed to
ascertain pertinent genetic variants, drawing upon
established methodologies from previous stud-
ies [28]. Our selection process involves two main
steps. Firstly, we initially identified variants that
achieved genome-wide significance (p < 5 x 107¥)
within a 100 kb vicinity of the gene under investi-
gation. This threshold is widely accepted in GWAS
as indicative of strong evidence for an association.
To ensure independence among the selected vari-
ants, we further refined our selection using LD-
based clumping. We applied an LD threshold of r* <
0.1. This step helps to mitigate the risk of including
multiple correlated variants that could introduce
biased estimates in subsequent analyses.

Genetic associations with diabetic
retinopathy

Genetic association data for three outcomes
were selected from the FinnGen R9 release GWAS
summary statistics. The primary outcome was to-

Table 1. Characteristics of genetic instruments

tal DR, with secondary outcomes including NPDR
and PDR. These outcomes were diagnosed accord-
ing to the International Classification of Diseases,
10™ Revision (ICD-10) classification system. Spe-
cifically, DR diagnosis primarily relied on the H36.0
code, with supplementary codes within the H35
category utilized for specific classifications. Spe-
cifically, H35.0 was used for NPDR diagnosis, while
H35.2 was commonly used for PDR diagnosis. The
sample sizes were as follows: DR included 10,413
cases and 308,633 controls; NPDR included 3,494
cases and 366,864 controls; PDR included 9,511
cases and 362,581 controls.

Statistical analysis

To investigate the causal relationship between
cholesterol-lowering medications and genetically
instrumented circulating lipid traits in relation to
DR, NPDR, and PDR, we used two-sample MR anal-
ysis. To represent the impact of a 1 mmol/l shift
in lipid levels, all estimates — given as odds ra-
tios (ORs) — were normalized to be 38.7 mg/dl for
LDL-C, 88.5 mg/dl for TG, and 38.7 mg/dl for TC.

For drug target genes showing positive associ-
ations with outcome variables in the two-sample
analysis, we used the GTEx database to examine
their expression in high-expression tissues. Sub-
sequently, we conducted SMR analysis to evaluate
the association between a 1-standard deviation
(1-SD) change in drug target gene expression lev-
els and outcome variables.

We utilized the Bonferroni adjustment for mul-
tiple testing, setting significance thresholds at
p < 0.006 (0.05/9) for the nine pharmacological
targets and p < 0.016 (0.05/3) for the three lipid
characteristics. For all remaining analyses, statisti-
cal significance was defined as a two-sided p-val-
ue < 0.05. The statistical analyses were conducted
using the R software (version 4.3.1) and involved

Primary Drug targets Target Gene region (GRCh37) Genetic
pharmacological genes instruments
action (nSNPs)
Reduced LDL-C LDL receptor LDLR chr19:11200139-11244496 50
HMG-CoA reductase HMGCR Chr5:74632993-74657941 23
Niemann-Pick C1-like protein 1 NPC1L1 Chr7:44552134-44580929 14
Proprotein convertase subtilisin/kexin PCSK9 Chr1:55505221-55530525 43
type 9
Apolipoprotein B-100 APOB Chr2:21224301-21266945 24
Reduced TG Lipoprotein lipase LPL Chr8:19759228-19824769 34
APOC3 mRNA APOC3  Chr11:116700422-116703788 31
Peroxisome proliferator-activated PPARA Chr22:46546424-46639653 9
receptor a
ANGPTL3 protein ANGPTL3 Chr1:63063158-63071830 20
SNPs — single-nucleotide polymorphisms, chr — chromosome, LDL-C — low-density lipoprotein cholesterol, TG — triglyceride.
4 Arch Med Sci
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the “TwoSampleMR”, “MendelianRandomization”
and “coloc” packages.

The MR method is underpinned by three core
assumptions [29]: exclusion limitation, indepen-
dence, and relevance (Figure 2). Avoiding bias re-
sulting from inadequate instrumental variables,
we verified the strength of drug target instru-
mental variables by calculating F-statistics (B?/
SE?), with F > 10 indicating sufficient instrument
strength [30, 31]. Considering the well-document-
ed advantages of lipid-lowering medication thera-
py in lowering the risk of coronary artery disease
(CAD), we designated CAD as a positive control
to confirm the efficacy of pertinent instrumental
variables. Genetic association data for CAD were
derived from a genome-wide association study
involving 361,194 controls and 42,096 clinically
diagnosed patients. To exclude bias from con-
founding factors beyond the study exposure, we
conducted Bayesian colocalization analysis for
drug targets significantly associated with out-
come variables. Bayesian colocalization, founded
on Bayes’ theorem, serves as a tool to evaluate
whether distinct molecules (e.g., proteins, RNAs)
are situated in close proximity in a cell, with the
central idea being to combine prior knowledge
with observed data to derive posterior probabili-
ties of colocalization [32]. This analysis assessed
whether drug targets and DR-related SNPs were
driven by the same causal variant (posterior prob-
ability PP.H4) or influenced by different but link-
age disequilibrium-related causal variants (PP.H3)
[32]. A posterior probability exceeding 0.80 was
considered indicative of support for the colocal-
ization hypothesis.

To explore the specific pathways through which
positive drug targets affect DR, we assessed the
connection between recognized risk factors (e.g.,

Assumption2

................... > GRS g

age at diabetes diagnosis, fasting blood glucose,
glycated hemoglobin (HbA, ), diabetic nephropa-
thy, hypertension, body mass index (BMl)) for DR
and genetically proxied lipid-lowering treatments
[33]. Subsequently, after considering mediating ef-
fects, we evaluated these effects using a two-step
MR approach. This approach enabled the quanti-
fication of the direct impact of genetically linked
lipid-lowering medications on DR, the evaluation
of the indirect influence of the mediator via the
product of coefficients method, and the determi-
nation of the standard error of the indirect effect
using the delta method. To confirm the strength
and reliability of the findings, we conducted a test
of heterogeneity (Cochran’s Q test) and a test of
multiple validity (MR-Egger regression intercept
test).

Results
Traits of lipids and DR risk

As instrumental factors for lipid characteristics,
we found separate SNPs associated with TG, TC,
and LDL-C (Supplementary Tables SIlI-SV). Genet-
ically proxied increases in TG levels were associat-
ed with a higher risk of DR in the general popula-
tion, according to a two-sample MR analysis (OR
= 1.34; 95% Cl: 1.20-1.50; p = 1.25 x 107). How-
ever, no significant associations were observed
for LDL-C and TC with DR or its subtypes in the
overall population (Tables Il and Supplementary
Table SVII).

We performed genetic simulations for nine
lipid-lowering drug targets (Supplementary Ta-
ble SVIII). A positive control analysis was carried
out to validate the effectiveness of the genetic
instruments, revealing that eight genetically prox-
jed pharmacological targets (excluding ANGPTL3)

Y

Confounders

Y

Exposure
Genetic instruments | Assumptionl LbL TC TG HMGCR Assumption3 Outcome
SNPs > NPC1L1 PCSK9 APOB > DR NPDR PDR
LDLR LPL APOC3
; PPARA  ANGPTL3 7y
e e 5 I —
Selection criteria: MR analysis: Pleiotropy analyses:
Association of threshold of p < 5e-8 Inverse variance weighted Heterogeneity test
LD (r? < 0.1, kb = 100) Weighted median MR-Egger intercept
F-statistics > 10 MR Egger
Weighted mode

Figure 2. Mendelian randomization principles and presumptions
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Table I1. Risk association between blood lipids and DR

Exposure  Method DR NPDR PDR
OR (95% Cl) P-value OR (95% Cl) P-value OR (95% Cl) P-value
LDL Inverse 0.94 (0.84, 1.05) 0.28 0.94 (0.79, 1.10) 0.42 0.96 (0.88, 1.06) 0.46
variance
weighted
MR Egger 0.76 (0.65, 0.90) 0.001 0.78 (0.61, 1.00) 0.05 0.87 (0.75, 1.00) 0.05
Weighted 0.96 (0.84, 1.11) 0.60 0.96 (0.78, 1.19) 0.73 1.01 (0.88, 1.16) 0.91
median
Weighted 0.91 (0.80, 1.04) 0.15 0.96 (0.78, 1.18) 0.69 1.03 (0.89, 1.18) 0.70
mode
TG Inverse 1.34 (1.20, 1.50) 1.25E-07 1.13 (1.00, 1.28) 0.05 1.05 (0.96, 1.14) 0.29
variance
weighted
MR Egger  0.89 (0.77, 1.04) 0.15 0.88 (0.74, 1.06) 0.19 0.83 (0.73, 0.94) 0.003
Weighted 1.12 (0.96, 1.30) 0.16 1.01 (0.80, 1.26) 0.96 0.94 (0.81, 1.09) 0.40
median
Weighted 1.05 (0.91, 1.21) 0.53 1.00 (0.84, 1.20) 0.96 0.90 (0.80, 1.02) 0.10
mode
TC Inverse 0.91 (0.82, 1.01) 0.09 0.90 (0.78, 1.04) 0.15 0.95 (0.88, 1.04) 0.27
variance
weighted
MR Egger 0.81 (0.70, 0.95) 0.009 0.80 (0.65, 0.99) 0.04 0.87 (0.77, 0.99) 0.03
Weighted 0.99 (0.87, 1.13) 0.87 0.92 (0.76, 1.12) 0.40 0.95 (0.85, 1.07) 0.43
median
Weighted 0.95 (0.83, 1.08) 0.431 0.87 (0.73, 1.05) 0.14 0.94 (0.83, 1.07) 0.37
mode

LDL-C — low-density lipoprotein cholesterol, TG — triglyceride, TC — total cholesterol, NPDR — non-proliferative diabetic retinopathy,

PDR — proliferative diabetic retinopathy.

decreased CAD risk (Figure 2). The genetic instru-
ments’ F-values varied from 10 to 5810, indicat-
ing that the potential influence of instrumental
variable bias on the study outcomes was unlikely
(Supplementary Table SVI).

Figure 3 illustrates the effects of genetically
proxied lipid-lowering drugs on DR. Our analysis
revealed nuanced and differential effects across
various drug targets. HMGCR targets showed the
most consistent and significant protective effects
with DR subtypes. In the DR (OR = 0.62; 95% Cl:
0.46-0.83; p = 0.01) and NPDR (OR = 0.49;
95% Cl: 0.34-0.70; p = 9.70 x 107%) populations,
genetically modelled HMGCR augmentation and
a 1 mmol/l (88.9 mg/dl) rise in TG were associ-
ated with a lower risk of DR and NPDR. APOB tar-
gets showed consistent risk reduction across DR
subtypes. Genetic simulation of APOB enhance-
ment also showed associations with low DR risk
(DR: OR =0.75;95% Cl: 0.60-0.94; p = 0.01; NPDR:
OR = 0.64; 95% Cl: 0.48-0.87; p = 4.30 x 107;
PDR: OR = 0.82; 95% Cl: 0.69-0.99; p = 0.03). No-
tably, the protective effect was most pronounced
in the NPDR subgroup. Conversely, genetic simu-
lation of ANGPTL3 enhancement was observed
to increase the risk of DR and PDR. However, the
significance of the associations of ANGPTL3 and

APOB with outcomes diminished after Bonferroni
correction, warranting cautious interpretation.
Notably, no significant relationships were identi-
fied between the other genetically simulated drug
targets and DR outcomes.

The outcomes obtained from alternative analy-
sis approaches were largely consistent with those
from the primary analysis method (inverse vari-
ance-weighted method) (Supplementary Table
SVIII). No indications of pleiotropy were detected
for the variables, except in the analyses involving
LDL-C and TG, where the MR-Egger intercepts ex-
ceeded 0, thereby enhancing the validity of causal
inference.

Gene expression and DR risk

Blood, liver, and subcutaneous adipose tissues
exhibiting the highest expression levels of HMG-
CR, APOB, and ANGPTL3 genes were selected for
SMR analysis using the GTEx database. The re-
sults revealed a significant correlation between
a 1-standard deviation (1-SD) rise in HMGCR ex-
pression in blood tissue with a lower incidence of
DR (DR: OR = 0.66; 95% Cl: 0.52-0.85; p = 7.31
x 107 NPDR: OR = 0.64; 95% Cl: 0.44-0.93; p =
2.03 x 107?) (Supplementary Table SX). No signif-
icant associations were identified between genes
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Figure 3. Associations between genetically proxied lipid-lowering drugs and diabetic retinopathy
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2.04 (1.51, 2.75)

OR (95%CI)
1.17 (0.96, 1.43)
0.78 (0.58, 1.04)

8.06 (0.30, 213.18)
1.00 (0.80, 1.24)
1.42 (0.98, 2.07)
1.19 (0.97, 1.46)
0.64 (0.48, 0.87)
0.49 (0.34, 0.70)

2.02 (1.04, 3.91)
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C
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HMGCR

\4

NPDR

Figure 4. Intermediary analysis chart

related to APOB or ANGPTL3 and DR or NPDR. Co-
localization analysis was conducted to determine
the likelihood of shared causal SNPs between ge-
netic variants associated with HMGCR expression
in whole blood tissue and DR/NPDR. The results
revealed a common causal variant for HMGCR
expression in whole blood tissue and DR (PP.H4
= 0.85) (Supplementary Table SXI), but no strong
evidence for a shared causal variant with NPDR
(PP.H4 = 0.27).

Mediation analysis

To explore mediating factors in HMGCR’s in-
fluence on DR risk, we performed a two-step MR
analysis of six potential mediating variables to as-
sess their role in the effects of HMGCR and APOB
on DR. The results showed significant causal as-
sociations between HMGCR and HbA , BMI, and
hypertension, whereas APOB was causally asso-
ciated with HbA _and BMI (Supplementary Table
SXII). For HMGCR, we found that HbA, mediated
9.92% (95% Cl: 3.72%, 17.09%) of the total effect
of HMGCR on NPDR and 20.33% (95% Cl: 12.68%,
29.38%) of the total effect of HMGCR on DR. The
mediating effect of BMI was more significant, ac-
counting for 17.26% (95% Cl: 9.37%, 26.60%) of
the total effect of HMGCR on NPDR and 36.83%
(95% Cl: 24.95%, 49.91%) of the total effect on DR
(Figure 4). The mediating effect of hypertension,

although statistically significant, was relatively
small, accounting for only 2.34% (95% Cl: 0.14%,
5.65%) of the total effect of HMGCR on NPDR and
3.82% (95% Cl: 0.40%, 8.25%) of the total effect
on DR. For APOB, the mediating effect of HbA
in its total effect on NPDR was 11.73% (95% Cl:
4.06%, 21.21%), while the mediating effect of BMI
was 5.64% (95% Cl: 2.48%, 9.70%). These results
suggest that the genetically modelled effects of
HMGCR and APOB on reducing the risk of DR are
partly mediated by these mediators. In particular,
BMI and HbA played a large mediating role in the
effect of HMGCR on DR, whereas the mediating
role of HbA, was more significant in the effect of
APOB on NPDR. Detailed statistical results are pre-
sented in Supplementary Tables SXII-SXIV.

Discussion

This study examined the possible effects of
lipid-lowering treatment targets while using MR
and drug target SMR methodologies to explore
the causal link between blood lipid levels and DR
[34]. The key findings of our study are as follows:
elevated TG levels significantly increase the risk
of DR and NPDR; HMGCR is negatively correlated
with DR risk in the total population and NPDR;
APOB is also negatively correlated with NPDR risk.
Nevertheless, there is no proof that lipid charac-
teristics or the nine pharmacological lipid-lower-
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ing targets have an effect on PDR. Mediation anal-
yses highlight the importance of glycemic control
and weight management in the prevention and
management of DR. Although hypertension is
a known risk factor for DR, the role of HMGCR-re-
lated lipid-lowering drugs in DR appears to be less
prominent than that of BMI and HbA, .

The correlation between DR risk and blood lipid
levels remains controversial. Previous studies have
reported conflicting results, with some investiga-
tions showing no clear relationship between any
blood lipid component and any form of DR [35, 36].
For instance, a MR study conducted by Sobrin et
al. did not identify any causal effect of four lipid
components (HDL, LDL, TG, TC) on DR [33]. How-
ever, a study by Dornan et al. suggested that LDL
levels were higher in PDR populations compared
to NPDR and normal populations, implying a cor-
relation between LDL and DR severity [37]. Fur-
thermore, a large Spanish follow-up study reported
that LDL levels and the TC to LDL ratio were asso-
ciated with an increased risk of DR [34, 38]. These
findings align with a meta-analysis of 13 cohort
studies, which indicated that baseline TG levels
were associated with the development of diabetic
retinopathy in individuals with diabetes, while no
significant associations were found between the
prevalence of diabetic retinopathy and LDL and TC
levels [39]. This inconsistency reflects the complex
relationship between lipids and DR, possibly relat-
ed to methodological differences, population char-
acteristics, or different stages of DR.

In the current study, genetic simulation of HMG-
CR and APOB was associated with a decreased
risk of any DR and NPDR, which is consistent with
the findings of Chen et al. However, this protective
effect does not seem to extend to PDR. Addition-
ally, mediation analyses demonstrated that the
protective impact of HMGCR on DR was partially
mediated by HbA, and BMI, with the causal ef-
fect of HMGCR on these two mediating variables
resembling previous findings [40, 41]. An animal
model-based investigation revealed that reduced
HMGCR expression led to elevated dietary intake
and fat storage, potentially mediated by target of
brain insulin (TOBI) regulation through modula-
tion of a-glucosidase gene expression to regulate
blood glucose levels [42]. This discovery implies
that genetic mimicry of HMGCR to promote blood
glucose and BMI reduction may be associated with
this phenomenon. The study further confirmed
the association between HMGCR and BMI by ob-
serving weight gain resulting from statin drug ad-
ministration [43]. Chronic hyperglycemia induces
oxidative stress by increasing reactive oxygen spe-
cies (ROS) production, triggering an inflammatory
cascade resulting in vascular wall damage and
increased vascular permeability, activation of pro-
tein kinase C and advanced glycation end-prod-

ucts (AGEs), and endothelial dysfunction. In addi-
tion, sustained high blood glucose levels lead to
pericyte detachment and basement membrane
thickening, impaired neurovascular coupling, and
disruption of retinal microcirculation. These series
of metabolic and physiological disturbances ulti-
mately induce the development of DR.

Additionally, genetic mimicry of APOB associ-
ated with lowering LDL-C was identified as con-
tributing to the reduction in NPDR risk. It is note-
worthy that the impact of apolipoprotein B (APOB)
on DR in previous investigations was multifaceted,
with some studies indicating that APOB increased
retinal small artery tortuosity, a factor correlated
with the severity of DR [44, 45]. However, Li et al.
did not find an association between genetically
determined APOB and DR risk. This inconsistency
may prompt us to revisit the relationship between
APOB and DR. It is possible that genetic variations
could influence the function of APOB beyond its
levels, and specific instrumental variables related
to the APOB gene might exert protective effects.
Furthermore, the complex interplay of genetic
background, environmental factors, and popula-
tion variances may all contribute to the diverse
outcomes observed in this association.

Previous large clinical studies such as FIELD and
ACCORD-EYE have demonstrated the protective
effect of betablockers in patients with diabetic ret-
inopathy (DR) [46]. However, in the present study,
only inhibition of the ANGPTL3 gene showed
a suggestive, but not significant, association with
reduced risk of DR. This discrepancy may stem
from several aspects: first, fibrates such as fenofi-
brate exert their triglyceride (TG) lowering effects
by activating multiple signaling pathways, rather
than relying on a single pathway. This multi-tar-
geted action may be an important reason for the
superior therapeutic effect over single gene inhi-
bition observed in clinical trials. Second, although
studies have confirmed the correlation between
certain circulating lipid levels and DR progression,
the final clinical phenotype is modulated by mul-
tiple factors. In addition to changes at the tran-
scriptional and translational levels of genes, envi-
ronmental factors, epigenetic modifications, and
other unknown regulatory mechanisms may influ-
ence disease progression and therapeutic efficacy.
This complex interaction may lead to differences
in the effects of single gene interventions versus
the results of drug therapy.

These seemingly contradictory findings sug-
gest that lipid-lowering drugs may have different
mechanisms and effects in the prevention and
treatment of DR. It was found that microglia ag-
gregation and systemic inflammation were more
severe in patients with PDR, whereas fenofibrate
ameliorated oxidative stress and systemic inflam-
mation, while also inhibiting infiltration and acti-
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vation of retinal cells [47]. Previous studies have
shown that the degree of systemic inflammation
in patients with DR is related to the grade of the
disease, and the differences in the efficacy of dif-
ferent types of lipid-lowering drugs in patients
with different DR grades may be related to the
above factors. Therefore, it is important to explore
the mechanism of action of these drugs in differ-
ent types of DR, especially the relationship with
inflammatory reactions and cell activation.

The pathological process of DR is complex,
with evidence indicating that plasma LDL-C and
cholesterol levels are associated with retinal hard
exudates [48, 49]. Statin medications have been
shown by Gupta et al. to lessen the intensity of
hard exudates and central foveal lipid migration
[18, 50], further supporting the association be-
tween blood lipids and retinal exudation. The
intricate relationship between circulating lipids
and DR has been confounded by numerous fac-
tors, prompting an increasing number of studies
to explore and emphasize non-lipid mechanisms.
Recent research has indicated that disruption of
retinal cholesterol metabolism and impaired ret-
inal capillary repair may serve as the underlying
mechanisms of DR. Initially, retinal cholesterol ac-
cumulation leads to the formation of highly reflec-
tive crystalline deposits (CCS), which activate the
immune response, triggering the NLRP3 inflam-
masome and the release of various inflammatory
factors, such as IL-1, thereby inciting local tissue
inflammation [47]. Various microbial infections
activate Toll-like receptors (TLRs), inhibit liver X
receptors (LXRs) through the viral response to the
transcription factor interferon regulatory factor 3
(IRF3), reduce expression of ABCA1 transporter
proteins, and inhibit cholesterol efflux by mac-
rophages [51]. In addition, chronic inflammatory
activation in diabetic patients can disrupt bone
marrow microenvironmental homeostasis and
slow retinal vascular endothelial cell repair, thus
exacerbating the progression of DR [52].

This study leveraged the advantages of large-
scale samples from the Finnish Biobank, providing
important insights into the genetic risk of DR. It
demonstrated the potential for more targeted and
individualized interventions beyond the current
“one-size-fits-all” approach. The research meth-
ods employed helped to avoid the reverse causali-
ty issues and confounding variables that are prev-
alent in traditional observational studies. From
a clinical application perspective, our findings pro-
vide new opportunities for precision medicine. It is
worth noting that although the study found that
genetic mimicry of HMGCR and APOB enhance-
ment were beneficial in reducing the risk of DR,
we acknowledge the therapeutic benefits of lip-
id-lowering medications such as statins and mipo-
mersen in individuals with diabetes. Our findings

offer a nuanced approach to clinical implemen-
tation for patients with DR and hyperlipidemia.
A comprehensive assessment of the patient’s
genetic and metabolic profile is recommended to
develop a personalized lipid-lowering strategy for
optimal management based on the patient’s indi-
vidual profile. Future research endeavors may fo-
cus on identifying the most suitable lipid-lowering
approach based on the unique characteristics of
patients (e.g., DR stage, genotype).

However, we also acknowledge the limitations
of the methodology of this study: (1) Despite
conducting sensitivity analyses, studies based on
GWAS data still cannot completely rule out pleiot-
ropy, there may be other confounding factors af-
fecting outcomes, and the results have the poten-
tial to be false-positive. (2) Given that the GWAS
data originated from European cohorts, caution
is warranted in generalizing the findings to other
ethnic populations, as population-specific effects
may not be accurately represented. (3) Although
the study detailed specific retinal effects of lip-
id-lowering drugs in patients with DR, the GWAS-
based data were limited, and it was not possible
to obtain the eQTL data of HMGCR and APOB in
retinal tissues or the results for the intraretinal
effects. (4) The potential disparities between the
direct effects of lipid-lowering therapies and the
effects of genetic variants on DR risk were not
directly evaluated in this study. (5) The original
GWAS data can only be used to make the main
classification based on DR, but the progression of
DR includes many other important pathological
processes, and refinement of the effects of lip-
id-lowering therapies on these pathological pro-
cesses will help to strengthen the results, thereby
facilitating a more comprehensive interpretation
of the results.

We acknowledge several critical limitations in
our current study that necessitate future research.
Firstly, the multiplicity of studies can be reduced
by developing advanced statistical methods to
more accurately distinguish between direct and
indirect genetic effects and by using a multi-omics
approach to reveal complex genetic interactions.
Secondly, in order to generalize the results of the
study, multi-ethnic studies can be conducted at
a later stage to incorporate different genetic back-
grounds to ensure the robustness of the risk as-
sessment. Stratified analysis protocols could also
be developed to take into account genetic varia-
tion in specific populations.

Based on our findings, future research di-
rections may include: 1) further elucidating the
mechanisms of action of lipid-lowering drugs at
different DR stages, especially non-lipid effects;
2) developing comprehensive genetic screen-
ing protocols, exploring individualized treatment
strategies based on genotype risk prediction and
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treatment selection, and developing predictive
models that integrate genetic, metabolic, and
clinical variables; 3) creating algorithm-based
treatment selection models, considering the inter-
action between DR and other diabetic complica-
tions and developing an integrated management
approach that considers multiple metabolic path-
ways; 4) conducting longitudinal studies investi-
gating long-term outcomes of lipid management
in DR populations, ongoing monitoring of DR pro-
gression, and validation of HMGCR and APOB-tar-
geted therapies. This will lead to a comprehensive
assessment of potential side effects and long-
term efficacy; 5) combining genetic insights with
clinical practice for personalized diabetic retinop-
athy management and developing precision med-
icine approaches.

In conclusion, our research used MR and SMR
techniques to illuminate the intricate connection
between lipid metabolism and DR, particularly the
potential protective role of HMGCR and APOB in
NPDR risk. The mediation analysis highlighted the
importance of glycemic control and weight man-
agement in the prevention and management of
DR. These results contribute to our understanding
of the pathogenic underpinnings of DR and of-
fer fresh perspectives for preventative and ther-
apeutic approaches in the future. While further
research is required to confirm and elaborate on
these findings, our study translates genetic in-
sights into practical clinical applications, ultimate-
ly improving patient outcomes and developing
more precise, personalized approaches to diabetic
retinopathy management.
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