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Exploring the effect of SGLT2
inhibitors on the risk of primary
open-angle glaucoma using
Mendelian randomization analysis

Yujin Guo*?, Jing Zhao?, Shuai Hou? & Zhiging Chen3**

This study aimed to evaluate the causal effect of sodium-glucose cotransporter protein 2 (SGLT2)
inhibition on primary open-angle glaucoma (POAG) and explore potential mechanisms. A drug-
targeted Mendelian randomization (MR) study was conducted using genetic variation related to

SGLT2 inhibition, based on SGLT2 gene expression and glycated hemoglobin levels. Genetic summary
statistics for POAG were obtained from the FinnGen consortium and a multi-ancestry genome-wide
association study. Glaucomatous endophenotype data were also incorporated. A two-step MR analysis
was performed to examine whether pathways related to obesity, blood pressure, lipid levels, oxidative
stress, and inflammation mediated the association between SGLT2 inhibition and POAG. Genetically
predicted SGLT2 inhibition was associated with a reduced risk of POAG (OR: 0.28; 95% Cl: 0.12 to 0.63;
P=2.22x103), confirmed in a multi-ancestry validation cohort. It was also associated with decreased
optic cup area, reduced vertical cup-disc ratio, and increased optic disc area. Mediation analysis
indicated that the effect of SGLT2 inhibition on POAG was partly mediated by diastolic blood pressure
(4.8%). This study suggests that SGLT2 inhibition is a promising therapeutic target for POAG. However,
further large-scale randomized controlled trials are required to confirm these findings.
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Glaucoma is a progressive optic neuropathy representing the primary cause of irreversible blindness globally. It is
characterized by the progressive degeneration of retinal ganglion cells and axons, which causes optic nerve head
cupping and subsequent visual impairment"2. The most common glaucoma subtype is the primary open-angle
glaucoma (POAG)>. The biological basis of POAG has not been comprehensively elucidated, and the factors
involved in its development have not been thoroughly characterized!. Intraocular pressure (IOP) constitutes a
major independent and modifiable risk factor for POAG. IOP reduction through the administration of topical
eye drops reportedly decelerates the progression of POAG®. However, these topical treatments necessitate
lifelong adherence and are usually accompanied by numerous ocular side effects®. Moreover, they may not be
suitable for patients with glaucoma who do not have elevated IOP. Systemic diseases, including type 2 diabetes
mellitus (T2DM), are reportedly associated with glaucomatous optic nerve damage®. Chronic hyperglycemia
contributes to endothelial dysfunction and impairs blood flow to the optic nerve head, potentially causing
glaucomatous damage to the optic nerve and retinal nerve fiber layer. Diabetes-induced oxidative stress and
chronic inflammation can produce analogous outcomes’. Additionally, numerous observational studies have
revealed metabolic characteristics, such as obesity, systemic arterial hypertension, and dyslipidemia, as potential
risk factors for the development of glaucomatous optic nerve damage”*.

The sodium-glucose cotransporter protein 2 inhibitor (SGLT2i) represents a novel class of antidiabetic agents.
This pharmacological intervention involves specifically targeting the sodium-glucose cotransporter protein 2
(SGLT2) to impede glucose reabsorption in the renal proximal tubules, enhancing urinary glucose excretion
and contributing to maintaining glucose homeostasis’. In addition to its hypoglycemic properties, SGLT2i
reportedly lowers blood pressure, modulates lipid metabolism, reduces obesity, and mitigates tissue oxidative
stress and inflammation'®!". Extensive clinical trials have shown that SGLT2i significantly improves major renal
outcomes and cardiovascular event outcomes in patients with T2DM'%!3, Similarly, SGLT2i improved retinal
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hypoxia and optic neuroprotection, and a population-based cohort study by Shao et al. showed that SGLT2
inhibitors significantly reduced glaucoma risk in patients with type 2 diabetes compared with that in patients
with T2DM taking GLP-1 RA!*15. The latest meta-analysis has confirmed that the incidence of glaucoma is
significantly lower in T2DM patients receiving GLP-1 RA therapy'®. Therefore, SGLT2i may hold substantial
clinical potential in reducing the risk of glaucoma and could potentially serve as the first-line antidiabetic agents
for diabetic patients at high risk of glaucoma. However, current clinical evidence is limited to a single study
conducted in Taiwan, and the causal relationship as well as the precise underlying mechanisms remain unclear,
necessitating further investigation.

Mendelian randomization (MR) study is a new epidemiological method for making causal inferences, which
involves using genetic variation as an instrumental variable (IV)!”. Given that genetic variation is subject to
the random assignment of alleles during meiosis, similar to that in a randomized controlled experiment, and
germline genotypes remain unaltered by disease onset and progression, MR markedly diminishes the influence
of confounding factors and reverse causality'®. This advantage of MR overcomes the inherent limitations of
observational studies.

Investigating multi-target long-term oral medications is crucial for the early prevention of POAG. In this
study, we initially conducted a two-sample MR analysis to examine the causal effect of SGLT2 inhibition on
POAG, using genetic variations in drug targets as IVs. Subsequently, mediation analyses were performed based
on the pharmacological effects of SGLT2is in a two-step MR framework to identify potential pathways by which
they affect POAG risk. This analysis provides new insights into the repurposing value of SGLT2i in POAG.

Materials and methods

Study design

Figure 1 shows a comprehensive overview of the study’s framework. First, genetic variants associated with
SGLT?2 inhibition were identified. Second, a drug-target MR analysis was conducted using a TSMR method
to investigate the effect of SGLT2 inhibition on POAG and glaucoma endophenotypes. Third, we evaluated
the causal impact of fasting glucose and glycated hemoglobin (HbAlc) levels on POAG to confirm whether
the causal effect of SGLT2 inhibition on POAG could be attributed to its glucose-lowering effect. Moreover,
we included validation cohorts for external validation and used meta-analyses to amalgamate non-significant
findings to enhance the robustness and credibility of our results. Finally, we used mediation analyses within a
two-step MR framework to elucidate whether the established pharmacological effects of SGLT2is could act as
potential mechanisms for mitigating POAG risk.

Our MR analysis was based on three fundamental assumptions that the genetic variation: (1) is strongly
associated with the exposure; (2) is independent of potential confounders; and (3) influences the outcome solely
through the exposure!®. Furthermore, the study was designed following the Strengthening the Reporting of
Observational Studies in Epidemiology using MR (STROBE-MR) reporting guidelines?’. The genome-wide
association study (GWAS) summary data used in our study were approved by the appropriate ethics committees
in the original studies. A comprehensive characterization of the data sources is presented in Supplementary
Table S1.

Selection and validation for IVs of SGLT2 Inhibition

We identified IVs for SGLT2 inhibition through a five-step process based on the methods of Li et al., aiming to
establish a genetic proxy that bridges gene expression-associated loci with drug inhibition effects®!. (1) Using
data from the Genotype-Tissue Expression (GTEx) project?? and the eQTLGen consortium??, we identified
single nucleotide polymorphisms (SNPs) associated with SLC5A2 (the gene encoding SGLT2) expression. (2)
Given that SGLT2i lower blood glucose by inhibiting renal glucose reabsorption, we conducted a MR analysis
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Fig. 1. Overview of the research design in this study. (A) Flowchart for assessing the effect of SGLT2 inhibition
on POAG risk using MR. (B) The utilization of MR to investigate the impact of SGLT2 inhibition on POAG
(total effect). (C) The application of a two-step MR framework was employed to investigate potential mediators
in the SGLT?2 inhibition and POAG association pathways, and to calculate indirect effects.
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to evaluate the association between each SLC5A2 variant and HbAlc levels. SLC5A2 variants with a significant
negative association with HbAlc (P<1x107%) were selected to simulate the long-term pharmacological
effect of SGLT2 inhibition. This step identified SLC5A2 variants naturally corresponding to reduced HbAlc
levels, effectively serving as a genetic proxy for SGLT2 inhibition. The GWAS summary data for HbAlc were
obtained from a cohort of 344,182 non-diabetic European individuals in the UK Biobank. (3) We performed
Bayesian colocalization analysis to determine whether the selected genetic variants within the SLC5A2 region
simultaneously influence SLC5A2 expression and HbA Ic levels, selecting colocalized variants with a posterior
probability of H4 (PPH4) greater than 0.7%4%. (4) A standard clumping procedure was used to eliminate SNPs in
linkage disequilibrium, with parameters set at r* = 0.8 and a distance of 250 kb. (5) The F-statistic of each IV was
calculated to ensure a value of > 10 to mitigate bias owing to weak IVs?°. We identified 10 SNPs as IVs for SGLT2
inhibition after the selection and validation procedures for subsequent MR analysis (Supplementary Table S2).

Data source for POAG and glaucoma endophenotypes

Summary genetic data for POAG were obtained from two large GWAS datasets. During the discovery phase,
we procured summary statistics for POAG from the FinnGen R11 research consortium (https://r11.finngen.fi/),
which included 9,565 cases and 430,250 controls, all of Finnish descent. POAG was classified according to the
International Classification of Diseases, 10th Revision, under the code H40.1?”. During the external validation
phase, summary data for POAG were sourced from Zhou et al.?. These summary data were derived from a
GWAS meta-analysis encompassing six distinct ancestry groups, which was used to conduct a sensitivity test
of the association between SGLT2 inhibition and POAG across trans-ethnic populations, mitigating the bias
associated with reliance on a single European ancestry. Additionally, we extracted GWAS summary data for
six glaucoma endophenotypes, namely retinal nerve fiber layer thickness?’, ganglion cell inner plexiform layer
thickness?®, IOP*, optic cup area®, optic disc area®®, and vertical cup-disc ratio®’. Detailed information on each
dataset is presented in Supplementary Table S1.

Exclusion of outcome-associated Snps and confounders

Based on the three core assumptions of MR studies, we excluded SNPs strongly associated with the outcome
before each MR analysis to ensure that the selected SNPs influence the outcome solely through the exposure®!.
Since blood pressure, blood glucose, lipid traits, oxidative stress, and inflammatory responses are potential
confounders of POAG, we examined the GWAS data of potential mediators listed in Supplementary Table S1
before performing the MR analysis of SGLT2 inhibition and POAG. After scanning these data, we confirmed
that all 10 identified SNPs for SGLT?2 inhibition were not strongly associated with these potential confounders.

Both steps were conducted using a threshold of P<5x 1078,

MR analysis

We evaluated the causal relationship between SGLT2 inhibition and POAG using four MR techniques, namely
inverse variance weighted (IVW), weighted median, MR-Egger, and maximum likelihood. Among these, the
IVW method was the principal analytical approach, and the other three were used to complement and enhance
the IVW findings. The IVW method necessitates the validity of all IVs, yielding unbiased causal estimates in the
absence of horizontal pleiotropy®2. The weighted median method, which yields unbiased estimates and sustains
high statistical efficiency even in the presence of approximately 50% invalid IVs, is a significant complement
to the IVW results®. The MR-Egger method relaxes the “no horizontal pleiotropy assumption” by allowing all
IVs to be invalid. While this method is less efficient than the others, it provides causal estimates that consider
horizontal pleiotropy effects®.

In addition, further sensitivity analyses were conducted to investigate potential heterogeneity and horizontal
pleiotropy, enhancing the reliability of the findings. Cochran’s Q test based on MR-Egger and IVW methods
was performed to assess the presence of heterogeneity within the IVs. When P> 0.05, it indicated the absence
of significant heterogeneity, and the fixed-effects IVW model was selected; otherwise, the random-effects IVW
model was selected. The presence of horizontal pleiotropy was determined using MR-Egger regression analysis,
with P<0.05 indicating significant horizontal pleiotropy*.

To mitigate the probability of Type I errors, the Benjamini-Hochberg procedure was used to calculate
the false discovery rate (FDR) to correct IVW results after conducting multiple MR tests. Results exhibiting
a PFDR<0.05 indicated a significant causal relationship. Conversely, associations that met the criterion of
PIVW <0.05 but were not corrected using FDR were considered to suggest potential causality only*. In our
study, a robust causal relationship should meet the following criteria: (i) a PFDR of <0.05 after multiple MR
tests; (ii) consistent directional estimates across four MR methods; (iii) the absence of horizontal pleiotropy.
Additionally, we have external validation for the replication of the association between SGLT2 inhibition and
POAG. The MR analyses were performed using R software (version 4.3.2) and the “TwoSampleMR” package
(version 0.5.8).

Effect of glucose traits on the risk of POAG
To evaluate whether the effect of SGLT2 inhibition on POAG risk is attributable to its glucose-lowering effects,
we examined the impact of fasting glucose and HbA1c levels on POAG risk using TSMR.

Mediation analysis based on the Pharmacological effects of SGLT2is

In addition to direct hypoglycemic effects, the potential influence of other pathways associated with SGLT2i on
POAG remains uncertain. To elucidate the genetically predicted pharmacological mechanisms by which SGLT2i
may prevent POAG, we conducted a mediation analysis using a two-step MR design. Initially, we evaluated the
causal relationship between genetic proxies for SGLT2i and its established regulatory pathways, including obesity
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indicators®, blood pressure®, lipid traits*, oxidative stress*’, and inflammation-related pathways*’. MR analyses
were conducted using the IVW method, with analytical models selected based on heterogeneity assessments.
P-values from multiple tests were adjusted using the FDR technique. Significant results were subsequently
incorporated into mediation analysis to investigate the pharmacological pathways underlying the association
between SGLT2i and POAG. Detailed information regarding the GWAS datasets used for the mediation analysis
is presented in Supplementary Table S1. We used the “product of coefficients” method to calculate the indirect
effect of SGLT2 on POAG via the mediator (p1x 32). The proportion of the mediator variable in the total effect
was calculated using the indirect effect divided by the total effect (B1 x $2/3). 1, p2, and B3 represent the effect
of SGLT2 inhibition on the mediators, the effect of the mediators on POAG, and the effect of SGLT2 inhibition
on POAG, respectively. Finally, we used the delta method to calculate the 95% confidence intervals (CIs) for the
mediator proportions?!.

Ethics approval and consent to participate

This study conducted an analysis utilizing previously GWAS summary data and did not involve the recruitment
of new human participants or the use of animals. Ethical approval and consent to participate were secured for all
original studies from which the data were derived. Consequently, the application of these data for MR analyses
typically did not necessitate additional ethical approval.

Results

Effect of SGLT2 Inhibition on the risk of POAG

We identified 10 sufficiently robust SNPs as genetic instruments for SGLT2 inhibition, as detailed in the
publication by Li et al. (Supplementary Table S2). Each SNP exhibited an F-statistical value exceeding 10,
minimizing the potential bias associated with weak IVs. In the MR analysis conducted during the discovery
phase, the primary results obtained through the IVW method demonstrated a significant association between
SGLT?2 inhibition and a reduced POAG risk (OR: 0.28; 95% CI: 0.12 to 0.63; P=2.22x1073), corresponding to
a 1 standard deviation decrease in HbAlc owing to SGLT2 inhibition (Fig. 2; Supplementary Table S3). The
robustness of the results was enhanced using other statistical methods that consistently confirmed a causal
relationship between SGLT?2 inhibition and POAG. Among them, weighted median and maximum likelihood
methods also yielded the causal association as significant. In addition, Cochran’s Q test showed no significant
heterogeneity among SNPs, and MR-Egger regression analysis did not reveal significant horizontal pleiotropy
(Supplementary Table S3). To further validate the causality, we selected POAG data from other data sources
as external validation. IVW results showed that SGLT2 inhibition significantly reduced POAG risk (OR: 0.45;
95% CI: 0.24 to 0.84; P=0.013). Furthermore, consistent directions of association were obtained for the four
MR methods, and the sensitivity analyses did not detect significant heterogeneity or horizontal pleiotropy
(Fig. 2; Supplementary Table S3). Additional tests and sensitivity analyses reinforced the association of SGLT2
inhibition with POAG.

Effect of SGLT2 Inhibition on glaucoma endophenotypes

Glaucoma endophenotypes demonstrated a statistically significant correlation with SGLT2 inhibition (Fig. 3;
Supplementary Table S4). Under the IVW approach, FDR-corrected, SGLT2 inhibition was significantly
associated with decreased optic cup area (OR: 0.78; 95% CI: 0.70 to 0.88; P=2.47 x 10-%), decreased vertical cup-
disc ratio (OR: 0.90; 95% CI: 0.84 to 0.96; P=1.48 x 10~3), and increased optic disc area (OR: 1.24, 95% CI: 1.02

Exposure Outcome MR Method nSNP  OR (95%Cl) P-value
SGLT2 inhibition ~ POAG (discovery phase)  Inverse variance weighted 10 0.28 (0.12-0.63) . 2.22e-03
SGLT2 inhibition ~ POAG (discovery phase)  Weighted median 10 0.23 (0.08-0.64) -1 4.94e-03
SGLT2 inhibition ~ POAG (discovery phase) ~ Maximum likelihood 10 0.27 (0.12-0.58) — 7.72e-04
SGLT2 inhibition ~ POAG (discovery phase) MR Egger 10 0.15 (0.00-36.97) —. 0.517
SGLT2 inhibition ~ POAG (validation phase)  Inverse variance weighted 10 0.45 (0.24-0.84) —— 0.013
SGLT2 inhibition ~ POAG (validation phase)  Weighted median 10 0.46 (0.20-1.05) ﬂ— 0.066
SGLT2 inhibition ~ POAG (validation phase)  Maximum likelihood 10 0.45 (0.23-0.85) N 0.014
SGLT2 inhibition ~ POAG (validation phase) MR Egger 10 0.26 (0.00-14.41) —ik 0.528

I T T T 1

0 025 05 075 1 1.25

Odds Ratio (95%Cl)

Fig. 2. The forest plot illustrates the causal effect of SGLT2 inhibition on POAG risk in the discovery phase
and validation phase.
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Exposure Outcome MR Method nSNP  OR (95%Cl) P-value FDR P-value
SGLT2 inhibition  Optic cup area Inverse variance weighted 10 0.78 (0.7-0.88) B 2.47e-05  8.09e-05
SGLT2 inhibition ~ Optic cup area Weighted median 10 0.73 (0.62-0.86) B 9.72e-05

SGLT2 inhibition  Optic cup area Maximum likelihood 10 0.78 (0.7-0.88) B 3.17e-05

SGLT2 inhibition ~ Optic cup area MR Egger 10 0.69 (0.33-1.43) —— 0.346

SGLT2 inhibition ~ Optic disc area Inverse variance weighted 10 1.24 (1.02-1.52) i 0.033 0.038
SGLT2 inhibition ~ Optic disc area Weighted median 10 1.25 (0.97-1.61) -~ 0.079

SGLT2 inhibition  Optic disc area Maximum likelihood 10 1.24 (1.02-1.52) —— 0.034

SGLT2 inhibition ~ Optic disc area MR Egger 10 1.07 (0.3-3.81) ——> o092

SGLT2 inhibition  Vertical cup—disc ratio  Inverse variance weighted 10 0.9 (0.84-0.96) || 1.48e-03  2.42e-03
SGLT2 inhibition  Vertical cup-disc ratioc ~ Weighted median 10 0.87 (0.8-0.95) [ | 2.22e-03

SGLT2 inhibition ~ Vertical cup—disc ratioc =~ Maximum likelihood 10 0.9 (0.84-0.96) [ | 1.67e-03

SGLT2 inhibition  Vertical cup-disc ratic MR Egger 10 0.84 (0.55-1.28) - R 0.438

r T T T T 1
0 04 08 12 16 2
QOdds Ratio (95%Cl)

Fig. 3. The forest plot illustrates the causal effect of SGLT2 inhibition on glaucoma endophenotypes.

A
Study logOR SE(logOR) P-value Odds Ratio OR 95%-Cl Weight
POAG (discovery phase) 0.1374  0.1887  0.47 ——®+——— 1.15 [0.79; 1.66] 37.5%
POAG (validation phase) 0.2916  0.1462  0.05 [ 1.34 [1.01;1.78] 62.5%
il
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B
Study logOR SE(logOR) P-value Odds Ratio OR 95%-Cl Weight
POAG (discovery phase) 0.1242 0.0585 0.03 —— 113 [1.01; 1.27] 49.7%
POAG (validation phase) 0.0805 0.0582 0.17 3 1.08 [0.97; 1.21] 50.3%
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Fig. 4. Meta-analysis of the causal association between glucose traits and POAG. (A) Meta-analysis of the
causal association between fasting glucose level and POAG. (B) Meta-analysis of the causal association
between HbAlc level and POAG.

to 1.52, P=0.033). Other MR methods also produced consistent correlation directions. The sensitivity analyses
showed no heterogeneity or horizontal pleiotropy.

Effect of glucose traits on the risk of POAG

To determine whether the protective effect of SGLT2 inhibition on POAG risk is mediated by its glucose-lowering
properties, we conducted a TSMR analysis to explore the association between glucose-related traits (fasting
glucose and HbA1c) and POAG. The findings indicate that in the discovery phase, genetically predicted HbAlc
levels were significantly associated with an increased POAG risk (Fig. 4; Supplementary Table S5; IVW OR: 1.13;
95% CI: 1.01 to 1.27; P=0.034), whereas no significant association was observed between fasting glucose levels
and POAG. During the validation phase, genetically predicted fasting glucose levels were associated with an
increased POAG risk IVW OR: 1.34; 95% CI: 1.01 to 1.78; P=0.046), whereas HbA1c levels and POAG showed
no significant associations. Subsequently, data from the discovery and validation phases were combined in a
meta-analysis. The meta-analysis revealed a positive correlation between genetic susceptibility to POAG and
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Mediator | Total effect f (95% CI) | Direct effect A p (95% CI) | Direct effect B p (95% CI) | Mediation effect p (95% CI) | p Mediated proportion (%) (95% CI)

DBP — 127 (- 2.12,- 0.46) | —0.26 (- 0.38, — 0.14) 0.24 (0.07, 0.40) ~0.06 (- 0.11, — 0.01) 0.022 | 4.8(0.3,9.9)

Table 1. The mediation effect of SGLT2 Inhibition on POAG via DBP. The term “total effect” denotes the
impact of SGLT2 inhibition on POAG. “Direct effect A” signifies the influence of SGLT2 inhibition on DBP.
“Direct effect B” represents the effect of DBP on POAG. The term “mediation effect” denotes the impact of
SGLT?2 inhibition on POAG through DBP.

elevated levels of fasting glucose and HbA1c (both p <0.05; Fig. 4. Although each glycemic trait demonstrated
significant results exclusively in the discovery or validation phase, the potent glucose-lowering effects of SGLT2is
necessitate the careful consideration of glucose regulatory role in the intermediate pathway between SGLT2
inhibition and POAG. To enhance statistical power, a meta-analysis was conducted on the results obtained from
the two data sources regarding POAG. The findings indicate that blood glucose levels contribute to increased
susceptibility to POAG.

Mediation analysis based on the Pharmacological effects of SGLT2is

In addition to its glucose-lowering effects, we aimed to identify other pharmacological mechanisms by which
SGLT2is reduce POAG risk using a two-step MR mediation analysis. In the first step, we explored the causal
association between genetically proxied SGLT2 inhibition and 58 traits across five known pharmacological
pathways of SGLT2i action. Following FDR correction, we identified 20 traits associated with genetically
predicted SGLT2 inhibition. These traits were broadly related to indicators of obesity, blood pressure, lipid
profiles, oxidative stress, and inflammation-related pathways within the five SGLT2i pharmacological pathways
(Supplementary Table S6). In the second step, we explored the causal relationship between these 20 traits and
POAG. Our results demonstrated that diastolic blood pressure (DBP), corrected for FDR, could significantly
increase POAG risk (Supplementary Table S7; IVW OR: 1.27; 95% CI: 1.07 to 1.50; P=6.38 x 10~%). Subsequently,
combining two-step MR results and a “product of coeflicients” method, we evaluated the role of DBP in
mediating the causal association between SGLT2 inhibition and POAG. We observed (Table 1) that the total
effect of SGLT2 inhibition on POAG was indirectly mediated by DBP (B: -0.06; 95% CI: -0.11 to -0.01; P=0.022),
with a mediated proportion of 4.8% (95% CI: 0.3-9.9%).

Discussion

In this study, we confirmed the causal effect of SGLT2 inhibition on POAG risk. Our findings provide robust
evidence that SGLT2 inhibition is a promising therapeutic target with a protective effect against POAG, a
conclusion that was corroborated in another trans-ancestral dataset. Genetic evidence further supports a
causal relationship between SGLT2 inhibition and a decreased optic cup area, an increased optic disc area,
and a decreased vertical cup-to-disc ratio. This suggests that SGLT2 inhibition significantly reduces the risk
of optic nerve damage. In addition, lifelong elevated fasting glucose and HbA1c levels were associated with an
increased POAG risk, revealing that the therapeutic action of SGLT2 inhibition in POAG may be related to its
hypoglycemic effect. A two-step MR mediation analysis further indicated that the risk-reduction effect of SGLT2
inhibition on POAG was partially mediated by DBP (4.8%).

The protective effect of SGLT2i on POAG remains uncertain. To date, only one multi-institutional cohort
study conducted in Taiwan has suggested that, among patients with T2DM, those newly prescribed SGLT2i
had a lower risk of developing glaucoma compared to those newly prescribed GLP-1 RA'>. However, this
observational study has several limitations, including a sample restricted to the East Asian population, a small
sample size, a short study duration, and a lack of adjustment for potential confounders. These limitations hinder
further exploration of this topic. Currently, the therapeutic role of SGLT2i in glaucoma remains unexplored.
No studies have investigated whether SGLT2i can reduce the risk of glaucoma in non-diabetic populations, and
the potential mechanisms of action remain unclear. Our study, from a genetic perspective, utilized large-scale
GWAS summary data to establish a causal relationship between SGLT2 inhibition and POAG and explored the
potential mechanisms underlying the drug’s effects.

We posit that the primary mechanism by which SGLT2i mitigates POAG risk is its direct glucose-lowering
effect. Previous observational studies have indicated that oral SGLT?2i significantly decreased the risk of diabetic
retinopathy and macular edema compared with other oral hypoglycemic agents in patients with T2DM!%42,
Diabetes frequently elevates POAG risk through the dysfunction of small blood vessels supplying the optic
nerve and oxidative damage. Effective oral hypoglycemic control is crucial to prevent POAG”**. Matthews et
al. demonstrated that dapagliflozin attenuated retinal microvascular and neural abnormalities in a diabetic
rat model*. Ipragliflozin ameliorated neuromodulatory dysfunction in the retina by blocking the latency
prolongation of electroretinographic oscillatory potentials in rats after oral drug administration®.

SGLT?2i also confer protective effects against glaucoma through non-glycemic mechanisms, providing a
theoretical basis for their potential application in non-diabetic patients. In POAG, disruption of the blood-
retinal barrier (BRB) leads to the extravasation of harmful plasma components into the retina and optic nerve,
which triggers inflammation, immune cell infiltration, and retinal ganglion cells (RGCs) death*®%”. SGLT?2 is
specifically expressed in retinal microvascular endothelial cells, and its excessive activation can disrupt osmotic
balance in pericytes, leading to cellular swelling, loss of contractile function, and ultimately cell death?®%°. By
modulating these pathological processes, SGLT2i may help preserve the structural and functional integrity of
the BRB, thereby exerting neuroprotective effects against POAG. Oxidative stress also plays a significant role
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in glaucoma progression, as it promotes extracellular matrix remodeling in the trabecular meshwork, leading
to increased IOP*C. Additionally, excessive reactive oxygen species (ROS) production activates autophagy and
mitochondrial apoptosis, contributing to the degeneration of RGCs and irreversible optic nerve damage®2.
By mitigating oxidative stress and reducing ROS accumulation, SGLT2i may help regulate IOP homeostasis
and protect the optic nerve from degeneration. Studies have shown that dapagliflozin, for example, alleviates
high glucose-induced apoptosis in retinal microvascular endothelial cells through the ERK1/2/cPLA2/AA/
ROS pathway>?. SGLT2i have also been shown to regulate lipid metabolism, increasing HDL-C levels, which
are reduced in POAG patients®**>. Our study found that SGLT2 inhibition significantly elevated HDL-C
levels, suggesting a potential role for these agents in glaucoma prevention and treatment by enhancing reverse
cholesterol transport and modulating lipid-related processes.

We used mediated MR methods to find that the protective effect of SGLT2 inhibition against POAG
is facilitated through DBP reduction. The relationship between blood pressure and glaucoma is intricate,
suggesting that antihypertensive therapy may play a preventive role in the development of glaucoma. Marshall
et al. observed in a cohort study that elevated DBP and systolic blood pressure were associated with structural
damage in glaucoma®. Furthermore, in patients with glaucoma, aggressive antihypertensive therapy may be
advantageous in delaying the onset of the disease®’. A meta-analysis encompassing 60 studies demonstrated that
systolic blood pressure and DBP were consistently positively correlated with IOP*. However, the relationship
between blood pressure and glaucoma may be nonlinear, potentially exhibiting a U-shaped association®.
Hypotension and hypertension are considered risk factors for glaucoma, although through distinct mechanisms.
Hypertension can elevate IOP by enhancing aqueous humor production. Additionally, chronic hypertension can
cause increased peripheral resistance and abnormalities in small blood vessels, reducing perfusion to the optic
nerve head and causing ischemic damage to retinal ganglion cells®’. Conversely, hypotension directly diminishes
the perfusion pressure to the optic nerve head®!. Kim et al. used data from the National Health and Nutrition
Examination Survey to determine that the prevalence of glaucoma was lowest at DBP levels ranging from 81 to
90 mmHg*. SGLT2i exhibits a significant hypotensive effect, with an average blood pressure reduction of 11.9
mmHg®2. The hypotensive action of SGLT2i is primarily attributed to osmotic diuresis induced by enhanced
glucose excretion. Moreover, SGLT2i can lower blood pressure by inhibiting sympathetic nerve activity and
promoting weight reduction!!.

The pleiotropic mechanisms of SGLT2i complement the pathophysiological processes of glaucoma, offering
a novel therapeutic perspective. Further research is needed to assess their safety and benefits in ophthalmic
applications. Currently, first-line POAG treatment focuses on topical IOP-lowering medications, including
B-blockers, carbonic anhydrase inhibitors, prostaglandin analogs, and cholinergic agonists®*®*. However,
monotherapy often faces challenges such as inadequate response and side effects(e.g., ocular irritation and
conjunctival hyperemia)®>. SGLT2i, with their multi-target properties, have shown therapeutic value in
systemic diseases like diabetes and cardiovascular disease. Their unique advantage lies in their potential to
provide both systemic benefits and neuroprotection for glaucoma patients with comorbid conditions.

Furthermore, SGLT2i have a favorable safety profile, with common adverse effects being limited to reversible
symptoms such as genitourinary infections, rashes, and thirst®”:%%. No increased risk of severe hypoglycemia has
been observed compared to placebo®®”°. While their effects on blood pressure and lipid parameters are generally
beneficial, they may cause unintended physiological fluctuations in individuals with normal baseline metabolic
indices. The therapeutic value of SGLT2i in glaucoma patients without systemic comorbidities requires further
validation. However, for high-risk or diagnosed glaucoma patients with systemic conditions, SGLT2i offer
unique clinical advantages, providing both systemic and ocular benefits.

However, our study has several limitations. First, IVs selection for SGLT2i was based on SLC5A2 variants
that naturally correspond to a targeted reduction in HbAlc levels. This approach may not fully capture the
precise clinical therapeutic effects of SGLT2 inhibitors. Second, the present study found a higher effect
strength of SGLT2 inhibition in association with POAG, significantly higher than conventionally expected,
which may be related to the methodological properties of the study. The simulation of SGLT2 inhibition
effects based on genetic variants reflects the lifelong regulatory effects at the gene level, which differs from the
pharmacological effects of SGLT2i with a limited regimen of medication in the real world of clinical use. In
real-world scenarios, drug efficacy is influenced by multiple factors—including dosage, medication adherence,
interindividual metabolic differences, and other pharmacokinetic parameters. It is difficult to systematically
assess the modulation of observed effects by these dosing regimen-related variables at the level of the existing
study design. Third, The primary objective of this drug-target MR study is to simulate the inhibitory effect of
the drug on the SGLT2 protein, rather than merely identifying genetic loci associated with the phenotype. IVs
selection must meet two criteria: specificity for the target gene (SLC5A2) and association with the phenotype
(reduction in HbAlc levels). Using a stringent threshold of P<5x10~8 for HbAlc association could result in
an insufficient number of SNPs, potentially failing to capture a sufficient range of functional loci within the
target gene. Therefore, we applied a more lenient threshold of P<1x 10~% Despite performing colocalization
analysis, removing linkage disequilibrium, and ensuring an F-statistic > 10, there remains a risk of weak IVs.
Fourth, the POAG validation cohort in this study included 4,433 Finnish individuals, with partial sample overlap
with the POAG discovery cohort. This overlap may violate the assumption of independence in meta-analysis,
potentially increasing the Type I error rate. However, our original intention in utilizing the GWAS data provided
by Zhou et al. for external validation was to assess the generalizability of our findings across ancestrally diverse
POAG populations. Meta-analysis was only conducted when the primary results from the two datasets showed
inconsistency. Furthermore, despite conducting sensitivity analyses, we could not entirely eliminate the bias
attributable to potential horizontal pleiotropy. Finally, the study population was predominantly of European
ancestry. While this study design effectively controlled for genetic heterogeneity within the population, it may
limit the transethnic generalizability of our findings. Although we validated the MR results using GWAS data
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from multiethnic POAG patient cohorts, there is currently a lack of GWAS data on SLC5A2 gene expression
in non-European populations. To confirm the generalizability of our findings, future translational studies are
urgently needed in diverse ethnic groups, incorporating both clinical phenotype validation and mechanistic
exploration.

Conclusion

Genetic evidence indicates that SGLT2 inhibition represents a promising therapeutic target for POAG. The
protective effect of SGLT2 inhibition against POAG may be mediated through the modulation of DBP, in
addition to its hypoglycemic properties. This offers novel insights into the preventive and therapeutic potential
of SGLT2i for POAG, suggesting recommendations to optimize their clinical application.

Data availability
The datasets generated and analyzed in this study are all available in the article/supplementary material. Contact
the corresponding author for additional information.
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