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SGLT2 inhibition mitigates
intracerebral hemorrhage risk by
modulating inflammation

Mingsheng Huang?, Yiheng Liu? & Cheng Chen3™*

Sodium-glucose cotransporter 2 (SGLT-2) inhibitors have been increasingly recognized for their
potential neuroprotective properties. Nevertheless, their effects on intracerebral hemorrhage

(ICH) are still debated, with the precise mechanisms involved remaining unclear. Recent studies
indicate that these inhibitors might lower ICH risk through anti-inflammatory mechanisms. This
study analyzed genome-wide association study (GWAS) data from individuals of European ancestry,
focusing on the relationship between 92 inflammatory biomarkers and ICH. A two-sample, two-step
Mendelian randomization (MR) approach was used to examine the potential connection between
SGLT-2 inhibition and ICH, as well as to investigate whether inflammatory biomarkers mediate

this relationship. Genetic proxies for SGLT-2 inhibition were determined based on variants linked

to the expression of the SLC5A2 gene and levels of glycated hemoglobin (HbAlc). Odds ratios with
95% confidence intervals were calculated to assess the associations between SGLT-2 inhibition,
inflammatory biomarkers, and the likelihood of ICH. The genetic prediction of SGLT-2 inhibition was
found to be inversely related to the risk of ICH (OR=0.152; 95% Cl=0.066—-0.352; P<0.001). Out of the
92 inflammatory biomarkers examined, 33 showed a significant association with SGLT-2 inhibition.
Notably, levels of IL10 receptor subunit beta (ILLORB) were significantly correlated with both SGLT-2
inhibition and ICH. Moreover, IL1LORB accounted for 9.167% of the total mediation effect of SGLT-2
inhibition on ICH. The findings of this study suggest a link between SGLT-2 inhibition and a decreased
risk of ICH, with IL10RB emerging as a possible mediator. This presents a potential new strategy

for ICH prevention and intervention. Further studies are needed to clarify the role of inflammatory
pathways in the connection between SGLT-2 inhibition and ICH.
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Abbreviations

ICH Intracerebral hemorrhage

DM diabetes mellitus

SGLT2 Sodium-glucose cotransporter 2
MR Mendelian randomization
GTEx Genotype-tissue expression
HbAlc glycated hemoglobin

LD linkage disequilibrium

CRP C-reactive protein

IVW Inverse variance weighted
RAPS Robust adjusted profile score
FDR false discovery rate

OR odds ratios

Cls confidence intervals

CCL23 C-C motif chemokine ligand 23
CST5 Cystatin D

CXCL10  C-X-C motif chemokine ligand 10
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IL10RB IL10 receptor subunit beta

TNF-a Tumor necrosis factor-alpha

IFN-y Interferon-gamma

DNER Notch-like epidermal growth factor-related receptor
LIF Leukemia inhibitory factor

STAT3 Signal transducer and activator of transcription 3

Intracerebral hemorrhage (ICH) represents 20-30% of all acute stroke cases and is associated with significant
morbidity and mortality’. The one-year mortality rate following ICH exceeds 50%, and survivors often suffer
from functional and cognitive impairments, imposing a heavy burden on society and families'. Several factors,
including hypertension, diabetes mellitus (DM), smoking, and obesity, are established risk contributors to
ICH?. Specifically, DM elevates the risk of ICH through pathways involving inflammation, oxidative stress,
atherosclerosis, endothelial dysfunction, vascular damage, and platelet activation, all of which can weaken
the cerebral vasculature®. These factors collectively compromise the integrity of cerebral blood vessels. As a
result, people with DM are not only more prone to developing ICH but also to experiencing higher rates of
complications and stroke recurrence’. Recent systematic reviews have shown that people with DM have higher
mortality rates within 30 days post-ICH or by discharge compared to non-diabetic individuals®. Therefore,
controlling blood glucose levels and managing DM is crucial for individuals at high risk of ICH.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors represent a novel class of oral antidiabetic drugs. These
medications work by blocking the reabsorption of glucose in the renal tubules, specifically in the proximal
portion, thereby increasing glucose excretion through urine and reducing blood glucose levels'®. Beyond their
glucose-reducing effects, substantial evidence indicates that SGLT2 inhibitors enhance cardiovascular outcomes,
heart failure, atrial fibrillation, and renal function'®. Recent research also suggests these inhibitors have anti-
inflammatory and anti-atherosclerotic effects within the central nervous system, such as decreasing pro-
inflammatory factors, promoting M2 macrophage activity, inhibiting inflammatory responses, and alleviating
oxidative stress'>. These properties contribute to neuroprotection. Despite their established cardiovascular and
renal benefits for individuals with type 2 diabetes, the effectiveness of SGLT2 inhibitors in decreasing the risk of
hemorrhagic stroke is still seen as moderate and varies across studies'®. Emerging research posits that combining
SGLT1 and SGLT2 inhibitors might notably lower stroke risk'®. Therefore, further investigation is warranted to
explore the causal relationship between SGLT2 inhibitors and the risk of ICH. Previous studies have identified
deep penetrating vessel disease and small artery atherosclerosis as primary causes of ICH, involving complex
inflammatory and immune responses'. Experimental studies in cellular and animal models have further
validated the anti-inflammatory effects of SGLT2 inhibitors'>. Thus, it is plausible that SGLT2 inhibitors may
influence ICH risk by modulating inflammatory responses.

Mendelian randomization (MR) analysis is a method for determining causal relationships using the
principles of Mendelian inheritance, which involves the random assignment of alleles during the formation
of gametes??. This randomness makes MR analysis similar to a natural randomized controlled trial, effectively
reducing the impact of confounding variables. In MR studies, genetic variants linked to the exposure of interest
are used as instrumental variables to infer a causal connection between the exposure and the outcome?*. In this
research, a two-sample MR analysis was initially conducted to explore the link between SGLT?2 inhibition and
ICH. This was followed by a two-step MR approach involving 92 inflammatory biomarkers to identify potential
pathways through which SGLT2 inhibitors may affect ICH risk. This methodology sheds light on how the anti-
inflammatory properties of SGLT2 inhibition could influence the likelihood of ICH. Additionally, considering
that hypertension is a known risk factor for ICH and that SGLT2 inhibitors have antihypertensive effects, this
study also examined the possibility that these inhibitors might reduce ICH risk through blood pressure regulation.
However, since the primary focus of this study is on the anti-inflammatory effects of SGLT2 inhibitors in relation
to ICH, the blood pressure-lowering effects are not the main emphasis.

Method

To establish the validity of causal effects, a two-sample MR design was utilized. Then, a two-step MR analysis
was performed to explore the potential impacts of mediating variables (Fig. 1). MR analysis is grounded in
three core assumptions (Fig. 1). MR analysis is based on three fundamental assumptions?% (1) the instrumental
variables (IVs) must be correlated with the exposure being studied; (2) IVs must be independent of any potential
confounders that could skew the causal link between the exposure and the outcome; (3) IVs should affect the
outcome exclusively through their influence on the exposure, avoiding any pleiotropic effects.

Data for this analysis were obtained from publicly available genome-wide association studies (GWAS),
specifically the IEU OPENGWAS project, UK Biobank, and FinnGen dataset. These datasets are openly
downloadable and do not include individual-level data, thereby eliminating the requirement for additional
ethical review.

GWAS data for SGLT-2 inhibitors

Following established research protocols, our study started with the identification of genetic variants linked
to SGLT2 inhibition?>. To achieve this, we first used publicly accessible data from the Genotype-Tissue
Expression (GTEx) project?® and the eQTLGen Consortium?’ to pinpoint genetic variants associated with
mRNA expression levels of the SLC5A2 gene, which codes for the SGLT2 protein. Subsequently, we assessed
the relationship between these identified variants and glycated hemoglobin (HbAlc) levels, which serve as
an indicator of glucose-lowering effects. We focused on variants demonstrating a significant association with
HbAlc (P<1x107%). This analysis utilized data from the UK Biobank, specifically examining 344,182 unrelated
European individuals without a diabetes mellitus diagnosis?®. To explore whether the SLC5A2 gene and HbAlc
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Fig. 1. Overview of the study design. GWAS, genome-wide association study; SNP, single nucleotide
polymorphism; MR, Mendelian randomization.

levels share common causal variants, we carried out a colocalization analysis, considering a posterior probability
above 70% as evidence of shared causality?. Specifically, we assessed the posterior probabilities of colocalization
between SNPs associated with SGLT-2 inhibition and the significant biomarkers identified in our study. If the
probability exceeded the threshold, we considered the variants to be shared causal variants. Finally, to minimize
redundancy in the dataset, a clumping analysis was performed using the European reference panel from the
1,000 Genomes Project, organizing genetic variants into linkage disequilibrium (LD) blocks with an r? of 0.8
and a physical distance of 250 kb.

GWAS data for infammatory biomarkers and hypertension

A genome-wide association study (GWAS) was conducted to investigate genetic variants associated with 91
different inflammatory biomarkers. This study included 14,824 participants of European ancestry, with accession
numbers from GCST90274758 to GCST90274848%. Additionally, particular focus was given to C-reactive
protein (CRP), a commonly studied inflammation marker. Genetic data for CRP-related variants were analyzed
from a large European cohort of 575,531 individuals, as reported by Dehghan et al.3!. Using standard criteria
for selecting single nucleotide polymorphisms (SNPs), a significance threshold of P<5x10® was applied to
identify SNPs linked to inflammatory markers. To mitigate issues associated with linkage disequilibrium (LD),
the identified SNPs were grouped with a threshold set at kb=10,000 and r?=0.00132. The strength of the genetic
instruments was assessed using the F statistic, and SNPs with an F value below 10 were excluded to minimize
the risk of bias from weak instruments®?. To further refine the analysis, PhenoScanner (http://www.phenoscann
er.medschl.cam.ac.uk/) was used to identify any SNPs associated with other traits at a genome-wide significance
level, and potentially pleiotropic SNPs were excluded. The GWAS data on hypertension was sourced from a
European cohort of 484,598 individuals.

GWAS data for intracerebral hemorrhage

The GWAS for ICH utilized data from the FinnGen project, which comprised 7,040 cases and 374,631 controls,
all of European descent (https://www.finngen.fi/en). The FinnGen initiative is a broad, open-access genetic
research project that draws on samples from various Finnish populations. Its main objective is to perform GWAS
to identify genetic variants associated with different diseases and health traits. The dataset offers a wealth of
genomic, clinical, and biosample information, facilitating research into a diverse array of conditions such as
cardiovascular diseases, cancers, metabolic disorders, and neurological ailments®*. Detailed information on the
GWAS data can be found in Supplementary Table S1.

Statistical analysis

In our research, the Inverse Variance Weighted (IVW) method is employed as the primary analytical approach,
as it provides the most accurate and dependable estimates®”. The IVW method combines the individual SNP-
exposure associations weighted by the inverse of their variances, providing more precise estimates for the causal
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effect. Specifically, each SNP-exposure association is weighted according to the inverse of its variance, with
larger weights assigned to SNPs that are more strongly associated with the exposure (SGLT-2 inhibition). This
method assumes no unmeasured confounding and a linear relationship between the genetic instrument and
the outcome, and it is considered the most accurate approach when the instrument is strong and no horizontal
pleiotropy is present.

Furthermore, five other methods are utilized: MR Egger method is suitable for handling potential horizontal
pleiotropy by adjusting for intercept bias to provide robust estimates®® ; Weighted Median method provides
robust estimates in scenarios where effects of a few SNPs are inconsistent’’; Robust Adjusted Profile Score
(RAPS) method adjusts for pleiotropy while maintaining accuracy®®; Weighted Mode method is suitable when
most SNP effects are consistent®”; and Bayesian analysis quantifies uncertainty in causal estimates, applicable in
complex data contexts?’. The combined use of these methods helps reduce bias and enhances consistency and
reliability of results in MR analysis.

To investigate how inflammatory biomarkers mediate the association between SGLT-2 inhibitors and ICH,
we conducted a two-step MR analysis to assess these mediation effects (see Fig. 2). First, we evaluated the
overall effect of SGLT-2 inhibitors on ICH (B0). Next, we used a univariate MR approach to determine the
impact of SGLT-2 inhibitors on 92 inflammatory markers (p1). We then identified the inflammatory markers
significantly associated with SGLT-2 inhibitors and estimated their effects on ICH (B2). The mediation effect
of each inflammatory marker on the relationship between SGLT-2 inhibitors and ICH was calculated using the
coefficient product method (1 x 82), with the proportion of mediation determined as [B1x 2] / f0*!.

Sensitivity analyses

In the sensitivity analysis, Cochran’s Q statistic was utilized to assess heterogeneity among the instrumental
variables (IVs). The MR-Egger intercept method was employed to test for horizontal pleiotropy; a non-zero
intercept indicates potential horizontal pleiotropy and bias in the IVW estimates®. Additionally, the MR-
PRESSO method was used to detect horizontal pleiotropy by identifying outliers and recalculating estimates
after their removal. To address multiple hypothesis testing, the Benjamini-Hochberg procedure was applied to
adjust for the false discovery rate (FDR)*?, with a q-value < 10% deemed statistically significant?*. These methods
collectively aim to reduce biases and confounding factors, thereby enhancing the reliability of causal inferences
between genetic variants and outcomes.
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Fig. 2. Flowchart of the two-sample and two-step Mendelian randomization evaluating the mediating effect of
inflammatory biomarkers on the impact of SGLT-2 inhibition on ICH. HbAc, glycated hemoglobin, GWAS,
genome-wide association study, pQTL, protein quantitative trait loci, SNP, single nucleotide polymorphism,
LD, linkage disequilibrium, CRP, C-reactive protein, SGLT-2, sodium-glucose cotransporter-2, MR, Mendelian
randomization.
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Effect estimates are reported as odds ratios (OR) with 95% confidence intervals (CI), and statistical significance
is determined by a two-sided P-value <0.05. All analyses were performed using the “TwoSampleMR” package
(version 0.6.11) in R software (version 4.3.3).

Results

Effect of SGLT-2 inhibition on ICH

14 independent independent SNPs were selected as genetic instruments for SGLT-2 inhibition, each with an
F-statistic greater than 10 (see Supplementary Table S2), with values ranging from 24.55 to 48.12, indicating
that the instruments used in this study are strong and have minimal risk of weak instrument bias. This strong
association between the SNPs and the exposure ensures the reliability of our instrumental variable approach and
strengthens the validity of the causal inference. The analysis indicated a significant association between SGLT-2
inhibition and a reduced risk of ICH (OR=0.152; 95% CI=0.066-0.352; P<0.001). This suggests that SGLT-2
inhibitors are associated with a marked reduction in the risk of ICH. The results from the IVW method were
robust and consistent, with no evidence of heterogeneity or horizontal pleiotropy among the genetic instruments
used (Q=7.101, P=0.897) (Table 1).

Effect of SGLT-2 inhibition on inflammatory biomarkers and hypertension

We evaluated the effect of SGLT-2 inhibition on 92 circulating inflammatory biomarkers and identified significant
associations with 33 of these markers (see Figs. 3 and 4, and Supplementary Table S3). SGLT-2 inhibitors were
found to decrease levels of several inflammatory markers, including C-C Motif Chemokine Ligand 23 (CCL23)
(OR=0.588; 95% CI=0.352-0.983; P=0.043; FDR-adjusted P=0.043), Cystatin D (CST5) (OR=0.583; 95%
CI=0.350-0.969; P=0.037; FDR-adjusted P=0.038), and C-X-C Motif Chemokine Ligand 10 (CXCL10)
(OR=0.555; 95% CI=0.332-0.927; P=0.024; FDR-adjusted P=0.026). Conversely, these inhibitors were
associated with increased levels of inflammatory markers such as CCL19 (OR=1.854; 95% CI=1.102-3.116;
P=0.020; FDR-adjusted P=0.025) and CCL20 (OR=2.837; 95% CI=1.692-4.756; P<0.001; FDR-adjusted
P<0.001). Additionally, SGLT-2 inhibitors were found to lower the risk of hypertension (OR=0.937; 95%
CI=0.904-0.971; P<0.001). Sensitivity analyses revealed no evidence of heterogeneity or horizontal pleiotropy
among the genetic instruments (all P>0.05).

Effect of inflammatory biomarkers and hypertension on ICH

Among the 33 inflammatory biomarkers linked to SGLT-2 inhibition, ILIORB demonstrated a negative
association with ICH (OR=0.929; 95% CI=0.876-0.986; P=0.015; FDR-adjusted P=0.029). Neither Cochran’s
Q test (Q=13.357, P=0.421) nor the MR Egger intercept method (Egger intercept=0.005, P=0.629) indicated
evidence of heterogeneity or horizontal pleiotropy. Additionally, hypertension was identified as a significant risk
factor for ICH (OR =4.906; 95% CI =3.348-7.190; P=0.000). Although Cochran’s Q statistic showed significance
(P<0.05), arandom-effects model was utilized to address potential variability*>. In addition to the primary IVW
analysis, multiple sensitivity analyses were conducted to evaluate the robustness of the findings. The weighted
median approach yielded consistent results, with an OR of 0.210 (P=0.005), indicating reliability even when
up to 50% of the genetic instruments were invalid. The MR-Egger regression analysis showed no evidence of
horizontal pleiotropy, as reflected by the Egger intercept (- 0.017; P=0.545), suggesting that the causal estimates
were not influenced by directional pleiotropic effects. Furthermore, the MR-PRESSO global test identified
no outliers (Global test=1.901; P=1.000), confirming that the results were not biased by pleiotropic SNPs.
Additionally, the IVW method revealed low heterogeneity across SNPs, with a Q statistic of 7.101 (P=0.89),
suggesting homogeneity of causal effects. Together, these complementary sensitivity analyses further support
the validity and robustness of the causal estimates derived from the study (Table 2 and Supplementary Table S4).

Mediating effects of inflammatory biomarkers and hypertension

Levels of IL10 receptor subunit beta (ILLORB) were significantly associated with both SGLT-2 inhibition and
ICH. We identified a mediation effect of SGLT-2 inhibition on ICH through IL10RB, with a mediation effect
value (B1x2) of -0.098, resulting in a mediation proportion of 9.167%. Additionally, the mediation effect of
SGLT-2 inhibitors on reducing ICH risk through their impact on lowering blood pressure was calculated to be
-0.104, corresponding to a mediation proportion of 9.771% (Fig. 5).

Method nsnp | OR (95% CI) Pvalue | Q statistic | P-heterogeneity | Egger-intercept | P-pleiotropy
MR egger 14 0.513(0.010-25.797) 0.744 | 6.714 0.876 -0.017 0.545
Weighted median 14 0.210(0.070-0.629) 0.005

Inverse variance weighted 14 0.152(0.066-0.352) | <0.001 | 7.101 0.897

Robust adjusted profile score | 14 0.152(0.062-0.373) | <0.001

Weighted mode 14 0.206(0.045-0.930) 0.061

Bayesian analysis 14 0.149(0.062-0.359) | <0.001

MR-PRESSO 1.901 1.000

Table 1. MR estimates of the effect of SGLT2 inhibition on intracerebral hemorrhage. MR mendelian
randomization; SGLT2 sodium-glucose cotransporter 2.
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Variants OR (95% ClI) P value FDR
CCL19 1.85(1.10 to 3.12) i <0.05 <0.05
CCL20 2.84 (1.69 to 4.76) : F————><0.001 <0.001
CCL23 0.59 (0.35 to 0.98) l-—ql <0.05 <0.05
CCL28 1.89 (1.15t0 3.12) i — <0.05 <0.05
CCL4 4.53 (2.69 to 7.60) : —-><0:001 <0.001
CD5 4.01 (2.40 t0 6.69) i ——»<0.001 <0.001
CD6 3.34 (1.78 to 6.29) i ————><0.001 <0.001
CST5 0.58 (0.35t00.97) +— <0.05 <0.05
CXCL10 0.56 (0.33 to 0.93) l-—li <0.05 <0.05
CXCL6 2.35 (1.40 to 3.96) i ¢ 1<0.01 <0.01
CXCL9 0.51 (0.28 to 0.91) l-—li <0.05 <0.05
DNER 0.35(0.19t0 0.65) t+=— i <0.01 <0.01
protein S100-A12 1.82 (1.08 to 3.05) | ———— <0.05 <0.05
FGF-19 2.72 (1.62 to 4.57) E ————><0.001 <0.001
FGF-21 1.78 (1.06 to 2.99) il—-—l <0.05 <0.05
FGF-23 0.37 (0.22t0 0.62) +— | <0.001  <0.001
IFN-gamma 0.47 (0.27 10 0.84) +—i i <0.05 <0.05
IL-1 alpha 2.29 (1.36 to 3.85) ot i1 <0.01 <0.01
IL10RB 3.78 (2.22 to 6.45) i p——=><0.001 <0.001
IL-22RA1 2.72 (1.51 t0 4.88) i i »<0.01 <0.01
IL-6 1.99 (1.19 to 3.33) | p———i <0.01 <0.05
LAP TGF-beta-1  3.35 (1.75 to 6.40) i F————><0.001 <0.001
LIF 0.48 (0.27 t0 0.86) =i, <0.05 <0.05
CCL8 1.98 (1.19 to 3.32) i — <0.01 <0.05
CCL13 2.02 (1.21 to 3.38) i P <0.01 <0.05
NRTN 0.49 (0.27 t0 0.87) =i, <0.05 <0.05
PD-L1 0.36 (0.21 t0 0.59) i <0.001  <0.001
ST1A1 0.35(0.17 t0 0.75) +e—i | <0.01 <0.05
TNF 0.48 (0.27 to 0.85) I-—li <0.05 <0.05
TSLP 2.00 (1.12 to 3.59) i i <0.05 <0.05
TNFSF12 2.22 (1.33t0 3.71) | b————— <0.01 <0.01
uPA 2.19 (1.31 to 3.66) i p——— <0.01 <0.01
CRP 0.86 (0.78 to 0.94) Hi <0.01 <0.01

Fig. 3. The forest plot of the effects of SGLT2 inhibition on inflammatory biomarker.

Discussion

In this study, we utilized both two-sample and two-step MR analyses to explore the relationship between SGLT-2
inhibitors, inflammatory biomarkers, and the risk of intracerebral hemorrhage. Our findings suggest that SGLT-
2 inhibitors may reduce ICH risk by modulating inflammatory biomarkers, with ILLORB potentially serving as a
key mediator, contributing approximately 9% to the association between SGLT-2 inhibition and ICH risk.
Previous clinical trials and meta-analyses have highlighted the neuroprotective effects of SGLT-2 inhibitors,
yet their role in ICH remains debated!>. Our MR analysis offers causal evidence supporting a significant link
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Fig. 4. The circular heatmap of the effects of SGLT2 inhibition on inflammatory biomarker.

Variants nsnp | OR (95% CI) Pvalue | Q statistic | P-heterogeneity | Egger-intercept | P-pleiotropy
IL10RB 14 | 0.929(0.876-0.986) 0.015 13.357 0.421 0.005 0.629
Hypertension | 236 | 4.906(3.348-7.190) | <0.001 | 324.677 <0.001 -0.005 0.201

Table 2. MR estimates of the effect of ILIORB and hypertension on intracerebral hemorrhage. MR mendelian
randomization; ILI0RB IL10 receptor subunit beta.

between SGLT-2 inhibitors and a reduced risk of ICH. However, the exact mechanisms by which SGLT-2
inhibitors lower ICH risk and improve outcomes are still not fully elucidated. This study focuses on the anti-
inflammatory pathways through which SGLT-2 inhibition may decrease ICH risk, without extensively exploring
the antihypertensive effects of these inhibitors on ICH protection. Nonetheless, it is noteworthy that our findings
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Fig. 5. IL10RB and hypertension served as mediators for the causal effect of SGLT-2 inhibitors on ICH. 0, the
relationship between SGLT-2 inhibitors and Intracerebral haemorrhage; B1, the relationship between SGLT-2
inhibitors and the inflammatory biomarker (hypertension), f2, the inflammatory biomarker (hypertension) to
ICH, were estimated using the inverse-variance weighted approach in Mendelian randomization.

are consistent with previous research indicating that SGLT-2 inhibition may also reduce ICH risk through blood
pressure management, further strengthening the validity of our results*.

SGLT?2 is primarily expressed in the microvasculature of the brain at the blood-brain barrier and in regions
such as the amygdala, hypothalamus, periaqueductal gray, and dorsal medulla-nucleus tractus solitarius®.
Postmortem immunoblotting studies of human brain tissue have shown a significant increase in SGLT1 and
SGLT2 expression following brain injury?. ue to their lipophilic nature, SGLT-2 inhibitors are capable of
crossing the blood-brain barrier, thereby directly affecting their central nervous system targets.

Deep penetrating vascular disease and small artery atherosclerosis are underlying factors in ICH, with
inflammation playing a key role in atherosclerosis development!®. Recent evidence suggests that SGLT-2
inhibitors can modulate inflammatory responses. Numerous animal studies have demonstrated that SGLT-2
inhibitors can slow the progression of atherosclerosis and offer anti-inflammatory benefits. These effects are
achieved by reducing the expression of inflammatory markers such as Tumor Necrosis Factor-alpha (TNF-a),
IL-1PB, IL-6, Monocyte Chemoattractant Protein-1, Intercellular Adhesion Molecule, and Vascular Cell Adhesion
Molecule*®. In humans, a two-year treatment with canagliflozin reduced serum IL-6 levels by 26.6% (p=0.010).
Other studies have demonstrated that canagliflozin, compared to glimepiride, lowers serum leptin and IL-6
levels in type 2 diabetes patients®’. Aligned with these results, our research indi*’cates that SGLT-2 inhibitors
lower levels of Interferon-gamma (IFN-y), TNE and CRP while elevating IL-10RB levels. Utilizing an extensive
PQTL database, we identified significant effects of SGLT-2 inhibitors on Delta and Notch-like epidermal growth
factor-related receptor (DNER), Leukemia inhibitory factor (LIF), CXCL9, CXCL10, Neurturin, and ILIORB.
Previous studies have shown that SGLT-2 inhibitors influence IL-10 levels. For instance, patients with type 2 DM
treated with empagliflozin for 24 weeks exhibited notably higher serum levels of the anti-inflammatory cytokine
IL-10 compared to those not on SGLT-2 inhibitors. Additionally, research by Abdulrahman Mujalli et al. found
that SGLT-2 inhibitor therapy substantially increased renal IL-10 concentrations, underscoring the role of
SGLT-2 inhibitors in boosting IL-10 expression. Our study also demonstrated a significant positive association
between SGLT-2 inhibitors and ILI0RB. Moreover, we discovered a significant inverse relationship between
IL10RB and ICH, with no evidence of heterogeneity or pleiotropy among the genetic instruments used®'.
Additionally, research by Abdulrahman Mujalli et al. found that SGLT-2 inhibitor therapy significantly increased
renal IL-10 concentrations, highlighting the role of SGLT-2 inhibitors in enhancing IL-10 expression. Our study
also demonstrated a significant positive association between SGLT-2 inhibitors and IL10RB. Furthermore, we
identified a significant inverse relationship between ILIORB and ICH, with no evidence of heterogeneity or
pleiotropy among the genetic instruments used.

IL10RB, as part of the IL-10 receptor complex, plays a crucial role in mediating IL-10 signaling, which is
essential for regulating the intensity and duration of inflammatory responses®. Activation of Signal Transducer
and Activator of Transcription 3 (STAT3) is a key mechanism underlying the anti-inflammatory effects of IL-10.
When the IL-10 receptor pathway is activated, STAT3 is triggered, leading to the inhibition of pro-inflammatory
gene transcription and effectively modulating inflammation®. Additionally, STAT3 enhances the expression of
anti-inflammatory mediators such as IL-1 receptor antagonist (IL-1RA) and Suppressor of Cytokine Signaling
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3%, further reducing the persistence and intensity of inflammatory responses and helping to maintain tissue
homeostasis and function. IL-10 also offers substantial vascular protection by suppressing the production of pro-
inflammatory cytokines like TNF-a, IL-1B, and IL-6, thereby reducing inflammatory activity in macrophages and
T cells. This action significantly lowers vascular inflammation, contributing to the prevention of atherosclerosis
and other inflammation-related vascular diseases®. Moreover, through the activation of the STAT3 signaling
pathway, IL-10 promotes the expression of anti-apoptotic genes, inhibits endothelial cell apoptosis, and helps
maintain endothelial integrity, which is vital for vascular health and function®. Our study suggests that SGLT-2
inhibitors provide protective effects against ICH by reducing inflammatory biomarkers and regulating blood
pressure. Therefore, SGLT-2 inhibitors may offer a novel therapeutic approach for high-risk ICH patients,
particularly in terms of preventing or alleviating inflammatory responses and controlling blood pressure. Given
that SGLT-2 inhibitors have demonstrated good safety and efficacy in diabetic patients, future research should
explore their potential application in non-diabetic high-risk ICH patients.

Advantages and limitations of the study

This study represents the first investigation into the relationship between SGLT-2 inhibitors, inflammatory
biomarkers, and the risk of ICH using MR analysis. MR leverages natural genetic variations to simulate
randomized controlled trials, effectively addressing common issues such as confounding and reverse causation
that often affect traditional observational studies. By utilizing genetic variants, MR provides a cost-effective
method for causal inference without the need for additional ethical approvals.

However, there are several limitations to our research. Firstly, the study analyzed 92 biomarkers due to dataset
limitations, which may not fully capture the biological mechanisms underlying the protective effects of SGLT-
2 inhibitors on ICH. Future research should include broader datasets with a wider range of biomarkers and
more diverse populations to better understand the full scope of biological factors involved and the therapeutic
mechanisms of SGLT-2 inhibitors in ICH prevention. Secondly, while genetic variants associated with SGLT-
2 inhibitors may offer a more accurate representation of lifelong exposure, they may not fully capture short-
term effects. As a result, MR analysis is more suited for exploring potential causal relationships rather than
quantifying precise effect sizes. Thirdly, our study relied on data from European populations, which may
limit the generalizability of our findings to other demographic groups. Further research is needed to assess
the applicability of these results across diverse populations. Moreover, although our analysis included a broad
range of inflammatory biomarkers, some relevant proteins were not covered. This highlights the need for a more
comprehensive pQTL database to identify additional potential targets. Future studies should aim to expand
sample sizes and include a more diverse array of racial and geographical backgrounds to enhance the validity
and generalizability of the findings.

Conclusion

This study provides genetic evidence supporting the association between SGLT-2 inhibitors, inflammatory
biomarkers, and the risk of ICH. Notably, ILLORB appears to mediate the effect of SGLT-2 inhibitors on ICH
risk, suggesting a potential pathway for the development of therapeutic agents aimed at offering neuroprotective
benefits through this mechanism.

Data availability
All data supporting the findings of this study are available from the corresponding author upon reasonable
request.
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