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Female-predominant cardiac remodeling in type 2 diabetes 1 

mellitus and the estrogen–GPER–HIF-1α signaling 2 

pathway 3 

Wanshi Liang1,3#, Yongxian Ye1#,Yin Zhong1#,Yifei Chen1,Yali Song4, Zebin Yang1,Ronghao Luo5, 4 

Yinhong Jie1,Hongyi Lei6,Yang Zhang2*, and Le Li1** 5 

Background 6 

Type 2 diabetes mellitus (T2DM) is associated with sex-specific cardiac remodeling, but the 7 

underlying clinical and molecular basis remains unclear. We investigated sex differences in 8 

left ventricular hypertrophy (LVH) and diastolic function and examined the role of estrogen–9 

GPER and HIF-1α signaling in diabetic cardiac remodeling. 10 

Methods 11 

This retrospective cross-sectional study included 2,638 patients with T2DM (1,537 men and 12 

1,101 women) evaluated between June 2023 and May 2024. LVH was defined using 13 

sex-specific left ventricular mass index thresholds, and sex differences were assessed using 14 

multivariable logistic regression. Cardiac remodeling was further evaluated in male and 15 

female db/db mice. Female db/db mice received 17β-estradiol (E2), the GPER antagonist 16 

G15, or the GPER agonist G1. High-glucose-treated H9c2 cardiomyoblasts were used for 17 

complementary pharmacological and HIF-1α reactivation experiments. Echocardiography, 18 

histology, molecular assays, transcriptomic profiling, and ubiquitination analysis were 19 

performed. 20 

Results 21 



 

2 

LVH was more prevalent in women than in men with T2DM (27.8% vs. 9.5%, P<0.001), and 22 

women had a higher E/e′ ratio (median 10.99 vs. 9.86, P<0.001), whereas left ventricular 23 

ejection fraction was comparable. After adjustment for age, HbA1c, body mass index, and 24 

estimated glomerular filtration rate, female sex remained associated with LVH (odds ratio 25 

3.71, 95% confidence interval 2.91–4.73, P<0.001). The sex-by-age-group interaction was 26 

not significant (P for interaction=0.405). Female db/db mice showed greater cardiac mass, 27 

wall thickening, fibrosis, cardiomyocyte hypertrophy, and diastolic impairment than male 28 

db/db mice. E2 and G1 attenuated these abnormalities, whereas G15 blunted the protective 29 

effects of E2. G1 reduced HIF-1α, ANGPT2, and VEGFA expression and increased HIF-130 

α ubiquitination. Pharmacological HIF-1α reactivation partially reversed the molecular 31 

and cellular effects of G1 in high-glucose-treated cardiomyoblasts. 32 

Conclusions 33 

Women with T2DM had a higher prevalence of LVH and greater diastolic dysfunction than 34 

men. The findings support a role for impaired estrogen–GPER signaling in 35 

female-predominant diabetic cardiac remodeling. GPER activation was associated with 36 

suppression of the HIF-1α/ANGPT2/VEGFA axis and may represent a potential therapeutic 37 

strategy. 38 

 39 

Keywords: Sex differences; type 2 diabetes mellitus; left ventricular hypertrophy; 40 

diastolic function; GPER; estrogen; HIF-1α; db/db mice 41 

Introduction 42 
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Diabetes mellitus (DM) is closely associated with structural and functional cardiac 43 

abnormalities. Left ventricular hypertrophy (LVH) is a common cardiac complication of DM 44 

and is associated with an increased risk of heart failure and myocardial infarction[1] 45 

Importantly, the cardiac consequences of DM may differ between women and men. In a 46 

large Italian population-based cohort, electrocardiography-defined LVH was more prevalent 47 

in women with type 2 diabetes mellitus (T2DM) than in men (23.5% vs. 8.4%), independent 48 

of age, body mass index, and blood pressure.[2] Similarly, data from the Framingham Study 49 

suggested that DM was associated with a greater relative excess risk of congestive heart 50 

failure in women than in men, with approximately fivefold and 2.4-fold increases, 51 

respectively.[3] These observations suggest that female sex may modify the cardiac 52 

remodeling response to T2DM; however, the biological mechanisms underlying this sex 53 

disparity remain incompletely understood. 54 

The female-predominant cardiac burden in T2DM has traditionally been attributed, at least 55 

in part, to the loss of estrogen-mediated cardioprotection. Although premenopausal women 56 

generally have a lower risk of cardiovascular disease than men, this relative advantage 57 

appears to be attenuated in women with T2DM.[4] Nevertheless, available clinical and 58 

experimental evidence suggests that estrogen-related cardioprotection may not be 59 

completely abolished in the diabetic heart. Earlier menopause has been associated with an 60 

increased risk of heart failure, while menopause-related hormonal changes have been 61 

linked to concentric left ventricular remodeling and impaired diastolic function.[5-7] These 62 

findings support an association between declining estrogen exposure and adverse cardiac 63 
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remodeling, but they do not establish estrogen deficiency as the sole determinant of the 64 

female-predominant phenotype. In women with T2DM, age-related or 65 

menopause-associated reductions in estrogen may interact with chronic hyperglycemia, 66 

metabolic dysfunction, and other cardiovascular stressors, thereby contributing to the 67 

progressive development of LVH and diastolic impairment. 68 

Experimental studies further indicate that estrogen receptor signaling remains functional 69 

under diabetic conditions. Pharmacological blockade of ERα and ERβ aggravates 70 

cardiovascular dysfunction in ovariectomized rats with T2DM.[8] Estrogen treatment has 71 

also been shown to preserve cardiac function and myocardial energy metabolism in a 72 

diabetes-related cardiomyopathy model.[9] In addition, ERβ has been reported to inhibit 73 

cardiac fibrosis.[10, 11] These findings suggest that estrogen signaling is not completely lost 74 

in the diabetic heart. However, the mechanisms underlying its insufficient cardioprotective 75 

effect remain unclear. 76 

In addition to the classical nuclear estrogen receptors, estrogen also acts through G 77 

protein-coupled estrogen receptor 1 (GPER1, formerly known as GPR30), a 78 

seven-transmembrane receptor that mediates rapid, non-genomic signaling. GPER is 79 

expressed in cardiovascular tissues and is involved in the regulation of myocardial 80 

remodeling.[12] Activation of GPER has been shown to attenuate pressure 81 

overload-induced myocardial hypertrophy in ovariectomized mice.[13] However, whether 82 

GPER signaling is altered in the female diabetic heart and contributes to sex-related 83 

differences in cardiac remodeling remains unclear. 84 
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Hypoxia-inducible factor 1α (HIF-1α) is a key regulator of cellular responses to hypoxia 85 

and metabolic stress and has been implicated in cardiovascular disease, myocardial 86 

hypertrophy, and diabetic cardiomyopathy.[14]Previous evidence has shown that HIF-1α 87 

can upregulate GPER expression in cardiomyocytes,[15] suggesting a potential interaction 88 

between HIF-1α and estrogen-related signaling. Whether GPER regulates HIF-1α in the 89 

diabetic heart, and whether this interaction contributes to female-predominant cardiac 90 

remodeling, remains unknown.  91 

In this study, we examined sex differences in LVH and diastolic function in patients with 92 

T2DM and compared cardiac remodeling between male and female db/db mice. We further 93 

investigated the effects of estrogen and GPER modulation in female db/db mice and 94 

high-glucose-treated H9c2 cells, with a particular focus on the potential involvement of 95 

HIF-1α-related signaling. 96 

 97 

Method 98 

Human Participants 99 

This retrospective cross-sectional study included 2,638 patients with type 2 diabetes 100 

mellitus (T2DM), comprising 1,537 men and 1,101 women, who were evaluated between 101 

June 2023 and May 2024. T2DM was diagnosed according to the 1999 World Health 102 

Organization criteria [16]. 103 

Patients were excluded if they had: (1) Coronary artery disease，defined as >50% stenosis 104 

in a major epicardial coronary artery, a history of acute coronary syndrome, or previous 105 
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coronary revascularization; (2) uncontrolled hypertension, defined as systolic blood 106 

pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg despite 107 

antihypertensive treatment, a history of hypertensive emergency, or hypertension-related 108 

stroke; (3) moderate-to-severe valvular heart disease, congenital heart disease, or 109 

infectious, toxic, infiltrative, peripartum, or hypertrophic cardiomyopathy; (4) active 110 

autoimmune disease or a history of myocarditis; (5) severe pulmonary vascular disease; (6) 111 

a history of substance abuse; or (7) unavailable core clinical or echocardiographic records. 112 

This was a retrospective analysis of existing clinical data with no more than minimal risk to 113 

participants. The waiver of informed consent was approved by the Medical Ethics 114 

Committee of Zhujiang Hospital, Southern Medical University (2024-KY-285-02), in 115 

accordance with institutional policy and applicable regulatory criteria. The demographic and 116 

clinical details of enrolled participants are listed in Table 3. 117 

In this study, left ventricular hypertrophy (LVH) was defined according to the left ventricular 118 

mass index (LVMI). Left ventricular mass was calculated from echocardiographic 119 

measurements of interventricular septal thickness, left ventricular end-diastolic diameter, 120 

and posterior wall thickness and was indexed to body surface area. LVH was defined as an 121 

LVMI >115 g/m² in men and >95 g/m² in women, according to the 2018 Chinese Guidelines 122 

for the Prevention and Treatment of Hypertension[17].  123 

Animals and experimental design 124 

Animal experiments were approved by the National Animal Care and Use Committee at 125 

Zhujiang Hospital of Southern Medical University, Guangzhou, China (Approval No. 126 
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LAEC-2024-010). All animal procedures adhered to the guidelines outlined in the National 127 

Research Council's Guide for the Care and Use of Laboratory Animals. Male and female 128 

db/db (BKS.Cg-Leprdb/db/J) mice and their db/+ littermates (BKS.Cg-Leprdb/+/J) mice as the 129 

control group were procured from Jakson's Lab. Mice were housed in under specific 130 

pathogen-free (SPF) conditions with controlled temperature (22 ± 2 °C), humidity (40-70%), 131 

and a 12/12 light-dark cycle. Body weight and blood glucose levels were monitored weekly 132 

via tail vein sampling using a glucometer (FreeStyle Optium Neo H, Abbott, UK). The 133 

protocols for genotyping db/db mice lines were conducted as previously described[18].  134 

To investigate the effects and mechanisms of estrogen on cardiac fibrosis induced by T2DM, 135 

female db/db mice were randomly assigned to four experimental groups (n = 6): control (Ctrl) 136 

receiving subcutaneous DMSO; estrogen (E2) group receiving 30 μg/kg 17β-estradiol; E2 + 137 

GPR30 inhibitor (E2 + G15) group receiving 30 μg/kg E2 and 0.5 mg/kg G15; and GPR30 138 

agonist (G-1) group receiving 0.5 mg/kg G-1. Treatments were administered via 139 

subcutaneous injection three times weekly (Monday, Wednesday, Friday) for 10 weeks. 140 

Cell culture and treatment  141 

Rat cardiomyoblast H9c2 cells were obtained from the Cell Bank of the Chinese Academy of 142 

Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 143 

containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in a 5% CO2 144 

humidified incubator.  145 
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To establish a high-glucose stress model, H9c2 cells were cultured in medium containing 33 146 

mM glucose for 48 h. Cells cultured in 5.5 mM glucose were used as the normal-glucose 147 

control.[19]  148 

To evaluate the effects of estrogen and GPER signaling, high-glucose-treated cells were 149 

divided into four groups: the control group, which received the corresponding vehicle; the E2 150 

group, which received 100 nM 17β-estradiol (E2); the E2+G15 group, which received 100 151 

nM E2 and 10 μM G15; and the G1 group, which received 10 μM G1. G15 was used as a 152 

GPER antagonist, whereas G1 was used as a selective GPER agonist. All treatments were 153 

maintained for 48 h. 154 

To further investigate the involvement of HIF-1α in GPER-mediated effects, 155 

high-glucose-treated cells were assigned to three groups: the HG group, the HG+G1 group, 156 

and the HG+G1+YC-1 group. G1 was used at 10 μM, and YC-1 was used at 10 μM. All 157 

treatments were maintained for 48 h. The role of YC-1 in modulating HIF-1α activity was 158 

interpreted according to the experimental design and the observed changes in HIF-1α 159 

expression.[20] 160 

Echocardiography assessment for evaluation of cardiac function 161 

Mice were anesthetized with isoflurane and maintained supine on a heating pad. 162 

Echocardiography was performed using a high-frequency linear array transducer. 163 

Structural and systolic parameters were measured by M-mode echocardiography in the 164 

parasternal long-axis view. These included left ventricular anterior wall thickness (LVAW), 165 

posterior wall thickness (LVPW), internal diameter at diastole (LVIDd) and systole (LVIDs). 166 
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Ejection fraction (EF) and fractional shortening (FS) were calculated from LVIDd and LVIDs. 167 

Left ventricular mass was derived using the Devereux formula. 168 

Diastolic function was assessed by pulsed-wave Doppler in the apical four-chamber view. 169 

The sample volume was placed at the mitral valve tips. Peak early (E) and late (A) diastolic 170 

filling velocities were recorded, and the E/A ratio was calculated. 171 

All measurements were averaged over three consecutive cardiac cycles by an investigator 172 

blinded to group allocation. 173 

Heart weights 174 

Both the heart weight index (heart weight/body weight ratio, HWI = HW/BW) and left 175 

ventricular weight index (left ventricular weight/body weight ratio, LVWI = LVW/BW) were 176 

calculated from the results of the associated measurements. 177 

Histology and tissue staining 178 

Morphological analysis of tissue sections was performed to more intuitively evaluate the 179 

level of hypertrophy and fibrosis in mouse myocardial tissues. The mouse heart was 180 

immediately placed in 10 % KCl to maintain diastole and subsequently transferred to a 181 

formalin solution for overnight fixation. After dehydration, the tissue was embedded in 182 

paraffin and cut into 5 μm slices. Tissue sections were stained with hematoxylin and eosin 183 

(H&E), wheat germ agglutinin (WGA) and Masson to assess the cross-sectional area of 184 

cardiomyocytes; picrosirius red and Masson trichrome staining were used to assess the 185 

level of myocardial fibrosis. Image analysis software (Image-Pro Plus, version 6.1.0) was 186 

used to analyze the digital images obtained after staining. 187 
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TUNEL Assay 188 

The TUNEL mix was used to measure apoptotic rate. Myocardial sections were incubated 189 

with 50μL TUNEL mix at 37℃ for 1 h. DAPI staining was performed to visualize nuclei after 190 

the TUNEL reaction. The apoptosis ratio was expressed as the number of apoptotic 191 

myocytes (green) / total number of myocytes (blue) ×100%. 192 

Quantitative Real‐time polymerase chain reaction (qRT‐PCR) 193 

The mRNA expression levels of Myh7,Col1a1, Nppa, Angpt2, Vegfa and Hif-α in the heart 194 

were detected by qRT-PCR. Total RNA was extracted from myocardial tissues or H9c2 cells 195 

using the TRIzol Reagent and purified with Direct-zol RNA Kits (ZYMO, Irvine, CA, US). 196 

Reverse transcription was performed using the High-Capacity cDNA Reverse Transcription 197 

Kit (Thermo Fisher, Waltham, MA, USA). cDNA was amplified by Takara’s Perfect 198 

Real-Time PCR Kit (Takara Bio, Otsu, Japan). Quantitative PCR was performed using the 199 

SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology) on a Bio-Rad CFX 200 

Connect system. Relative mRNA levels were normalized to Gapdh and expressed as a 201 

relative ratio. Primer sequences are provided in Table 2. 202 

Western Blot Analysis  203 

Proteins were extracted according to standard protocols and concentrations were 204 

determined using the BCA Protein Assay Kit (Beyotime, China). Equal amounts of protein 205 

(30-50 μg) were separated on 4-20% Tris-Glycine gels (Thermo Fisher, USA), and 206 

transferred to PVDF membranes (Millipore, USA). Membranes were incubated overnight at 207 

4°C with primary antibodies:MYH7(1:1000,22280-1-AP,proteintech,China), 208 
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COL1A1(1:1000,HA722517,HUABIO,China), NPPA(1:500,A14755,ABconal,China), 209 

ANGPT2, VEGFa and HIF-1α(1:1000,NB100-105,Novus Biologicals,USA).  210 

After TBST washing, membranes were incubated with HRP-conjugated secondary 211 

antibodies (1:10000) for 1.5 hours at room temperature. Protein bands were visualized 212 

using enhanced chemiluminescence reagents (Millipore, USA). GAPDH and Tubulin were 213 

used as loading controls. 214 

RNA-seq 215 

Total RNA was extracted from left ventricular tissues using TRIzol reagent. RNA samples 216 

were sequenced as described previously. The reads were mapped to the latest UCSC 217 

transcript set using Bowtie2 version 2.1.0[21] and the gene expression level was estimated 218 

using RSEM v1.2.15. TMM (trimmed mean of M-values) was Quality control testing was 219 

performed on all RNA samples using the Agilent 2100 Bioanalyzer, followed by 220 

polyadenylate positive (poly A+) selection and conversion to cDNA. After library construction, 221 

paired-end sequencing runs were performed on the Illumina HiSeq 2500. Genes with a fold 222 

change >2 (regardless of isoforms) and P< 0.05 were used for Gene Ontology analysis 223 

(http://david.abcc. ncifcrf. gov/). 224 

Results 225 

Sex differences in clinical characteristics and cardiac profiles 226 

A total of 2,638 patients with T2DM were included in the clinical analysis, comprising 1,537 227 

men and 1,101 women. Women were older than men (62.1 ± 10.9 vs. 58.7 ± 12.5 years, 228 

P<0.001) and had a longer duration of diabetes [6.0 (2.0–10.0) vs. 5.0 (1.0–10.0) years, 229 
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P=0.044]. HbA1c was lower in women than in men [7.2% (6.5–8.9%) vs. 7.6% (6.5–9.4%), 230 

P=0.003], whereas BMI did not differ significantly between the two groups (23.73 ± 3.79 vs. 231 

23.95 ± 3.81 kg/m², P=0.154). The use of biguanides was more common among women, 232 

whereas the use of sulfonylureas and thiazolidinediones also differed between the sexes 233 

(Table 3). 234 

LVH defined according to the sex-specific LVMI criteria was more prevalent in women than 235 

in men [305/1,097 (27.8%) vs. 146/1,532 (9.5%), P<0.001]. Using the exploratory 236 

LVPW-based criterion, LVH was also more common in women than in men [333/1,100 237 

(30.3%) vs. 372/1,537 (24.2%), P<0.001]. Compared with men, women had smaller right 238 

and left ventricular dimensions, including lower RVD (1.99 ± 0.27 vs. 2.10 ± 0.28 cm, 239 

P<0.001) and LVD (4.04 ± 0.45 vs. 4.24 ± 0.49 cm, P<0.001). E/e′, used as the 240 

primary echocardiographic index of left ventricular filling pressure, was higher in women 241 

than in men [10.99 (9.14–13.26) vs. 9.86 (8.12–11.79), P<0.001], whereas LVEF was 242 

comparable between the two groups. Serum creatine kinase levels were lower in women, 243 

whereas LDH-L and HBDH levels were higher in women than in men (Table 3). 244 

In the multivariable logistic regression model including sex, age, HbA1c, BMI, and eGFR, 245 

female sex remained independently associated with LVH (OR=3.71, 95% CI 2.91–4.73, 246 

P<0.001; n=2,196; 384 LVH events). BMI was positively associated with LVH (OR=1.06 per 247 

1 kg/m² increase, 95% CI 1.03–1.09, P<0.001), whereas eGFR was inversely associated 248 

with LVH (OR=0.84 per 10 mL/min/1.73 m² increase, 95% CI 0.80–0.88, P<0.001). Age and 249 

HbA1c were not statistically significant in this model. The association between female sex 250 
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and LVH remained consistent after additional adjustment for diabetes duration (OR=3.42, 251 

95% CI 2.55–4.60, P<0.001) and glucose-lowering medications (OR=3.67, 95% CI 2.67–252 

5.04, P<0.001) (Table 3). 253 

Age-stratified sex differences in cardiac abnormalities 254 

Participants were further classified into three predefined age groups: <45 years, 45–55 255 

years, and >55 years. These categories were used as age-defined strata and were not 256 

considered direct measures of menopausal status. 257 

LVH defined by the LVMI criterion was more prevalent in women than in men across all 258 

three age groups: 10/65 (15.4%) vs. 6/188 (3.2%) in the <45-year group (P=0.001), 51/209 259 

(24.4%) vs. 37/402 (9.2%) in the 45–55-year group (P<0.001), and 244/823 (29.6%) vs. 260 

103/942 (10.9%) in the >55-year group (P<0.001) (Table 4). The corresponding crude odds 261 

ratios for LVH in women compared with men were 5.52 (95% CI 1.92–15.86), 3.18 (95% CI 262 

2.00–5.06), and 3.43 (95% CI 2.66–4.42), respectively. 263 

E/e′ was also higher in women than in men in the <45-year group [9.14 (8.00–10.62) vs. 264 

8.49 (6.84–10.00), P=0.012], the 45–55-year group [10.60 (8.83–13.13) vs. 9.55 (7.88–265 

11.45), P<0.001], and the >55-year group [11.25 (9.43–13.50) vs. 10.13 (8.50–12.29), 266 

P<0.001]. However, the sex-by-age-group interaction was not statistically significant in the 267 

multivariable model (P for interaction=0.405), indicating that the magnitude of the sex 268 

difference in LVH did not differ significantly across the predefined age strata. 269 

Taken together, these findings show that women with T2DM had a higher prevalence of 270 

LVH and higher estimated left ventricular filling pressure than men. The association 271 
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between female sex and LVH remained significant after adjustment for available clinical 272 

covariates, although residual confounding cannot be excluded because blood pressure and 273 

antihypertensive-treatment data were not available in the dataset. 274 

Female db/db Mice Exhibit cardiac remodeling at 22 Weeks 275 

Because clinical analyses revealed a higher prevalence of left ventricular hypertrophy and 276 

more pronounced diastolic impairment in female patients with T2DM, we next investigated 277 

whether a similar phenotype could be reproduced in female diabetic mice. Longitudinal 278 

histological assessment from 4 to 22 weeks showed progressive myocardial remodeling in 279 

female db/db mice(Figure 1A). Based on these temporal findings, 22 weeks was selected 280 

for subsequent analyses. At this time point, gross examination showed an increase in heart 281 

size in db/db mice compared with controls (Figure 1B). Echocardiographic assessment 282 

further demonstrated thickened left ventricular walls in db/db mice, as reflected by increased 283 

left ventricular anterior wall thickness (LVAW) and left ventricular posterior wall thickness 284 

(LVPW), while left ventricular chamber dimension was relatively preserved (Figure 1C). 285 

Systolic function remained largely unchanged (Supplementary Figure 1), whereas diastolic 286 

function was impaired in db/db mice, as indicated by a reduced E/A ratio (Figure 1D). 287 

Histological analysis supported the presence of myocardial remodeling. Masson’s trichrome 288 

staining showed increased interstitial collagen deposition in db/db hearts (Figure 1E). Wheat 289 

germ agglutinin(WGA) staining revealed enlarged cardiomyocyte cross-sectional area, 290 

consistent with cardiomyocyte hypertrophy (Figure 1G). In line with these morphological 291 
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findings, protein expression of hypertrophic and fibrotic markers, including β-MHC, collagen 292 

I, and ANP, was increased in db/db myocardium (Figure 1F).  293 

Collectively, these data indicate that female db/db mice exhibit a distinct cardiac remodeling 294 

phenotype at 22 weeks, characterized by left ventricular hypertrophy, diastolic dysfunction, 295 

and myocardial fibrosis. 296 

Female db/db mice show more severe cardiac remodeling than males at 22 weeks 297 

To determine whether sex influences the cardiac phenotype in db/db mice, female and male 298 

db/db mice were compared at 22 weeks. The HW/BW and LVW/BW was higher in female 299 

mice (Figure 2A), indicating greater overall cardiac mass. Echocardiographic analysis 300 

revealed increased LVPW thickness, and higher LV mass in females, while systolic function 301 

parameters were comparable between sexes (Supplementary Figure 2; Figure 2B). 302 

Assessment of diastolic function showed a lower E/A ratio in female mice, consistent with 303 

impaired diastolic relaxation and concordant with the clinical findings described above 304 

(Figure 2C). 305 

Histological analyses demonstrated a more pronounced remodeling phenotype in female 306 

myocardium. Masson's trichrome staining showed a higher fibrotic area percentage in 307 

female mice (Figure 2D), and both HE and WGA staining revealed enlarged cardiomyocyte 308 

cross-sectional area compared with male db/db mice (Figure 2E).  309 

At the molecular level, mRNA expression of the hypertrophic and fibrotic markers β-MHC, 310 

collagen I, and ANP was upregulated in female myocardium relative to males (Figure 2F). 311 
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These differences were corroborated at the protein level, with western blot analysis 312 

confirming higher expression of all three markers in female db/db hearts (Figure 2G).  313 

Taken together, these findings indicate that female db/db mice develop a more severe 314 

cardiac remodeling phenotype than males at 22 weeks, characterized by greater 315 

hypertrophy, interstitial fibrosis, and diastolic impairment. 316 

Estrogen deficiency exacerbates cardiac remodeling in female db/db mice via GPER 317 

signaling 318 

To investigate whether reduced estrogen contributes to the more severe cardiac phenotype 319 

observed in female db/db mice, we first assessed reproductive organ morphology and 320 

circulating estrogen levels. Female db/db mice exhibited marked uterine horn atrophy and 321 

ovarian atrophy compared with db/m controls (Figures 3A and 3B). Longitudinal 322 

measurement of serum estradiol (E2) levels revealed a progressive divergence between 323 

groups, with db/db mice showing significantly lower E2 levels at 22 weeks (p = 0.0118; 324 

Figure 3C), consistent with impaired ovarian estrogen production in the diabetic state. 325 

To determine whether estrogen replacement could attenuate the cardiac phenotype, female 326 

db/db mice were treated with E2, the selective GPER agonist G1, or E2 combined with the 327 

GPER antagonist G15. E2 treatment reduced the heart weight-to-body weight ratio (HW/BW) 328 

compared with vehicle-treated controls, and this effect was abrogated by co-administration 329 

of G15 (Figure 3D). G1 alone similarly reduced HW/BW, suggesting that GPER activation is 330 

sufficient to mediate the cardioprotective effect of estrogen. 331 
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Histological assessment showed that myocardial fibrotic area was reduced in E2- and 332 

G1-treated mice relative to controls, whereas G15 co-treatment reversed the antifibrotic 333 

effect of E2 (Figure 3E). Echocardiographic evaluation of diastolic function demonstrated 334 

that the E/A ratio was significantly higher in E2- and G1-treated groups compared with 335 

controls, indicating improved diastolic relaxation, while E2+G15 co-treatment resulted in the 336 

lowest E/A ratio among all groups (all p < 0.0001; Figure 3F). Echocardiographic 337 

assessment of left ventricular wall thickness further supported these structural differences 338 

across treatment groups (Figure 3G). 339 

At the molecular level, protein expression of β-MHC, collagen I, and ANP was reduced in 340 

E2- and G1-treated myocardium relative to controls, and was restored to elevated levels by 341 

G15 co-treatment (Figure 3H). Collectively, these findings indicate that the decline in 342 

estrogen observed in female db/db mice promotes cardiac remodeling, and that this process 343 

is at least in part mediated through GPER signaling. 344 

High glucose induces hypertrophic and pro-apoptotic responses in H9c2 345 

cardiomyocytes, which are attenuated by estrogen and GPER activation 346 

To examine the cellular mechanisms underlying estrogen's cardioprotective effects, H9c2 347 

cardiomyocytes were subjected to high glucose (HG) treatment as an in vitro model of 348 

diabetic cardiomyopathy. HG significantly upregulated the expression of hypertrophic and 349 

fibrotic markers β-MHC, collagen I, and ANP compared with normal glucose (NG) conditions 350 

(all p < 0.0001; Figure 4A), validating the in vitro model. 351 



 

18 

To assess the role of GPER signaling, HG-treated H9c2 cells were exposed to E2, the 352 

selective GPER agonist G1, or E2 combined with the GPER antagonist G15. E2 and G1 353 

treatment both reduced BAX expression and increased BCL2 expression relative to 354 

vehicle-treated controls, indicating attenuation of apoptotic signaling. Co-administration of 355 

G15 reversed the effect of E2 on both BAX and BCL2, confirming that the anti-apoptotic 356 

action of estrogen is mediated through GPER (Figure 4B). Cell morphological changes and 357 

TUNEL staining further supported these findings (Figures 4C and 4D). 358 

Consistently, E2 and G1 treatment markedly reduced the expression of β-MHC, collagen I, 359 

and ANP in HG-treated H9c2 cells, while G15 co-treatment restored these markers to 360 

elevated levels (all p < 0.0001; Figure 4E). These data indicate that estrogen suppresses 361 

high glucose-induced cardiomyocyte hypertrophy and apoptosis through GPER-dependent 362 

signaling. 363 

GPER activation suppresses the HIF-1α/ANGPT2/VEGFA axis to protect against 364 

diabetic cardiomyopathy 365 

As shown in Figure 4, G1-mediated GPER activation attenuated HG-induced hypertrophy 366 

and apoptosis in H9c2 cardiomyocytes. To identify the underlying molecular pathway, we 367 

performed transcriptomic profiling of cardiac tissue from db/db mice treated with G1 versus 368 

untreated controls. Heatmap and volcano plot analyses revealed distinct gene expression 369 

signatures between the two groups, with 59 upregulated and 73 downregulated genes 370 

identified in G1-treated hearts (Figures 5A and 5B). KEGG pathway enrichment analysis 371 

identified the HIF-1 signaling pathway as the most significantly suppressed pathway in 372 
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G1-treated cardiac tissue (Figure 5C), nominating HIF-1α and its downstream targets as 373 

candidate mediators of GPER-dependent cardioprotection in vivo. 374 

To validate this transcriptomic finding, we directly examined HIF-1α and its canonical 375 

downstream effectors ANGPT2 and VEGFA in cardiac tissue. G1 treatment significantly 376 

reduced Angpt2, Vegfa, and Hif-1α mRNA levels compared with controls (all P < 0.01; 377 

Figure 6A), with concordant reductions confirmed at the protein level by western blot 378 

(ANGPT2: P = 0.0007; VEGFA: P = 0.0058; HIF-1α: P = 0.0005; Figure 6B). To determine 379 

the mechanism of HIF-1α downregulation, we performed co-immunoprecipitation with an 380 

anti-HIF-1α antibody followed by anti-ubiquitin immunoblotting. G1-treated hearts exhibited 381 

markedly enhanced ubiquitination of HIF-1α compared with controls (Figure 6C), indicating 382 

that GPER activation promotes proteasomal degradation of HIF-1α protein in vivo. 383 

To directly establish a causal link between HIF-1α and GPER-mediated protection against 384 

diabetic cardiomyocyte injury, we performed a rescue experiment in HG-treated H9c2 cells 385 

using the HIF-1α stabilizer YC-1. Consistent with the in vivo findings, G1 significantly 386 

suppressed Angpt2, Vegfa, and Hif-1α mRNA and protein expression relative to HG controls 387 

(all P < 0.0001; Figures 7A and 7B). Co-treatment with YC-1 substantially reversed these 388 

G1-mediated reductions, restoring expression of all three targets toward HG levels. At the 389 

functional level, G1-induced attenuation of β-MHC, collagen I, and ANP expression was 390 

similarly reversed by YC-1 co-treatment (Figure 7C). Brightfield microscopy demonstrated 391 

that YC-1 reinstated cellular hypertrophy that had been suppressed by G1, and TUNEL 392 

staining confirmed that the G1-mediated reduction in apoptosis was abrogated upon HIF-1α 393 
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reactivation (Figures 7D and 7E). Collectively, these in vivo and in vitro data demonstrate 394 

that GPER activation protects against diabetic cardiomyopathy through ubiquitin-mediated 395 

degradation of HIF-1α and consequent suppression of the HIF-1α/ANGPT2/VEGFA 396 

signaling axis. 397 

Discussion 398 

In the present study, women with T2DM had a higher prevalence of LVH and a higher E/e′ 399 

ratio than men, while left ventricular systolic function was comparable between the sexes. 400 

Female sex remained associated with LVH after adjustment for age, HbA1c, BMI, and eGFR. 401 

A similar sex difference was observed in db/db mice, with female mice showing more 402 

pronounced cardiac hypertrophy, myocardial fibrosis, and diastolic impairment. In female 403 

db/db mice and high-glucose-treated H9c2 cardiomyoblasts, E2 treatment and GPER 404 

activation attenuated cardiac remodeling, whereas GPER antagonism weakened the 405 

protective effects of E2. Transcriptomic analysis suggested the involvement of HIF-1 406 

signaling. G1 treatment reduced HIF-1α, ANGPT2, and VEGFA expression and increased 407 

HIF-1α ubiquitination. Moreover, YC-1 cotreatment partially reversed the molecular and 408 

cellular effects of G1 in high-glucose-treated cells. These findings suggest that estrogen–409 

GPER signaling and the HIF-1α/ANGPT2/VEGFA pathway may be involved in the more 410 

severe cardiac remodeling observed in female diabetic models. 411 

The clinical findings are consistent with previous epidemiological studies. The Casale 412 

Monferrato Study reported a higher prevalence of electrocardiography-defined LVH in 413 

women with T2DM than in men, independent of age, BMI, and blood pressure [2]. Similarly, 414 
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the Framingham Study showed that diabetes was associated with a greater relative 415 

increase in the risk of heart failure in women than in men [3]. In our cohort, LVH defined 416 

using sex-specific LVMI thresholds [22]was more common in women, and women had a 417 

higher E/e′ ratio. E/e′ is an important echocardiographic variable for estimating left 418 

ventricular filling pressure, although it should be interpreted together with other clinical and 419 

echocardiographic findings[23, 24]. This pattern is broadly consistent with reports of less 420 

favorable diastolic function in women with HFpEF and with reviews describing 421 

estrogen-related mechanisms involved in diastolic reserve[25, 26]. The higher E/e′ ratio 422 

therefore suggests a less favorable diastolic profile in women with T2DM rather than 423 

establishing diastolic dysfunction by itself. LVH remained more prevalent in women in all 424 

three age-defined strata, but the sex-by-age-group interaction was not significant. Because 425 

menstrual status and circulating sex hormone levels were unavailable, these strata cannot 426 

be regarded as premenopausal, perimenopausal, and postmenopausal groups. Thus, the 427 

clinical data support a persistent sex difference in diabetic cardiac remodeling but do not 428 

demonstrate that this difference increases during the menopausal transition. 429 

The experimental findings were broadly consistent with the clinical observations. At 22 430 

weeks, female db/db mice showed greater cardiac mass, wall thickening, myocardial fibrosis, 431 

cardiomyocyte enlargement, and diastolic impairment than male db/db mice. Female db/db 432 

mice also had reproductive organ atrophy and lower circulating E2 levels than db/m controls, 433 

suggesting reduced estrogen availability in this model. E2 replacement and G1 treatment 434 

improved the structural, functional, and molecular indices of remodeling, whereas G15 435 
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attenuated the effects of E2. These results are consistent with previous evidence that 436 

estrogen receptor signaling remains biologically active under diabetic conditions.[8, 9]  437 

However, because the present experiments used pharmacological agonism and 438 

antagonism without receptor-specific genetic manipulation, the data support a contribution 439 

of GPER but do not establish that GPER is the only estrogen receptor involved or that it is 440 

independently necessary and sufficient for cardioprotection. 441 

The protective effects of GPER activation observed here are also in agreement with 442 

previous experimental studies. GPER activation attenuates myocardial hypertrophy and 443 

remodeling in pressure-overload models[12, 13]. In ovariectomized diabetic rats, Azizian et 444 

al. reported that G1 improved cardiac function and oxidative status through upregulation of 445 

the SIRT1/3–AMPK–UCP2 pathway.[27] Our results extend these observations to the db/db 446 

model and suggest an additional pathway involving HIF-1α and its downstream targets 447 

ANGPT2 and VEGFA. The beneficial response to E2 and G1 indicates that estrogen-related 448 

signaling is not completely lost in the diabetic heart. Instead, reduced estrogen availability 449 

and metabolic stress may limit endogenous protection, while pharmacological GPER 450 

activation can partly restore this response. Taken together, these studies suggest that 451 

GPER may regulate several complementary processes, including myocardial metabolism, 452 

oxidative stress, hypertrophic signaling, and fibrosis. 453 

Transcriptomic analysis identified HIF-1 signaling as the most prominently enriched pathway 454 

among the genes altered by G1 treatment. The role of HIF-1α in the heart is context 455 

dependent: transient activation may support adaptation to ischemia, whereas sustained 456 
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dysregulation under chronic metabolic stress may contribute to adverse remodeling[14]. In 457 

the present study, G1 reduced Hif-1α, Angpt2, and Vegfa at both the mRNA and protein 458 

levels and increased HIF-1α ubiquitination. These findings suggest that GPER activation 459 

may regulate HIF-1α through both transcriptional and post-translational mechanisms. The 460 

increased ubiquitination supports enhanced targeting of HIF-1α for degradation, but direct 461 

acceleration of proteasomal degradation cannot be inferred from co-immunoprecipitation 462 

alone without protein half-life or proteasome-inhibition experiments. The inhibitory 463 

association between estrogen–GPER signaling and cardiac HIF-1α is consistent with 464 

findings in ovariectomized mice exposed to hypobaric hypoxia[28]. By contrast, GPER 465 

stabilized HIF-1α through the PHD2/VHL pathway in tamoxifen-resistant breast cancer cells 466 

[29], indicating that GPER–HIF-1α regulation is cell- and disease-context dependent. The 467 

concomitant reduction in ANGPT2 and VEGFA is compatible with modulation of angiogenic 468 

signaling, although microvascular function was not directly examined. Previous work 469 

showed that HIF-1α can upregulate GPER in cardiomyocytes[15]; together with our findings, 470 

this raises the possibility of reciprocal regulation, which requires direct testing. Finally, 471 

although YC-1 co-treatment altered the molecular and cellular effects of G1, YC-1 is widely 472 

used as an HIF-1 inhibitor rather than an HIF-1α stabilizer and also has HIF-independent 473 

actions[30]. Therefore, these pharmacological findings should not be interpreted as 474 

definitive HIF-1α reactivation or rescue until the compound identity and treatment design are 475 

verified and the result is confirmed using genetic approaches. 476 
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Several limitations should be acknowledged. First, the clinical analysis was retrospective 477 

and cross-sectional and therefore cannot establish causality. Although the association 478 

between female sex and LVH remained significant in the available multivariable and 479 

sensitivity models, blood pressure, antihypertensive treatment, menopausal status, and 480 

circulating sex hormone levels were unavailable, leaving potential residual confounding. 481 

Second, the age categories were surrogate strata rather than confirmed reproductive stages, 482 

and no longitudinal cardiovascular outcomes were assessed. Third, the db/db model 483 

combines obesity, hyperglycemia, leptin-receptor deficiency, and reduced estrogen levels; 484 

ovariectomized models and tissue-specific GPER knockout models are needed to separate 485 

these effects. Fourth, H9c2 cells are embryonic rat cardiomyoblasts and do not fully 486 

reproduce adult human cardiomyocyte biology. Validation in primary adult or induced 487 

pluripotent stem cell-derived cardiomyocytes is required. Fifth, the E3 ligase responsible for 488 

HIF-1α ubiquitination was not identified, and the pharmacological specificity and direction of 489 

the YC-1 experiment require further confirmation. Genetic rescue with HIF-1α 490 

overexpression or a degradation-resistant HIF-1α mutant, together with 491 

proteasome-inhibition and protein half-life assays, would strengthen the proposed 492 

mechanism. 493 

In conclusion, women with T2DM had a higher prevalence of LVH and a less favorable 494 

diastolic profile than men, and female db/db mice developed more severe cardiac 495 

remodeling than male mice. The experimental findings indicate that estrogen–GPER 496 

signaling may attenuate diabetic cardiac hypertrophy, fibrosis, and apoptosis and identify 497 
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the HIF-1α/ANGPT2/VEGFA axis as a potential downstream pathway. Further genetic and 498 

pharmacological validation is needed before GPER or HIF-1α-related signaling can be 499 

considered a sex-specific therapeutic target in T2DM. 500 
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Legend 634 

Figure 1. Female db/db mice exhibit left ventricular hypertrophy, diastolic impairment, and 635 

myocardial fibrosis at 22 weeks. (A) Representative longitudinal Masson's trichrome staining 636 

of myocardial sections from female db/m and db/db mice at the indicated ages. (B) 637 

Representative gross heart images and quantification of HW/BW and LVW/BW in 638 

22-week-old female db/m and db/db mice. 639 

 (C) Representative M-mode echocardiographic images and quantification of left ventricular 640 

mass, left ventricular anterior wall thickness at end-systole and end-diastole  (LVAW,s and 641 

LVAW,d), and left ventricular posterior wall thickness at end-systole and end-diastole  642 

(LVPW,s and LVPW,d) in 22-week-old female db/m and db/db mice. 643 

(D) Assessment of diastolic function by echocardiography, presented as E/A ratio. (E) 644 

Representative Masson's trichrome staining images and quantification of myocardial fibrosis 645 

in 22-week-old female db/m and db/db mice. (F) Western blot analysis and densitometric 646 

quantification of MYH7, COL1A1, and NPPA protein expression in myocardial tissue. 647 

α-Tubulin was used as a loading control. (G) Representative wheat germ agglutinin  (WGA) 648 
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staining images and quantification of cardiomyocyte cross-sectional area in 22-week-old 649 

female db/m and db/db mice. 650 

Data are presented as mean ± SEM. Each dot represents one mouse. Statistical 651 

significance was determined as indicated in the figure. 652 

 653 

Figure 2. Female db/db mice exhibit greater cardiac hypertrophy, myocardial fibrosis, and 654 

diastolic impairment than male db/db mice at 22 weeks. 655 

(A) Representative gross heart images and quantification of HW/BW and LVW/BW in 656 

22-week-old female and male db/db mice. (B) Representative M-mode echocardiographic 657 

images and quantification of left ventricular structural parameters, including left ventricular 658 

posterior wall thickness at end-diastole  (LVPWd) and end-systole  (LVPWs), and left 659 

ventricular mass  (LV mass). (C) Mitral valve E/A ratio assessed by echocardiography in 660 

22-week-old female and male db/db mice, reflecting impaired diastolic relaxation in female 661 

mice. (D) Representative Masson's trichrome staining images  (scale bar, 50 μm) and 662 

quantification of myocardial fibrotic area percentage in female and male db/db mice. 663 

(E) Representative HE staining and WGA staining images  (scale bar, 50 μm) with 664 

quantification of cardiomyocyte cross-sectional area in female and male db/db mice. 665 

(F) Quantitative RT-PCR analysis of Myh7, Col1a1, and Nppa mRNA expression in 666 

myocardial tissue from female and male db/db mice. (G) Representative western blot 667 

images and densitometric quantification of MYH7, COL1A1, and NPPA protein expression 668 

in myocardial tissue. α-TUBULIN was used as the loading control. 669 

Data are presented as mean ± SEM. Each dot represents one mouse. Statistical 670 

comparisons were performed as indicated. 671 

 672 

Figure 3. Estrogen deficiency promotes cardiac remodeling in female db/db mice, and 673 

GPER activation is cardioprotective. 674 

 (A) Representative gross images of uterine horns from 22-week-old female db/m and db/db 675 

mice, demonstrating uterine atrophy in db/db animals. (B) Representative histological 676 
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cross-sections of ovaries from female db/m and db/db mice, showing ovarian atrophy in 677 

db/db animals. (C) Longitudinal serum estradiol  (E2) levels measured at 8, 16, 20, and 22 678 

weeks in female db/m and db/db mice. Data are presented as mean ± SEM. 679 

(D) Representative gross cardiac images and quantification of HW/BW in female db/db mice 680 

treated with vehicle  (Ctrl), E2, E2+G15, or G1. (E) Representative Masson's trichrome 681 

staining images and quantification of myocardial fibrotic area percentage across treatment 682 

groups. (F) Representative echocardiographic Doppler waveforms and quantification of the 683 

mitral valve E/A ratio across treatment groups, reflecting diastolic function. 684 

(G) Representative echocardiographic images, including B-mode images in the upper row 685 

and M-mode images in the lower row, with quantification of LVAW,s, LVAW,d, LVPW,s, and 686 

LVPW,d across the treatment groups.(H) Representative western blot images and 687 

densitometric quantification of MYH7, COL1A1, and NPPA protein expression across 688 

treatment groups. α-TUBULIN was used as the loading control. 689 

Data are presented as mean ± SEM. Each dot represents one mouse. Statistical 690 

comparisons were performed as indicated. 691 

 692 

Figure 4. Estrogen and GPER activation attenuate high-glucose-induced hypertrophy and 693 

apoptosis in H9c2 cardiomyoblasts. 694 

 (A) Representative western blot images and densitometric quantification of MYH7  (220 695 

kDa),  COL1A1  (200 kDa), and NPPA (27 kDa) protein expression in H9c2 cells treated 696 

with normal glucose  (NG, 5.5 mM) or high glucose  (HG, 33 mM) for 48 hours. 697 

α-TUBULIN  (55 kDa) served as the loading control. (B) Representative western blot 698 

images and densitometric quantification of BAX  (21 kDa) and BCL2  (21 kDa) protein 699 

expression in HG-treated H9c2 cells following treatment with vehicle  (Ctrl, DMSO), 700 

17β-estradiol  (E2, 100 nM), E2 combined with the GPER antagonist G15  (E2+G15, 100 701 

nM E2 + 10 μM G15), or the selective GPER agonist G1  (10 μM). α-TUBULIN  (55 kDa) 702 

served as the loading control. (C) Representative brightfield microscopy images of H9c2 cell 703 

morphology across treatment groups.  (Scale bar, 200 μm) (D) Representative TUNEL 704 
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staining images and quantification of apoptotic cell percentage across treatment 705 

groups.  (Scale bar, 50 μm.)(E) Representative western blot images and densitometric 706 

quantification of MYH7, COL1A1, and NPPA protein expression in HG-treated H9c2 cells 707 

across the four treatment groups described in  (B). α-TUBULIN  (55 kDa) served as the 708 

loading control. 709 

Data are presented as mean ± SEM  (n = 3–6 per group). Statistical comparisons were 710 

performed by one-way ANOVA with post hoc testing; p-values are shown on graphs. 711 

 712 

Figure 5. Transcriptomic profiling of cardiac tissue identifies HIF-1 signaling as the 713 

predominant pathway regulated by GPER activation in female db/db mice. 714 

 Heatmap of differentially expressed genes in cardiac tissue from female db/db mice treated 715 

with G1 or vehicle  (Ctrl). Each row represents one biological replicate, and each column 716 

represents one gene. Rows are annotated according to treatment group.Red indicates 717 

relatively high expression; blue indicates relatively low expression. (B) Volcano plot 718 

depicting differentially expressed genes between vehicle-treated  (Ctrl) and G1-treated 719 

female db/db myocardium. Red dots: significantly upregulated genes in G1 group  (n = 59); 720 

blue dots: significantly downregulated genes  (n = 73); grey dots: non-significant. Dashed 721 

lines denote thresholds of |log₂FC| > 1 and adjusted p < 0.05. (C) KEGG pathway 722 

enrichment analysis of differentially expressed genes identified in G1-treated versus control 723 

cardiac tissue. Red bars represent the number of genes associated with each pathway, 724 

whereas the cyan line and square markers represent −log₁₀ (adjusted P value). The HIF-1 725 

signaling pathway  (highlighted) showed the highest statistical significance. 726 

 727 

Figure 6. GPER activation suppresses the HIF-1α/ANGPT2/VEGFA axis and promotes 728 

HIF-1α ubiquitination in diabetic cardiac tissue. 729 

 (A) Quantitative RT-PCR analysis of Angpt2, Vegfa, and Hif-1α mRNA expression in 730 

cardiac tissue from female db/db mice treated with vehicle  (Ctrl) or G1. Expression levels 731 

were normalized to Gapdh and presented as relative values. (B) Representative western 732 
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blot images and densitometric quantification of ANGPT2  (65 kDa), VEGFA  (25 kDa), and 733 

HIF-1α  (125 kDa) protein expression in cardiac tissue from Ctrl and G1-treated female 734 

db/db mice. α-TUBULIN  (55 kDa) was used as the loading control. 735 

(C) Co-immunoprecipitation analysis of HIF-1α ubiquitination in cardiac tissue. Input 736 

samples from Ctrl and G1-treated mice, an IgG immunoprecipitation control, and 737 

HIF-1α-immunoprecipitated fractions from Ctrl and G1-treated mice are shown. The upper 738 

panel was immunoblotted for ubiquitin, and the lower panel was immunoblotted for HIF-1α. 739 

Increased ubiquitination of HIF-1α was observed in G1-treated cardiac tissue. 740 

Data are presented as mean ± SEM  (n = 3–6 per group). Statistical significance was 741 

determined by unpaired Student's t-test; p-values are shown on graphs. 742 

 743 

Figure 7. Effects of YC-1 co-treatment on G1-mediated regulation of HIF-1α-related 744 

signaling and cardiomyocyte injury under high-glucose conditions. 745 

 (A) Quantitative RT-PCR analysis of Angpt2, Vegfa, and Hif-1α mRNA expression in H9c2 746 

cells subjected to HG treatment with vehicle  (HG), G1  (10 μM), or G1+YC-1. Data are 747 

normalized to HG group. (B) Representative western blot images and densitometric 748 

quantification of ANGPT2  (65 kDa), VEGFA  (25 kDa), and HIF-1α  (125 kDa) protein 749 

expression. α-TUBULIN  (55kDa) served as loading control. (C) Representative western 750 

blot images and densitometric quantification of hypertrophy/fibrosis markers MYH7  (220 751 

kDa), COL1A1  (200 kDa), and NPPA  (27 kDa) across treatment groups.α-TUBULIN  752 

(55 kDa) served as loading control. (D) Representative brightfield microscopy images 753 

illustrating H9c2 cell morphology in HG, G1, and G1+YC-1 groups. Scale bar, 200 754 

μm.  (E) Representative TUNEL staining images and quantification of the percentage of 755 

apoptotic cells across treatment groups. Scale bar, 50 μm.  756 

Data are presented as mean ± SEM. The number of biological replicates is indicated by the 757 

individual data points. Statistical significance was determined as indicated; p-values shown 758 

on graphs. 759 
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