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Abstract

Postmenopausal diabetic women are at higher risk to develop cardiovascular diseases

(CVD) compared with nondiabetic women. Alterations in cardiac cellular metabolism caused

by changes in sirtuins are one of the main causes of CVD in postmenopausal diabetic

women. Several studies have demonstrated the beneficial actions of the G protein-coupled

estrogen receptor (GPER) in postmenopausal diabetic CVD. However, the molecular mech-

anisms by which GPER has a cardioprotective effect are still not well understood. In this

study, we used an ovariectomized (OVX) type-two diabetic (T2D) rat model induced by

high-fat diet/streptozotocin to investigate the effect of G-1 (GPER-agonist) on sirtuins, and

their downstream pathways involved in regulation of cardiac metabolism and function. Ani-

mals were divided into five groups: Sham-Control, T2D, OVX+T2D, OVX+T2D+Vehicle,

and OVX+T2D+G-1. G-1 was administrated for six weeks. At the end, hemodynamic factors

were measured, and protein levels of sirtuins, AMP-activated protein kinase (AMPK), and

uncoupling protein 2 (UCP2) were determined by Western blot analysis. In addition, cardiac

levels of oxidative stress biomarkers were measured. The findings showed that T2D led to

left ventricular dysfunction and signs of oxidative stress in the myocardium, which were

accompanied by decreased protein levels of Sirt1/2/3/6, p-AMPK, and UCP2 in the heart.

Moreover, the induction of the menopausal state exacerbated these changes. In contrast,

treatment with G-1 ameliorated the hemodynamic changes associated with ovariectomy by

increasing Sirt1/3, p-AMPK, UCP2, and improving oxidative status. The results provide evi-

dence of the cardioprotective effects of GPER operating through Sirt1/3, p-AMPK, and

UCP2, thereby improving cardiac function. Our results suggest that increasing Sirt1/3 levels

may offer new therapeutic approaches for postmenopausal diabetic CVD.
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Introduction

Type 2 diabetes (T2D), in particular in women, is an emerging epidemic and causes thousands

of deaths worldwide each year, directly and indirectly, due to comorbidities, including cardio-

vascular diseases (CVD) [1]. Also, Menopause is associated with an increase in metabolic dis-

orders such as T2D, leading to changes in mitochondrial function and cardiac metabolism,

resulting in left ventricular hypertrophy and extracellular fibrosis [2]. Diabetes induced hyper-

glycemia affects heart structure and function by altering insulin signaling, oxidative stress,

mitochondrial function, impaired calcium handling, increased inflammation, and increased

consumption of fatty acids as energy sources. Since the heart works constantly and intensively,

it requires a large amount of energy in the form of ATP molecules from the mitochondria.

Therefore, cardiac mitochondria play a crucial role in the proper functioning of the heart [3].

Since mitochondrial dysfunction and oxidative stress play an essential role in diabetes-related

CVD, targeting mitochondria may lead to effective treatment of diabetic-induced CVD [4].

One of the mechanisms of impaired physiological function of mitochondria is post-transla-

tional changes in mitochondrial proteins, which are mainly mediated by acetylation [5]. Sir-

tuins (Sirt) are a family of class III histone deacetylases (HDACs) that are different from other

classes of HDACs due to the need for the nicotinamide adenine dinucleotide (NAD), which

modulate the acetylation status of proteins. Sirtuins’ need for NAD probably indicates their

involvement in regulating the expression of genes affecting cardiac metabolism and nutritional

status [4]. Among the seven sirtuins found in mammals, Sirt1, Sirt2, Sirt3, and Sirt6 play a crit-

ical role in regulating cellular metabolism and mitochondrial function by modulating the acet-

ylation of histones and non-histone proteins. Thus, these sirtuins also regulate the

transcription of several essential genes involved in cardiac metabolism [5].

AMP-activated protein kinase (AMPK) is a critical cellular sensor of energy availability that

balances oxidative stress, and under conditions such as obesity and diabetes, phosphorylation

and consequently its activity decreases [6]. The AMPK signaling pathway is a major regulator

of mitochondrial function [7], and it has been suggested that AMPK may also activate sirtuins

by increasing NAD+ levels [8]. Impairment of the AMPK signaling pathway is also a contrib-

uting factor to diseases caused by diabetes and metabolic syndromes such as cardiomyopathy

and nephropathy [9]. In addition, AMPK has been shown to have pleiotropic cardioprotective

effects that restore cardiac dysfunction by improving energy supply and regulating other phys-

iological processes [6]. Uncoupling proteins (UCPs), located in the inner mitochondrial mem-

brane, participate in maintaining mitochondrial function and regulating oxidative stress [10].

UCP2, a member of the UCP family, can protect the cardiomyocytes against oxidative stress

by inhibiting reactive oxygen species (ROS) generation [10]. In addition, AMPK regulates the

activity of UCP2 [11] and has pleiotropic cardioprotective effects by improving energy supply

and regulating other physiological processes [6].

17β-estradiol (E2), the main female estrogen, exerts protective effects on energy status and

cardiac metabolism through various molecular and cellular pathways [12]. Thus, postmeno-

pausal women show more susceptibility to metabolic disorders caused by E2 reduction [13].

The protective metabolic effects of E2 are traditionally attributed to classical E2 receptors,

which are mediated by genomic pathways, a time-consuming and slow process [14]. Recently,

increasing evidence has demonstrated that the G protein-coupled estrogen receptor (GPER),

as a 7-transmembrane receptor is expressed in a wide variety of tissues such as the heart and

blood vessels, and mediates the rapid biological action of E2 [15]. Based on genetic and phar-

macological approaches, there is a growing body of literature emphasizing the role of GPER in

the regulation of metabolic function of E2 as well as the regulation of cardiac function [12].

Recently, we and other authors demonstrated that E2 via GPER has metabolic cardiovascular

PLOS ONE GPER impact on postmenopausal diabetic cardiovascular diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0293630 December 22, 2023 2 / 16

https://doi.org/10.1371/journal.pone.0293630


and anti-inflammatory protective effects in postmenopause, T2D, and obesity [12, 15]. How-

ever, the detailed mechanisms by which GPER can improve metabolic and cardiovascular dis-

orders are not yet fully characterized [12].

Thus, in light of the above, the aim of the present study was to investigate whether GPER

regulates the cardiac sirtuins in postmenopausal T2D rats. To test this hypothesis, we modeled

menopausal T2D condition (a menopausal diabetic state) and GPER agonist treatment in

female rats.

Methods

Chemicals and antibodies

Streptozotocin (STZ) and Dimethyl sulfoxide (DMSO), and saline were gained from Sigma-

Aldrich (USA), while G-1 (selective GPER-agonist) was gained from Tocris Bioscience (USA).

STZ was dissolved in 0.1 M citrate buffer (pH 4.4), while G-1 was dissolved in 16% DMSO in

0.9% saline and was used as a vehicle for G-1 [16]. Radio immunoprecipitation assay (RIPA)

lysis buffer, the BCA protein assay kit, and the enhanced chemiluminescence (ECL) plus kit

were obtained from Santa Cruz Biotechnology, Pierce (USA), and Amersham (Arlington

Heights, IL), respectively. Primary antibodies used for Western blot analyses were as follows:

anti-SIRT1, anti-SIRT2, anti-SIRT3, anti-SIRT6, and anti-UCP2 were obtained from Santa

Cruz Biotechnology (Texas, USA), and Phospho-AMPK (Thr172), AMPK, and β-actin anti-

body were obtained from Cell Signaling Technology (INC. Beverly, MA, USA). Secondary

antibodies were obtained from Santa Cruz Biotechnology (Texas, USA).

Animals and experimental design

Female Wistar rats (3–4 months, 210–230 g) were obtained from the Animal Center of Shahid

Sadoughi University of Medical Sciences, Yazd, Iran. Female rats were maintained in an air-

conditioned (22–25˚C) room, light-dark cycle (12:12 h), and free access to food and water.

This study was in accordance with the ethical guidelines of the National Institutes of Health on

the care and use of animals and was approved by the Institutional Animal Care Committee of

Shahid Sadoughi University (IR.SSU.1400.285). Female rats were randomly assigned to five

groups (7–10 rats in each group): Sham-Control (Sh-Ctl); T2D; Ovariectomized (OVX)+T2D;

OVX+T2D+Vehicle (Veh); and OVX+T2D+G-1. Animals were OVX two weeks before the

initiation of experiments as previously described [15]. To induce the T2D model, female rats

were given a high-fat diet (HFD) for 8 weeks. Subsequently, the animals were fasted for 24

hours and received an i.p. injection of STZ (30 mg/kg). Fasting glucose levels were confirmed

to be over 200 mg/dl in rats one week after injection [17]. After confirmation of T2D, female

rats were given i.p. injections of G-1 (200 μg/Kg) or vehicle three days per week for 6 weeks

[12]. The percentage of body weight (BW) changes was calculated as (final BW–initial BW)

divided by initial BW times 100, where initial BW was BW at Day 1 of treatment. A timeline of

this experimental process is shown in Fig 1.

Hemodynamic and metabolic parameters

Following the completion of the treatment protocol, the female rats were deeply anesthetized

with an i.p injection of a mixture of ketamine/xylazine (80/10 mg/kg). After making an inci-

sion in the neck region, a cannula was placed in the trachea of the animal to ventilate in the

case of emergency. Then a polyethylene catheter (PE-50) filled with heparin saline was placed

in the right carotid artery, and advanced to the left ventricle. The mean arterial pressure

(MAP) and hemodynamic indices including left ventricular systolic pressure (LVSP), left
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ventricular end-diastolic pressure (LVEDP), the maximum rate of rise of left ventricular pres-

sure during systole (+dp/dt max), and the maximum rate of reduction in pressure during dias-

tole (−dp/dt max) were recorded on an 8-channel PowerLab Physiograph system

(ADInstruments, Australia) [18].

Following the completion of the hemodynamic experiments, the female rats were deeply

anesthetized with an i.p injection of a mixture of ketamine/xylazine. The hearts were rapidly

removed, rinsed in phosphate-buffered saline (PBS), weighed, and then frozen in liquid nitro-

gen. Fasting blood glucose (FBG) levels were measured using hexokinase method on fully

automated chemistry analyzer Olympus AU400 (Olympus Corporation, Japan) [19].

Estimation of malondialdehyde (MDA) and superoxide dismutase (SOD)

in cardiac tissue

For each rat, a portion of the left ventricle was homogenized in ice-cold lysis buffer and then

centrifuged at 11,269 x g and 4˚C for 10 min. The supernatant was kept at −80˚C for further

processing steps. The SOD activity and MDA level, a lipid peroxidation product, were deter-

mined using commercially available ELISA kits (ZellBio GmbH, Germany) according to the

manufacturer’s instructions.

Sample preparation and Western blotting

The left ventricle from each rat was homogenized in ice-cold lysis buffer and centrifuged at

15,339 x g and 4˚C for 15 min. The protein concentrations were measured using the BCA

method. Equal amounts of protein were subjected to SDS-PAGE gel and the separated proteins

transferred onto nitrocellulose membrane. The membrane was blocked (overnight at 4˚C)

with 5% skimmed milk and then incubated with primary antibodies against Sirt1, Sirt2, Sirt3,

Sirt6, UCP2, p-AMPK (diluted 1:1000) and β-actin (diluted 1:2000), respectively, for three

hours at room temperature. After washing in phosphate buffered saline with tween-20 (1x

PBST) (three times, 5 min each), the membrane was incubated with a horseradish peroxidase-

Fig 1. Schematic of the experimental design. G-1: GPER agonist, h: Hours, OVX: Ovariectomized, Sh-Ctl: Sham-

Control, STZ: Streptozotocin, T2D: Type 2 diabetes, Veh: Vehicle.

https://doi.org/10.1371/journal.pone.0293630.g001
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conjugated secondary antibody (1:15,000) for 60 min at room temperature. The protein band

density was detected using the enhanced chemiluminescence (ECL) system, and Image J soft-

ware (UVP, UK) was used to quantify band intensities relative to the loading control β-actin

or AMPK expression.

Statistical analyses

Data were expressed as mean ± standard error of the mean (±SEM). Statistical analyses were

performed using GraphPad Prism (Version 6.0) software. Statistical differences were assessed

using one-way analysis of variance, followed by Tukey-Kramer test. P� 0.05 was considered

statistically significant.

Results

GPER activation counteracts the effects of menopause on BW, FBG, and

HW

In current study, as shown in Table 1, induction of T2D in female rats led to a significant

increase in FBG (P� 0.001), BW, and HW (P� 0.01) compared with the Sh-Ctl group. All

three parameters—BW (P� 0.01), FBG, and HW (P� 0.05)—were further significantly

increased by inducing the menopausal state in T2D rats (OVX+T2D vs. T2D). However, G-1

treatment significantly inhibited the elevation of BW, FBG, and HW (P� 0.05) in OVX-T2D

female rats. However, since no statistically significant differences were found between the

OVX+T2D+vehicle and OVX+T2D groups for any of the other parameters measured, we

refrain to mention this hereafter for the other parameters.

GPER activation improves cardiac function in OVX-T2D female rats

Fig 2 shows changes in basal hemodynamic and left ventricular indices in different groups. As

expected, induction of T2D resulted in a significant increase in MAP and LVEDP (P� 0.01),

and a significant decrease in ± dp/dt (P� 0.01) and LVSP (P� 0.05) compared with the Sh-

Ctl group. However, the induction of menopausal states in T2D animals enhanced the

observed changes. Thereby, menopause together with diabetes (OVX+T2D) caused signifi-

cantly more increased MAP and LVEDP levels and significantly greater reduction in LVSP

and ± dp/dt compared with the T2D group (P� 0.05). Interestingly, our data showed that acti-

vation of GPER by G-1 markedly affected cardiac function in OVX+T2D rats. Treatment with

Table 1. Effects of GPER activation on body weight, fasting blood glucose, and heart weight in OVX-T2D female rats.

Groups Sh-Ctl T2D OVX+T2D OVX+T2D+Veh OVX+T2D+G-1

% BW Change 8.6 ± 0.5 11.9 ± 0.8** 15.4 ± 0.7## 16.2 ± 0.5 13.6 ± 0.3+

FBG (mmol/L) 4.5 ± 0.2 16 ± 1.8*** 21.3 ± 0.2# 22.1 ± 2.3 19.5 ± 0.3+

HW (mg) 541 ± 50 748 ± 49** 918 ± 43# 993 ± 26 828 ± 23+

Data are presented as mean±SEM.

** P � 0.01 and

*** P � 0.001, vs. Sh-Ctl.
# P � 0.05 and
## P� 0.01 vs. T2D.
+ P � 0.05 vs. OVX+T2D+Veh. BW: Body weight, FBG: Fasting blood glucose, G-1: GPER agonist, HW: Heart weight, OVX: Ovariectomized, Sh-Ctl: Sham-control,

T2D: Type 2 diabetes, Veh: Vehicle.

https://doi.org/10.1371/journal.pone.0293630.t001
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G-1 led to a significant decrease in MAP and LVEDP and a significant increase in LVSP

and ± dp/dt in OVX-T2D animals in comparison with the vehicle group (P� 0.05).

GPER mediates the upregulation of Sirt1 and Sirt3 expression in the left

ventricle of OVX-T2D female rats

Several studies reported that the level of sirtuin proteins are affected in diabetic hearts [5, 20].

In line with these data, as shown in Fig 3, we could show that the induction of T2D in female

rats significantly reduced the cardiac levels of Sirt1 (P� 0.01), Sirt2, Sirt3, and Sirt6 proteins

(P� 0.05) compared with the Sh-Ctl group. Induction of ovariectomy in T2D rats caused a

greater reduction in the cardiac levels of Sirt1 (P� 0.01), Sirt3, and Sirt6 (P� 0.05) expression

compared with the T2D group. Intriguingly, activation of GPER with G-1 markedly reversed

the reduction in protein expression of Sirt1 and Sirt3 induced by menopause (P� 0.05). Nei-

ther ovariectomy nor the GPER agonist G-1 had any effect on the level of Sirt2 protein

expression.

Fig 2. Basal hemodynamic and left ventricular indices in experimental groups. (A) MAP, (B) LVSP, (C) LVEDP,

(D) +dp/dt max, (E) −dp/dt max. All data are expressed as mean±SEM. * P� 0.05 and ** P� 0.01 vs. Sh-Ctl. #

P� 0.05 vs. T2D. + P� 0.05 vs. OVX+T2D+Veh. One-way ANOVA followed by Tukey-Kramer test. +dp/dt max:

Maximum rate of increase in left ventricular pressure during systole, −dp/dt max: Maximum rate of decrease in left

ventricular pressure during diastole, G-1: GPER agonist, LVEDP: Left ventricular end diastolic pressure, LVSP: Left

ventricular systolic pressure, MAP: Mean arterial pressure, OVX: Ovariectomized, Sh-Ctl: Sham-control, T2D: Type 2

diabetes, Veh: Vehicle.

https://doi.org/10.1371/journal.pone.0293630.g002
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GPER agonist G-1 promotes the phosphorylation of AMPK in the left

ventricle of OVX-T2D female rats

Since AMPK is a key regulator of energy metabolism in the heart, we investigated in our study

whether cardiac AMPK activation (i.e., phosphorylation of AMPK (p-AMPK)), is altered in

different animal groups. As shown in Fig 4, induction of T2D in female animals significantly

reduced the cardiac level of p-AMPK protein compared to Sh-Ctl group (P� 0.01). While

ovariectomy significantly enhanced the reduction of p-AMPK protein levels in the left ventri-

cle of female T2D animals (OVX+T2D vs. T2D, P� 0.05), treatment with the GPER agonist

G-1 significantly reversed the attenuation of p-AMPK levels in the left ventricle of these ani-

mals (OVX+T2D+G-1 vs. OVX+T2D+Veh, P� 0.05).

GPER activation increased the level of UCP2 and reduced oxidative stress

in the left ventricle of OVX-T2D female rats

Next, we investigated the changes in the expression of UCP2 protein, which is primarily

expressed in the inner mitochondrial membrane and regulates mitochondrial biogenesis, reac-

tive oxygen species (ROS) production, and fatty acid oxidation. As shown in Fig 5A, the

Fig 3. Western blot analysis of (A) Sirt1, (B) Sirt2, (C) Sirt3, and (D) Sirt6 protein levels in the left ventricle of each

group. In each graph: Upper panels: Representative immunoblots for the respective Sirt proteins (as indicated) and β-

actin (as internal control) in the left ventricle tissues of female rats of the examined groups. Lower panels: Expression

of respective Sirt proteins as the relative band intensity to actin band intensity ratio in each group. All data are

expressed as mean±SEM. * P� 0.05 and ** P� 0.01 vs. Sh-Ctl. # P� 0.05 and ## P� 0.01 vs. T2D. + P� 0.05 vs OVX

+T2D+Veh. One-way ANOVA followed by Tukey-Kramer test. G-1: GPER agonist, OVX: Ovariectomized, Sh-Ctl:

Sham-control, Sirt1: Sirtuin 1, Sirt2: Sirtuin 2, Sirt3: Sirtuin 3, Sirt6: Sirtuin 6, T2D: Type 2 diabetes, Veh: Vehicle.

https://doi.org/10.1371/journal.pone.0293630.g003
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expression of UCP2 protein was significantly decreased in the left ventricle of T2D female rats

in comparison to Sh-Ctl group (T2D vs. Sh-Ctl, P� 0.05). Again, the induction of ovariectomy

state in these rats led to further significant reduction in the level of UCP2 protein expression

(OVX+T2D vs. T2D, P� 0.05). However, treatment with a GPER agonist (G-1) reduced the

effects of ovariectomy and was associated with upregulation of UCP2 protein levels in the left

ventricle of these rats (OVX+T2D+G-1 vs. OVX+T2D+Veh, P� 0.05).

Finally, to clarify the effect of GPER activation on oxidative stress and anti-oxidative

defense, the changes in the left ventricle levels of MDA and SOD were examined (Fig 5B and

5C). Cardiac MDA level was increased significantly in T2D group as compared with Sh-Ctl

group (P� 0.01, Fig 5B). Induction of ovariectomy in female T2D rats was associated with sig-

nificantly higher cardiac MDA levels than in female T2D rats (P� 0.05, Fig 5B). In contrast,

treatment with GPER agonist (G-1) caused a significant decrement in cardiac level of MDA

(OVX+T2D+G-1 vs. OVX+T2D+Veh, P� 0.05). Cardiac activity of SOD showed a significant

decline in T2D animals as compared with Sh-Ctl group (P� 0.01, Fig 5C). Ovariectomy led to

a more pronounced reduction of SOD activity in the left ventricle of T2D female rats (OVX

+T2D vs. T2D, P� 0.05). However, treatment with the GPER agonist (G-1) counteracted

Fig 4. Western blot analysis of p-AMPK expression levels in the left ventricle of each group examined. Upper

panel: Representative immunoblot for p-AMPK and AMPK in the left ventricle tissues of female rats of the examined

groups. Lower panel: Expression of p-AMPK as the relative band intensity to AMPK band intensity ratio in each

group. All data are expressed as mean±SEM. ** P�0.01 vs. Sh-Ctl. # P� 0.05 vs. T2D. + P� 0.05 vs OVX+T2D+Veh.

One-way ANOVA followed by Tukey-Kramer test. G-1: GPER agonist, OVX: Ovariectomized, Sh-Ctl: Sham-control,

T2D: Type 2 diabetes, Veh: Vehicle.

https://doi.org/10.1371/journal.pone.0293630.g004
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these changes, rising the cardiac SOD activity (OVX+T2D+G-1 vs. OVX+T2D+Veh, P� 0.05,

Fig 5C).

Discussion

Cardiometabolic disorders are exacerbated by E2 deficiency and T2D and when both are com-

bined, cardiometabolic disorders becomes accelerated, and additive CVD occurs [21]. Cur-

rently, the mechanisms involved in the development of cardiometabolic disorders due to

diabetes in postmenopausal women remain unclear, and effective treatment options are lim-

ited [21, 22]. Several studies considered mitochondria, especially mitochondrial sirtuins, as a

promising target for the management of cardiometabolic disorders [5, 21, 23]. The existing

animal models have provided the appropriate conditions for a more detailed investigation of

the mechanisms of cardiometabolic disorders, and the present study was conducted to address

the effects of the GPER on the regulation of cardiac mitochondrial function in postmenopausal

T2D rats. Using this animal model, we found out: First, downregulation of cardiac sirtuins, p-

AMPK and UCP2 levels by T2D may increase cardiac production of MDA and decrease SOD

activity, and consequently cause cardiac dysfunction. Second, induction of menopausal state

(ovariectomy) aggravated the cardiac dysfunction in diabetic hearts through a pronounced

reduction of Sirt1/3/6, p-AMPK, and UCP2 dependent mechanism. Third, chronic

Fig 5. (A) Western blot analysis of UCP2 protein expression levels and (B, C) measurements of MDA and SOD levels

(by ELISA) in the left ventricle of each group examined. (A) Upper panel: Representative immunoblot for UCP2 and

β-actin (as internal control) in the left ventricle tissues of female rats of the examined groups. Lower panel: Expression

of UCP2 as the relative band intensity to β-actin band intensity ratio in each group. Changes of MDA contents (B) and

SOD activity (C) in the left ventricle of each group. All data are expressed as mean±SEM. ** P� 0.01 vs. Sh-Ctl. #

P� 0.05 vs. T2D. + P� 0.05 vs OVX+T2D+Veh. One-way ANOVA followed by Tukey-Kramer test. G-1: GPER

agonist, MDA: Malondialdehyde, OVX: Ovariectomized, Sh-Ctl: Sham-control, SOD: Superoxide dismutase, T2D:

Type 2 diabetes, UCP2: Uncoupling protein 2, Veh: Vehicle.

https://doi.org/10.1371/journal.pone.0293630.g005
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administration of G-1 increased the cardiac levels of Sirt1/3, p-AMPK, and UCP2 expression,

and ameliorated cardiac oxidative stress and partially restored cardiac dysfunctions induced

by menopause in ovariectomized T2D female rats.

Maintaining a stable weight depends on the balance between energy intake and expendi-

ture. One possible mechanism that can increase energy expenditure is increased mitochondrial

UCPs [12]. Diabetes [24] and ovariectomy [25] can lead to weight gain due to increased energy

intake. Molecular studies have revealed that the expression of UCPs was increased in female

mice treated with G-1, which can counteract obesity [12]. Consistent with these data, we also

observed in our study that female rats with T2D and OVX had significantly increased body

weight gain, and treatment with G1 revised these effects, which was most likely related to the

increase in UCP2 expression in these rats.

Several studies reported the detrimental effect of T2D on cardiac structure and function

[26, 27]. Consistent with these data, we also showed in our study that diabetic female rats

exhibited cardiac hypertrophy and increased MAP and LVEDP, as well as decreased LVSP

and ± dp/dt compared with the Sh-Ctl group. Clinically it has been shown that the heart of dia-

betic patients was associated with gene expression changes typical for cardiac dysfunction [28].

These changes in cardiac structure and hemodynamic parameters in T2D condition are attrib-

uted to inflammation [29], hyperglycemia, and hyperinsulinemia [30]. In the current study,

severe impairment of hemodynamic parameters were observed in OVX-T2D, supporting pre-

vious reports that ovariectomy adversely affects cardiac muscle mass [31] and function in dia-

betic rats [25, 32]. Also, menopause negatively affects left ventricular systolic and diastolic

functions in women [33]. Interestingly, in the current study, treatment of OVX+T2D rats with

the GPER agonist G-1 resulted in an improvement in both systolic and diastolic function of

the heart, as measured by an increase in LVSP, ± dp/dt max, and reduction in LVEDP. It has

been reported that chronic GPER activation by its agonist G-1 attenuated the adverse effects of

ovariectomy on diastolic function and left ventricle remodelling in female hypertensive rats

[34]. In addition, G-1 as a GPER agonist attenuated left ventricular hypertrophy and restored

the diastolic function in vivo in rats [35]. GPER activation improves contractile function and

reduces infarct size in isolated rat and mouse hearts subjected to ischaemia/reperfusion injury

[36, 37]. It has also been shown that a chronic subcutaneous infusion of G-1 inhibited intersti-

tial myocardial fibrosis and improved filling pressures in ovariectomized rats [34].

The results of this study showed that the induction of T2D by the HFD-STZ method

reduces the expression of Sirt1, Sirt2, Sirt3, and Sirt6, and when we induced menopause in

T2D animals, a further decrease was observed in Sirt1, Sirt3, and Sirt6 levels. However, treat-

ment with G-1 compensated for the decrease in Sirt1 and Sirt3 and increased their expression.

Consistent with the results of this study, others have shown that diabetes and obesity reduce

the expression of Sirt1 [9], Sirt2 [5], Sirt3 [38], and Sirt6 [39]. Also, Song et al. [40] demon-

strated that Sirt1 expression is suppressed in obese and type 2 diabetic women. Moreover, the

expression of Sirt1 [41], Sirt3 [42] and Sirt6 [43] decreases in ovariectomy condition. Since

Sirt1, Sirt2, Sirt3, and Sirt6 are involved in glucose uptake in the heart, these sirtuins play

important roles in regulating metabolism and cardiac function [5, 22]. Additionally, it has

been reported that a decrease in Sirt1 and Sirt3 levels in diabetes can cause cardiac complica-

tions by acting on mitochondrial proteins [44]. So far, there are very few studies that have

investigated the role of GPER on cardiac sirtuins. Resveratrol, a GPER agonist, has been

shown to counteract the effects of diabetes by increasing the activity and expression of Sirt1

and Sirt3 in the heart and improving cardiac mitochondrial function [20, 41]. Moreover, it has

been shown that activation of estrogen receptors (ERs) increases Sirt1 expression in the heart

by activating the AMPK/mammalian target of rapamycin (mTOR) signaling pathway [45, 46].

In addition, studies have shown that activation of ERs increases Sirt3 expression by activating
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the Sirt3 promoter [47] and increasing nuclear translocation of Nrf2 [48], which in turn

reverses mitochondrial dysfunction.

Nowadays, biological processes involved in energy homeostasis, such as the AMPK signal-

ing pathway, have been targeted to counteract insulin resistance and metabolic disorders [49].

In this regard, we found that diabetes reduced p-AMPK in the heart, and while menopause

exacerbated this decrease, G-1 was able to counteract it. There is ample evidence that impaired

AMPK regulation plays an important role in the development of insulin resistance and T2D,

and activation of AMPK, both physiologically and pharmacologically, can prevent these disor-

ders [50–53], and there is also evidence that AMPK activity is reduced in the skeletal muscles

of postmenopausal women [54]. It has been shown that induction of menopause in rodents

resulted in decreased expression and activity of AMPK in various tissues [55, 56] and E2 ther-

apy reversed these changes within minutes and regulated glucose uptake into muscle, suggest-

ing that the non-genomic pathway of E2 and GPER likely played an important role in this

process [54, 57]. Furthermore, GPER agonist has been shown to improve cardiac function by

inhibiting mitochondrial permeability transition pore (mPTP) opening and activating the

AMPK signaling [37]. Moreover, GPER activation also ameliorates dyslipidemia by enhancing

AMPK signaling [58]. Collectively, these data suggest that GPER may serve as a therapeutic

target for metabolic disorders in postmenopausal women.

In the last part of this study, it was shown that induction of diabetes with a HFD led to a

decrease in UCP2 level and oxidative stress, which were exacerbated in the concomitant pres-

ence of diabetes and menopause. In contrast, however, GPER stimulation was able to counter-

act these changes by increasing UCP2 and SOD and decreasing MDA. Evidence suggests that

diabetes can accelerate cardiomyopathy through cardiac mitochondrial dysfunction and

induction of oxidative stress [59]. Therefore, preventing excessive oxidative stress can improve

heart function. UCP2 is a member of inner mitochondrial membrane proteins that plays

important roles in regulating fatty acid oxidation, mitochondrial biogenesis, and oxidative

stress, and its reduction, which occurs in diabetes and obesity, is associated with increased oxi-

dative stress and cardiac dysfunction [60]. Also, increased levels of peroxidative lipid produc-

tion, such as MDA, and decreased SOD activity in both diabetic hearts [61] and

cardiomyocytes in high-glucose culture media [62] have been observed. The decrease in UCP2

and the increase in oxidative stress observed in menopausal conditions in this study are consis-

tent with other studies [41, 63, 64]. Rogers et al. [65] demonstrated that ovariectomy leads to a

decrease in UCP2, which in turn reduces the oxidative capacity of fatty acids. This reduction

in oxidative capacity results in an increase in oxidative stress and harmful cardiac changes.

Ovarian hormones have major effects on metabolic status of female mammals through central

and environmental mechanisms that control energy consumption, and by acting on the

AMPK-mTOR signaling pathway, improve the activity of antioxidant enzymes and attenuate

the production of oxidative stress [66]. G-1 has been reported to reduce oxidative stress in the

brains of older mice by increasing UCP2. GPER agonists also improve brain function by

increasing mitochondrial biogenesis and function, which decreases during menopause [64].

Total antioxidant capacity and SOD are increased by treatment with G-1 in older OVX mice,

and G-1 prevents vascular damage by altering oxidative and antioxidant parameters [67].

Conclusions

In conclusion, T2D in female animals leads to cardiac dysfunction through decrease in sir-

tuins, p-AMPK, UCP2, and SOD and an increase in MDA in the heart. Furthermore, E2 defi-

ciency (menopausal model) exacerbates these changes. However, treatment with a GPER

agonist, the G-1, may at least partially counteract the potentiating effects of menopause. Taken
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together, our results provide evidence to conclude that elevation of cardiac Sirt1/3, p-AMPK,

and UCP2 levels by G-1 may improve mitochondrial function in menopausal diabetic female

hearts, which may reverse oxidative stress and thus potentially improve cardiac metabolic sta-

tus and function (Fig 6). In future translational studies in women, we will examine whether

the beneficial effect of G-1 on cardiac treatment in postmenopausal diabetic women can also

be conclusively demonstrated.

Supporting information

S1 Raw images.

(PDF)

Acknowledgments

We would like to acknowledge Z. Hafizi for their helping with sample collections and technical

assistance on Western blotting and ELISA tests.

Author Contributions

Conceptualization: Hossein Azizian, Michael Bader, Shokoufeh Mahmoodzadeh.

Data curation: Zeinab Farhadi.

Formal analysis: Jalil Alizadeh Ghalenoei, Mohammad Amin Ghafari.

Funding acquisition: Hossein Azizian.

Investigation: Hossein Azizian, Zeinab Farhadi.

Methodology: Hossein Azizian, Zeinab Farhadi, Shokoufeh Mahmoodzadeh.

Project administration: Hossein Azizian, Shokoufeh Mahmoodzadeh.

Resources: Hossein Azizian.

Fig 6. Schematic representation of the proposed underlying mechanism by which the GPER agonist G-1 exerts a

cardioprotective effect via the Sirt1/3-AMPK-UCP2 pathway.

https://doi.org/10.1371/journal.pone.0293630.g006

PLOS ONE GPER impact on postmenopausal diabetic cardiovascular diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0293630 December 22, 2023 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293630.s001
https://doi.org/10.1371/journal.pone.0293630.g006
https://doi.org/10.1371/journal.pone.0293630


Software: Zeinab Farhadi, Mohammad Amin Ghafari.

Supervision: Hossein Azizian, Shokoufeh Mahmoodzadeh.

Validation: Hossein Azizian, Shokoufeh Mahmoodzadeh.

Visualization: Hossein Azizian, Shokoufeh Mahmoodzadeh.

Writing – original draft: Zeinab Farhadi, Jalil Alizadeh Ghalenoei, Mohammad Amin

Ghafari.

Writing – review & editing: Hossein Azizian, Michael Bader, Shokoufeh Mahmoodzadeh.

References

1. Koutroumpakis E. and Aguilar D. Diabetes and Cardiovascular Disease in Women: Current Challenges

and New Hope. Texas Heart Institute Journal. 2020; 47(2):123–4. https://doi.org/10.14503/THIJ-19-

7068 PMID: 32603448

2. Bell D.S. Heart failure: the frequent, forgotten, and often fatal complication of diabetes. Diabetes care.

2003; 26(8):2433–41. https://doi.org/10.2337/diacare.26.8.2433 PMID: 12882875

3. Song H., Polster B.M. and Thompson L.P. Chronic hypoxia alters cardiac mitochondrial complex protein

expression and activity in fetal guinea pigs in a sex-selective manner. American Journal of Physiology-

Regulatory, Integrative and Comparative Physiology. 2021; 321(6):R912–R24. https://doi.org/10.1152/

ajpregu.00004.2021 PMID: 34730023

4. Paramesha B., Anwar M.S., Meghwani H., Maulik S.K., Arava S.K. and Banerjee S.K. Sirt1 and Sirt3

activation improved cardiac function of diabetic rats via modulation of mitochondrial function. Antioxi-

dants. 2021; 10(3):338. https://doi.org/10.3390/antiox10030338 PMID: 33668369

5. Kitada M., Ogura Y., Monno I. and Koya D. Sirtuins and type 2 diabetes: role in inflammation, oxidative

stress, and mitochondrial function. Frontiers in endocrinology. 2019; 10:187. https://doi.org/10.3389/

fendo.2019.00187 PMID: 30972029

6. Sun X., Han F., Lu Q., Li X., Ren D., Zhang J., et al. Empagliflozin ameliorates obesity-related cardiac

dysfunction by regulating Sestrin2-mediated AMPK-mTOR signaling and redox homeostasis in high-fat

diet–induced obese mice. Diabetes. 2020; 69(6):1292–305. https://doi.org/10.2337/db19-0991 PMID:

32234722

7. Zhu H., Fang Z., Chen J., Yang Y., Gan J., Luo L., et al. PARP-1 and SIRT-1 are Interacted in Diabetic

Nephropathy by Activating AMPK/PGC-1α Signaling Pathway. Diabetes, Metabolic Syndrome and

Obesity: Targets and Therapy. 2021; 14:355.

8. Ido Y. Diabetic complications within the context of aging: Nicotinamide adenine dinucleotide redox, insu-

lin C-peptide, sirtuin 1–liver kinase B1–adenosine monophosphate-activated protein kinase positive

feedback and forkhead box O3. Journal of diabetes investigation. 2016; 7(4):448–58. https://doi.org/10.

1111/jdi.12485 PMID: 27181414

9. Waldman M., Cohen K., Yadin D., Nudelman V., Gorfil D., Laniado-Schwartzman M., et al. Regulation

of diabetic cardiomyopathy by caloric restriction is mediated by intracellular signaling pathways involv-

ing ‘SIRT1 and PGC-1α’. Cardiovascular diabetology. 2018; 17(1):1–12.

10. Yang K., Xu X., Nie L., Xiao T., Guan X., He T., et al. Indoxyl sulfate induces oxidative stress and hyper-

trophy in cardiomyocytes by inhibiting the AMPK/UCP2 signaling pathway. Toxicology letters. 2015;

234(2):110–9. https://doi.org/10.1016/j.toxlet.2015.01.021 PMID: 25703824

11. Sun C., Liu M., Liu J., Zhang T., Zhang L., Li H., et al. ShenmaYizhi decoction improves the mitochon-

drial structure in the brain and ameliorates cognitive impairment in VCI rats via the AMPK/UCP2 signal-

ing pathway. Neuropsychiatric Disease and Treatment. 2021:1937–51. https://doi.org/10.2147/NDT.

S302355 PMID: 34168453

12. Sharma G., Hu C., Staquicini D.I., Brigman J.L., Liu M., Mauvais-Jarvis F., et al. Preclinical efficacy of

the GPER-selective agonist G-1 in mouse models of obesity and diabetes. Science translational medi-

cine. 2020; 12(528). https://doi.org/10.1126/scitranslmed.aau5956 PMID: 31996464

13. Mauvais-Jarvis F. Sex differences in metabolic homeostasis, diabetes, and obesity. Biology of sex dif-

ferences. 2015; 6(1):1–9.

14. Barros R.P. and Gustafsson J.-Å. Estrogen receptors and the metabolic network. Cell metabolism.

2011; 14(3):289–99. https://doi.org/10.1016/j.cmet.2011.08.005 PMID: 21907136

15. Jafarynezhad F., Shahbazian M., Farhadi Z., Yadeghari M., Rezvani M.E., Safari F., et al. The G-Pro-

tein-Coupled Estrogen Receptor Agonist Prevents Cardiac Lipid Accumulation by Stimulating Cardiac

PLOS ONE GPER impact on postmenopausal diabetic cardiovascular diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0293630 December 22, 2023 13 / 16

https://doi.org/10.14503/THIJ-19-7068
https://doi.org/10.14503/THIJ-19-7068
http://www.ncbi.nlm.nih.gov/pubmed/32603448
https://doi.org/10.2337/diacare.26.8.2433
http://www.ncbi.nlm.nih.gov/pubmed/12882875
https://doi.org/10.1152/ajpregu.00004.2021
https://doi.org/10.1152/ajpregu.00004.2021
http://www.ncbi.nlm.nih.gov/pubmed/34730023
https://doi.org/10.3390/antiox10030338
http://www.ncbi.nlm.nih.gov/pubmed/33668369
https://doi.org/10.3389/fendo.2019.00187
https://doi.org/10.3389/fendo.2019.00187
http://www.ncbi.nlm.nih.gov/pubmed/30972029
https://doi.org/10.2337/db19-0991
http://www.ncbi.nlm.nih.gov/pubmed/32234722
https://doi.org/10.1111/jdi.12485
https://doi.org/10.1111/jdi.12485
http://www.ncbi.nlm.nih.gov/pubmed/27181414
https://doi.org/10.1016/j.toxlet.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25703824
https://doi.org/10.2147/NDT.S302355
https://doi.org/10.2147/NDT.S302355
http://www.ncbi.nlm.nih.gov/pubmed/34168453
https://doi.org/10.1126/scitranslmed.aau5956
http://www.ncbi.nlm.nih.gov/pubmed/31996464
https://doi.org/10.1016/j.cmet.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21907136
https://doi.org/10.1371/journal.pone.0293630


Peroxisome Proliferator-Activated Receptor α: A Preclinical Study in Ovariectomized-Diabetic Rat

Model. International Journal of Endocrinology and Metabolism. 2022; 20(3).

16. Kim J., Schalk J.C., Koss W.A., Gremminger R.L., Taxier L.R., Gross K.S., et al. Dorsal hippocampal

actin polymerization is necessary for activation of G-protein-coupled estrogen receptor (GPER) to

increase CA1 dendritic spine density and enhance memory consolidation. Journal of Neuroscience.

2019; 39(48):9598–610. https://doi.org/10.1523/JNEUROSCI.2687-18.2019 PMID: 31628182

17. Suzuki K., Kim K.S. and Bae Y.H. Long-term oral administration of Exendin-4 to control type 2 diabetes

in a rat model. Journal of controlled release. 2019; 294:259–67. https://doi.org/10.1016/j.jconrel.2018.

12.028 PMID: 30572033

18. Giam B., Nomura H., Kuruppu S., Chu P.-Y., Essid S., Kiriazis H., et al. Endothelial-specific overexpres-

sion of cationic amino acid transporter-1 prevents loss of kidney function in heart failure. Clinical Sci-

ence. 2020; 134(20):2755–69. https://doi.org/10.1042/CS20200087 PMID: 33034619

19. Joshi D., Gupta R., Dubey A., Shiwalkar A., Pathak P., Gupta R.C., et al. TRC4186, a novel AGE-

breaker, improves diabetic cardiomyopathy and nephropathy in Ob-ZSF1 model of type 2 diabetes.

Journal of cardiovascular pharmacology. 2009; 54(1):72–81. https://doi.org/10.1097/FJC.

0b013e3181ac3a34 PMID: 19546815

20. Bagul P.K., Katare P.B., Bugga P., Dinda A.K. and Banerjee S.K. SIRT-3 modulation by resveratrol

improves mitochondrial oxidative phosphorylation in diabetic heart through deacetylation of TFAM.

Cells. 2018; 7(12):235. https://doi.org/10.3390/cells7120235 PMID: 30487434

21. Jia C., Chen H., Wei M., Chen X., Zhang Y., Cao L., et al. Gold nanoparticle-based miR155 antagonist

macrophage delivery restores the cardiac function in ovariectomized diabetic mouse model. Interna-

tional journal of nanomedicine. 2017; 12:4963. https://doi.org/10.2147/IJN.S138400 PMID: 28744126

22. Ma S., Feng J., Zhang R., Chen J., Han D., Li X., et al. SIRT1 activation by resveratrol alleviates cardiac

dysfunction via mitochondrial regulation in diabetic cardiomyopathy mice. Oxidative medicine and cellu-

lar longevity. 2017; 2017. https://doi.org/10.1155/2017/4602715 PMID: 28883902

23. Tang X., Chen X.-F., Chen H.-Z. and Liu D.-P. Mitochondrial Sirtuins in cardiometabolic diseases. Clini-

cal Science. 2017; 131(16):2063–78. https://doi.org/10.1042/CS20160685 PMID: 28739840

24. Barber M., Kasturi B.S., Austin M.E., Patel K.P., MohanKumar S.M. and MohanKumar P. Diabetes-

induced neuroendocrine changes in rats: role of brain monoamines, insulin and leptin. Brain research.

2003; 964(1):128–35. https://doi.org/10.1016/s0006-8993(02)04091-x PMID: 12573521

25. Bansal S. and Chopra K. Selective ER-α agonist alleviates vascular endothelial dysfunction in ovariec-

tomized type 2 diabetic rats. Molecular and Cellular Endocrinology. 2018; 460:152–61.

26. Li H., Bian Y., Zhang N., Guo J., Wang C., Lau W.B., et al. Intermedin protects against myocardial

ischemia-reperfusion injury in diabetic rats. Cardiovascular diabetology. 2013; 12(1):1–11. https://doi.

org/10.1186/1475-2840-12-91 PMID: 23777472

27. Jeddi S., Gheibi S., Kashfi K., Carlström M. and Ghasemi A. Protective effect of intermediate doses of

hydrogen sulfide against myocardial ischemia-reperfusion injury in obese type 2 diabetic rats. Life sci-

ences. 2020; 256:117855. https://doi.org/10.1016/j.lfs.2020.117855 PMID: 32473245

28. Utz W., Engeli S., Haufe S., Kast P., Hermsdorf M., Wiesner S., et al. Myocardial steatosis, cardiac

remodelling and fitness in insulin-sensitive and insulin-resistant obese women. Heart. 2011; 97

(19):1585–9. https://doi.org/10.1136/hrt.2011.224451 PMID: 21775510

29. Apaijai N., Charoenphandhu N., Ittichaichareon J., Suntornsaratoon P., Krishnamra N., Aeimlapa R.,

et al. Estrogen deprivation aggravates cardiac hypertrophy in nonobese Type 2 diabetic Goto–Kakizaki

(GK) rats. Bioscience Reports. 2017; 37(5). https://doi.org/10.1042/BSR20170886 PMID: 28923829

30. Dunlay S.M., Givertz M.M., Aguilar D., Allen L.A., Chan M., Desai A.S., et al. Type 2 diabetes mellitus

and heart failure: a scientific statement from the American Heart Association and the Heart Failure Soci-

ety of America: this statement does not represent an update of the 2017 ACC/AHA/HFSA heart failure

guideline update. Circulation. 2019; 140(7):e294–e324. https://doi.org/10.1161/CIR.

0000000000000691 PMID: 31167558

31. Hajializadeh Z. and Khaksari M. The protective effects of 17-β estradiol and SIRT1 against cardiac

hypertrophy: A review. Heart Failure Reviews. 2021:1–14.

32. Sivasinprasasn S., Sa-Nguanmoo P., Pongkan W., Pratchayasakul W., Chattipakorn S.C. and Chatti-

pakorn N. Estrogen and DPP4 inhibitor, but not metformin, exert cardioprotection via attenuating car-

diac mitochondrial dysfunction in obese insulin-resistant and estrogen-deprived female rats.

Menopause. 2016; 23(8):894–902. https://doi.org/10.1097/GME.0000000000000640 PMID: 27326818
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