
290

ABSTRACT

Objective: In previous research, we found that Sestrin2 has a strong association with plasma 
atherogenicity and combats the progression of atherogenesis by regulating the AMPK-mTOR 
pathway. Metformin, an activator of AMPK, is widely used as a first-line therapy for diabetes, 
but its role in preventing atherosclerosis and cardiac outcomes is unclear. Hence, we aimed 
to assess the effect of metformin on preventing atherosclerosis and its regulatory role in the 
Sestrin2-AMPK -mTOR pathway in obese/diabetic rats.
Methods: Animals were fed a high-fat diet to induce obesity, administered streptozotocin 
to induce diabetes, and then treated with metformin (150 mg/kg body weight) for 14 
weeks. Aorta and heart tissues were analyzed for Sestrin2 status by western blotting and 
immunohistochemistry, AMPK and mTOR activities were investigated using western 
blotting, and atherogenicity-related events were evaluated using reverse transcription 
quantitative polymerase chain reaction and histology.
Results: Obese and diabetic rats showed significant decrease in Sestrin2 levels and AMPK 
activity, accompanied by increased mTOR activity in the heart and aorta tissues. Metformin 
treatment significantly restored Sestrin2 and AMPK levels, reduced mTOR activity, and 
restored the altered expression of inflammatory markers and adhesion molecules in obese 
and diabetic rats to normal levels. A histological analysis of samples from obese and diabetic 
rats showed atherosclerotic lesions both in aorta and heart tissues. The metformin-treated 
rats showed a decrease in atherosclerotic lesions, cardiac hypertrophy, and cardiomyocyte 
degeneration.
Conclusion: This study presents further insights into the beneficial effects of metformin and its 
protective role against atherosclerosis through regulation of the Sestrin2-AMPK-mTOR pathway.
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INTRODUCTION

Metabolic syndrome is a cluster of various metabolic disorders, including obesity and 
prediabetes or type 2 diabetes, and it is closely associated with cardiovascular disease (CVD).1,2 
According to the World Health Organization, more than 1.9 billion adults on the earth are 
overweight (body mass index [BMI] >25 kg/m2), out of whom 650 million people are obese (BMI 
>30 kg/m2).3 CVD is a disorder affecting the heart and blood vessels (arteries), resulting from 
atherosclerosis, which develops from the build-up of plaque inside the arteries. The resultant 
narrowing and hardening of the artery walls make it harder for blood to flow.4

The process of atherogenic progression begins with endothelial injury, followed by the 
activation of monocytes towards the M1 phenotype. These activated monocytes migrate into 
the endothelium, a process facilitated by adhesion molecules such as intercellular adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). Once inside the 
endothelium, they differentiate into macrophages, which ingest atherogenic lipoproteins and 
transform into lipid-laden foam cells.5 In previous research, we discovered that Sestrin2 helps 
to combat the progression of atherogenesis by regulating the AMPK-mTORC1 pathway, which 
plays a significant role in monocyte activation.6 Additionally, we found a correlation between 
decreased levels of Sestrin2 and increased plasma atherogenicity in patients with diabetes 
and dyslipidemia.7

Metformin, a well-known biguanide class drug and an AMPK activator, has been extensively 
used as a first-line treatment for type 2 diabetes mellitus over the past 50 years. A previous 
study demonstrated that metformin significantly reduced the progression of carotid artery 
intima-media thickness, a recognized indicator of atherosclerotic progression, in patients 
with diabetes.8 Beyond its primary role in insulin sensitization, metformin also regulates the 
AMPK-mTORC1 pathway and inhibits both monocyte activation and the secretion of pro-
inflammatory cytokines.9

However, the role of metformin in regulating the Sestrin-mTOR nexus via the AMPK pathway, 
particularly in relation to the progression of atherosclerosis and cardiac hypertrophy, remains 
unclear. Therefore, our study was designed to evaluate the role of metformin in modulating 
the Sestrin2-mTOR pathway, monocyte activation, and atherogenic events in a preclinical 
obese/diabetic animal model.

MATERIALS AND METHODS

1. Animal model: experimental design
Male Wistar rats (4–5 weeks of age, purchased from the National Institute of Nutrition, 
Hyderabad, India) were randomly assigned to 5 groups (n=6 in each group).The groups were 
categorised based on body weight and blood glucose levels as follows: 1) control (normal 
pellet diet, NPD), 2) obese (high-fat diet, HFD), 3) obese + metformin (HFD+MET), 4) 
diabetes (HFD + STZ), 5) diabetes + MET (HFD + STZ + MET). The experimental design 
is detailed in Supplementary Fig. 1. Rats in the HFD group were fed a HFD, with 65% of 
calories derived from fat. The control group was given a NPD, sourced from NIN, Hyderabad, 
India. Obesity was confirmed by analysing body weight and lipid profile. Insulin resistance 
was verified through an insulin tolerance test (ITT), as described elsewhere.10 Diabetes 
was induced by partially damaging the pancreas with a single intraperitoneal injection of 
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streptozotocin (STZ) (Sigma-Aldrich, MO, USA) at a dose of 25 mg/kg body weight. For the 
non-diabetic groups, a citrate buffer was administered instead. An oral glucose tolerance 
test (OGTT)10 was performed 5 days after the administration of STZ. The animals were 
considered to have diabetes if their blood glucose level increased to ≥15 mmol/L (270 mg/
dL). Upon confirmation of diabetes onset, MET (Glenmark Pharmaceuticals, Mumbai, India) 
was orally administered to the respective groups at a dose of 150 mg/kg body weight. After 14 
weeks of MET treatment, fasting blood samples were collected for biochemical assays. The 
rats were then euthanised, and heart and aorta tissues were excised and stored at −80°C. For 
histological studies, the tissues were preserved in 10% formalin. All experimental procedures 
adhered to the National Institutes of Health guide for the care and use of laboratory animals 
(NIH Publications No. 8023, revised 1978), as well as the guidelines of the Committee for 
Control and Supervision on Experiments on Animals (CPCSEA), Government of India. The 
study was approved by the Institutional Animal Ethics Committee (IAEC) of the Madras 
Diabetes Research Foundation, Chennai, India.

2. Biochemical measurements
Fasting plasma glucose (hexokinase method), serum cholesterol (cholesterol oxidase-
peroxidase-amidopyrine method), serum triglycerides (glycerol phosphate oxidase-
peroxidase-amidopyrine method), and high-density lipoprotein (HDL) cholesterol (direct 
method-polyethylene glycol pre-treated enzymes) were measured using a Hitachi-912 
Autoanalyzer (Hitachi, Mannheim, Germany).

3. Total RNA isolation from tissues and real-time polymerase chain reaction
The tissues were thoroughly homogenised using a bullet blender (Next Advance, Inc., Troy, 
NY, USA). We isolated total RNA from the aorta and heart using the conventional method 
with the TRIzol reagent (Sigma, St. Louis, MO, USA), as outlined in other sources. We 
utilised real-time polymerase chain reaction analysis to examine the expression of targeted 
genes, following the methodology detailed in our previous study.6 The gene primer sequences 
are given in Supplementary Table 1.

4. Immunoblotting
The tissue homogenate was centrifuged at 15,000 ×g at 4°C, after which the supernatant was 
separated from the tissue debris. The protein concentrations of tissue homogenates were 
determined using Bradford reagents (Bio-Rad, Hercules, CA, USA). These were then probed 
for Sestrin2 (#10795-1-AP; Proteintech, Rosemont, IL, USA), pAMPK (Thr172, #2531), AMPK 
(#2532), mTOR (#2972), pmTOR (Ser2448, #2971; Cell Signaling Technology, Danvers, 
MA, USA), and β-actin (#SC-81178; Santa Cruz Biotechnology, Dallas, TX, USA) through 
immunoblotting, as described in our previous study.6 The protein bands were made visible 
using an enhanced chemiluminescent reagent (Bio-Rad) and a Bio-Rad gel-doc instrument. 
The intensity of these bands was quantified using ImageJ software (NIH, Bethesda, MD, USA).

5. Immunohistochemistry
Formalin-fixed aorta and heart tissues were sliced into 3-mm sections on charged slides, 
deparaffinised, and rehydrated. The slides were then incubated with a Sestrin2 (CST, 
Danvers, MA, USA) antibody for 30 minutes in a moist chamber and then washed twice with 
wash buffer. The slides were first incubated with PolyExcel target binder reagent, and then 
with PolyExcel HRP followed by the DAB chromogen for 5 minutes, and then washed with 
distilled water. Finally, the slides were incubated with counterstain haematoxylin for 30 
seconds and then washed with distilled water. After that, the slides were allowed to dehydrate 
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and then mounted using mounting media. Protein expression was observed under a light 
microscope.

6. Histopathology
The heart and aorta tissue samples were washed with normal saline to remove the blood 
cells and fixed in 10% buffered formaldehyde solution. The samples were then embedded in 
paraffin wax, subjected to automatic tissue processing, and 5-μm sections were prepared. 
These sections were stained with haematoxylin and eosin for general histopathology. After 
that, the histopathological profile of each sample was observed under a light microscope.

7. Statistical analysis
GraphPad Prism Version 5 was used for statistical analysis. Multiple comparisons were 
done by one-way analysis of variance (ANOVA), followed by a post-hoc analysis using the 
Tukey test. All values are represented as mean ± SEM, and p-values <0.05 were considered 
statistically significant.

RESULTS

1. Confirmation of obesity and insulin resistance in HFD-fed Wistar rats
To confirm obesity, we analysed changes in body weight and plasma lipid profiles in animals 
after 45 days of HFD feeding. The HFD animals exhibited a significant increase in body 
weight and notable alterations in lipid profiles, as depicted in Supplementary Fig. 2. The 
ITT revealed that the HFD-fed rats had a reduced glucose disposal in the blood following 
insulin administration, compared to the control rats (Supplementary Fig. 3A). Additionally, 
the area under the curve (AUC) for the glucose disposal curve was significantly higher in 
the HFD group (6,077±326.5) than in the NPD group (4,318±264.0) (p<0.05), as shown in 
Supplementary Fig. 3B. These findings suggest that rats fed an HFD became both obese and 
insulin-resistant.

2.  Confirmation of diabetes in the HFD fed and low-dose STZ-administered rats
To confirm the onset of diabetes in rats treated with HFD + STZ, we performed an OGTT. 
These rats showed significantly elevated glucose levels at all measured time points (0, 30, 
60, and 120 minutes) compared to the control and HFD groups (Supplementary Fig. 3C). 
Additionally, the AUCs of blood glucose concentration following the glucose challenge in the 
STZ-treated, HFD-fed group (1,029±57.81) were significantly higher than those in the control 
(332.0±9.369) and HFD-fed alone (373.5±6.891) groups (p<0.05) (Supplementary Fig. 3D). 
However, no significant difference was observed between the control and HFD-fed groups. 
This suggests that the animals fed only HFD became insulin resistant but did not develop 
diabetes, while the animals treated with a low dose of STZ and fed with HFD developed both 
insulin resistance and diabetes. Therefore, we divided the groups into obese (HFD) and 
diabetic (HFD+STZ) animals.

3. Clinical and biochemical characteristics of experimental rats
The obese and diabetic rats exhibited higher levels of cholesterol (p<0.001), triglycerides 
(p<0.05), very-low-density lipoprotein cholesterol (VLDL-C) (p<0.05), and the total 
cholesterol to HDL-C (CHO/HDL-C) ratio (p<0.05) compared to the control rats. The fasting 
plasma glucose in diabetic rats was four times greater than that in the control animals 
(p<0.001). Additionally, the plasma atherogenic index value, a logarithmically transformed 
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ratio of molar concentrations of triglycerides to HDL-cholesterol that predicts cardiovascular 
risk, was significantly higher in obese and diabetic rats than in control rats. The elevated 
fasting plasma glucose, cholesterol, triglycerides, VLDL-C, CHO/HDL-C values, and plasma 
atherogenic index were significantly lower in the MET treatment group (HFD + STZ + MET) 
than in the diabetic group (p<0.05). The elevated VLDL-C also significantly decreased in 
MET-treated obese rats (HFD + MET) compared to control rats. Obese animals demonstrated 
a significant increase in body weight, but no significant difference was observed between the 
control and diabetic rat groups. There was also a moderate increase in the weight of the aorta 
in diabetic rats compared to the control group. The MET-treated rats (HFD + STZ + MET) 
exhibited reduced heart weight compared to the diabetic rats (Supplementary Table 2).

4.  Effect of MET on mRNA expression of Sestrin2 in aorta and heart of obese 
and diabetic rats

In our previous study, we noted a significant decrease in the level of Sestrin2 in both 
monocytes and the circulation of patients with diabetes and dyslipidaemia.7 Hence, we 
aimed to analyse the status of Sestrin2 expression in the aorta and heart tissues of obese and 
diabetic rats.

The mRNA expression of Sestrin2 was notably diminished in the aortas of obese rats. 
However, the group treated with MET exhibited a significant increase in comparison to both 
the control and HFD groups (Fig. 1A). Despite this, no significant difference was observed in 
Sestrin2 expression in the heart between the NPD and HFD groups, as depicted in Fig. 1A.

In the diabetic model, we observed a significant decrease in the expression of Sestrin2 in both 
the aorta and heart, compared to control rats. The group treated with MET (HFD + STZ + 
MET) exhibited a significant increase in Sestrin2 expressions compared to the diabetic group 
(Fig. 1B). These findings confirm a significant reduction in Sestrin2 expression in heart and 
aorta tissues under obese and diabetic conditions, and MET treatment effectively restored 
Sestrin2 expression.

5.  Immunohistochemistry assessment of Sestrin2 expression in the aorta and 
heart of obese and diabetic rats

We subsequently conducted an immunohistochemical analysis to localize the Sestrin2 
expression in the aorta and heart. Obese rats exhibited a reduced expression of Sestrin2 in 
the tunica adventitia of the aorta. In contrast, the group treated with MET demonstrated an 
increased expression of Sestrin2 in both the tunica adventitia and tunica media of the aorta 
(Fig. 1C). Similarly, in the heart, we noted decreased expression of Sestrin2 in HFD rats, 
while in control rats, we detected mild, multifocal expression of Sestrin2 in the cytoplasm of 
myocytes. The group treated with MET exhibited higher expression of Sestrin2 in myocytes 
than the HFD rats (Fig. 1D).

The diabetic rats showed decreased or meagre expression of Sestrin2 in the tunica adventitia 
of the aorta, as well as a decreased or scant expression of Sestrin2 in the degenerated 
myocytes of the heart (Fig. 1C and D). The group treated with MET (HFD + STZ + MET) 
demonstrated a restoration of Sestrin2 expression in both the tunica adventitia and tunica 
media of the aorta. Additionally, there was an increased multifocal expression of Sestrin2 
in the heart's myocytes compared to the control and diabetic rats (Fig. 1C and D). This 
underscores the role of MET in restoring Sestrin2 expression in both aorta and heart tissues.
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6.  Role of MET in the regulation of Sestrin2-AMPK-mTOR nexus in aorta and 
heart of obese and diabetic rats

We observed a significant decrease in Sestrin2 expression and AMPK activation, along with 
a significant rise in mTORC1 activation, in both the aorta and heart of obese and diabetic 
rats compared to control rats. In contrast, the groups treated with MET demonstrated a 
significant increase in Sestrin2 and AMPK activation, and a significant decrease in mTOR 
activation (Fig. 2A-D). These findings suggest that MET may play a role in regulating the 
Sestrin2-mTOR pathway.

7.  Effect of MET on the status of pro-inflammatory (M1) and anti-
inflammatory (M2) markers in aorta and heart of obese and diabetic rats

Since inflammation plays a significant role in atherogenesis, we investigated the impact of 
MET on the status of pro-inflammatory (M1) and anti-inflammatory (M2) markers in aorta 
and heart tissues. We observed a significant increase in the mRNA expressions of iNOS 
and tumor necrosis factor (TNF)-α (M1 markers), and a significant decrease in the mRNA 
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expressions of Arg-1 and transforming growth factor (TGF)-β (M2 markers) in the aorta of 
obese animals compared to the control group (Fig. 3A and B). Similarly, in the heart, the 
obese group exhibited a significant increase in TNF-α (M1) and a significant decrease in ARG-
1 (M2) compared to the control group, as depicted in Fig. 3C and D. Treatment with MET 
normalized the abnormal levels of M1 and M2 markers in obese rats (Fig. 3A-D).

In the diabetic model, we observed a significant increase in the mRNA expressions of iNOS 
and TNF-α, along with a significant decrease in the mRNA expressions of Arg-1 and TGF-β, 
when compared to the aorta and heart from the control group, as depicted in Fig. 3E-H. 
Rats treated with MET (HFD + STZ + MET) demonstrated a significant reduction in the M1 
markers and a significant elevation in the M2 markers, relative to the diabetic group (Fig. 
3E-H). These findings suggest that MET treatment effectively counters pro-inflammatory 
tendencies (M1) in the aorta and heart of obese and diabetic rats.

8.  Effect of MET on adhesion molecules in aorta and heart of obese and 
diabetic rats

Monocyte adhesion to endothelial cells is another key event in the progression of 
atherosclerosis. Therefore, we examined the expression of adhesion molecules such as CCL-
2, ICAM-1, and VCAM-1 in the aorta and heart tissues. We found a significant increase in the 
expression of VCAM-1 (Fig. 4A) in the aorta, and a significant increase in the expressions 
of CCL-2 and ICAM-1 (Fig. 4B) in the hearts of obese rats compared to the control group. 
However, there was no significant difference observed in the gene expression of adhesion 
molecules with MET treatment in both the aorta and heart when compared to obese animals, 
as shown in Fig. 4A and B.

In the diabetic model, there was a significant increase in the mRNA expressions of CCL-2, 
ICAM-1, and VCAM-1 in both the aorta and heart of HFD + STZ rats, compared to control rats, 
as depicted in Fig. 4C and D. Treatment with MET (HFD + MET + STZ) significantly reduced 
the expression of CCL-2, ICAM-1, and VCAM-1 in the heart, but no significant difference was 
observed in the aorta when compared to diabetic animals, as shown in Fig. 4C and D. These 
results suggest that MET treatment significantly impacts adhesion molecules in the heart, 
which aids in preventing the infiltration of mononuclear cells (MNCs).

9.  Role of MET on matrix metalloproteinases in the aorta and heart of obese 
and diabetic rats

Next, we examined the expression levels of matrix metalloproteinase molecules (MMP2 and 
MMP9), as well as the regulator of these enzymes (TIMP-1), in rat tissues (aorta and heart). 
We found that the mRNA expression of MMP2 and MMP9 was significantly elevated in the 
obese and diabetic groups compared to the NPD group in both the aorta and heart. The 
groups treated with MET (HFD + MET & HFD + STZ + MET) exhibited lower levels of MMP2 
and MMP9 expression than in the pathological groups, as shown in Fig. 4E-H. The MET-
treated group (HFD + MET) demonstrated an increased expression of TIMP-1 in the hearts of 
obese rats (Fig. 4F), while the decreased TIMP-1 expression in the aorta of the diabetic group 
was augmented by MET treatment (HFD + STZ + MET) (Fig. 4G). These findings suggest that 
MET may decrease the expression of matrix metalloproteinases.
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10.  Histopathological assessment of aorta on the effect of MET in the 
progression of atherogenesis of obese and diabetic rats

Fig. 5 depicts the histology of the aorta in experimental rats. In the aortas of obese rats, there 
was an observed increase in thickness and disorganization of fibers, fragmentation, and 
the presence of vacuoles in the tunica media, indicative of atherosclerotic lesions (Fig. 5B). 
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Fig. 5. Transverse sections of aorta of rats. (A, D) NPD rats show the normal histological structure of thin smooth tunica intima, regularly arranged parallel 
elastic laminae (E) of the tunica media with regularly arranged spindle smooth muscle fibers (S) between the tunica media and adventitia (AD) which is formed 
from loose connective tissue. (B) HFD rats show a thickening of tunica media (dark blue color two-way arrow), vacuolation (yellow arrow), disorganization of 
fibers (green arrow), degeneration of smooth muscle fibers (light blue arrow) in tunica media. (C) HFD+MET rats show decreased disorganization of fibers, 
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intima and media thickness (mean ± SEM). (Histological structure analysis using haematoxylin and eosin staining, scale bar: ×4=100 µm). 
NPD, normal-pellet diet; HFD, high-fat diet; MET, metformin; STZ, streptozotocin. 
*p<0.05 compared with NPD, †p<0.05 compared to HFD/HFD + STZ.



Treatment with MET demonstrated a reduction in fiber disorganization, fragmentation, and 
vacuoles in the tunica media (Fig. 5C).

We observed increased thickness and severe fragmentation in the tunica media of diabetic 
rats, along with disorganization of fibers. We also observed numerous vacuoles and MNC 
infiltration in both the tunica media and tunica intima, as well as a separation of the tunica 
media from the adventitia in these diabetic rats (Fig. 5E). In contrast, the group treated with 
MET (HFD + STZ + MET) exhibited only mild or reduced disorganization of fibers and a few 
vacuoles in the tunica media (Fig. 5F).

We measured the thickness of the tunica media and tunica intima and found a significant 
increase in the obese group compared to the control group. MET treatment notably reduced 
the thickness of the tunica media in comparison to the HFD rats, as depicted in Fig. 5G.  
Similarly, the thickness of the tunica media and tunica intima was significantly higher in 
the diabetic group compared to the control group. MET treatment (HFD + STZ + MET) 
significantly reduced the thickness, as shown in Fig. 5H. These results suggest that MET 
treatment may prevent atherosclerosis in obese and diabetic rats.

11. Histopathological assessment of heart on the effect of MET in the 
progression of cardiac structure defects in insulin-resistant and diabetic rats
Finally, we studied the histological changes in the heart tissues of our experimental animals 
(Fig. 6). In the obese rats, we observed multifocal myocardial degeneration and the formation 
of multifocal fat vacuoles in the cardiomyocytes. Additionally, we noted the infiltration of 
MNCs and vascular degeneration in the myocardium of these obese rats (Fig. 6B). In contrast, 
the group treated with MET exhibited less myocardial degeneration and only mild fat vacuole 
formation (Fig. 6C).

The diabetic rats exhibited moderate to severe myocardial degeneration, the formation 
of necrosis, and multifocal hypertrophy in myocytes. Numerous vacuoles were observed 
in the myocardium, accompanied by accumulated MNC infiltrations (Fig. 6E). The group 
treated with MET (HFD + STZ + MET) demonstrated a reduction in myocardial degeneration, 
necrosis, MNC infiltration, vacuoles, and myocyte hypertrophy (Fig. 6F). These results 
confirm that MET treatment mitigated cardiac hypertrophy and the degeneration of 
cardiomyocytes.

DISCUSSION

In the present study, we demonstrated the following main findings:
1.  For the first time, we observed and documented a significant reduction in Sestrin2 

expression in the aorta and heart tissues of obese and diabetic rats. Additionally, we 
noted a significant change in the activation of AMPK and mTORC1 in the aorta and 
heart tissues under obese and diabetic conditions.

2.  Alterations were observed in the expression of pro-inflammatory adhesion molecules 
and matrix metalloproteinases, which are the key processes involved in atherogenesis.

3.  Another innovative discovery is that MET treatment reinstated the expression levels of 
Sestrin2 in both the aorta and heart of the obese and diabetic model. This consequently 
reduced the atherogenic events triggered by dyslipidaemic and hyperglycaemic conditions.
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Although numerous clinical trials have shown that MET can reduce CVD outcomes and 
cardiac defects,11 the precise protective role of MET in relation to CVD and atherosclerosis 
remains unclear. Therefore, we investigated the impact of MET on atherogenicity under 
conditions of obesity and diabetes. A prior study reported that MET can decrease body weight 
and BMI.12 Consistent with this, our study also found that MET treatment reduced the body 
weight of obese rats. Additionally, we observed the expected glucose-lowering effect of MET 
in diabetic rats. Under diabetic conditions, the loss of insulin action in adipocytes and the 
liver increases the production of LDL-C, VLDL-C, and triglycerides, even when glycogen 
storage is sufficient.13 This could explain the altered lipid profile in diabetes-induced animal 
models, as observed in our study.

Previous studies have shown that MET can reduce levels of total cholesterol, LDL-C, VLDL-C, 
and triglycerides.14 MET is known to decrease postprandial lipemia through the activation 
of AMPK, which in turn suppresses fatty acid desaturases by promoting insulin sensitivity. 
In our research, we discovered that animals treated with MET exhibited lower plasma levels 
of cholesterol, triglycerides, VLDL-C, and the CHO/HDL-C ratio compared to obese (HFD) 
and diabetic (HFD+STZ) rats. Additionally, we found that MET treatment reduced plasma 
atherogenicity in both obese and diabetic models. This aligns with a prospective study by 
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Fig. 6. Histological examination of cardiac tissue: (A, D) NPD rats show normal histopathology of the heart (B) HFD rats show myocardial degeneration (light blue 
arrow), fat vacuoles (yellow arrow), mononuclear cells infiltration (black arrow), vascular degeneration in myocardium (green arrow). (C) HFD+MET rats show 
reduced myocardial degeneration, mild fat vacuoles. (D) HFD + STZ rats show myocardial degeneration, fat vacuoles, mononuclear cells infiltration, vascular 
degeneration, necrosis formation (red arrow), and hypertrophy in the myocardium (dark blue arrow). (E) HFD + STZ + MET rats show decreased myocardial 
degeneration, necrosis, mononuclear cell filtration, vacuoles, and hypertrophy in myocytes (histological structure analysis using haematoxylin and eosin 
staining, scale bar: ×10=50 µm). 
NPD, normal-pellet diet; HFD, high-fat diet; MET, metformin; STZ, streptozotocin.



Kashi et al.15, which reported that treatment with MET decreased the plasma atherogenic 
index in type2 diabetes.

It is well known that MET plays a role in activating AMPK, which acts as a fuel gauge and 
energy sensor within cells.16,17 AMPK regulates the development of vascular dysfunction by 
preventing the macrophage activation and inhibiting the secretion of pro-inflammatory 
cytokines, and other atherogenic processes.18 In our study, we observed changes in the 
activity of AMPK and mTOR under diabetic and obese conditions. However, treatment with 
MET restored the normal activities of these two enzymes.

Sestrin2 is known to be a metabolic regulator that modulates the AMPK-mTORC pathway 
under various stress conditions. In our previous research, we discovered that Sestrin2 played 
a role in regulating the primary events of atherogenesis progression.6 Likewise, in this study, 
we observed a decrease in Sestrin2 expression levels in both the aorta and heart tissues of 
obese and diabetic rats. However, treatment with MET restored these levels in both tissues. 
These results underscore the potential protective role of MET, which may function through 
the upregulation of Sestrin2 by AMPK.

Our study found a significant increase in pro-inflammatory markers (M1 markers) in the aorta 
and heart tissues of obese and diabetic rats (HFD and HFD+STZ group). This confirms the role 
of inflammation in the progression of atherogenesis. In our previous study, we also observed 
an increase in pro-inflammatory markers in THP1 cells subjected to glucolipotoxicity.6 MET 
decreased all these abnormalities, demonstrating its ability to regulate monocyte polarization 
through the Sestrin2-mTOR pathway. Additionally, we observed an increase in M2 markers 
(anti-inflammatory phenotype) following MET treatment.

Monocyte adherence to endothelial cells is the basis for atherosclerosis development. The 
transmigration and adhesion of monocytes into the sub-endothelial space, in response to 
stimuli, play a crucial role in the development of early atherosclerotic lesions and enhance 
disease progression in later stages.19 In our study, we observed a significant increase in the 
expression of adhesion molecules in the aorta and heart tissues of rats on a HFD and HFD 
combined with STZ (HFD + STZ). MET mitigated the impact of HFD and HFD + STZ on 
the expression of these adhesion molecules. The formation of foam cells represents the 
subsequent stage in the progression of atherosclerotic plaques. Macrophage derived foam cell 
formation is a predominant step in the process of arterial atherosclerotic plaque formation. 
In our histological studies, we noted numerous foam cells (vacuoles) in the tunica media 
and tunica intima of the aorta in HFD + STZ rats. These foam cells were significantly fewer 
in the rats treated with MET. Our findings indicate that both obesity and diabetes stimulate 
the expression of adhesion molecules and the formation of foam cells in the tissues of the 
aorta and heart, leading to the atherosclerotic process. This process can be prevented and 
minimized with MET treatment.

In the later stages of disease progression, plaques can develop a stable fibrous cap that 
isolates them from the surrounding vessel environment. The destabilization of these plaques 
happens through the depletion and rupture of the fibrous cap, a process facilitated by matrix 
metalloproteinases that trigger the degradation of the extracellular matrix. In our research, 
we discovered a significant increase in these matrix metalloproteinases in the aorta and heart 
of animals treated with both an HFD and a combination of HFD and STZ which contributes 
to the accumulation of plaques. Prior studies have reported that inhibiting mTORC1 can 
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reduce matrix accumulation and fibrous formation in the aorta.20 Similarly, we found that 
MET treatment decreased the activation of both MMP2 and MMP9. Additionally, MET 
treatment in HFD and HFD+STZ rats led to an upregulation of TIMP-1, a regulatory factor of 
these enzymes.

We also found that MET treatment reduced the thickness of the tunica intima and tunica 
media in aortic tissue. Prior research has shown that MET treatment can lessen the severity of 
atherosclerotic lesions in diabetic models.21,22 Additionally, we observed that MET treatment 
diminished fiber disorganization reduced the number of foam cell vacuoles, and decreased 
cell fragmentation in the aorta. These findings suggest that MET may play a preventative role 
in the progression of atherosclerosis in diabetic rats.

The enlargement of the heart, as seen in the HFD and HFD + STZ models, signifies 
hypertrophy. Additionally, degeneration, necrosis, and cellular hypertrophy were noted in 
the cardiomyocytes of animals treated with HFD and HFD + STZ. This indicates cardiac cell 
damage and remodelling in conditions of obesity and diabetes. The administration of MET 
significantly reversed the tissue damage induced by HFD and STZ treatment.

In our study, we treated obese and diabetic rats with MET for a period of 14 weeks. This 
approach could potentially simulate the long-term pathophysiological conditions found 
in humans. Therefore, our findings illustrate the enduring impact of MET in averting 
atherosclerotic events.

In summary, our preclinical study has shown that MET treatment enhances the expression 
of Sestrin2 and decreases mTOR activation, which in turn reduces both the atherogenic 
process and cardiac remodelling. Our research provides a mechanistic demonstration that 
MET impedes the progression of atherogenesis and cardiac damage/hypertrophy through 
the coordinated regulation of the Sestrin2-AMPK-mTORC1 axis signalling. Furthermore, 
our study underscores the potential of Sestrin2 as an emerging novel drug target for 
atherogenesis in obese and diabetic conditions. Looking ahead, modifications to the Sestrin2 
gene and the atherosclerotic model could shed more light on the role of Sestrin2 in the 
regulation of atherogenesis under metabolic syndrome.
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Experimental design.
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Supplementary Fig. 2
(A) body weight at 45th day. (B) Plasma cholesterol at 45th day. (C) Plasma triglycerides at 
45th day. (D) Plasma HDL-C at 45th day. (E) Cholesterol and HDL-C ratio. All values are 
represented as mean ± SEM.
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Supplementary Fig. 3
(A) ITT as represented by glucose disposal after insulin challenge during 0 to 90 minutes. (B) 
AUC 0–90 minutes after insulin administration. All values are represented as mean±SEM. (C) 
OGTT as represented by glucose levels during 0–120 minutes. (D) AUC 0–120 minutes after 
glucose challenge. All values are represented as mean ± SEM.
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