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Abstract: JAK2/STAT3 is a cardio-protective, pro-inflammation pathway, the function of which in cardiomyopathy 
caused by diabetic (DCM) is currently unknown. Here we explore the role of the JAK2/STAT3 pathway in DCM em-
ploying different time courses and a type 2 DM (T2DM) rat model. We examined the interactions of metformin and 
sitagliptin treatment with the JAK2/STAT3 pathway and cardiac remodeling. A T2DM rat model was induced by high 
fat diet/streptozotocin (HFD/STZ) and treated with metformin, sitagliptin (10 mg/d or 20 mg/d) or a placebo. Cell 
inflammation markers, cardiac remodeling and cardiomyocyte apoptosis were evaluated. We observed an activated 
inflammation reaction as well as activation of the JAK2/STAT3 thought-out the experiment in the simple HFD group 
only in the early stage of the disease (until week 9). JAK2/STAT3 activity showed a phasic peculiarity as increased in-
flammation was observed in prolongation of the DCM accompanied with an accelerated cardiac dysfunction but re-
duced phosphorylation of myocardial STAT3. Moreover, in the metformin but not the sitagliptin treated group, JAK2/
STAT3 activation was associated with having better improved cardiac remolding and reduced myocardial apoptosis. 
In vitro studies further validated that metformin could activate JAK2/STAT3 pathway and alleviate apoptosis of 
NRCMs under hyperglycemia incubation. The phasic feature of JAK2/STAT3 pathway activation may participate in 
the pathophysiological development of DCM. The superior cardio-protective effect of metformin over sitagliptin treat-
ment may partly account for the differences we observed in JAK2/STAT3 activation, indicating that measuring JAK2/
STAT3 pathway coupled with metformin treatment may give insight into a more promising DM treatment.
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Introduction

Diabetes mellitus (DM) is an emerging global 
threat to human health and is estimated to 
affect 366 million people by the year 2030 [1]. 
Besides hypertension and coronary narrowing, 
DM has been confirmed to be a strong indepen-
dent risk factor of acquired cardiomyopathy [2]. 
Diabetic cardiomyopathy (DCM) is defined as 
diabetes-related ventricular systolic dysfunc-
tion and/or diastolic dysfunction, regardless of 
any other pre-existing cardiovascular diseases 
a patient might have. DCM is relatively common 
in the diabetic community with a prevalence 
rate of 16.9%, and is one of the leading causes 
of morbidity and mortality in diabetic patients 
[3].

Chronic inflammation and cardiomyocyte apop-
tosis have been found to have key roles in the 
development of DCM [4]. Heart failure progres-
sion usually entails a local rise in inflammation 
cytokines and the activation of pro-inflammato-
ry transcription factors. Many previous studies 
have focused on the adverse effects of inflam-
mation, however, recent data demonstrate that 
under certain conditions, the Janus Kinase 2/
signal transducer and activator of transcription 
3 (JAK2/STAT3) inflammation pathway may initi-
ate a cardioprotective effect via promoting cell 
survival [5]. The JAK2/STAT3 pathway is a pro-
inflammatory cytokine induced pathway that is 
also known as the survival activating factor 
enhancement (SAFE) pathway. It can be acti-
vated by various cytokines including interleu-
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kins, colony-stimulating factors and interferons 
that all initiate the inflammation reaction. 
However, more recently researchers have found 
that the activation of JAK2/STAT3 is capable of 
promoting an anti-apoptosis effect in multiple 
diseases like ischemia heart disease [6-9]. 
While in both DM and DCM the role of JAK2/
STAT3 has been under-characterized and what 
has been found has been inconsistent, it is 
known that activated JAK2/STAT3 can result in 
chronic inflammation and ultimately DCM in 
rats fed a high-fat diet [10]. However, rats given 
DM induced by STZ or leptin receptor defect 
demonstrated a suppressed JAK2/STAT3 path-
way activation at 12 weeks of age [11]. While 
different animal models or different experimen-
tal durations may account for the disparities 
seen in the function of the JAK2/STAT3 path-
way in DCM, it is still reasonable for us to 
believe that the JAK2/STAT3 pathway plays a 
role in DCM development. To verify our assump-
tions, we chose a DCM rat model to explore 
JAK2/STAT3 pathway activity using two hypo-
glycemic drugs metformin and sitagliptin as 
treatment control.

Metformin is a first-line hypoglycemic drug that 
also shows a promising therapeutic effect in 
cardiovascular disease. Previous studies have 
confirmed that metformin can improve left ven-
tricular remodeling in diabetic animals, with 
many possible mechanisms proposed including 
anti-inflammation [12, 13]. Metformin is known 
to elicit a wide range of protective effects 
through the activation of AMPK, (adenosine 
5’-monophosphate -activated protein kinase) 
which promotes myocardial cell survival. In 
fact, the AMPK-STAT3 axis may account for sev-
eral biological effects of metformin like anti-
atherosclerosis and anti-tumor growth through 
the inhibition of STAT3 activation via AMPK [14-
16]. The cardio-protective effect of metformin 
and its possible relationship with the JAK2/
STAT3 pathway in DCM have yet to be add- 
ressed, however metformin could work thr- 
ough amelioration of inflammation in the dia-
betic heart [17, 18]. Metformin has also proven 
to be effective in suppressing apoptosis by acti-
vating heme oxygenase-1 (HO-1), which acts 
upstream of STAT3 [19]. So, it is reasonable  
for us to assume that metformin might attenu-
ate myocyte apoptosis via STAT3 activation. 
Combination of sitagliptin with metformin could 
additionally decrease the inflammation reac-

tion during DM, and recent studies have shown 
that the inhibitor DDP4 could ameliorate apop-
tosis by up-regulating STAT3 in rats with myo-
cardial infarction to play a cardio-protective 
role [20-22]. As a novel hypoglycemia drug, 
sitagliptin inhibits DPP-4, improving the global 
levels of glucagon-like peptide-1 (GLP-1). Sever- 
al in vivo and in vitro studies suggest that sita-
gliptin possesses antioxidant and anti-inflam-
matory properties, but the impact of sitagliptin 
on the JAK2/STAT3 pathway in DCM is still 
unknown. No data have been shown drawing a 
comparison between the therapeutic effect of 
metformin and sitagliptin in DCM.

Here we use a type 2 DM rat model and neona-
tal rat cardiac myocytes (NRCMs) under differ-
ent interventions to characterize: 1) JAK2/
STAT3 pathway activity and its relationship with 
inflammation in the progression of DCM; 2) 
determine and compare the intervention effect 
of metformin and sitagliptin on ventricular 
remodeling and cardiac dysfunction in DCM, 
and the functional role of JAK2/STAT3 pathway 
involved.

Methods

In vivo study: animals and experimental proto-
cols

Male Sprague-Dawley rats (120±20 g, 5 wk) 
were obtained from the Vital River Laboratory 
(Beijing, China). Rats were housed at 22°C with 
12-hour light-dark cycles and given free access 
to standard laboratory diet and drinking water. 
After 1 week of acclimatization, a baseline 
intraperitoneal insulin tolerance test (IPITT) 
was administered to determine insulin resis-
tance levels, then rats were randomly divided 
into two dietary regimens of feeding either nor-
mal chow diet (NCD group) or high-fat diet (HFD, 
60 kcal% fat, 20 kcal% protein, 20 kcal% carbo-
hydrate; Beijing HFK Bio-Technology, China). 
After another 4 weeks, IPITT was re-adminis-
tered and type 2 diabetes was induced by intra-
peritoneal injection of STZ (Sigma, St. Louis, 
MO; 27.5 mg/kg i.p. in 0.1 mol/L citrate buffer, 
pH 4.5) to HF diet feeding rats with insulin 
resistance. We defined a diabetic rat as ani-
mals with diabetic characteristics including a 
fasting blood glucose (FBG) level greater than 
11.1 mmol/L in two consecutive analyses as 
well as reduced insulin sensitivity one week 
after STZ administration. Age-matched NCD 
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group and HF diet feeding-induced simple 
obese rats (without diabetic characters) (HFD 
group) were used as controls. DM and control 
rats were then randomly divided into different 
groups according to their feeding duration and/
or treatment: 9, 14, 21 weeks in feeding groups 
(DM/NCD/HFD-9w, DM/NCD/HFD-14w, DM/
NCD/HFD-21w, n=6, each) and 21 weeks feed-
ing group further divided according to their 
treatment by placebo (DM-21w), metformin or 
sitagliptin (MET, STAG10-21w, STAG20-21w, 
n=8, each). The detailed experimental protocol 
is shown in Figure 1.

In vitro study: neonatal rat cardiac myocytes

Our in vitro study was designed to verify our 
findings in our animal experiments. NRCMs 
were isolated from 2-day-old neonatal SD rats 
(Fang-YY Laboratory Animal Co., Beijing, China) 
as described earlier [23] and assigned into dif-
ferent groups based on different glucose con-
centrations and experiment durations: (1) Cell 
apoptosis: low glucose (5.5 mmol/L), high glu-
cose (33 mmol/L) and iso-osmotic low glucose 
(5.5 mmol/L glucose + 27.5 mmol/L mannitol), 
incubated for 0 h, 6 h, 12 h, 24 h, 36 h or 48 h. 

(2) JAK2/STAT3 pathway activity: low glucose 
(5.5 mmol/L), high glucose (33 mmol/L) and 
iso-osmotic low glucose (5.5 mmol/L glucose + 
27.5 mmol/L mannitol), incubated for 0 h, 30 
min, 60 min, 3 h, 6 h, 12 h, 18 h or 24 h. (3) 
Impact of Metformin on cell apoptosis and 
JAK2/STAT3 pathway activity: iso-osmotic low 
glucose group, high glucose group, high glu-
cose + 0.1 mM Metformin group, high glucose 
+ 0.5 mM Metformin group, high glucose + 1 
mM Metformin group. (4) Possible protecting 
mechanism of JAK2/STAT3 in DCM: high glu-
cose group, high glucose + AG490 group, high 
glucose + AG490 + Metformin group, high glu-
cose + AICAR group (AG490 (Tyrphostin B42), a 
kinase inhibitor of JAK2; AICAR, a stimulator of 
AMPK increased Thr172 phosphorylation of 
AMPK).

Blood analysis

Blood samples were collected by the tail nip-
ping method after 6-hour fasting period. Glu- 
cose levels were measured using Accucheck 
glucometer (Roche diagnostics) once a week 
throughout the entire duration of study. Insulin 
sensitivity was evaluated in 5 h fasted rats by 

Figure 1. Flow chart of the animal experiment. Male Sprague-Dawley rats were first randomly divided into two di-
etary regimens of feeding either normal chow diet or high-fat diet (60 kcal% fat, 20 kcal% protein, 20 kcal% carbohy-
drate); type 2 diabetes was induced by intraperitoneal injection of STZ to HF diet feeding rats with insulin resistance. 
DM and control rats were randomly divided according to their feeding duration and/or treatment; 21 weeks feeding 
group were further divided into placebo, metformin or sitagliptin group. SD: Sprague-Dawley; HF: high fat diet; HFD: 
simple high-fat diet group; NCD: normal chow diet group; MET: metformin 200 mg/kg/d; STAG10: sitagliptin of 10 
mg/kg/d; STAG20: sitagliptin of 20 mg/kg/d; DM-21w: 21-weeks age diabetes rats with placebo.
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IPITT by giving 1 U/kg of insulin (Lilly, In- 
dianapolis, IN, USA) intraperitoneally. Blood  
glucose measurements during IPITT were done 
over a 2-hour period.

Abdominal aorta blood was collected at the 
end of the planned termination for each rat. 
Total cholesterol, triglyceride levels, glycosylat-
ed hemoglobin (HbAlc) and FBG were analyzed 
by the Bayer 1650 blood chemistry analyzer 
(Bayer, Tarrytown, NY). Fasting insulin levels 
were measured using insulin ELISA kit (ALP- 
CO, USA) to the manufacturer’s instruction. 
Homeostasis model assessment of insulin 
resistance (HOMA-IR) was employed to assess 
the status of insulin action.

Inflammation markers IL-6 and TNF-α were 
measured in serum of related rats using ELISA 
kits (R&D, USA). Serum BNP level was deter-
mined using ELISA kit (Sigma-Aldrich, USA).

Echocardiographic measurements

Transthoracic echocardiography was perform- 
ed using Vevo 2100 High Resolution Imaging 
System (Visual Sonics Inc, Canada) as previ-
ously described. The rats were anaesthetized 
by isoflurane inhalation. Then the chests of the 
rats were shaved and rats were placed in the 
recumbent position. The following parameters 
were measured and calculated from M-mode 
tracing and Doppler echocardiographic imag-
ing: diameters of left ventricular end-diastole 
(LVEDd), ejection fraction (EF), and the ratio of 
the early (E) to late (A) ventricular filling veloci-
ties (E/A). Tissue Doppler imaging (TDI) was 
used to evaluate early diastolic (E’) and late (A’) 
velocity of the mitral annulus (arithmetic aver-
age travel speeds of the lateral and septal 
walls), E’/A’ and E/E’ ratios. Wall thickness of 
two segments [diameters of interventricular 
septum (IVSd) and diameters of end-diastole 
left ventricular posterior wall (LVPWd)] and frac-
tional shortening (FS) were evaluated on short 
axis 2D images. Left ventricular end-diastolic 
volume/end-systolic volume (LV_d/LV_s) and 
left ventricular mass (LV mass) were calculated 
[24]. Every animal was tested in similar condi-
tions (room temperature, breath, heart rate and 
blood pressure), and all scans of echocardio-
graphic investigation were performed by two 
experienced sonographers blinded to the 
experimental group to ensure the reproducibili-

ty. Measurements are reported as the mean of 
at least five cardiac cycles on M-code tracings.

Tissue collection and histology

Cardiac tissues and blood were collected after 
sacrificing the rats according to the schedule. 
Left ventricles were fixed in 10% formalin and 
paraffin-embedded and sectioned at 5 µm. In 
each group, at least 10 randomly selected sec-
tions were stained with hematoxylin-eosin (H-E) 
and studied for histological changes.

The degree of fibrosis was determined by 
Masson trichrome staining of heart sections 
with a Masson kit (Maixin Biotech, Fuzhou). 
Dark green-staining was identified as collagen 
fibers. Interstitial and perivascular fibrosis were 
also evaluated by Picrosirius red staining. 
Collagen I was stained red.

To analysis cell apoptosis, the terminal deoxy-
nucleotidyl transferase-mediated dUTP nick 
end-labeling (TUNEL) assay was used on sec-
tioned mid-LV samples with an In Situ Apoptosis 
Detection Kit (Roche, MD, USA) according to 
the manufacturer’s instructions. The apoptotic 
index (AI) = number of TUNEL-positive myo-
cytes/total number of myocytes stained with 
DAPI from a total of 40 fields per heart (n=4/5).

Immunohistochemistry assay

Immunohistochemistry assays were performed 
to determine the collagen distribution and con-
tent. The slides were incubated with 10% non-
immune goat serum for 1 h at room tempera-
ture to block non-specific staining before incu-
bation with the murine anti-collagen I antibody 
(ab34710, abcam, USA) or anti-collagen III  
antibody (ab7778, abcam, USA) overnight, in 
humidified chambers at 4°C. The immunohisto-
chemistry assays for TNF-α and IL-6 were also 
performed to evaluate inflammation changes 
with anti-TNF-α antibodies (ab66579, abcam, 
USA) and anti-IL-6 (ab6672, abcam, USA). Anti-
pStat3 (phospho Y705, abcam, USA) was used 
to detect pStat3 expression. All slides were 
incubated with biotinylated secondary antibody 
for 1 h at room temperature and HRP-con- 
jugated streptavidin for 15 min at room tem-
perature, followed by detection with a commer-
cial kit (Boster, Wuhan). For quantitative analy-
sis, the average score of 10-20 randomly 
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selected areas were calculated using the Image 
Pro Plus 6.0 software.

Western blot analysis

Tissue samples were lysed with RIPA lysis buf-
fer containing protease and phosphatase in- 
hibitors (Applygen Technologies, Beijing). The 
lysates were homogenized and the homoge-
nates were centrifuged at 13000 rpm for 15 
min at 4°C. The supernatants were collected 
and protein concentrations were determined by 
bicinchoninic acid assay (BCA). Equivalent 
amounts of protein were subjected to sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred onto a polyvinylidene 
difluoride membrane (Millipore). The mem-
branes were blocked with 5% milk and incubat-
ed overnight with anti-pStat3 (Tyr705, 9145, 
CST, USA), anti-Stat3 (12640, CST, USA), anti-
pJak2 (Tyr1007/1008, 3771, CST, USA), anti-
Jak2 (3230, CST, USA), anti-Cleaved (c)-Cas-
pase3 (9664, CST, USA), anti-Bax (2772, CST, 
USA), anti-Bcl-2 (2870, CST, USA), anti-pERK 
(4370, CST, USA), anti-ERK (9102, CST, USA) 
and anti-glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; loading control). The mem-
branes were incubated with horseradish perox-
idase-coupled secondary antibodies. After 
immune-blotting, films were scanned and 
detected by the luminescence way.

Lysed NRCMs from each group were collected 
for protein analysis. Samples were homoge-
nized in RIPA buffer (Roche) and centrifuged at 
13000 rpm for 10 minutes, the supernatants 
were collected. Protein concentration was 
determined by bicinchoninic acid assay (BCA). 
Samples (30 μg/lane) were mixed with loading 
buffer in a 12% SDS polyacrylamide gel electro-
phoresis and transferred to nitrocellulose 
membranes. The membranes were blocked in 
5% skim milk for 1 hour at room temperature 
and incubated overnight at 4°C with the prima-
ry antibodies as follows: anti-Bcl2 (Cell Signal- 
ing Technology, #2870), anti-Bax (Cell Signal- 
ing Technology, #2772), anti-Caspase3 (Cell 
Signaling Technology, #9662), anti-Akt (Cell 
Signaling Technology, #4691), anti-Phospho-
Akt (Cell Signaling Technology, #4060) and 
anti-GAPDH (GSGB-BIO, Beijing, China), all dilut-
ed 1:1000. Membranes were then washed and 
incubated in secondary antibodies diluted at 
1:5000. Protein expression levels were deter-

mined by analyzing the signals captured on the 
nirtocellulose membranes using a chemi-doc 
image analyzer (FluorChemo M FM0488, 
Protein Simple) and analyzed by Image J (NIH, 
Bethesda, MD, USA).

Hemodynamic measurements

Rats under deep anesthesia underwent hemo-
dynamic measurement at the end of the experi-
ment. A fluid-filled catheter was advanced from 
the right carotid artery into the LV, and the left 
ventricular end diastolic pressure (LVEDP), dp/
dtmax, -dp/dtmin were measured.

Flow cytometry

NRCM apoptosis in different groups were quan-
tified by Annexin V-FITC/PI apoptosis detection 
kit (BD Biosciences Clontech, USA) following 
the manufacturer’s instructions. Apoptotic and 
necrotic cells were distinguished on the basis 
of annexin V-FITC reactivity and PI exclusion 
and detected by the Accuri C 6 flow cytometer 
(Becton Dickinson, USA). Annexin-V-only posi-
tive cells indicated early apoptosis, whereas 
PI-positive cells indicated damaged cell mem-
branes and secondary/late apoptosis. For the 
assay, cells were dissociated with trypsin and 
then re-suspended in buffer to a final concen-
tration of 1×106 cells/L. Each cell sample was 
incubated with annexin-V (5 µL) and PI (4 µL) in 
the dark at room temperature for 20 minutes 
and then analyzed. The results were analyz- 
ed by FlowJo Software (TreeStar, Shenzhen, 
China).

Statistical analysis

All data are presented as mean ± SD. Statistical 
analysis were performed with Graph-Pad Prism 
5.0 (GraphPad Software, San Diego, CA) or SAS 
9.4 (SAS Institute, Cary, North Carolina). 
Parameters among the groups were compared 
via one-way ANOVA. Differences with P<0.05 
were considered statistically significant.

Results

In vivo study

Metabolism evaluation of different groups: We 
characterized our diabetic model induced a by 
HF diet coupled with a low-dose of STZ by mod-
erate hyperglycemia and hyperlipidemia. Insulin 
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Table 1. Comparisons of metabolic and inflammation markers among different groups

FBG (mmol/L) TG (mmol/L) TC (mmol/L) HDL-c 
(mmol/L)

LDL-c 
(mmol/L)

Fasting insulin 
(pmol/L) HOMA-IR IL-6 (pmol/mL) TNF-α (pmol/mL)

1 week 0.83 0.16 0.89 0.37 0.83 0.76 0.65 0.33 0.71
    NCD 5.70±0.49 0.14±0.04 1.65±0.22 1.14±0.25 0.73±0.07 52.93±1.40 1.56±0.12 34.01±0.86 3.96±1.19
    HFD 5.76±0.52 0.21±0.12 1.67±0.42 1.29±0.37 0.72±0.11 55.62±2.68 1.91±0.15 33.36±0.88 4.03±1.30
4 weeks 0.07 0.04 0.13 0.07 0.83 <0.01 0.04 <0.0001 <0.0001
    NCD 5.53±0.59 0.22±0.11 1.74±0.17 0.80±0.13 0.54±0.05 55.21±1.46 1.58±0.15 34.82±0.79 4.00±1.16
    HFD 6.33±0.75 0.44±0.09 1.94±0.20 1.01±0.20 0.53±0.12 77.47±5.16* 2.95±0.31* 184.29±7.80*** 6.64±1.20***

9 weeks <.0001 0.05 0.04 0.02 0.03 0.08 <.01 <.0001 <.0001
    NCD 5.40±0.58 0.26±0.17 1.78±0.08 1.06±0.16 0.48±0.07 54.67±3.00 1.62±0.14 36.36±0.86 4.01±1.23
    HFD 6.53±0.96 0.63±0.13* 2.31±0.18* 1.57±0.20* 0.58±0.09 82.27±9.72** 2.93±0.46* 289.50±11.61*** 12.14±0.80***

    DM 17.30±3.09***,### 0.57±0.20* 1.80±0.37# 0.94±0.33## 0.45±0.04# 72.37±21.25* 6.28±1.81***,## 445.43±6.76***,### 17.76±1.90***,###

14 weeks <.0001 0.02 0.11 0.21 <.01 0.27 <.001 <.0001 <.0001
    NCD 5.2±0.80 0.43±0.19 1.67±0.19 1.01±0.25 0.49±0.07 55.60±2.31 1.72±0.09 36.21±0.73 4.08±1.20
    HFD 8.20±2.17 1.59±0.28*  2.30±0.49* 1.14±0.23 0.39±0.07* 65.35±8.57 3.24±0.29* 418.41±14.66*** 17.32±0.66***

    DM 15.83±3.45***,### 1.68±1.08* 2.07±0.06 0.80±0.40 0.30±0.08*** 61.64±7.87 5.32±1.25*** 638.48±15.25***,### 23.44±0.67***,###

21 weeks <.0001 <.01 0.02 0.53 0.16 <.0001 <.0001 <.0001 <.0001
    NCD 6.27±1.00 0.29±0.19 1.70±0.10 1.47±0.33 0.66±0.11 54.68±1.26 1.78±0.21 36.45±1.00 4.10±1.11
    HFD 8.70±4.18 2.11±0.16** 2.20±0.12** 1.12±0.25 0.40±0.10 106.28±32.13*** 4.45±0.27*** 580.02±10.56*** 25.38±0.50***

    DM 18.98±1.85*** 2.78±1.56*** 2.33±0.71** 1.21±0.47 0.68±0.49 55.97±2.10 5.92±0.73*** 850.36±9.27*** 32.97±1.07***

    MET 16.15±5.65*** 2.41±0.34*** 1.87±0.22 1.12±0.23 0.49±0.10 61.95±11.55 5.53±1.99*** 634.49±7.06‡‡‡ 24.77±1.50‡‡‡

    STAG10 17.17±3.81*** 2.32±1.00*** 2.26±0.28** 1.27±0.27 0.55±0.17 56.64±1.62 5.30±1.13*** 630.91±10.17‡‡‡ 24.81±0.36‡‡‡

    STAG20 17.24±3.86*** 1.56±0.51*,‡ 2.16±0.37** 1.21±0.31 0.40±0.10*,‡ 56.13±2.61 5.93±0.63*** 633.08±14.29‡‡‡ 24.94±0.69‡‡‡

HOMA-IR = fasting insulin (μU/mL)*fasting glucose (mmol/L)/22.5. *P<0.05, **P<0.01, ***P<0.001, other groups VS. NCD group. #P<0.05, ##P<0.01, ###P<0.001, other groups VS. HFD group. ‡P<0.05, 
‡‡P<0.01, ‡‡‡P<0.001, drug groups VS. DM group. n=5 in each group. P value: comparison among NCD, HFD, DM, MET, STAG10 and STAG20 groups.
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Table 2. Comparisons of cardiac function index among different groups
BW (g) HW (mg) HW/BW (mg/g) HR (bpm) SBP (mmHg) DBP (mmHg) BNP

1 week 0.13 0.51 0.4 0.67 0.24 0.13 0.25
    NCD 283±22.05 463.77±207.44 1.95±0.06 356.51±71.16 96.57±8.53 38.91±13.19 575.35±20.86
    HFD 300.78±21.96 533.78±207.33 1.99±0.08 377.23±57.85 104.70±8.96 52.31±7.54 603.47±38.47
4 weeks 0.02 <0.01 0.41 0.31 0.01 0.63 0.19
    NCD 317.83±17.99 657.38±35.78 2.07±0.06 365.41±46.36 108.60±14.44 83.25±22.56 566.73±30.69
    HFD 351.33±21.94* 772.07±9.24** 2.10±0.03 391.96±40.05 128.48±8.03 88.93±16.56 608.30±22.17
9 weeks 0.02 0.17 0.06 0.29 0.37 0.26 <.0001
    NCD 440.00±54.86 904.33±182.26 2.04±0.17 367.59±14.43 114.37±9.45 84.53±11.23 583.23±23.62
    HFD 537.00±14.73* 1262.67±222.63 2.35±0.38 379.47±44.69 127.10±11.50 87.61±17.04 1038.68±48.36***

    DM 443.00±25.00# 1119.00±190.89 2.56±0.24* 400.25±5.73 139.36±30.87 108.02±23.54 1357.42±63.60***,###

14 weeks 0.02 <.01 <.001 0.63 0.08 0.03 <.0001
    NCD 492.00±39.57 1006.50±220.91 2.03±0.34 399.36±34.31 132.96±9.52 102.79±10.89 590.87±15.81
    HFD 573.33±20.82* 1675.32±144.85*** 2.85±0.24** 384.36±5.76 135.10±1.08 95.41±4.27 2400.45±129.52***

    DM 485.67±35.84# 1219.60±169.32# 2.69±0.25*** 384.13±29.16 147.39±13.14* 115.07±9.71*,# 3055.79±200.22***,###

21 weeks <.001 0.0001 <.001 0.04 0.15 0.65 <.0001
    NCD 517.83±30.68 1121.48±84.37 2.19±0.10 400.89±42.60 135.82±20.16 107.83±27.94 594.45±20.11
    HFD 615.67±39.80** 1709.49±147.37*** 2.84±0.13*** 394.63±15.16 145.12±2.30 114.27±4.03 2859.26±131.22***

    DM 513.00±6.24 1511.33±131.88*** 3.29±0.18*** 329.86±26.44* 121.06±10.18 99.68±10.67 3545.06±202.36***

    MET 480.67±5.03 1299.67±58.50‡‡‡ 2.77±0.18***,‡‡‡ 303.75±86.98** 140.95±6.40 95.30±22.40 2437.61±53.08‡‡‡

    STAG10 455.67±31.89*,‡ 1400.40±154.34**,‡‡ 3.10±0.32*** 329.65±47.19* 123.85±14.94 101.38±13.43 2788.85±131.25‡‡‡

    STAG20 467.33±60.27* 1451.50±194.43** 3.06±0.11*** 331.92±28.50 132.20±11.65 88.84±29.99 2677.14±131.41‡‡‡

*P<0.05, **P<0.01, ***P<0.001, other groups VS. NCD group. #P<0.05, ##P<0.01, ###P<0.001, other groups VS. HFD group. ‡P<0.05, ‡‡P<0.01, ‡‡‡P<0.001, drug groups VS. DM 
group. n=5 in each group. P value: comparison among NCD, HFD, DM, MET, STAG10 and STAG20 groups.
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resistance in the animals was confirmed by 
IPITT and HOMA-IR. DM rats showed evident 
hyperglycemia (all p<0.05 vs. NCD, HFD) and 
insulin resistance after a 4-week period of HF 
diet both in the DM and HFD groups (Table 1 
and Figure S1). The HOMA-IR of the DM group 
was significantly higher than that of the HFD 
group, however at the end of the experiment, 
the difference between the two groups did not 
reach statistical significance (P=0.35, Table 1). 
Specifically, at week 4 we observed a signifi-
cant increase in fasting insulin levels along with 
HOMA-IR in HFD animals compared to NCD ani-
mals (77.47±5.16 vs. 55.21±1.46, P<0.01 for 
insulin and 2.95±5.16 vs. 1.58±0.15, P=0.04 
for HOMA-IR respectively, Table 1). Serum tri-
glyceride levels were also significantly higher in 
the HFD group when compared to the NCD 
group at 4 weeks of a HF diet (0.44±0.09 vs. 
0.22±0.11, P=0.04). After STZ injection, both 
serum total cholesterol and total triglycerides 
were sustained at higher levels in the DCM 
group when compared to the NCD group 
(P<0.05) during diabetes (Table 1).

Treatment with both metformin and sitagliptin 
significantly lowered FBG as well as ameliorate 
insulin resistance in DM rats with no significant 
difference between the two drugs. High dosage 
STAG (STAG20 group) could reduce triglycer-
ides, while metformin regulated total choles-
terol levels (Table 1).

Pathology remodeling and LV function of DCM 
rats: All baseline data including body weight 
(BW), heart rate (HR), systolic and diastolic 
blood pressure showed no significant differ-
ences among all experimental groups (Table 2). 
Structural remodeling of left ventricle appeared 
starting in week 4 in DM rats and developed 
into diabetic cardiomyopathy by week 9. H-E 
staining revealed DCM hearts patterned in 
small, diffuse, non-uniform patches, as well as 
destroyed and disorganized collagen network 
structures in the interstitial and perivascular 
areas of animals with DCM (Figure 2A). The 
HW/BW ratio decreased after metformin or 
sitagliptin treatment to different extents when 
compared with the DM group (MET 2.77±0.18, 
P<0.001; STAG-10 3.10±0.32, P=0.10; STAG-
20 3.06±0.11, P=0.09 vs. DM 3.29±0.18). We 
surveyed interstitial fibrosis with Masson tri-
chrome (Figure 2B1, 2B2) and Picrosirius red 
staining (Figure 2C1, 2C2). We found a promi-
nent reduction of interstitial fibrosis in treat-

ment groups with a significant loss of intersti-
tial fibrosis in groups treated with MET com- 
pared to animals treated with STAG (P<0.001). 
In addition, total collagen content was much 
lower in the MET group in comparison to the 
DM and STAG group (P<0.001, Figure 2D, 2E).

Furthermore, hemodynamic and echocardiog-
raphy measurements showed decreased LV- 
EDd (Figure 3A, 3E) and increased LVEF, E’/A’  
in hypoglycemic treated rats, indicating im- 
proved LV function (Figure 3G). Particularly, 
Metformin treated animals showed the best 
improvement in LV diastolic dysfunction versus 
sitagliptin treated animals. LV dysfunction was 
drastically improved in the MET group with a 
higher E’/A’ compared to STAG groups (Figure 
3C, 3F). To further confirm the LV diastolic dys-
function, hemodynamic measurements were 
performed to confirm LVEDP through cardiac 
catheterization (Figure 3D, 3H), with the results 
being consistent with UCG. Both dosages of 
STAG (STAG10 and STAG20) alleviated cardiac 
pathology remodeling as compared with the 
DM group, but the improvement was inferior to 
that of the group treated with metformin.

Inflammation reaction and JAK2/STAT3 path-
way during DCM development: Coincident with 
cardiac interstitial fibrosis and apoptosis, 
immunohistochemistry analysis revealed an 
abundant inflammatory response in DM rats 
(Figure 4A). The expression levels of TNF-α 
(Figure 4A1) and IL-6 (Figure 4A2) were signifi-
cantly aggravated in the DM group when com-
pared with the NCD group. Likewise, the TNF-α 
and IL-6 expression levels were also increased 
in the HFD group when compared with the NCD 
group, but less so than the DM group. The MET 
group also displayed a significant decrease of 
TNF-α and IL-6 content compared with those of 
the DM group. No significant differences were 
found in the levels of TNF-α and IL-6 among the 
MET and STAG groups (Table 1). As a pro-
inflammatory cytokine induced pathway, JAK2/
STAT3 showed disease course-dependent 
changes during DCM development. As shown in 
Figure 4B1-B3, total expression of JAK2 and 
STAT3 did not significantly differ among groups 
at different time points. Phosphorylation of 
JAK2 and STAT3 were higher in HFD rats com-
pared to NCD rats at week 4 as assessed by 
antibody specific for pJAK2 and pSTAT3 in the 
tyrosine set. After STZ administration and DM 
was induced, the STAT3 phosphorylation levels 
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Figure 2. Variation of pathology remodeling, cardiomyocyte apoptosis and JAK2/STAT3 pathway activity in different groups. A-F: A. H&E staining; B. Masson trichrome 
staining, C. Picrosirius red staining, D, E. Immunohistochemical staining of collagen I& collagen III, F. TUNEL staining (1) and their quantitative analysis (2) the order 
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of each picture band represents NCD, HFD, DM, MET, STAG10, STAG20 group from left to right, respectively. G1&G2: Western blot and quantitative analysis of p-
STAT3/STAT3, p-ERK/ERK, C-caspase3. Data are mean ± SEM; n=4-5 per group, *P<0.05 vs. DM; #P<0.05 vs. MET.
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Figure 3. Echocardiography and hemodynamics measurement images with quantitative analysis at week 21 of different groups. A-C, E-G: Typical image of echocar-
diography and the quantitative analysis results of LEVDd, E/A and E’/A’, D, H: hemodynamics measurement and analysis of LVEDP. Picture represents NCD, HFD, 
DM, MET, STAG10, STAG20 group respectively from left to right. *P<0.05, **P<0.01 and ***P<0.005 between compared groups.
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Figure 4. Inflammation activity, cell apoptosis and time-dependent changes of JAK2/STAT3 pathway in different groups of DM rats. A: Immunohistochemical stain-
ing of TNF-α (A1) and IL-6 (A2) (brown staining considered positive staining; scale bar: 200 μm) and their quantitative analysis (A3, A4). *P<0.05 vs. NCD; #P<0.05 
vs. DM; B: Representative western blot of JAK2/STAT3, BAX/BCL-2 and C-caspase3 in different groups (B1) and their quantitative analysis (B2~B5). JAK2/STAT3 
pathway activity changes in a time-dependent pattern. *P<0.05 vs. NCD; #P<0.05 vs. HFD Data are mean ± SEM; n=4-5 per group.
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Figure 5. Results of in vitro study. NRCMs are assigned into different groups based on different glucose concentration and incubation durations to verify the inter-
action of metformin treatment and apoptosis induced by hyperglycemia. A-C: Expression of pSTA3/STAT3, BAX/BCL-2 tested by western blot in different treatment 
groups and time phase including HG, OC, MET, AG490 and AICAR. D: Detection of pro-survival effect of metformin by flow cytometry. Data are mean ± SEM; n=4-5 
per group. A, B: *P<0.05 vs. 0h group, C: #P<0.05 vs. HG; *P<0.05 vs. OC, D: *P<0.05 vs. HG; #P<0.05 vs. MET + HG. OC: osmotic control, HG: high glucose, AICAR: 
5-aminoimidazole-4-carboxamide ribonucleoside, a stimulator of AMPK. AG490: Tyrphostin B42, a kinase inhibitor of JAK2. Other abbreviations are same as Figure 
1.
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in the HFD and DM rats were still significantly 
higher than the NCD rats at week 9. 
Phosphorylation of JAK2 and STAT3 continued 
to increase in HFD rats at week 14 and 21. 
Interestingly, phosphorylation levels of JAK2 
and STAT3 were dramatically down-regulated in 
the DM group compared to the HFD group start-
ing at week 14, with a further decrease at week 
21. This is in accordance with the variation of 
rats’ heart function and myocardial inflamma-
tion reaction after DM was induced.

Improved cardiomyocyte apoptosis in DCM 
accompanied with JAK2/STAT3 pathway acti-
vation: To explore the possible mechanisms 
underlying DCM treatment, we quantified apop-
tosis levels. Both the ratio of BAX/BCL-2 and 
the level of cleaved Caspase3 increased gradu-
ally starting at week 9 in the DM group in com-
parison to other groups. Similarly, BAX/BCL-2 
and cleaved Caspase3 levels were also signifi-
cantly increased in the HFD group when com-
pared with the NCD group (Figure 4B1, 4B4, 
4B5). TUNEL-staining was strongest in the DM 
group. Increased cardiomyocyte apoptosis lev-
els in DM rats were significantly improved by 
MET administration, as evidenced by cleaved-
Caspase 3 expression and TUNEL-positive cells 
showing decreased levels in the MET group but 
not in STAG groups (both STAG10 and STAG20).
This indicates that metformin, but not STAG, 
could inhibit cell apoptosis in DM rats (Figure 
2F1, 2F2). For further analysis, we measured 
pERK/ERK levels in MET and STAG group at 
week 21. Results showed that metformin treat-
ment significantly induced ERK phosphoryla-
tion in DM rats while sitagliptin made no differ-
ence (Figure 2G1, 2G2). To further understand 
the role of the JAK2/STAT3 pathway in hypogly-
cemic therapy during DCM, we analyzed JAK2/
STAT3 pathway activity in both MET and STAG 
groups. We found that metformin significantly 
increased the phosphorylation level of STAT3 at 
week 21 while sitagliptin treated groups 
showed no difference in phosphorylation levels 
(Figure 2G1, 2G2).

We proposed that the superior effect associat-
ed with the better improved pathology remodel-
ing and LV function in metformin treated DCM 
rats, might be from JAK2/STAT3 pathway acti-
vation and we therefore performed the experi-
ment in vitro to test this possibility as reported 
below.

In vitro study

Hyperglycemia induced cardiomyocyte apopto-
sis and optimal concentration: Our in vivo 
experiments show that cell apoptosis levels 
were significantly decreased accompanied with 
a lower fasting blood glucose in the HFD group 
in comparison to the DM group. We theorized 
that hyperglycemia may account for this differ-
ence, which agrees with findings in previous 
studies [4]. To test this idea, we explored the 
effect of different hyperglycemia conditions on 
cardiomyocyte apoptosis in vitro to determine 
the optimum glucose concentration and incu-
bation duration. We found hyperglycemia with 
33 mM for up to 48 hours increased the BAX/
BCL-2 ratio most prominently. Flow cytometry 
was also performed to further investigate car-
diomyocyte apoptosis. Quantitative analysis of 
flow cytometry showed a 53.8±4.73% apoptot-
ic rate in high-glucose (33 mM) treated cells, 
which indicate that high-glucose (33 mM) could 
induce cardiac myocytes apoptosis regardless 
of osmotic pressure (P<0.001, Figure 5A, 5D).

Alteration of JAK2/STAT3 pathway under high-
glucose: Next we explored the activity of the 
JAK2/STAT3 pathway in cardiomyocytes under 
a high-glucose condition. The results show that 
cardiomyocytes incubated in 33 mM glucose 
demonstrated a significant inhibition of JAK2/
STAT3 pathway activity, as well as STAT3 phos-
phorylation at tyrosine 705 compared to low 
osmotic glucose control after 48 h of incuba-
tion without altering total STAT3 levels (P< 
0.001, Figure 5A).

Effects of metformin on cell apoptosis: To verify 
the protective effect we saw from metformin 
treatment in regulating cardiac myocyte surviv-
al/death in vivo, we searched for the lowest 
therapeutic dose of metformin (0.1 mM, 0.5 
mM, 1 mM). The results showed that expres-
sion of Bax was significantly reduced in the 
heart following 24 h of treatment with metfor-
min (1 mM) as compared with DMSO, while 
Bcl-2 was significantly increased. Consequently, 
the ratio of Bcl-2 to Bax was increased with 
metformin treatment as compared to DMSO 
(Figure 5B, n=5, P<0.05). The benefit of metfor-
min was also indicated by flow cytometry (the 
apoptosis rate was 32.03% vs. 53.08%, P< 
0.01), similar to 5-aminoimidazole-4-carbox-
amide ribonucleoside (AICAR), a stimulator of 
AMPK which could increase Thr172 phosphory-
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lation of AMPK (35.77% vs. 32.03%, P>0.05, 
Figure 5D).

Inhibition of JAK2/STAT3 abolishes metformin-
induced cardio-protection: To examine the role 
of the JAK/STAT3 pathway in mediating metfor-
min-induced cardio-protection in vitro, JAK2 
blockade AG490 (100 µmol/L) was used. We 
found that AG490 can block the cardio-protec-
tive effect induced by metformin treatment (1 
mM) with an increased rate of apoptosis as 
indicated by Bax/Bcl2 ration and flow cytome-
try (the apoptosis rate in HG vs. MET + AG490 
+ HG group was 53.80% vs. 45.99, P>0.05, 
Figure 5C, 5D). These results suggest that 
JAK2/STAT3 activation is involved in metfor-
min-induced cardiomyocyte apoptosis and cell 
survival.

Discussion

There is increasing evidence suggested that 
chronic low-grade inflammation can promote a 
pro-survival signaling pathway termed SAFE 
(survivor activating factor enhancement), of 
which STAT3 is the central component. The 
JAK2/STAT3 pathway plays a critical role in car-
dio-protection following many cardiac disor-
ders, however its role in diabetic cardiomyopa-
thy is still debated. To the best of our knowl-
edge, this is the first study to demonstrate a 
time-dependent change in the JAK2/STAT3 
pathway activity during the development of 
DCM. Our results indicate that STAT3 activation 
might be a novel mechanism taking part in the 
cardiovascular protection effect of metformin 
treatment in diabetic patients.

Our study also reveals that the JAK2/STAT3 
pathway is continually activated in rat models 
fed a simple HFD, with rats demonstrating 
chronic inflammatory activation and left ven-
tricular remodeling. However, the myocardial 
injury was significantly less than that in T2DM 
rats. Long-term simple HFD in rats could induce 
obesity and myocardial hypertrophy, which can 
develop into heart failure while the mecha-
nisms mediating this development are still 
unclear [24]. These results also indicate that 
the JAK2/STAT3 pathway might play a compen-
satory protective role in simple HFD.

STAT3 signaling had been identified to be 
essential for maintaining glucose homoeosta-
sis, and disturbance of this signaling pathway 

could contribute to the onset and progression 
of diabetes. However, the reported regulation 
of STAT3 activity in T2DM have been previously 
inconsistent. The knock-down of hepatic SirT1 
can increase STAT3 acetylation and STAT3 
phosphorylation (Y705), leading to decreased 
amounts of endogenous and insulin-stimulated 
glucose production and reduced fasting hyper-
glycemia in a T2DM rat model [25]. Treatment 
of high concentration insulin results in a reduc-
tion of both total and phosphorylated STAT3 
protein levels, suggesting that STAT3 may dem-
onstrate the same changes in the condition  
of hyperinsulinemia [26]. Chowdhury et al said 
that the JAK2/STAT3 pathway is inhibited in the 
axons of neurons derived from STZ-diabetic 
rats, and that enhancement of JAK2/STAT3 sig-
naling can normalize mitochondrial polarization 
status and promote neurite growth [27]. As 
described by numerous studies, STAT3 activa-
tion is implicated in modulating the activity of 
downstream mediators such as p27kip1, p16- 
ink4a and p21kip1, hence playing a key role in 
cell survival, proliferation, and differentiation 
[28-30]. However, very few previous studies 
have subcategorized a diabetes model into dif-
ferent stages like early, middle and late stages 
of diabetes, which might account for the incon-
sistent results reported. In our experiment, we 
used T2DM rats with different time courses 
and found that the JAK2/STAT3 pathway is reg-
ulated in a time-dependent manner, with path-
way activity showing significant up-regulation in 
the early stage of diabetes and down-regulation 
in the middle to late stages.

Specifically, by comparing the different diabe-
tes durations in the present study, we show 
that the JAK2/STAT3 pathway is significantly 
activated in the early stage of T2DM heart, but 
is then gradually suppressed. Contrarily, the 
inflammatory state was continually activated, 
and the relationship between the classical 
pathway and inflammatory did not match. This 
may partly explain the inconsistency reported 
between the previous findings, which may be 
related to the complicated regulation factors of 
the pathway. IL-6 paradox and IL-6 resistance 
might also partially explain the differences 
reported. Recently, some studies have high-
lighted that IL-6 resistance develops in the liver 
and changes sensitivity to IL-6 signals in periph-
eral tissues, along with insulin and leptin resis-
tance [31]. A recent study also suggested that 
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the resistance of cytokines could limit the bio-
logical efficiency of the inflammatory factors. 
For example, some patients who received inter-
feron (IFN) treatment did not produce a 
response, known as IFN resistance [32]. These 
previous studies make us believe the inflamma-
tion cytokines resistance may also exist in dia-
betic cardiomyopathy. Comparing a simple HFD 
model with a type 2 diabetes rat model, we 
found similar degrees of inflammation in car-
diomyodium but differences in JAK2/STAT3 sig-
naling pathway. We therefore speculated hyper-
glycemia might be the main factor inducing 
JAK2/STAT3 pathway inhibition in the middle 
and late stages of diabetes. Our in vitro study 
further verified that indeed hyperglycemia 
alone was able to inhibit STAT3 activation and 
induce cardiomyocyte apoptosis.

An interesting and novel observation in our 
study is that metformin treatment can reduce 
the inflammation response in diabetic rat myo-
cardium by activating the JAK2/STAT3 pathway. 
Although this is the first time reporting this find-
ing, there are several theoretical foundations 
supporting this result. First, Xu found metfor-
min could increase HO-1 expression and acti-
vate STAT3 [19]. Others have also shown that 
metformin can regulate SOCS3, a negative 
feedback factor of the JAK2/STAT3 pathway, 
and improve pathway “dis-regulation” [33, 34]. 
In the present study, both metformin and sita-
gliptin were found to alleviate the inflammation 
reaction in DCM animal models. However, met-
formin showed a stronger protective effect in 
improving both cardiac remodeling and heart 
function, suggesting there might be some pro-
tection mechanisms independent from the 
upstream inflammation pathway. Further, we 
found metformin is able to activate the JAK2/
STAT3 pathway while neither a low or high dos-
age of sitagliptin could. NRCM incubation 
showed that high glucose can induce cardio-
myocyte apoptosis and that STAT3 activation is 
inhibited independent of osmatic pressure. 
Metformin can also ameliorate cell apoptosis, 
and increase activated levels of STAT3, indicat-
ing that AMPK may be involved. As we know, 
metformin is an anti-diabetic drug conclusively 
probed to avoid cardiac complications in diabe-
tes. Consistent with former studies, our study 
also finds that metformin can ameliorate dia-
betic myocardium injury and hyperglycemic car-
diomyocytes injury significantly better than 
treatment with sitagliptin.

Conclusions

The abnormal regulation of the JAK/STAT3 
pathway may be one of the mechanisms for  
the development of diabetic cardiomyopathy 
with the synergy or subsequent uncontrollable 
inflammatory response. The favorable cardio-
protective effect of metformin in type 2 diabet-
ic rats may also be partly owing to its ability to 
activate the JAK2/STAT3 pathway. Based on 
the pivotal role of metformin and the inflamma-
tion reaction in DCM, it’s reasonable for us to 
conjecture that the JAK/STAT3 pathway has a 
more potent protective effect than other pre-
existing therapies which might change the ther-
apeutic concept of DCM and application of met-
formin in DM.
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Figure S1. Insulin resistance after a 4-week period of HF diet. IPITT, intraperitoneal insulin tolerance test.


