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Abstract
Background: Diabetes is a risk factor for cardiovascular disorders. TGR5 levels are increased in cardiomyocytes exposed to hyperglycaemia. The objective of this study 
was to investigate the potential mechanism(s) for the increase in TGR5 levels in the hearts of diabetic rats. 

Materials and methods: We used streptozotocin -induced diabetic rats (STZ rats) to assess the role of hyperglycaemia in increased cardiac TGR5 levels. The 
expression levels of TGR5 and signal transducer and activator of transcription 3, both its phosphorylated form (p-STAT3) and its native form (STAT3), in heart 
tissues were measured using Western blots. 

Results: The increased levels of TGR5 and the ratio of p-STAT3 to STAT3 in cardiac tissues exposed to hyperglycaemic conditions were reversed by treating the 
hyperglycaemia. Additionally, the potential mechanisms of this effect were confirmed in a cultured rat cardiac cell line (H9c2) incubated in high-glucose (HG) 
medium to mimic the changes observed in vivo. TGR5 expression increased in parallel with the increased ratio of p-STAT3 and STAT3 in H9c2 cells exposed to 
HG, and these effects were reversed by treatment with stattic at a dose sufficient to inhibit STAT3. Similarly, the antioxidant tiron also produced the same effects in 
H9c2 cells. 

Conclusion: Increased cardiac TGR5 levels in a type-1 diabetes model were related to hyperglycaemia, which produces free radicals to activate STAT3 for the higher 
expression of TGR5 in the heart. Therefore, an elevation in circulating bile acids from hepatic disorders and/or others shall be handled carefully in diabetic patients.

Introduction
Diabetes mellitus (DM) is a metabolic disease caused by the 

complex interactions of genetic, immunological and environmental 
factors. DM is a prime risk factor for aberrant cardiovascular function, 
including diabetic cardiomyopathy [1]. Diabetic cardiomyopathy is a 
ventricular dysfunction that occurs in diabetic patients independent of 
a recognized cause, such as coronary artery disease or hypertension [2].

The hallmark of diabetic cardiomyopathy is a subclinical phase 
associated with cellular structural abnormalities including cardiac 
hypertrophy, cardiac inflammation, fibrosis and increased apoptosis that 
initially leads to diastolic dysfunction and later to systolic dysfunction, 
eventually causing heart failure [3]. The link between diabetes and 
cardiac function is complex and multifactorial, though unclear [4]. 
However, the occurrence of hyperglycaemia, hyperlipidaemia, and 
oxidative stress in diabetes has been extensively documented and is 
implicated in the pathogenesis of various cardiovascular complications 
including cardiomyopathy [5]. Thus, among the various therapeutic 
strategies, antihyperglycemic, antihyperlipidemic, and antioxidant 
agents are useful in the prevention of cardiomyopathy in STZ-induced 
diabetes [6]. Hyperglycaemia is important in the pathogenesis of 
diabetic disorders, and lung injury by hyperglycaemia has been 
demonstrated in diabetic rats [7]. However, damage to the heart by 
hyperglycaemia is less common, except for cardiac hypertrophy [8]. 
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Recent observations suggest the benefits of modest increases 
in bile acid levels on the host cardiovascular status. These effects are 
attributed to TGR5 activation [9]. Takeda G-protein-coupled receptor 
(TGR5), also known as M-BAR, GPBAR1 or BG37, is a member of the 
superfamily of G-protein-coupled receptors (GPCRs) that transduce 
signals through G proteins. TGR5 is expressed in cardiomyocytes [10]. 
Therefore, TGR5 activation leads to cyclic AMP (cAMP) accumulation 
for cardiac modulations [11]. TGR5 is also functional in rodent and 
human hearts [10,12] and targeted by bile acids, both in health and in 
disease states. However, pathologic elevations in circulating bile acids 
(~200-300 μmol/L), as observed in liver diseases, are toxic to the heart 
[10,13]. Therefore, higher expression of cardiac TGR5 may result in 
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normal medium containing 5.5 mM glucose were used for comparison. 
To rule out the osmotic effects of high glucose, the culture medium was 
supplemented with 30 mM mannitol.

Western blotting analysis

The concentration of the total proteins was quantified by a 
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific). 
Equal amounts of protein were resolved by 10% SDS-PAGE. 
After electrophoresis, the proteins were transferred to expanded 
polyvinylidene difluoride membranes (Merck Millipore, Burlington, 
MA, USA) and blocked with 5% BSA in TBST for two hours. The 
membranes were then incubated in primary antibody specific against 
β-actin (1:5000; Sigma Aldrich, St. Louis, MO, United States); p-STAT3 
(1:1000), STAT3 (1:1000) and TGR5 (1:1000) obtained from Abcam 
(Cambridge, UK). Following incubation, the membranes were washed 
with TBST and incubated for 1 h at room temperature with secondary 
antibodies. The blots were developed using a chemiluminescence kit 
(Thermo Scientific). Immunoblot densities were quantified using a 
laser densitometer. The optical densities of the bands corresponding 
to p-STAT3 (92 kDa), STAT3 (92 kDa), TGR5 (35 kDa) and β-actin 
(43 kDa) were quantified using Gel-Pro Analyzer software version 4.0 
(Media Cybernetics, Silver Spring, MD, USA).

Real-time reverse transcription-polymerase chain reaction

To measure the mRNA expression of each gene, the total RNA 
was extracted from the samples with TRIzol reagent (Carlsbad, CA, 
USA). Total RNA (200 ng) was reverse transcribed into cDNA with 
oligonucleotide primers (Roche Diagnostics, Mannheim, Germany). 
Real-time RT-PCR was performed using the TaqMan Universal PCR 
Master Mix (Thermo Scientific) in a 20μl reaction volume containing 
50 ng of cDNA. PCR was performed using a Light Cycler system 
(Roche Diagnostics). The relative gene expression levels were expressed 
as the ratio of the concentration of the target gene to that of β-actin. The 
primers to amplify TGR5 and β-actin are listed as follows:

TGR5 F: 5’-TGGCTGCTGTGACTCTTTGA-3’; 

TGR5 R: 5’-TGTGACATCATGGGTCTTGG-3’; 

β-actin F: 5′-CTAAGGCCAACCGTGAAAAG-3′;

β-actin R: 5′-GCCTGGATGGCTACGTACA-3′.

Statistical analysis

The results are expressed as the mean ± SEM for the number of 
experiments indicated in the legends of each figure. One-way ANOVA 
followed by a post hoc Tukey's test was applied for the comparison of 
multiple treatment groups. Data analysis was performed by using SPSS 
for Windows, version 17 (IBM, Chicago, IL, USA). P < 0.05 indicated 
significance.

Results
TGR5 expression level in hearts of diabetic rats

The fasting blood glucose level of untreated diabetic rats (325.4 ± 
13.8 mg/dl, N=6) was significantly higher than that of normal control 
rats (101.6 ± 11.1 mg/dl; N=6). After 7 days of treatment with insulin 
or phlorizin, the serum glucose levels were significantly reduced 
to 128.7 ± 9.9 mg/dl by insulin treatment or 148.3 ± 13.6 mg/dl by 
phlorizin treatment in the diabetic rats (N=6). Western blot analysis 
revealed that the TGR5 levels and the p-STAT3 to STAT3 ratio in the 
heart tissues of diabetic rats were markedly increased compared with 

more sensitive and it shall be careful in disorders shown excess bile 
acids.

An activation of TGR5 in the heart by agonists induced 
cytoprotective changes in the heart and improved myocardial response 
to physiologic, inotropic, and hemodynamic stress in mice [14]. TGR5 
expression was enhanced in a cardiac cell line (H9c2 cells) under 
hyperglycaemic conditions [15], although the potential mechanism(s) 
for this remain obscure. High glucose treatment increased the 
expression of signal transducer and activator of transcription 3 
(STAT3) [16,17]. Furthermore, STAT signalling contributes to cellular 
transformation through the modulation of target genes [18]. However, 
the role of STAT3 in the hyperglycaemia-induced expression of TGR5 is 
still unknown. Therefore, it is of special interest to clarify the mediation 
of STAT3 in both H9c2 cells and the heart tissues of diabetic rats 
exhibiting high TGR5 expression during high glucose conditions.

Materials and methods
Animals 

Male Sprague-Dawley (SD) rats weighing 250 to 280 g were obtained 
from the National Laboratory Animal Center (Taipei, Taiwan). The 
animals in all experiments were kept under anaesthesia with sodium 
pentobarbital (35 mg/kg, i.p.) to minimize suffering. The experimental 
protocols were approved by the Institutional Animal Ethics Committee 
(103120201) at the Chi-Mei Medical Center. All experiments conformed 
to the Guide for the Care and Use of Laboratory Animals as well as the 
guidelines of the Animal Welfare Act. 

Induction of diabetes 

Rats fasted overnight and received a single intravenous (i.v.) 
injection of streptozotocin (60 mg/kg) to induce a type-1 diabetic model, 
as previously described [19]. Blood glucose levels were measured 3 
days after STZ injection. Fasting rats with plasma glucose levels greater 
than 300 mg/dl were considered diabetic [20]. All experiments were 
performed 2 weeks after diabetes induction. 

Treatment with insulin or phlorizin

The rats were randomly divided into 4 groups of 6 each as follows: 
a control group, STZ-induced diabetic group, insulin-treated diabetic 
group, and phlorizin-treated diabetic group. Briefly, STZ-induced 
diabetic rats were intraperitoneally (i.p.) injected with insulin (1 IU/
kg; Actrapid, Novo Nordisk, Bagsvaerd, Denmark) or phlorizin (1 
mg/kg; Fluka Chemie AG, Switzerland) three times a day for 7 days, 
as previously described [15]. After their blood glucose levels were 
determined, all rats were sacrificed under anaesthesia, and their heart 
tissues were collected, weighed and stored at -70°C for further analysis.

Cell cultures

H9c2 cells (BCRC No. 60096) were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, pH 7.2; Gibco-BRL Life Technologies, 
Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum. 
The cells were passaged every 3-4 days and sub cultured when they 
reached 70–80% confluence 5. To differentiate H9c2 cells, the cells were 
switched to differentiation medium (1% FBS-containing medium with 
1 µM of trans-retinoic acid, RA) for 7 days as described previously [21]. 
RA was added daily, and the medium was changed every other day.

After differentiation, the cells were incubated in serum-free 
medium with varying concentrations of D-glucose (final concentration 
in the medium of 10, 20 or 30 mM) for 24 hours. H9c2 cells exposed to 
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those in the control group (Figure 1A). These results were consistent 
with our previous reports [22-24]. Insulin or phlorizin treatment, at a 
dose sufficient to treat hyperglycaemia, reversed the changes in TGR5 
(Figure 1B), p-STAT3 and STAT3 levels in the hearts of diabetic rats 
(Figure 1C). 

TGR5 and STAT3 levels in high glucose treated H9c2 cells

The levels of TGR5, p-STAT3, and total STAT3 were further 
identified in H9c2 cells treated with various concentrations of glucose. 
The mRNA level of TGR5 was markedly increased by glucose in a 
concentration-dependent manner compared to that in control cells 
(Figure 2A). The protein level of TGR5 and the ratio of p-STAT3 to 
total STAT3 in the H9c2 cell line were also increased by glucose in 
the same manner (Figure 2B). However, no significant changes in the 
TGR5 levels (Figure 2C) and the ratio of p-STAT3 to STAT3 (Figure 
2D) were recorded after incubating with mannitol at a concentration 
that maintained the osmolarity of the high glucose medium indicated 
above in the H9c2 cell line. The possibility of hyperosmolarity-mediated 
changes in TGR5 levels and the ratio of p-STAT3 to STAT3 were 
excluded. Therefore, TGR5 expression was increased by high glucose 
in cardiac cells.

The effects of STAT3-specific inhibitor (Stattic) on the 
expression levels of TGR5 in H9c2 cells

Stattic was administered at a dose sufficient to inhibit STAT3 [25]. 
The increased mRNA levels of TGR5 in H9c2 cells were markedly 
reversed by stattic (Figure 3A). The protein level of TGR5 and the ratio 
of p-STAT3 to total STAT3 in the H9c2 cell line were also reduced by 
stattic in the same manner (Figure 3B). Quantification of the reduction 
in TGR5 levels (Figure 3C) or the ratio of p-STAT3 to STAT3 (Figure 
3D) in the H9c2 cell line supported the dose-dependent effects of 
stattic, similar to a previous report [26]. These results demonstrated 
that STAT3 increased TGR5 levels in H9c2 cells under high glucose 
conditions.

Figure 1. Changes in TGR5 expression in the hearts of diabetic rats. The representative expression of TGR5 or β-actin in addition to phosphorylated STAT3 (p-STAT3) and STAT3 (STAT3) 
levels (A) in cardiac tissues isolated from STZ-induced diabetic rats that received insulin or phlorizin to correct hyperglycemia, as described in the Methods section. The altered levels, 
expressed as the ratio of TGR5 to β-actin (B) and p-STAT3 to STAT3 levels (C), are shown as the mean ± SEM (n = 6) in each column. *P < 0.05 and **P < 0.01 vs. normal group, #P < 
0.05 and # #P < 0.01 vs. vehicle-treated control group

The effects of antioxidant tiron on the ratio of p-STAT3 to 
STAT3 in addition to TGR5 levels in H9c2 cells

To understand the role of free radicals in the activation of STAT3 
phosphorylation, we used tiron at a dose sufficient to inhibit free 
radicals in H9c2 cells [13]. The increased mRNA levels of TGR5 in 
H9c2 cells were reversed by tiron in a dose-dependent manner (Figure 
4A). The protein level of TGR5 and the ratio of p-STAT3 to total 
STAT3 in the H9c2 cell line were also reduced by tiron in the same 
manner (Figure 4B). Quantification of the reduction in TGR5 levels 
(Figure 4C) or the ratio of p-STAT3 to STAT3 (Figure 4D) in the H9c2 
cell line supported the effects of tiron. These results demonstrate the 
role of free radical mediation in the increase in TGR5 levels observed 
in diabetic hearts.

Discussion
In the present study, we found an increased TGR5 level in the heart 

tissues of type 1-like diabetic rats. Insulin and phlorizin effectively lower 
hyperglycaemia in diabetic animals through different mechanisms; 
insulin decreases blood glucose through receptor-coupled signalling 
[27], while phlorizin inhibits renal tubular glucose reabsorption 
[28]. Treatment with either insulin or phlorizin for 7 days corrected 
hyperglycaemia and reversed changes in TGR5 levels in diabetic rats. 
These findings suggest that hyperglycaemia is responsible for increased 
TGR5 expression in heart tissues. Additionally, we treated a rat cardiac 
cell line (H9c2 cells) with high glucose to mimic diabetic disorders 
in vitro and confirmed the increase in TGR5 expression during 
hyperglycaemia. Moreover, the ratio of p-STAT3 to STAT3 was also 
changed in parallel with the TGR5 level both in vivo and in vitro. A 
specific inhibitor of STAT3 reversed the increased TGR5 levels induced 
by high glucose in the H9c2 cells. The STAT3-specific inhibitor (stattic) 
also attenuated the ratio of p-STAT3 to STAT3 in the cardiac cell line, 
thereby indicating the regulation of TGR5 expression by STAT3. 

Diabetes is a risk factor for cardiac damage, and clinical studies have 
indicated a possible relationship between diabetes and cardiomyopathy 
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Figure 2. Changes in TGR5 or STAT3 expression in H9c2 cells after exposure to glucose at various concentrations.Changes in the mRNA levels of TGR5 in H9c2 cells incubated in medium 
containing the indicated concentration of glucose were compared using the mannitol-treated group as a negative control (A). The relative mRNA expression, as detected using real-time RT-
PCR and expressed as the ratio of TGR5 to β-actin, is indicated as the mean ± SEM (n = 6). The representative expression of TGR5 or β-actin in addition to phosphorylated STAT3 (p-STAT3) 
and STAT3 (STAT3) levels in H9c2 cells exposed to medium containing various concentrations of glucose was determined using Western blotting (B). The protein levels, expressed as the 
ratio of TGR5 to β-actin (C) or p-STAT3 to STAT3 (D) levels, are indicated as the mean ± SEM (n = 4) in each column. *P < 0.05 and **P < 0.01 vs. values in H9c2 cells exposed to normal 
medium (containing 5.5 mM glucose) without the addition of glucose, #P < 0.05 and # #P < 0.01 vs. data in H9c2 cells exposed to 30 mM glucose

Figure 3. Effects of a STAT3 inhibitor (stattic) on changes in H9c2 cells induced by high glucose levels. Changes in the mRNA levels of TGR5 in stattic-treated (at the indicated dose) and 
untreated H9c2 cells incubated in medium containing 30 mM glucose were compared (A). The relative mRNA expression, as detected using real-time PCR and reported as the ratio of TGR5 
to β-actin levels, is indicated as the mean ± SEM (n = 6). The representative expression of TGR5 or β-actin in addition to the phosphorylated STAT3 (p-STAT3) and STAT3 (STAT3) levels 
in stattic-treated or untreated H9c2 cells exposed to medium containing 30 mM glucose was also compared using Western blotting (B). The protein levels, expressed as the ratio of TGR5 
to β-actin (C) or p-STAT3 to STAT3 levels (D), are indicated as the mean ± SEM (n = 4) in each column. *P < 0.05 and **P < 0.01 vs. values in H9c2 cells exposed to normal medium 
(containing 5.5 mM glucose), #P < 0.05 and # #P < 0.01 vs. data in H9c2 cells exposed to 30 mM glucose
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Figure 4. Effects of an antioxidant (tiron) on changes in H9c2 cells induced by high glucose. Changes in the mRNA levels of TGR5 in tiron-treated (at the indicated doses) or untreated H9c2 
cells incubated in medium containing 30 mM glucose medium were compared (A). The related mRNA expression, as detected using real-time PCR and expressed as the ratio of TGR5 to 
β-actin levels, is indicated as the mean ± SEM (n = 6). The expression of TGR5 or β-actin in addition to the phosphorylated STAT3 (p-STAT3) and STAT3 levels in tiron-treated or untreated 
H9c2 cells exposed to medium containing 30 mM glucose was also compared using Western blotting (B). The protein levels, expressed as the ratio of TGR5 to β-actin (C) or p-STAT3 to 
STAT3 (D) levels, are indicated as the mean ± SEM (n = 4) in each column. *P < 0.05 and **P < 0.01 vs. values in H9c2 cells exposed to normal medium (containing 5.5 mM glucose), #P 
< 0.05 and # #P < 0.01 vs. data in H9c2 cells exposed to 30 mM glucose

[29], although the complicated mechanism(s) of this relationship are 
still unclear. Diabetes is primarily characterized by hyperglycaemia. 
TGR5 has been implicated in the maintenance of cardiac function 
[30]. However, the effect of high glucose on TGR5 levels has not been 
described. In the present study, we discovered that the TGR5 level 
was increased in the hearts of diabetic rats and that this increase was 
markedly reversed through the correction of blood glucose levels. 
Therefore, hyperglycaemia induced TGR5 expression was identified in 
the hearts of diabetic rats. STAT3 is a cytoplasmic transcription factor 
that transmits extracellular signals to the nucleus [31]. Activated STAT3 
in the nucleus binds to specific DNA promoter sequences to regulate 
gene expression [32]. Hyperglycaemia increases STAT3 activation, 
thereby contributing to the pathophysiology of tissue injury [22]. STAT3 
activation and an increased ratio of phosphorylated STAT3 (p-STAT3) 
to STAT3 may promote nuclear translocation. Moreover, p-STAT3 
was induced at Y705 and S727 in cells with the activation of STAT3 by 
high glucose levels [33]. Therefore, in the current study, we focused on 
changes in the ratio of p-STAT3 to STAT3. Our data also demonstrated 
that the increased ratio of p-STAT3 to STAT3 was reversed with the 
correction of hyperglycaemia in the hearts of diabetic rats. Additionally, 
similar changes were observed in the cultured cardiac cell line (H9c2 
cells) that was induced by high glucose levels. Moreover, a specific 
inhibitor of STAT3 in H9c2 cells markedly reversed the increased TGR5 
levels triggered by high glucose. The pharmacological inhibitor specific 
to STAT3 (stattic) also reversed the changes in the ratio of p-STAT3 to 
STAT3. Therefore, the increased TGR5 level was regulated by activated 
STAT3. The specificity of stattic has been criticized [34,35]. However, 
stattic has been widely used as a specific STAT3 inhibitor in numerous 
studies [36,37] As evidenced by our findings, hyperglycaemia may 
increase STAT3 activation to enhance TGR5 expression, which could 
be a possible mechanism underlying cardiac disorders in diabetes.

STATs belong to a group of transcription factors that are activated 
by free radicals [38], and the activation of STAT3 is closely correlated 
with the occurrence of fibrotic diseases [39]. Free radicals and/or 
oxidative stress are associated with hyperglycaemia [40]. Therefore, 
the activation of STAT3 is mainly induced by free radicals from 
hyperglycaemia. In this report, we found that the well-known free 
radical inhibitor tiron effectively reversed increased TGR5 levels in a 
cardiac cell line. Therefore, free radicals produced from hyperglycaemia 
may activate STAT3 to promote TGR5 expression in the heart during 
diabetes. Therefore, an elevation in the levels of circulating bile acids 
in diabetic patients with hepatic disorders or others shall be examined 
carefully.

Animal models of diabetic complications in the heart that show 
high TGR5 expression and simulate functional changes in humans were 
not applied in the current study. Therefore, the increase in TGR5 levels 
in diabetic cardiomyopathy needs more detailed study in the future. 
Additionally, the inhibition of STAT3 using siRNA 1 would be more 
specific than the use of a pharmacological inhibitor. This is another 
limitation of this report and should be investigated in the future.

Conclusion
Taken together, our data demonstrated for the first time that free 

radicals produced from hyperglycaemia may activate STAT3 to promote 
TGR5 expression in the hearts of diabetic rats. Our findings highlight 
the potential mechanism(s) of diabetes-induced cardiac complications. 
Additionally, the current findings also suggest that the cardiac TGR5 
response is more sensitive in hyperglycaemic conditions than in 
normoglycemic conditions. Therefore, an elevation in circulating bile 
acids from hepatic disorders and/or others shall be handled carefully in 
diabetic patients. Moreover, the application of TGR5 ligands or agonists 
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should be carried out with care during hyperglycaemia both in vivo and 
in vitro. 
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