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Abstract 
Background: Hyperglycaemia promotes the proliferation of cardiac fibroblasts (CFs) and 
collagen synthesis in CFs. However, the molecular mechanism underlying the effects of HG 
on proliferation and collagen synthesis of CF, is not completely understood. Objectives: The 
objectives of the present study were to determine whether the STAT proteins has a functional 
role in high glucose-induced proliferation of CFs and collagen synthesis in vitro and whether 
the STAT signaling pathway and MAPK signaling pathway have synergetical effects on high 
glucose-mediated cardiac fibroblasts proliferation and collagen synthesis. Methods: Rat CFs 
were cultured in Dulbecco’s modified Eagle’s medium, supplemented with 5.5 or 25 mmol⁄L 
D-glucose, in the presence of absence of STAT1 inhibitor Fludarabine, STAT3 inhibitor S31-201 
and ERK1/2 inhibitor PD98059. Proliferation were measured by the 3-(4,5-dimethyl-2 thiazoyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, the production of Type I and Ⅲ collagen 
was evaluated using real-time quantitative RT-PCR and ELISA, and the phosphorylation 
expression of STAT1 and STAT3 were analyzed by Western blot. Results: High glucose treatment 
promoted the proliferation of cardiac fibroblasts and collagen types I and III synthesis. High 
glucose treatment induced STAT1 and STAT3 phosphorylation in cardiac fibroblasts, the mode 
and level of STAT1 and STAT3 phosphorylation were significantly different. Fludarabine and 
S31-201 could  both inhibited high glucose stimulated proliferation of cardiac fibroblasts 
and collagen types I and III synthesis with different effects. Combination of Fludarabine and 
PD98059 or combination of S31-201 and PD98059 both exhibited stronger inhibitions on 
proliferation of cardiac fibroblasts and collagen types I synthesis, but the effects and functional 
modes are different. Conclusion: Both STAT1 and STAT3 mediate the proliferation of cardiac 
fibroblasts and collagen synthesis induced by high glucose. STAT1 and STAT3 both have 
synergetic effects with ERK1/2 on regulating proliferation of cardiac fibroblasts and collagen 
types I synthesis.
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Introduction

Long-term diabetes can result in the development of diabetic cardiomyopathy 
independent of hypertension and coronary heart disease. Heart failure due to diastolic 
ventricular dysfunction is a characteristic of diabetic cardiomyopathy and can occur 
during the early stages of diabetes [1]. Cardiac fibrosis is one of the major pathological 
processes of diabetic cardiomyopathy [2] and manifests as enhanced proliferation of cardiac 
fibroblasts (CFs) and excessive deposition of extracellular matrix (ECM), such as collagens. 
Hyperglycemia is one of the major pathological manifestations of diabetes and may promote 
the development of heart failure, primarily by causing excessive accumulation of collagen 
within the interstices of the myocardium, which can result in impaired diastolic and systolic 
functions [3, 4]. Treatment of cultured CFs with high concentrations of glucose (HG) results 
in increased proliferation of CFs and collagen synthesis [5–7]. However, the molecular 
mechanisms underlying the effects of HG on CF function, including proliferation and collagen 
synthesis, are not completely understood.

STATs belong to an intracellular transcription factor family that primarily mediate 
cytokine- and growth factor-induced signals that are activated by diverse biological responses 
including proliferation, differentiation and apoptosis [8]. The STAT signaling pathway has 
been shown to be an integral part of the responses of the myocardium to various cardiac 
insults, including myocardial infarction, oxidative damage, myocarditis, hypertrophy and 
remodeling, in addition to having a prominent role in cardioprotective therapies such as 
ischemic preconditioning [9]. The STAT pathway also has been documented to take a part 
in the pathogenesis of liver fibrosis, pulmonary fibrosis and renal fibrosis [10-12], as an 
especially important mechanism for renal fibrosis by which hyperglycemia contributes 
to renal damage [13]. These results predict that STAT may have a role in the process of 
myocardial fibrosis induced by HG. To date, the majority of data involving STAT activity in 
the heart has been focused on STAT1 and STAT3.

The ERK1/2 signaling pathway has long been recognized as the intracellular signal 
transduction enzymes which are critically involved in regulating proliferation, differentiation 
and apoptosis. ERK1/2 also participate in the apoptosis caused by the cardiac reperfusion 
injury [14]. HG promotes expression of collagen I and III via activating ERK1/2, and inhibition 
of ERK1/2 phosphorylation significantly decreases the mRNA and protein levels of collagen 
I and III [15]. Within the intracellular signal transduction networks, both ERK1/2 and STAT 
are downstream proteins of gp130. STAT protein sequences contains highly conserved ERK 
phosphorylation sites; and therefore STAT protein can be activated by ERK [16-19]. The 
cross-talk between these two signaling cascades has been shown to participate in a series of 
physiological and pathological processes [20, 21]. Hence the ERK1/2 mediated- synthesis of 
collagen I and III is likely involved in the activation of STAT3. 

Based on these results, we hypothesized that HG stimulates STAT phosphorylation via 
activating ERK1/2, and ERK1/2 and STAT cooperatively promote collagen synthesis in CFs 
through a crosstalk mechanism. The present study was designed to test this hypothesis by 
investigating whether the STAT and MAPK signaling pathways have synergetic effects on HG-
induced proliferation and collagen synthesis in CFs. 

Materials and Methods

Materials and reagents
Wistar rats were obtained from the Laboratory Animal Centre of Tianjin Medical University. 

3-(4,5-dimethyl-2 thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), trypsin and Dulbecco’s modified 
Eagle’s medium (DMEM) were purchased from Sigma-Aldrich (St Louis, MO, USA). Fludarabine (STAT1 
inhibitor), s31-201 (STAT3 inhibitor), PD98059 (ERK1/2 inhibitor) were purchased from Calbiochem (La 
Jolla, CA). Trizol reagent was obtained from Invitrogen (Carlsbad, CA). Reagents for real-time RT-PCR were 
purchased from TaKaRa (Tokyo, Japan). Rabbit phospho-specific monoclonal antibodies for STAT1 and 
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STAT3 and rabbit monoclonal antibodies against total STAT1 and STAT3 were purchased from Cell Signaling 
Technology (Danves, MA). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG was obtained 
from KPL (Gaithersburg, MD, USA). The bicinchoninic acid (BCA) Protein Assay kit was obtained from Pierce 
(Rockford, IL, USA). The chemiluminescence (ECL) kit was obtained from Perkin Elmer (Massachusetts, USA). 
Reagents for ELISA analysis of collagen types I and III were purchased from Bionewtrans Pharmaceutical 
Biotechnology (Franklin, USA). All chemicals were of the highest possible purity grade.

Cell culture
Cardiac fibroblasts were isolated from 1- to 3-day-old Wistar rats of either gender. Animal experiments 

were conducted in accordance with the guidelines established by the University of Tianjin Animal Care 
and Use Committee, who provided approval for these experiments. In brief, rats were sacrificed by cranial 
dislocation, and the hearts were removed quickly under sterile conditions. Ventricular tissue was excised, 
minced, and digested with 0.25% (w/v) trypsin in Hank’s buffer. The CF suspension was plated onto tissue-
culture dishes for 30 min then non-adherent cells were washed away. Cells were maintained in DMEM 
containing 5.5 mM glucose supplemented with 10% fetal calf serum and 1% penicillin and streptomycin 
at 37oC in a humidified incubator under 5% CO2. Confluent cells were passaged with 0.05% trypsin and 
plated directly onto 3.8 cm2 wells of a 12-well plate filled with 2 ml culture medium. CFs were identified and 
characterized by immunophenotyping for vimentin. CFs of the second to the fourth passages were used for 
our experiments.

Experimental protocols
5.5 mM or 25 mM glucose concentration was used in this study. After incubation in DMEM containing 

5.5 mM glucose with 10% FCS, the CFs were exposed to DMEM containing 5.5 mM glucose for 24 h. The CFs 
were pre-incubated in the presence or absence of fludarabine (50 µM)[22], S31-201 (10 µM)[23], PD98059 
(10 µM)[15] for 2 h, 45 min and 30 min respectively. They were then further incubated with DMEM 
containing 5.5 mM glucose (normal glucose), 5.5 mM glucose + 19.5 mM mannose (osmotic control), or 25 
mM glucose (high glucose), at 37oC for varying periods (12, 24, 48 and 72 h). Finally, the cells were harvested 
for real-time PCR. The medium was collected and stored at –80 oC for enzyme linked immunosorbent assay 
(ELISA). Cells were harvested for Western blotting after co-incubation at 37 oC for 0, 30, 60, and 120 min. All 
measurements were repeated three times.

Cell proliferation assay
Cell proliferation was evaluated by MTT assay. Briefly, CFs were seeded in 96-well culture plates (5×103 

cells⁄well) with DMEM containing 10% FCS and 5.5 mM glucose. Then they were replaced with DMEM 
containing 5.5 mM glucose for 24 h. Depending on the experimental group, CFs were pre-incubated in the 
presence or absence of fludarabine (50 µM), S31-201 (10 µM), or PD98059 (10 µM) for 2 h ,45 min, 30 min, 
respectively. The medium was then replaced with DMEM containing 5.5 mM glucose (normal glucose), 5.5 
mM glucose plus 19.4 mM mannose (osmotic control), or 25 mM glucose (high glucose). Next, the CFs were 
further incubated for 24 h and 48 h in the presence or absence of fludarabine, S31-201, or PD98059. Four 
hours before the end of the experiment, 20 µL of 5 mg⁄mL MTT was added to each well. After 4 h, the culture 
medium was removed and 100 µL dimethylsulphoxide (DMSO) was added to each well. The absorbance for 
each well was determined at 490 nm. Blank control wells were designed without cells, but with the addition 
of culture medium in parallel to the experimental wells.

Quantitative real-time RT-PCR
Total RNA sample was extracted using Trizol reagent according to the manufacturer’s procedures. Five 

micrograms of total RNA was reverse transcribed with Promega MMLV reverse transcriptase and relevant 
reagents. The resultant first-strand DNA (0.5 µl) was amplified with SYBR® Premix Ex TaqTM. The mRNA 
expression of β-actin and procollagen types I and III were quantified. The test mRNAs were all normalized 
to GAPDH mRNA. Specific primers for GAPDH were: Forward primer 5’-GGG GTG ATG CTG GTG CTG AG-3’, 
Reverse primer 5’-GAT GCA GGG ATG ATG TTC TG-3’, amplified product 370 bp; for αI procollagen types I: 
Forward primer 5’-AGC CAC CAG CCC CTC ACT-3’, Reverse primer 5’-CGA GGT AGT CTT TCA GCA ACA CAG 
T-3’, amplified product 160 bp; For αI procollagen types III: Forward primer 5’-CAA CAC CGA TGA GAT TAT 
G-3’, Reverse primer 5’-TCA GGA TTG CCG TAG C-3’, amplified product 344 bp. The amplification conditions 
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were, predenaturation at 94°C for 4 min, denaturation at 94°C for 30 s, annealing at 50°C for 30 s and 
extension at 72°C for 40 s for 40 cycles. The relative changes in gene expression were analyzed with the 
2(-Delta C(T)) method [24]. Specificity of RT-PCR was checked by analyzing melting curves and by gel-
electrophoresis of the amplicons.

Enzyme-linked immunosorbent assay (ELISA)
Soluble collagen I and III proteins were determined by ELISA kit according to the manufacturer’s 

protocols, which detects the secretion of procollagen I C-terminal peptide (PICP) and procollagen III 
N-terminal peptide (PIIICP).

Western blot analysis
After rinsing with cold D-Hanks buffer, CFs were collected and lysed. Protein samples were extracted 

and measured using a BCA Protein Assay kit. Approximately 32 µl protein in 8 µl 5× Loading Buffer 
were separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to polyvinylidene fluoride (PVDF) membranes (350 mA, 120 min). Membranes were blocked 
with 5% fat-free milk in TBST buffer (20 mM Tris-HCl, pH 7.5; 150 mM NaCl and 0.05% Tween 20) and 
were subsequently incubated with primary antibodies (anti-STAT1, 1:500; anti-STAT3, 1:500; anti-p-
STAT1, 1:500; and anti-p-STAT3, 1:500) at 4oC overnight. Then, the membranes were washed with TBST 
and incubated for 2 h with HRP-conjugated secondary antibodies. The membranes were finally developed 
using an electrochemiluminescence (ECL) kit. Band intensity was quantified by gel densitometry with the 
Gel Image Analysis System (UVP). Protein phosphorylation was normalized against total protein band 
densitometry on an individual basis.

Fig. 1. Real-time RT-PCR 
analysis of mRNA expres-
sion of collagen type I (A) 
and III (B) in rat cardiac 
fibroblasts (CFs). CFs were 
treated with DMEM and  
5.5 mM glucose (NG), 5.5 
mM glucose plus 19.5 mM 
mannose (OC), or 25 mM 
glucose (HG) in the pre-
sence or absence of STAT1 
inhibitor fludarabine (FLU; 
50 µM), STAT3 inhibitor 
S31-201 (S31; 10 µM), or 
ERK1/2 inhibitor PD98059 
(PD; 10 µM). Values are the 
mean ± SD of three mea-
surements. *P < 0.01 and  
**P < 0.001 for compari-
sons NG and OC with HG;  
#P < 0.01 and ##P < 0.001 
were used to compare inhi-
bitors with HG alone.

http://dx.doi.org/10.1159%2F000354499


Cell Physiol Biochem 2013;32:960-971
DOI: 10.1159/000354499
Published online: October 01, 2013

© 2013 S. Karger AG, Basel
www.karger.com/cpb 964

Dai et al.: Signaling Mechanisms for High Glucose-Induced Cardiac Fibrosis

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Statistical analysis
All values are shown as means ± SD. Differences between two groups were determined with unpaired 

Student’s t-test. ANOVA was used for multiple comparisons. A P < 0.05 was considered statistically significant.

Results

Enhancement of proliferation and collagen synthesis in cardiac fibroblasts by high glucose
Confluent cardiac fibroblasts treated with HG showed a significant increase in 

proliferation at 24 h to 48 h (Fig. 4A). The mRNA levels of procollagens I and III were 
upregulated from 12 h to 24 h after incubation with HG (Fig. 1A & B). Consistently, the protein 
levels of collagens I and III in the supernatant were also increased, but this upregulation 
occurred at later time points (24 h to 72 h). These effects were not observed with high-
osmolarity treatment, which ruled out osmotic pressure changes as being responsible for 
the increased level of collagens (Fig. 2A & B). 

Enhancement of STAT1 and STAT3 activities in cardiac fibroblasts by high glucose
The activity of STAT1 (the phosphorylated form of STAT1) was not changed in CFs 

exposed to HG within 0–60 min, but was significantly increased between 90 and 120 min 
in HG. By comparison, the activity of STAT3 was decreased within 0–30 min in HG culture, 
followed by significant increases between 90 and 120 min. Moreover, the increase of STAT3 
activity was remarkably greater than that of STAT1 (2.83 fold vs 1.94 fold; P<0.05; Fig. 3). 

Fig. 2. Effects of high glucose (HG) 
on production of collagen type I (A) 
and III (B) in rat cardiac fibroblasts 
(CFs), determined by ELISA. CFs 
were treated with DMEM and 5.5 
mM glucose (NG), 5.5 mM glucose 
plus 19.5 mM mannose (OC), or 25 
mM glucose (HG) in the presence or 
absence of STAT1 inhibitor fludara-
bine (FLU; 50 µM), STAT3 inhibitor 
S31-201 (S31; 10 µM), or ERK1/2 
inhibitor PD98059 (PD; 10 µM). 
Values are the mean ± SD of three 
measurements. *P < 0.01 and **P < 
0.001 for comparisons NG and OC 
with HG; #P < 0.01 and ##P < 0.001 
were used to compare inhibitors 
with HG alone.
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Suppressing effects of STAT1 and STAT3 inhibition on high glucose-induced CF proliferation 
and collagen synthesis
To elucidate HG-mediated signaling pathways, CFs were pretreated with STAT1 

inhibitor fludarabine and STAT3 inhibitor S31-201. As illustrated in Figure 4B, these 
inhibitors substantially suppressed the HG-stimulated CFs proliferation 24 h after treatment. 
Furthermore, fludarabine and S31-201 also significantly reversed the HG-induced 
upregulation of procollagens I and III mRNAs from 12 to 24 h after drug treatment (Fig. 1A 
& B). Fludarabine and S31-201 both significantly suppressed the HG-induced production 
of collagens I and III after 24 h treatment (Fig. 2A & B). Moreover, at 12 h after treatment, 
fludarabine and S31-201 both exhibited stronger inhibitory effects on procollagen III mRNA 
than procollagen I (fludarabine: 27.7% for procollagen I vs 8.1% for procollagen III, P<0.05; 
S31-201: 48.9% for procollagen I vs 24.3% for procollagen III, P<0.05). In contrast, at 24 
h, the effects of S31-201 were smaller for procollagen I than for procollagen III (67.7% vs 
84.4%, P<0.05). 

Synergetic effects of combined inhibition of STAT1 or STAT3 and ERK1/2 on high glucose-
induced CF proliferation and collagen synthesis 
PD98059 suppressed the HG-stimulated proliferation of CFs (Fig. 4A) and attenuated the 

HG-induced production of collagens I/III (Fig. 5A & B). The combination of fludarabine and 
PD98059 produced stronger inhibition of CF proliferation at 48 h and collagen I production 
at 72 h, compared with either fludarabine or PD98059 alone (Fig. 4B & Fig. 5A). Similarly, 
co-treatment of CFs with S31-201 and PD98059 exhibited stronger inhibitory effects on 
proliferation and collagen I production at 24 h and 48 h, compared with either S31-201 or 
PD98059 alone (Fig. 4B & Fig. 5A). The effects on HG-stimulated collagen III synthesis were 
not different between any combinational drug treatment or any single drug treatment (Fig. 
5B). 

Fig. 3. Effects of high glucose (HG, 
25 mM) on STAT1 and STAT3 ac-
tivities at varying time points. 
STAT1 and STAT3 activities were 
determined by Western blot 
analysis of the protein levels of 
phosphorylated forms of STAT1 
(p-STAT1) and STAT3 (p-STAT3), 
normalized to total STAT1 and 
STAT3 levels. (A) Representative 
Western blot bands from three 
experiments. (B) Quantitative re-
sults of p- STAT1 and p-STAT3. The 
results were normalized by arbi-
trarily setting the densitometry 
of vehicle-treated cells (0 min) to 
1.0. Values are the mean ± SD of 
three measurements. #P < 0.01 and  
##P < 0.001 vs control. 

A
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Discussion

In the present study, we investigated the effects of high extracellular glucose on the 
proliferation of CFs and synthesis of type I and type III collagens in rat CFs. We found that 
HG promoted CF proliferation and collagens I/III synthesis. There are several new findings 
in the present study: (1) Both STAT1 and STAT3 were activated by HG in CFs, and this 
activation promoted HG-induced CF proliferation and collagen synthesis; (2) HG-stimulated 
CF proliferation and collagen production could be reversed by inhibition of STAT1/3 
activation. To our knowledge, this is the first report showing the involvement of STATs in 
HG-induced proliferation and collagen synthesis in CFs; And (3) combined inhibition of 
STAT1 and ERK1/2 or of STAT3 and ERK1/2 using specific pharmacological probes both 
produced significantly stronger suppression of CF proliferation and collagen I synthesis, 
compared with individual inhibition of these signaling factors. These data indicated that 
there is a synergetic effect between STAT1/3 and ERK1/2 on cardiac fibrogenesis. Based on 
these findings, we concluded that in addition to ERK1/2, which has been shown contribute 
to cardiac fibrosis, STAT1/3 also play an important role in regulating this process and 
their effects are reversible, indicating that the STAT signaling pathway may be involved in 
the adverse structural remodeling associated with cardiac fibrogenesis. Therefore, these 
molecules may be new targets for the treatment of pathological processes related to HG, 
particularly the pathogenesis of diabetic cardiomyopathy, but ascribe to the limitation of 
animal experiments, the 25mM high glucose concentration for incubation which was 5 time 
higher than the normal glucose is rarely reached in the human blood. A protocol requiring 
lower glucose concentration for longer period would be helpful for understanding the 
importance of the findings of the current studies in future.

Fig. 4. MTT assay on the ef-
fects of high glucose (HG) on 
cardiac fibroblast (CF) pro-
liferation. CFs were treated 
with DMEM and 5.5 mM glu-
cose (NG), 5.5 mM glucose 
plus 19.5 mM mannose (OC), 
or 25 mM glucose (HG) in 
the presence or absence of 
STAT1 inhibitor fludarabine 
(FLU; 50 µM), STAT3 inhibi-
tor S31-201 (S31; 10 µM), or 
ERK1/2 inhibitor PD98059 
(PD; 10 µM). Values are the 
mean ± SD of three measu-
rements. *P < 0.01 and **P 
< 0.001 for comparisons NG 
and OC with HG; #P < 0.01 
and ##P < 0.001 were used to 
compare inhibitors with HG 
alone. 
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Myocardial fibrosis is a common pathological mechanism for a variety of cardiovascular 
diseases. Cardiac fibroblasts, important participants in the development of adverse 
myocardial fibrosis of the heart, are the predominant secretary cell types located within the 
extracellular matrix (ECM) [25, 26]. Cardiac fibroblasts take a part in the maintenance of 
myocardial function mainly by producing the type I and type III collagens and by secreting 
growth factors [27]. Prolonged activation of CFs, defined by increased proliferation and a 
subsequent increase of collagen deposition in the ECM, can lead to cardiac fibrosis, which is 
involved in the pathogenesis of diabetic cardiomyopathy [2, 28]. In our study, we found that 
HG promoted proliferation of CFs and synthesis of type I and type III collagens in CFs. These 
findings are in agreement with the results from other studies[5, 7, 29] and further support 
the stimulating effect of HG on cardiac fibrosis.

The STAT family consists of seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, 
STAT5b and STAT6 which are structurally similar proteins and can be activated by their 
upstream proteins-JAKs [30]. STAT1 and STAT3 are phosphorylated by JAK at tyrosine 701 
and tyrosine 705, respectively, which promotes their nuclear translocation. Moreover, they 
can also undergo serine phosphorylation at position 727 which is cell- and stimulus-specific. 
Previous studies have shown that activation of STAT1 and STAT3 in the heart plays a very 
significant role in cardiac pathophysiology during various diseases caused by mechanical 
overload, ischemia, viral infection, etc [31-33]. In our study, we observed that both STAT1 

Fig. 5. ELISA analy-
sis of the effects of 
combinational inhibi-
tion of STAT1 by flu-
darabine (FLU) and 
ERK1/2 by PD98059 
or of STAT3 by S31-
201 and ERK1/2 by 
PD98059 on the pro-
duction of collagen 
types I (A) and III (B) 
in cardiac fibroblasts 
(CFs) induced by high 
glucose (HG). Values 
are the mean ± SD of 
three measurements.  
*P < 0.01 and **P < 
0.001 for comparisons 
of FLU or PD98059 
with their combina-
tion; #P < 0.05 for 
comparisons of S31-
201 or PD98059 with 
their combination.
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and STAT3 were activated by HG to mimic hyperglycemia in diabetes, and this activation was 
accompanied by enhanced CF proliferation and collagen production. Moreover, we found 
that exposure of CFs to fludarabine and S31-201 inhibited STAT1 and STAT3, respectively, 
and resulted in diminished phosphorylation of STAT1 and STAT3, along with decreased CF 
proliferation and collagen synthesis. Clearly, activation of STAT1/3 is involved in cardiac 
fibrogenesis, a process that can be reversed by inhibition of STAT1/3 activities.

However, there are two studies on the effect of a high-glucose environment on STATs are 
not in agreement with our findings.Aberrant regulation of macrophages has been implicated 
in the onset and progression of type 1 diabetes (T1D) . Macrophages from nonobese 
diabetic(NOD) mouse, an animal model of T1D, entail developmental and functional defects 
that are often associated with hypo-responsiveness to interferon (IFN)- γ. This hypo-
responsiveness is partly ascribe to the downstream STAT1 pathway of intracellular signaling 
being selectively inhibited and the subsequent DNA binding activity being impaired in NOD 
macrophages exposed to IFN- γ [34].Previously, it has been reported that the hBD2 promoter 
contains binding sites for STAT-1 [35]. High-glucose cultivated keratinocytes expressed 
reduced phosphorylated signal transducer and activator of transcription (pSTAT)-1 and 
levels of hBD2 subsequently. The inadequate expression of hBD2 during hyperglycemia 
condition contributes to impaired wound healing in diabetic patients [36]. These studies 
indicated that STATs signalling have multifaced role during the pathogenesis development 
of diabetic.Under the different extracellar stimutions and intracellar environments, the 
increasing or decreasing expression of STATs mediate different biological effects which 
related to the causative agents and mechanisms underlying the pathogenesis of diabetic. 

Hyperglycemia-mediated proliferation of cardiac fibroblasts and synthesis of collagens 
are cooperatively regulated by many intracellular and extracellular factors [37]. In addition to 
the STAT pathway, HG can also promote the production of collagens via activation of ERK1/2 
[15]. A few studies have reported that there is crosstalk between ERK1/2 and STAT1/3 
during the process of intracellular inflammatory signal transduction [16] and this crosstalk 
is dependent on the phosphorylation of the S727 on STAT1 and STAT3 [38]. Furthermore, it 
is commonly accepted that myocardial fibrosis is a chronic inflammatory process [39]. These 
findings led us speculate that there is an interaction between ERK1/2 and STAT1/3 in HG-
induced CF proliferation and collagen I synthesis. This notion was indeed supported by our 
experiments comparing the combinational pharmacological inhibition of both ERK1/2 and 
STAT1 or STAT3 and individual inhibition of these signaling factors separately, which clearly 
demonstrated a synergetic effect between the two distinct signaling pathways. Intriguingly, 
no such a crosstalk was found for the HG-induced production of collagen III in CFs. 

As for the molecular mechanism of synergistic activation of STATs and ERK 1/2 
signaling pathway, A few studies provide the insights for us to speculate.The onset and 
progression of IDDM are under the control of both T helper 1(Th1) and Th2 cells and their 
respective cytokines [40, 41].The T helper (Th) 2 cytokine IL-31 induces pro-inflammatory 
effects in activated human macrophages via STAT1 and 5 phosphorylation, and Interleukin-
31-induced ERK 1/2 activation contributes to the underlying mechanism of Th1 cytokine 
IL-12 suppression in macrophages which be relevant in Th2 inflammatory responses [42], 
in addition, the inflammatory effects of IL-31 in human primary keratinocytes (HPKs) can 
be fulfiled via activating STAT3 phosphorylation in HPKs[43]. These studies showed that 
T-cell cytokine IL-31 can activating both STATs and ERK 1/2 signaling pathway to take part 
in the inflammatory lesion course of IDDM. Myocardial tissue inflammatory lesions such as 
excessive activation of reactive oxygen systems, inflammatory cell infiltration, abnormally 
high levels of inflammatory cytokines, and so on, can stimulate increasing collagen synthesis 
in heart and lead to myocardial fibrosis eventually [44].So,it is suggested that activation of 
both STATs and ERK 1/2 signaling pathway during HG-induced cardic fibrosis probably be 
mediated by T-cell cytokines such as: IL-31.

As the members of STAT family, STAT1 and STAT3 are structurally similar proteins, 
but they are functionally heterogeneous [30]. Myocardial damage can induce expression of 
STAT1 and STAT3 through cytokines, growth factors and reactive oxygen species [45]. Their 
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target genes are upregulated by the STAT pathway following cardiovascular injury. STAT1 is 
a transcription factor responsible for transactivation of genes involved in apoptosis, STAT3 
accounts for transactivation of genes involved in survival, hypertrophy and angiogenesis 
[46-49]. As for the roles of STAT1 and STAT3 in cardiac fibroblasts, a previous study showed 
that STAT1 and STAT3 have differential effects on cardiac fibrosis [44]. It has been reported 
that cultured cardiac fibroblasts treated with IL-6 showed significant increases in collagen 
expression and phosphorylation of STAT1 and STAT3, and inhibition of either STAT1 or STAT3 
decreased collagen expression. In the case of STAT3, reduced phosphorylation was believed 
to underlie the effect on collagen expression, but for STAT1, inhibition of phosphorylation 
does not decrease collagen expression [50]. In our study, STAT1 and STAT3 both can regulate 
the HG-induced proliferation of CFs and collagen synthesis, which is inconsistent with the 
results obtained from the IL-6 study. Yet there are some important differences between 
STAT1 and STAT3. Firstly, although STAT1 and STAT3 could both be activated by HG, STAT3 
phosphorylation was decreased at early stage but increased later on after exposure to HG. 
And the enhancement of STAT3 phosphorylation was more obvious compared to STAT1. 
Secondly, inhibition of STAT1 exhibited a stronger inhibitory effect on HG-induced expression 
upregulation of procollagen type III mRNA than on that of procollagen type I, whilst 
inhibition of STAT3 exerted a stronger inhibitory effect on procollagen type III mRNA than on 
procollagen type I mRNA at an early time point but a stronger inhibition on procollagen type 
I mRNA than on procollagen type III at a later time point. Finally, the combined inhibition of 
ERK1/2 and STAT1 exhibited stronger suppressing effects on CF proliferation and collagen 
I synthesis after prolonged exposure to HG. In contrast, the combinational inhibition of 
ERK1/2 and STAT3 demonstrated greater inhibition on CF proliferation and collagen I 
synthesis at earlier time points than at later time points. These differences indicated that 
STAT1 and STAT3 may act on cardiac fibrosis by different mechanisms and STAT3 probably 
has a more complicated functional role than STAT1 in cardiac fibrosis.

In conclusion, our study indicates that like the ERK1/2 pathway, the STAT pathway in 
also plays an important role in the control of CF proliferation and collagen deposition in the 
presence of high glucose in CFs. STAT1/3 and ERK1/2 can work cooperatively to regulate 
cardiac fibrosis but perhaps through different mechanisms. This is the first report on the 
role of the STAT signaling cascade as a novel mechanism for cardiac fibrosis under simulated 
diabetic conditions. Our results also laid the groundwork for future development of STAT1/3 
inhibitors as potential therapeutic drugs for the treatment of diabetic cardiomyopathy.
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