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Hydrogen sulfide attenuates myocardial fibrosis in
diabetic rats through the JAK/STAT signaling pathway
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Abstract. The aim of the present study was to determine
the role of hydrogen sulfide (H,S) in improving myocardial
fibrosis and its effects on oxidative stress, endoplasmic
reticulum (ER) stress and cell apoptosis in diabetic rats, by
regulating the Janus kinase/signal transducer and activator
of transcription (JAK/STAT) signaling pathway. A total of
40 male Sprague-Dawley rats were randomly divided into four
groups (n=10) as follows: Normal (control group), diabetes
mellitus [streptozotocin (STZ) group], diabetes mellitus
treated with H,S (STZ + H,S group), and normal rats treated
with H,S (H,S group). Diabetes in rats was induced by intra-
peritoneal (i.p.) injection of STZ at a dose of 40 mg/kg. NaHS
(100 gmol/kg, i.p.), which was used as an exogenous donor
of H,S, was administered to rats in the STZ + H,S and H,S
groups. After 8 weeks, the pathological morphological changes
in myocardial fibers were observed following hematoxylin and
eosin and Masson's trichrome staining. Apoptosis of myocardial
tissue was analyzed by the terminal deoxynucleotidyl transferase
dUTP nick end labeling assay. Oxidative stress was evaluated
through detecting the content of malondialdehyde (MDA),
4-hydroxynonenal (4-HNE), glutathione (GSH) and superoxide
dismutase (SOD) in the myocardial cells by ELISA. The
expression of collagen III, matrix metalloproteinase (MMP)S,
MMP14, tissue inhibitor of metalloproteinase (TIMP)2,
transforming growth factor (TGF)-f3, cystathionine-y-lyase
(CSE), eukaryotic initiation factor 20 (eIF2a), GRP94, Bcl-2,
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caspase-3, tumor necrosis factor (TNF)-a, nuclear factor-xB
(NF-«B) and proteins related to the JAK/STAT pathway, was
detected by western blot analysis. The results indicated that
the array of myocardial cells was markedly disordered in STZ
group rats; compared with the control group, both myocardial
interstitial fibrosis and the deposition of collagen III were
increased. Furthermore, the expression ratio of MMPs/TIMPs
was dysregulated, while the expression levels of TGF-f,
elF2a, GRP94, caspase-3, TNF-a, NF-kB, MDA and 4-HNE
were significantly increased. Furthermore, the expressions of
JAK-1/2 and STAT1/3/5/6 were also markedly upregulated,
while those of CSE, SOD, GSH and Bcl-2 were downregulated.
Compared with the STZ group, these changes were reversed in
the STZ + H,S group. The results of the present study demon-
strated that H,S can improve myocardial fibrosis in diabetic
rats, and the underlying mechanism may be associated with the
downregulation of the JAK/STAT signaling pathway, thereby
suppressing oxidative stress and ER stress, inflammatory reac-
tion and cell apoptosis.

Introduction

With the improvement of living standards, nutrition-induced
diabetes has become a global public health concern, representing
the 5th leading cause of mortality worldwide (1). Diabetic
cardiomyopathy (DCM) is a major diabetic complication (2).
Cardiovascular complications of diabetes are the main cause of
hospitalization and death. DCM is an independent complication
of diabetes, characterized by early-onset diastolic dysfunction,
which is largely attributed to myocardial fibrosis. DCM is a
type of cardiomyopathy independent from the large vessels and
coronary atherosclerosis, while 75% of patients with unex-
plained idiopathic dilated cardiomyopathy have been found to
be diabetic (3). DCM is characterized by impaired myocardial
insulin signaling, endoplasmic reticulum (ER) stress, mitochon-
drial dysfunction, activation of the sympathetic nervous system,
excessive oxidative stress, increased inflammation, abnormal
coronary microcirculation and maladaptive immune responses.
These pathophysiological changes result in fibrosis, hypertrophy,
cardiac diastolic/systolic dysfunction and, eventually, systolic
heart failure. Cardiac interstitial fibrosis is a major character-
istic of DCM (4), comprising overproduction and deposition of
myocardial interstitial collagen and resulting in myocardial stiff-
ness and cardiac dysfunction. A number of molecular mechanisms
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have been proposed to contribute to the development of DCM,
including mechanisms involving oxidative stress, cell apoptosis,
autophagy, increased inflammation and ER stress (5-7); however,
the exact molecular mechanisms that trigger and drive these
major pathological processes have yet to be fully elucidated.

Target organ damage in diabetes mellitus is associated with
increased inflammation and oxidative stress, which are consid-
ered to be major factors contributing to the development and
progression of DCM. The molecular mechanisms regulating
related signal conduction remain largely unclear. Previous
findings indicate that the activation of Janus kinase/signal
transducer and activator of transcription (JAK/STAT) signaling
is crucial for the occurrence and development of myocardial
fibrosis. The JAK/STAT signaling pathway is a key point in the
cytokine signal transduction pathways, as it regulates diverse
pathophysiological processes, including proliferation, differ-
entiation, apoptosis, cellular immunity and inflammation (8).
Hydrogen sulfide (H,S) is a colorless, flammable gas with a
characteristic odor, which, until recently, had been known to be
an endogenously produced gaseous signaling molecule, similar
to nitric oxide (NO) and carbon monoxide, and has been impli-
cated in the regulation of inflammatory response, apoptosis,
oxidative stress and angiogenesis (9). In addition, H,S has
been shown to exert potent cytoprotective effects against tissue
injury, including myocardial fibrosis (10). However, the specific
mechanism of cardioprotection mediated by H,S in DCM
remains largely unknown. There is little evidence on whether
the JAK/STAT signaling pathway participates in the protec-
tion of exogenous H,S against myocardial fibrosis in diabetes
mellitus. In the present study, sodium hydrosulfide (NaHS), an
exogenous donor of H,S, was used to evaluate the antifibrotic,
anti-inflammatory and antioxidant effects of H,S in the hearts
of streptozotocin (STZ)-induced diabetic rats. The aim was to
provide insight into the molecular mechanisms underlying the
action of H,S in myocardial fibrosis associated with diabetes
mellitus, improve our understanding of the pathophysiology of
DCM, and enable the identification of new therapeutic targets
based on the modulation of H,S production.

Materials and methods

Experimental animals. The experimental protocol was
approved by the Animal Ethics Committee of the University
of South China (Hengyang, China). A total of 40 adult male
Sprague Dawley rats (weight, 300+20 g), which were provided
by the SJA Animal Experimental Center of Changsha
(Changsha, China), were bred in subcages in a clean laboratory
with artificial lighting (12-h light/dark cycles), with free access
to food and water.

Chemicals and reagents. NaHS was purchased from
Sigma-Aldrich; Merck KGaA (St. Louis, MO, USA). STZ was
purchased from MP Biomedicals, LLC (Santa Ana, CA, USA).
Rabbit polyclonal anti-JAK-1 (cat. no. AO0330), rabbit polyclonal
anti-JAK-2 (cat. no. BA3398), rabbit polyclonal anti-collagen III
(cat. no. BA0326), rabbit polyclonal anti-transforming growth
factor (TGF)-p (cat. no. BA0290), rabbit polyclonal antitumor
necrosis factor (TNF)-a (cat. no. BA14903), rabbit polyclonal
anti-nuclear factor (NF)-«xB (cat. no. BM3946), mouse anti-STAT1
(cat. no. BA0619-2), mouse anti-STAT3 (cat. no. BA0621), mouse
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anti-STATS (cat.no. BA1411), mouse anti-STAT6 (cat. no. BA1414),
mouse anti-cystathionine-y-lyase (CSE; cat. no. BA3605),
mouse anti-tissue inhibitor of metalloproteinase (TIMP)2
(cat. no. BA0576), mouse anti-matrix metalloproteinase (MMP)8
(cat. no. BA2201), mouse anti-MMP14 (cat. no. BA1278) and
rabbit polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; cat.no. BM3874), were all purchased from Wuhan Boster
Biological Technology, Ltd. (Wuhan, China). The dilution ratio of
these antibodies was 1:400. Furthermore, rabbit anti-eukaryotic
initiation factor 2a (eIF2a.; cat. no. 11233-1-AP), mouse anti-Bcl-2
(cat. no. 12789-1-AP), mouse anti-caspase-3 (cat. no. 19677-1-AP)
and mouse anti-GRP94 (cat. no. 14700-1-AP) were all purchased
from Proteintech Group, Inc. (Chicago, IL, USA). The dilution ratio
of these antibodies was 1:1,000. Anti-rabbit secondary antibodies
(cat. no. SA00001-2) were also purchased from Proteintech Group,
Inc. The dilution ratio was 1:2,000. Cell lysis buffer for western
blot analysis, the ELISA kit of superoxide dismutase (SOD),
malondialdehyde (MDA), 4-hydroxynonenal (4-HNE),
glutathione (GSH), the bicinchoninic acid (BCA) protein assay kit,
the enhanced chemiluminescence reagent kit and the SDS-PAGE
gel preparation kit were all obtained from Beyotime Institute of
Biotechnology (Shanghai, China).

Model establishment and grouping. A total of 40 experimental
animals were randomly divided into four groups (n=10) as
follows: Normal (control group), diabetes mellitus (STZ group),
diabetes mellitus treated with H,S (STZ + H,S group), and
normal rats treated with H,S (H,S group). The STZ and
STZ + H,S groups were administered intraperitoneal (i.p.)
injections of STZ (40 mg/kg). During the same time, the
rats of the control and H,S groups were treated with saline
daily (i.p.). After 3 days of STZ injections, rat blood samples
were collected through the caudal vein to measure the
blood glucose level. Blood glucose >16.7 mmol/l suggested
successful establishment of the diabetes model. Subsequently,
NaHS (100 pgmol/kg, i.p.) was administered to the rats of the
STZ + H,S and H,S groups, whereas rats in the control and
STZ groups were treated with phosphate-buffered saline daily.
The experiment lasted for 8 weeks. The rats were sacrificed
following anesthesia with chloral hydrate (350 mg/kg) and all
the animals were weighed. The hearts of the rats were lavaged
with ice-cold normal saline before removing and weighing.
Three rats were selected randomly from each group. Each
heart was divided into two parts, one of which was utilized for
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay and the other for biochemical analyses.

Histopathological analysis of myocardial fibers. The removed
hearts were fixed in 4% paraformaldehyde. Each heart was
dehydrated with graded alcohols, embedded in paraffin and
sliced into 5-um sections. These sections were stained using
a hematoxylin and eosin (H&E) staining kit and a Masson's
trichrome staining kit, and observed under a light microscope
at a magnification of x200.

TUNEL assay. The rat myocardial tissue sections were fixed
in 10% formalin, embedded in paraffin and processed for the
TUNEL assay. The slides were treated with H,0O, and incubated
with a reaction mixture containing TdT and digoxigenin-conju-
gated dUTP for 1 h at 37°C. Labeled DNA was visualized
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Table 1. Effects of H,S on BG concentration, BW and HW in diabetic rats.

Parameters Control group STZ group STZ + H,S group H,S group
BW (g) 437.71+64.75 269.86+20.41° 280.14+12.06° 471.29+24.16
HW (g) 1.46+0.17 1.04+0.10° 1.07+0.13° 1.52+0.96°
HW/BW (x100) 0.34+0.02 0.39+0.04* 0.38+0.05* 0.32+0.01
BG, (mmol/l) 5.77+0.33 6.12+0.83 6.05+£0.63 5.83+0.77
BG, (mmol/l) 7.26+0.58 28.54+2.55° 25.245.54° 8.12+2.06
BG; (mmol/l) 6.91+0.45 26.90+2 .42° 25.71£2.38° 7.32+0.91

"P<0.05 and *P<0.001 vs. the control group. Values are expressed as means + standard deviation (n=7). STZ, streptozocin; H,S, hydrogen
sulfide; BW, body weight; HW, heart weight; BG, blood glucose; BG,, blood glucose prior to the experiment; BG,, blood glucose 3 days after
intraperitoneal (i.p.) injection of STZ; BG;, blood glucose 8 weeks after i.p. injection of STZ.

with peroxidase-conjugated anti-digoxigenin antibody using
3,3'-diaminobenzidine as the chromogen. Rat testicular tissue
was used as positive control in the TUNEL assay.

Measurement of MDA, 4-HNE, GSH and SOD. The content of
MDA, 4-HNE and GSH and the activity of SOD in the heart
were assayed by ELISA. The ELISA kits for SOD, MDA,
4-HNE and GSH were all obtained from Beyotime Institute
of Biotechnology. The steps were conducted following the
manufacturer's instructions.

Western blot analysis. Total protein was extracted in ice-cold
radioimmunoprecipitation assay buffer containing protease inhibi-
tors (Beyotime Institute of Biotechnology), and quantified using
a BCA protein assay kit. Proteins were denatured, separated by
SDS-PAGE electrophoresis and transferred to a PVDF membrane
by the wet transfer method. The membranes were blocked with
5% skimmed milk in Tris-buffered saline with Tween-20 (TBST)
for 2 h at room temperature and incubated with blocking solution
containing primary antibody (1:400, anti-collagen III; 1:400,
anti-MMPS; 1:400, anti-MMP14; 1:400, anti-TIMP2; 1:400, anti-
CSE; 1:400, anti-TGF-f3; 1:400, anti-TNF-a; 1:400, anti-NF-«B;
1:400, anti-STAT1/3/5/6; 1:400, anti-JAK-1/2; 1:1,000, anti-eIF2q;
1:1,000, anti-GRP94; 1:1,000, anti-caspase-3; and 1:1,000,
anti-Bcl-2) overnight at 4°C. After washing three times with TBST,
the membranes were incubated with horseradish peroxidase-conju-
gated secondary antibody (1:2,000) for 1 h at room temperature.
Next, the membranes were washed in TBST buffer three times
and subjected to chemiluminescence detection assay. The bands
were analyzed with a Molecular Imager VersaDoc MP 5000
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Data are expressed as mean + standard devi-
ation. Statistical differences among the groups were assessed by
one-way analysis of variance with SPSS 18.0 software (SPSS
Inc., Chicago, IL, USA). Differences between two groups were
analyzed using the Student-Newman-Keuls test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of H,S on blood glucose concentration, body
weight (BW) and heart weight (HW) in diabetic rats. Plasma
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Figure 1. Expression of cystathionine-y-lyase (CSE) in each group. Data are
expressed as mean + standard deviation (n=3). "P<0.05 vs. control group;
"P<0.05 vs. streptozotocin (STZ) group. GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase.

glucose concentration, BW and HW were measured prior to
sacrificing the rats. The results revealed that BW and HW in
the STZ-treated groups were significantly lower compared
with those in the control group. The concentration of blood
glucose was significantly increased in the STZ-treated group
compared with thatin the control group. However, no significant
differences in BW, HW or blood glucose concentration were
observed between the H,S-treated and STZ groups (Table I).

Effects of H,S on CSE expression in diabetic rats. To deter-
mine whether diabetes-induced myocardial damage was
associated with decreased generation of endogenous H,S, the
expression level of CSE was measured by western blot analysis.
Compared with the control group, the expression level of CSE
in the STZ and STZ + H,S groups was significantly decreased,
while there was no obvious difference in the H,S group;
compared with the STZ group, the myocardial expression of
CSE was significantly increased in the STZ + H,S and H,S

groups (Fig. 1).

H.S improves histological changes in rats treated with STZ.
On examination under a light microscope, myocardial cells in
the control group were orderly and compactly arranged, the
intercellular space was normal, and there was less extracellular
matrix. Compared with the control group, the cardiomyocytes
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Figure 3. Morphological changes in the myocardium as assessed by Masson's trichrome staining (magnification, x400). STZ, streptozocin.
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Figure 4. Expression levels of collagen III, matrix metalloproteinase (MMP)8, MMP14 and tissue inhibitor of metalloproteinase (TIMP)2 in each group. Data are
expressed as mean = standard deviation (n=3). "P<0.03 vs. control group; “P<0.03 vs. streptozotocin (STZ) group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

in the STZ group were disordered, the intercellular spaces were
broader, and interstitial fibrosis was present. However, these
changes were markedly reversed in the STZ + H,S group. In
the H,S group, the myocardial tissue structure and arrangement
of fibers were similar to those of the control group (Fig. 2).
Masson's staining revealed the deposition of collagen fibers
(blue staining), reflecting the extent of myocardial fibrosis. As

demonstrated by Masson's staining, there was little evidence
of myocardial fibrosis in the control group. However, a signifi-
cantly increased degree of fibrosis was observed in the STZ
group. Compared with the STZ group, myocardial fibrosis
was markedly improved in the STZ + H,S group; however,
compared with the control group, there were no significant
histological changes in the H,S group (Fig. 3).
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Figure 5. Myocardial cells of heart tissue were detected by the TUNEL assay. Images were captured at magnification of x400.
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Figure 6. Expression levels of caspase-3 and Bcl-2 in each group. Data are expressed as mean + standard deviation (n=3). "P<0.05 vs. control group; *P<0.05

vs. streptozotocin (STZ) group.

Effects of H,S on collagen III, MMP8, MMPI14 and TIMP2
expression in diabetic rats. As the balance of MMPs/TIMPs
determines the ratio of collagen synthesis and degradation, it
may reflect the status of fibrosis to a certain extent. Therefore,
the expression of collagen III, MMP8, MMP14 and TIMP2 was
determined. Compared with the control group, the expression
levels of collagen III, MMP8, MMP14 and TIMP2 were signif-
icantly increased in the STZ group, and the expression levels
of TIMP2, MMP8 and MMP14 were significantly increased
in the STZ + H,S group. Compared with the STZ group, the
myocardial expression of collagen III, MMP8, MMP14 and
TIMP?2 was significantly reduced in the STZ + H,S group. No
significant difference was observed in the expression levels of
collagen III, MMP8, MMP14 and TIMP2 between the control
and H,S groups (Fig. 4).

H.S reduces cardiomyocyte apoptosis in diabetic rats. In the
present study, the TUNEL assay was used to detect apoptosis in
heart tissue. The number of apoptotic cells was obviously higher
in the STZ group compared with that in the control group.
However, the number of TUNEL-positive cells was found to
be decreased in the STZ + H,S group. No significant difference
was observed between the control and H,S groups (Fig. 5).

Effects of H,S on Bcl-2 and caspase-3 expression in diabetic
rats. It is widely accepted that Bcl-2 and caspase-3 are closely
associated with apoptosis. In our experiment, the expression of
Bcl-2 and caspase-3 was determined by western blot analysis.
Compared with the control group, the expression level of

caspase-3 was significantly increased in the STZ group, and
the expression level of Bcl-2 was significantly decreased in the
STZ and STZ + H,S groups. Compared with the STZ group,
the myocardial expression of caspase-3 was significantly
reduced, whereas that of Bcl-2 was significantly increased
in the STZ + H,S and H,S groups. No significant difference
was observed in the expression levels of Bcl-2 and caspase-3
between the control and H,S groups (Fig. 6).

Protein expression levels of MDA, 4-HNE, GSH and SOD. The
levels of GSH, SOD, 4-HNE and MDA were measured to assess
oxidative damage in the myocardium and determine whether
H,S protects against this type of damage. Compared with the
control group, the expression levels of SOD and GSH were
significantly decreased in the STZ group, whereas the expression
level of SOD was significantly decreased and that of GSH was
significantly increased in the STZ + H,S group (Fig. 7A and B).
Compared with the STZ group, the myocardial expression of
SOD and GSH was significantly increased in the STZ + H,S and
H,S groups. In addition, the levels of MDA and 4-HNE in STZ
group rats were obviously higher compared with those in the
control group. Compared with the STZ group, the myocardial
expression of MDA and 4-HNE was significantly reduced in
the STZ + H,S and H,S groups (Fig. 7C and D). No significant
difference was observed in the expression levels of SOD, GSH,
MDA and 4-HNE between the control and H,S groups.

Effects of H,S on TGF-f5 expression in diabetic rats. It is widely
accepted that TGF-p is closely associated with fibrogenesis.
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Figure 7. Protein expression of (A) superoxide dismutase (SOD), (B) glutathione (GSH), (C) malondialdehyde (MDA) and (D) 4-hydroxynonenal (4-HNE) in the heart
tissue of each group. Data are expressed as mean = standard deviation (n=3). "P<0.05 or “P<0.01 vs. control group; “P<0.05 or "P<0.01 vs. streptozotocin (STZ) group.

In our experiment, the expression of TGF-f was determined
by western blot analysis. Compared with the control group,
the expression level of TGF-f was significantly higher in the
STZ group and significantly lower in the STZ + H,S group,
while there was no obvious difference between the control
and H,S groups. Compared with the STZ group, the myocar-
dial expression of TGF- was significantly reduced in the
STZ + H,S group (Fig. 8).

Effects of H,S on TNF-a and NF-kB expression in diabetic
rats. The expression levels of TNF-a and NF-xkB were
measured to assess inflammatory response using western blot
analysis. Compared with the control group, the expression
levels of TNF-a and NF-kB were significantly increased in
the STZ group, the expression level of TNF-a was signifi-
cantly decreased in the STZ + H,S group, while there was no
significant difference between the control and H,S groups.
Compared with the STZ group, the myocardial expression
of TNF-a and NF-kB were significantly reduced in the
STZ + H,S group (Fig. 9).

Effects of H,S on elF2a and GRP94 expression in diabetic
rats. The expression of eIF2a and GRP94 was determined by
western blot analysis to assess ER stress in the myocardium.
Compared with the control group, the expression levels of
elF2a and GRP94 were significantly increased in the STZ
group and the expression of GRP94 was significantly increased
in the STZ + H,S group. Compared with the STZ group, the
myocardial expression of e[F20 and GRP94 was significantly
reduced in the STZ + H,S group. No significant difference

1.04

TGF-p relative level

STZ

STZ+H:S H:S

“Control

Figure 8. Expression level of transforming growth factor-p (TGF-f) in each
group. Data are expressed as mean =+ standard deviation (n=3). "P<0.05
vs. control group; “P<0.05 vs. streptozotocin (STZ) group. GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase.

was observed in the expression levels of el[F2a and GRP94
between the control and H,S groups (Fig. 10).

Administration of exogenous H,S donor affects JAK-1/2
and STATI1/3/5/6 signaling. To further explore the potential
signaling pathway involved in diabetes, proteins associated
with the JAK/STAT pathway were detected by western blot
analysis. Compared with the control group, the expression
level of JAK-1/2 in the STZ group was markedly increased,
the expression level of JAK-1 in the STZ + H,S group was
significantly decreased, and the expression levels of JAK-2
in STZ + H,S group was significantly increased. Compared
with the STZ group, the myocardial expression of JAK-1/2
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Figure 10. The expression levels of eukaryotic initiation factor 2a (eIF2a) and GRP94 in each group. Data are expressed as mean + standard deviation (n=3).
“P<0.05 vs. control group; “P<0.05 vs. streptozotocin (STZ) group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

exhibited a marked reduction in the STZ + H,S group. No
significant difference was observed in the expression levels
of JAK-1 and -2 between the control and H,S groups (Fig. 11).
Compared with the control group, the expression levels of
STAT1/3/5/6 in the STZ group were significantly increased.
Compared with the STZ group, the myocardial expres-
sion of STAT1/3/5/6 was significantly reduced in the
STZ + H,S group. No significant difference was observed in
the expression levels of STAT1/3/5/6 between the control and
H,S groups (Fig. 12).

Discussion

Over the past two decades, the worldwide incidence of diabetes
mellitus has steadily increased as a consequence of higher
rates of obesity and changes in lifestyle. If unaddressed, nearly
half a billion individuals will suffer from diabetes mellitus
in 2030 (11). Diabetes is associated with a number of fatal
complications, such as DCM, which accounts for most of the
morbidity and mortality in this population and represents a
major global health concern (12).

Cardiac interstitial fibrosis, as a major characteristic
of DCM, results from the overproduction and deposition
of myocardial interstitial collagen, leading to hypertrophy,

myocardial stiffness, cardiac diastolic/systolic dysfunction
and, eventually, heart failure (13). The results of immunohis-
tochemical analysis revealed obvious interstitial fibrosis in
the myocardium of diabetic rats. Compared with the control
group, the arrangement of myocardial cells was markedly
disordered, and collagen deposition in cardiac extracellular
matrix was increased in the STZ group. The expression
of collagen III in the myocardium was also significantly
increased in the STZ group. The results of H&E and Masson's
staining in the present study also demonstrated that diabetes
increased the relative disorganization of myocardial cells and
enhanced deposition of collagen in the STZ group, clearly
indicating that myocardial damage was caused by diabetes.
Furthermore, hyperglycemia induced an increase in the
heart-to-body weight (HW/BW) ratio. In addition, the results
of the present study demonstrated that there was a deregula-
tion of MMPs/TIMPs expression in the myocardial tissue of
diabetic rats. All the abovementioned results suggest that there
was obvious cardiac interstitial fibrosis in diabetic rats.
Numerous mechanisms may collectively contribute to
the development of DCM, including oxidative stress, insulin
resistance, myocardial inflammation and ER stress (14,15).
However, the exact molecular mechanisms that trigger and fuel
these major pathological processes are not entirely clear. An
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increasing number of clinical and experimental studies indicate
that sustained hyperglycemia results in reduced antioxidant
capacity and increased oxidative stress that are involved in devel-
opment of diabetes and its complications (16-18). Inflammation
is currently recognized as a key contributor to the pathogenesis
of diabetes and its cardiovascular complications (19-21), and the
diabetic myocardium exhibits increased levels of proinflam-
matory cytokines, such as TNF-a and IL-6 (22). Increased
oxidative stress is another common characteristic in models of
DCM. Oxidative stress indicates a severe imbalance between
the generation of reactive oxygen species (ROS) and their
clearance by antioxidant defense systems, which make the
heart highly susceptible to oxidative damage (23,24). ROS may
induce lipid peroxidation and result in the increased expression

of MDA and 4-HNE. There are natural detoxification molecules
in the heart that reduce or scavenge ROS, such as SOD and
GSH. ROS, as the main inducer of oxidative stress in vivo, may
also result in cell apoptosis. Accordingly, ROS and oxidative
stress play an important role in the occurrence and development
of diabetic cardiovascular complications (25,26). In the present
study, oxidative stress was evaluated through detecting the
content of MDA, 4-HNE, GSH and SOD in myocardial cells
by ELISA. The expression of collagen I1I, MMPS, MMP14,
TIMP2, TGF-f, CSE, elF2a, GRP94, Bcl-2, caspase-3, TNF-a,
NF-«xB, JAK-1/2 and STAT1/3/5/6 was analyzed by western
blotting and the results demonstrated that the expression of
MDA, 4-HNE, TNF-a, NF-kB, TGF-f, eIF2a, GRP94 and
caspase-3 was significantly increased in the STZ group, and the
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expression of SOD, GSH and Bcl-2 was markedly decreased
in the STZ group. These results suggest that there was signifi-
cantly increased oxidative stress in the myocardium of diabetic
rats. Furthermore, there was overactivation of ER stress
pathways. Inflammatory factors, such as TNF-a, NF-xB and
TGEF-p, were also significantly increased. In the STZ group, the
extent of myocardial tissue damage gradually increased, along
with a significantly increased apoptotic cell rate, demonstrating
that cells failed to repair themselves. The result of the TUNEL
assay revealed that, compared with the control group, there
was a significantly increased number of apoptotic cells in the
myocardium of diabetic rats. The expression of caspase-3 was
significantly upregulated in the myocardium of diabetic rats,
while that of Bcl-2 was significantly downregulated.

ER stress is an adaptive response of cells to ischemia,
hypoxia and hyperglycemia (27,28). Oxidative stress may lead
to ER stress (29), and GRP94 and elF2a are classic markers of
ER stress. Consistent with previous studies (30,31), the expres-
sion of GRP94 and elF2a in the myocardium of diabetic rats
were obviously upregulated in the present study, suggesting the
presence of excessive ER stress. TGF-1 is currently considered
as one of the most important factors promoting myocardial
fibrosis and is considered to play an important role in this
process (32). It has been suggested that TGF-B1 plays a key role
in myocardial interstitial fibrosis in DCM (33). In our experi-
ments, the TGF-f1 expression in the myocardium of rats with
DCM was significantly higher compared with that in control
rats, and was positively correlated with the content of collagen;
thus, TGF-f3 may be involved in the regulation and crosstalk
of oxidative stress, ER stress, inflammation and apoptosis of
cardiomyocytes.

The JAK/STAT signaling pathway is an important cytokine
signal transduction pathway and a pleiotropic cascade that is
crucial for cytokine and growth hormone receptor signaling,
and regulates diverse physiological and pathological processes,
including proliferation, differentiation, apoptosis and inflam-
mation (34). In the present study, the expression of GRP94 and
elF2a in the myocardium of diabetic rats were found to be
obviously upregulated, suggesting the presence of excessive
ER stress. The activation of the JAK/STAT signal transduction
pathway may upregulate the expression of TGF-f§ and type 1
and III collagens, leading to the occurrence of fibrosis (35,36).
It was recently demonstrated that the exposure of glomerular
mesangial cells to high glucose caused the activation of JAK-2,
STATI1, STAT3 and STATS, along with an increase in TGF-31
and fibronectin synthesis (37). Conversely, it was reported that
inhibiting JAK/STAT signaling in mesangial cells cultured
in high glucose may decrease the synthesis of TGF-$1 and
fibrin (38). The JAK/STATSs signal transduction pathway is
closely associated with myocardial fibrosis and cardiac hyper-
trophy caused by pressure overload, heart failure and cardiac
dysfunction induced by ischemia-reperfusion (8). In our study,
the expression levels of JAK-1, JAK-2 and STATs were signifi-
cantly upregulated in rats of the STZ group compared with
control rats, and the relative contents of JAK-1/2 and STATSs
were positively correlated with the content of collagen and
the expression of TGF-p1 in the myocardium. It is suggested
that high glucose or glycosylated products in diabetes induce
oxidative stress to produce inflammatory cytokines followed
by the activation of JAK/STAT and TGF-f signaling.
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H.,S is an endogenously produced gaseous molecule that
plays an important role in cellular signaling and possesses
potent anti-inflammatory, antioxidant, and other regulatory
properties (39,40). In addition, H,S has been shown to exert
potent cytoprotective effects against tissue injury as well
as antifibrotic effects, including prevention of myocardial
fibrosis (41). The reported cytoprotective effects of H,S are
partially associated with its ability to neutralize ROS, reduce
apoptotic signaling, and reversibly modulate mitochondrial
respiration (42). However, the association between H,S and
JAK/STAT signaling remains unclear. Our results demon-
strated that the expression level of CSE was significantly
downregulated in rats of the DCM group compared with
control rats, suggesting that diabetes impairs the expression of
endogenous H,S/CSE. It was observed that, compared with the
rats in the STZ group, the expression of MDA, 4-HNE, TNF-a,
NF-«B, TGF-, elF20, GRP94 and caspase-3 was significantly
downregulated and the expression of SOD, GSH and Bcl-2 was
significantly higher in the myocardium of rats treated with the
H,S donor NaHS. The levels of JAK-1/2 and STATSs were lower,
the expression of TGF-f1 was downregulated, the content of
collagen in the myocardium decreased, and the level of myocar-
dial fibrosis was visibly reduced in the myocardium of rats in the
STZ + H,S group. H,S was able to attenuate matrix deposition
and myocardial fibrosis, reduce apoptosis, alleviate inflamma-
tion, improve the deregulation of MMPs/TIMPs, and inhibit
excessive oxidative stress and ER stress in the myocardium of
diabetic rats. The protective mechanism of H,S against diabetic
myocardial fibrosis may be associated with the downregulation
of JAK/STAT and TGF-f1 signaling. These findings indicate
that H,S exerts a protective effect against myocardial intersti-
tial fibrosis in DCM by downregulating JAK/STAT signaling.

Moreover, these results suggest that H,S, acts as a scav-
enger of ROS, enhances the endogenous antioxidant defenses
and creates an environment resistant to oxidative stress in the
myocardium of diabetic rats. Another major finding of the
present study is that the JAK/STAT signaling pathway plays
an important role in mediating the cardioprotective effects of
H,S. To date, it has not been fully elucidated how H,S exerts
its beneficial effect against cardiac fibrosis under diabetic
conditions via the JAK/STAT signaling pathway. However,
as H,S attenuates diabetes-induced oxidative damage and the
subsequent cardiac fibrosis, it appears to be a promising novel
therapeutic strategy for the prevention and treatment of DCM.
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