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Exogenous H,S mitigates myocardial fibrosis in diabetic rats
through suppression of the canonical Wnt pathway
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Abstract. Hydrogen sulfide (H,S) has antifibrotic activity
in the kidneys, heart, lungs, and other organs. The present
study investigated the protective activity of exogenous H,S
against myocardial fibrosis in a rat model of diabetes. Animals
were assigned to normal control, diabetes mellitus (DM),
DM + sodium hydrosulfide (NaHS; DM + NaHS) and NaHS
groups. Fasting blood glucose (FBG), cardiac function and
hydroxyproline were monitored. Heart histomorphology and
ultrastructure were additionally evaluated. Wntl-inducible
signaling pathway protein (WISP)-1 protein expression in
the myocardium was determined by immunohistochemical
staining. Matrix metalloprotease (MMP)-2, tissue inhibitor
of metalloproteinase (TIMP)-2, collagens, and canonical Wnt
and transforming growth factor (TGF)-$1/SMAD family
member 3 (Smad3) pathway-related proteins were assessed
by western blotting. Cardiac function was decreased, and
myocardial injury, hypertrophy and fibrosis were increased
in the diabetes model rats. MMP-2 expression was decreased,
and the expressions of WISP-1, TIMP-2, collagens, and
canonical Wnt and TGF-p1/Smad3 pathway-related proteins
were increased in the myocardia of the diabetes model rats.
The present results indicated that the canonical Wnt pathway
promoted diabetic myocardial fibrosis by upregulating the
TGF-p1/Smad3 pathway. Except for FBG, exogenous H,S
ameliorated the changes in diabetes-associated indices in rats
in the DM + NaHS group. The results are consistent with H,S
protection of streptozotocin-induced myocardial fibrosis in
the diabetes model rats by downregulation of the canonical
Wnt and TGF-B1/Smad3 pathway and decreased myocardial
collagen deposition.
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Introduction

Diabetic cardiomyopathy (DCM) is a cardiovascular complica-
tion of diabetes that contributes to its morbidity and mortality
rates. DCM is responsible for heart muscle dysfunction in the
absence of primary risks, including hypertension or coronary
artery disease (1). Myocardial fibrosis is present in the majority
of cardiac pathologies, including DCM (2). Among the variety
of cell types present in the heart, cardiac fibroblasts and
cardiomyocytes are the most prominent (3). Increased secre-
tion of extracellular matrix (ECM) components and growth
factors by cardiac fibroblasts occurs during the onset and
progression of myocardial fibrosis (4). In myocardial fibrosis,
the proliferation of cardiac fibroblasts and production of ECM
components, including collagens, are promoted by activation
of the transforming growth factor (TGF)-f1/SMAD family
member 3 (Smad3) signaling pathway (5-7).

Wt proteins act as signaling molecules to accelerate cell
proliferation, differentiation and migration (8). Wnt signaling
comprises two highly conserved pathways that participate in
diverse cellular physiological and pathological processes (9,10).
The canonical B-catenin-dependent pathway participates in
myocardial fibrosis, and may be a novel therapeutic target in
fibrotic diseases (11). In the canonical Wnt pathway, 3-catenin
is an intracellular transducer of extracellular signals that
activate downstream target genes, including Wntl-inducible
signaling pathway protein (WISP)-1 (12). WISP-1 induces
fibroblast proliferation, ECM deposition and cardiomyocyte
hypertrophy (13). The canonical Wnt and TGF-3/Smad3 path-
ways are both active in myocardial fibrosis (14,15). Glycogen
synthase kinase (GSK)-3[3, which is a key component of the
canonical Wnt pathway, alleviates myocardial injury in the
ischemic myocardium by binding to Smad3 to negatively
regulate the TGF-f1 signaling pathway (16).

Hydrogen sulfide (H,S) is one of three gaseous signaling
molecules in mammals, and it protects against injury of the
kidneys, heart, lungs, brain and other organs (17,18). Sodium
hydrosulfide (NaHS) is frequently utilized as an exogenous
H,S donor (19). It has been reported that H,S alleviated
myocardial fibrosis in spontaneously hypertensive rats by
inhibiting the TGF-f1/Smad pathway (20). To the best of the
authors' knowledge, evidence that the canonical Wnt pathway
is involved in the protective activity of exogenous H,S in
diabetes-associated myocardial fibrosis is lacking. The present
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study investigated the activity of exogenous H,S in a rat model
of diabetic myocardial fibrosis through negative regulation of
the canonical Wnt pathway, and downregulation of WISP-1
and the TGF-f1/Smad3 pathway.

Materials and methods

Animals. A total of 32 male Sprague-Dawley rats of 6-7 weeks
of age (weighing 160-200 g) were provided by The Animal
Administration Center of Bengbu Medical College. The rats
were given a standard laboratory diet and fresh drinking water,
and housed in a controlled environment at 50-60% humidity
and 21-23°C constant temperature with a 12 h light/dark cycle.
All the experimental procedures and protocols of the present
study were approved by the Animal Ethics Committee of
Anhui University.

Reagents. Streptozotocin, NaHS and BSA (cat. no. B2064)
were provided by Sigma-Aldrich; Merck KGaA. Goat serum
(cat.no. 16210064) was provided by Thermo Fisher Scientific,
Inc. A hydroxyproline (Hyp) assay kit (cat. no. A030-3) was
provided by Nanjing Jiancheng Bioengineering Institute.
An ECL detection reagent (cat. no. WBKLS0100) was
provided by EMD Millipore. A bicinchoninic acid (BCA)
protein assay kit, cell lysis buffer (cat. no. P0O013) and
phenylmethanesulfonyl fluoride (PMSF; cat. no. ST506)
were provided by Beyotime Institute of Biotechnology.
Rabbit anti-f-catenin (cat. no. 51067-2-AP; 1:500), anti-total
GSK-3p (cat. no. 22104-1-AP; 1:500), anti-collagen-I
(cat. no. 14695-1-AP; 1:500) and anti-collagen-III (cat.
no. 22734-1-AP; 1:500) antibodies were provided by
Wuhan Sanying Biotechnology. Rabbit anti-phosphorylated
(p)-GSK-3p (Ser 9; cat. no. 9323; 1:1,000), anti-Smad3
(cat. no. 9513; 1:1,000) and anti-p-Smad3 (cat. no. 9520;
1:1,000) antibodies were from Cell Signaling Technology,
Inc. Rabbit anti-TGF-f1 (cat. no. ab92486; 1:1,000) and
anti-GAPDH (cat. no. ab181602; 1:2,000) antibodies were
provided by Abcam. Rabbit anti-matrix metalloprotease-2
(MMP-2; cat. no. A00286; 1:500), anti-tissue inhibitor of
metalloproteinase-2 (TIMP-2; cat. no. BA0576; 1:500) and
anti-WISP-1 (cat. no. BA3035) antibodies, and horseradish
peroxidase-conjugated goat anti-rabbit secondary anti-
body (cat. no. BA1054) were provided by Wuhan Boster
Biological Technology, Ltd.

Experimental grouping and treatment. Rats were allocated
into four groups at random: Normal control (NC) group,
diabetes mellitus (DM) group, DM + NaHS group and NaHS
group (n=8/group). A single intraperitoneal (i.p.) injection of
streptozotocin at a dose of 55 mg/kg, dissolved in 0.1 mol/l
citrate buffer at a pH of 4.5, was administered to 12 h-fasted
rat to induce Type 1 DM. An i.p. injection of equal amount of
citrate buffer was administered to the rats in the NC group.
After streptozotocin-injection for 72 h, 12 h-fasted rats with
tail vein blood glucose concentrations >16.7 mmol/l were
grouped as diabetic rats. Following successful establish-
ment of the diabetic model, NaHS (56 pmol/kg/day; i.p.) was
administrated in the DM + NaHS and NaHS groups until
the end of the 8th week, according to a previously described
method (21,22). Rats in the NC and DM groups received daily
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injected doses of the equal volume of saline solution, using the
same dosing protocol.

Ventricular hemodynamic measurements. The cardiac func-
tion was assessed according to a previous study (21). Rats were
weighed and anesthetized with chloral hydrate (400 mg/kg;
i.p.), and then a cannula was incubated into the trachea. The
right carotid artery of each rat was detached and canulated
into the left ventricle. Following stabilization for 10 min, the
Med-Lab Biological Recording system (Medease Science and
Technology Co., Ltd.) was utilized to measure left ventricular
end-diastolic pressure (LVEDP), maximal rise rate of left
ventricular pressure (+dp/dt,,,), maximal fall rate of left
ventricular pressure (-dp/dt,,,) and left ventricular systolic
pressure (LVSP).

Measurement of blood glucose, heart weight/body weight
(HW/BW) and myocardial Hyp content. Following ventricular
hemodynamic measurement, the blood from the tail vein was
obtained to measure the fasting blood glucose (FBG) level
using a portable glucometer (Accu-Chek; Roche). In order to
calculate the HW/BW ratio, the rats were sacrificed following
8 weeks of treatment. Their hearts were removed, washed in
chilled saline solution, dried and then weighed. The myocar-
dium of each rat was homogenized and treated in 1 ml 6 mol/l
HCI at 100°C, for 6 h. Following pH adjustment to a range of
6.0-6.8, 25 mg activated carbon was mixed in 4 ml diluted
hydrolyzation products. All the samples were centrifuged at
1,123 x g for 10 min at 4°C and the supernatant fluids were
collected to calculate the Hyp concentration using the Hyp
assay kit.

Histomorphological evaluation. The myocardium of each
rat was fixed using 10% formalin solution for 1 day at room
temperature, embedded in paraffin at room temperature, and
then sectioned into 5 ym-thick slices. After the tissue slides
were treated using dimethylbenzene twice for 10 min at room
temperature, a series of ethanol solutions (100, 95, 90, 80 and
70%) were used to rehydrate them for 5 min at each concentra-
tion. Then, the slides were dyed using Harris hematoxylin and
0.5% eosin (H&E) at room temperature, for 5 min and 2 min,
respectively. Other tissue slides were dyed with Masson's
trichrome reagent, as previously described (23). Sections were
observed with a light microscope (magnification x400) and
images were captured for morphological study. Image-Pro
Plus 6.0 software (Media Cybernetics, Inc.) was utilized to
calculate the collagen volume fraction (CVF) in myocardium.
A total of five sections of each sample were selected at random
and their average was calculated for further analysis.

Ultrastructure analysis. Tissue ultrathin sections at a thick-
ness of 70 nm were prepared, as previously described (23).
The heart was cut into 1x1x1 mm cubes and fixed with 2.5%
glutaraldehyde for 5 h at 4°C, and post-fixed in 1% osmium
tetroxide for 1 h at room temperature. Myocardial tissue was
embedded in Epon812 for 2 h at room temperature and then
cut into ultrathin sections. Uranyl acetate and lead citrate were
used to stain the ultrathin sections at room temperature, for
30 and 15 min respectively, and then observed using a JEOL
JEM-1230 transmission electron microscope (JEOL, Ltd.).
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Figure 1. Effects of exogenous hydrogen sulfide on FBG and HW/BW. (A) FBG, (B) BW, (C) HW and (D) HW/BW in the different groups. Data are presented
as the mean + SD. n=8/group. “P<0.01 vs. NC group; *#P<0.01 vs. DM group. FBG, fasting blood glucose; BW, body weight; HW, heart weight; HW/BW, heart
weight/body weight; NC, normal control; DM, diabetes mellitus; NaHS, sodium hydrosulfide.

Immunohistochemical analysis. Myocardial WISP-1
protein expression was detected by immunohistochem-
istry. Immunohistochemical staining was performed using
an immunohistochemical detection kit (cat. no. PV6001;
Beijing Zhongshan Jingiao Biotechnology Co., Ltd.). The
paraffin-fixed myocardium was cut into 4 ym-thick slides,
treated with dimethylbenzene twice for 10 min at room
temperature and graded alcohol (100, 95, 90, 80 and 70%) for
5 min at each concentration at room temperature, and rinsed in
PBS at room temperature. After blocking endogenous peroxi-
dase activity with H,0, (3%) at room temperature for 10 min,
the slides were rinsed with PBS and boiled at 95°C for antigen
retrieval in citrate buffer at a pH of 6.0 for 15 min. The slides
were rinsed with PBS, blocked with goat serum (10%) at room
temperature for 30 min, and then incubated at 4°C overnight with
rabbit anti-WISP-1 polyclonal antibody (1:50). After washing
with PBS, the tissue sections were treated with goat anti-rabbit
immunoglobulin G secondary antibody (1:500) for 1 h at 37°C.
After washing with PBS, tissue slides were stained with
diaminobenzidine for 5 min at room temperature. The slides
were dyed using hematoxylin for 1 min at room temperature,
dehydrated and mounted. Histological sections were observed
by light microscopy (magnification x400) and imaged. A total
of five sections of each sample were selected at random and
analyzed using Image-Pro Plus 6.0 software.

Western blotting assay. The myocardium of each rat was lysed
with a mixed protein extraction buffer containing lysis buffer
(990 pl) and PMSF (10 pl). The protein quantification was
performed using a BCA assay kit. An equal amount of protein
(40 pg) was isolated by SDS-PAGE on 10% gels, and then
transferred to PVDF membranes. Membranes to be incubated
with p-GSK-3f and p-Smad3 antibodies, were blocked with

5% BSA in Tris-buffered saline Tween-20 (TBST) at 37°C
for 2 h, and the membranes to be incubated with MMP-2,
TIMP-2, B-catenin, collagen-I, collagen-III, Smad3, GSK-3,
TGF-p1 and GAPDH antibodies were blocked with 5% non-fat
milk in TBST at 37°C for 2 h. Afterwards, membranes were
incubated at 4°C overnight with the mentioned primary anti-
bodies. A horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody was used at a 1:5,000 dilution for 1 h at
room temperature. The visualization of protein bands was
detected using ECL reagent and scanned using the ChemiDoc
XRS system (Bio-Rad Laboratories, Inc.). The band density
was determined using Quantity One Version 4.6.6 software
(Bio-Rad Laboratories, Inc.).

Statistical analysis. All the experimental data are presented
as the mean + SD. All tests were repeated three times. The
statistical analysis of the results was conducted using SPSS
version 17.0 software (SPSS, Inc.). The comparisons among
groups were examined using ANOVA and Newman-Keuls
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effects of exogenous H,S on FBG and HW/BW. Exogenous
H,S alleviated myocardial hypertrophy in diabetes model
rats, with increased BW and HW, and a decreased HW/BW
ratio compared with the DM group. As shown in Fig. 1, FBG
and HW/BW were significantly elevated, and BW and HW
were significantly reduced in DM model rats compared with
NC rats, which indicated that diabetes induced myocardial
hypertrophy. Compared with the DM group, exogenous H,S
significantly decreased the HW/BW ratio but not FBG, and
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Figure 2. Effect of exogenous hydrogen sulfide on cardiac function in the different groups. (A) LVSP, (B) LVEDP, (C) +dp/dt,,,,, (D) -dp/dt,,, in the different
groups. Data are presented as the mean = SD. n=8/group. “P<0.01 vs. NC group; "P<0.01 vs. DM group. LVSP, left ventricular systolic pressure; LVEDP, left
ventricular end diastolic pressure; +dp/dt,,,,, maximal rise rate of left ventricular pressure; -dp/dt,,,., maximal fall rate of left ventricular pressure; NC, normal

control; DM, diabetes mellitus; NaHS, sodium hydrosulfide.

significantly increased BW and HW in the DM + NaHS group.
There were no statistically significant differences in FBG,
HW/BW, BW and HW between the NC and NaHS groups.

Effects of exogenous H,S on ventricular hemodynamics.
Exogenous H,S ameliorated diabetic cardiac dysfunction
by decreasing LVEDP, and increasing LVSP and +dp/dt,,,,,
compared with the DM group. As shown in Fig. 2, LVSP,
+dp/dt,,., and -dp/dt,,, were significantly decreased and
LVEDP was significantly increased in the DM model rats
compared with the NC rats. Exogenous H,S treatment signifi-
cantly decreased LVEDP, and increased LVSP, +dp/dt,,,, and
-dp/dt,,,, in the DM + NaHS rats compared with the DM rats.

Effects of exogenous H,S on myocardial histology and ultra-
structure. Myocardial fibers were neatly organized and the cell
nuclei were clearly defined in H&E stained tissue from normal
rats. The arrangement of cardiomyocytes in the myocardium of
DM rats was disordered and the majority of myocardial fibers
were broken. Exogenous H,S markedly reduced the severity of
histological damage in the DM + NaHS group (Fig. 3A).

The ultrastructure of myocardial cells in NC rats included
cardiac sarcomeres of uniform length and organization, and
mitochondria with a normal appearance. In the DM rats,
the cardiomyocyte ultrastructure was severely disturbed and
the mitochondria were swollen. Exogenous H,S decreased the
injury of the myocardial ultrastructure in the DM + NaHS
group. There were no obvious pathological changes in the
NaHS group compared with the control group (Fig. 3B).

Exogenous H,S reduced the severity of histomorphological
and ultrastructural injury in DCM.

Effects of exogenous H,S on myocardial collagen deposition.
Masson's trichrome stained heart tissue from control rats
exhibited small amounts of interstitial collagen fibers and
cardiomyocytes with a normal, uniform arrangement. In the
DM model rats, large amounts of interstitial and perivas-
cular collagen fibers were present in the myocardial tissue.
Exogenous H,S treatment reduced the extent of collagen
fiber deposition in diabetic myocardia. There were no
obvious histological differences in the NC and NaHS groups
(Fig. 4A). Quantitative analysis (Fig. 4B and C) revealed that
the CVF and Hyp contents were significantly elevated in
the diabetic model rats compared with the normal controls.
Compared with the DM group, exogenous H,S significantly
reduced the CVF and Hyp levels in DM + NaHS rats. The
results suggested that exogenous H,S alleviated diabetic
myocardial fibrosis by decreasing collagen deposition and
Hyp content.

Effects of exogenous H,S on myocardial ECM proteins. As
shown in Fig. 5A, myocardial MMP-2 protein expression was
reduced, and the expression of collagen-I, collagen-IIT and
TIMP-2 were increased in the diabetes model rats compared
with the normal controls. In the DM + NaHS group, exogenous
H,S increased myocardial MMP-2 expression, and reduced the
expression of TIMP-2 and collagen proteins compared with
the DM group. The results suggested that exogenous H,S
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Figure 3. Effects of exogenous hydrogen sulfide on histological and ultrastructural alterations in myocardial tissues. (A) Representative H&E staining of
myocardial tissues. (B) Representative transmission electron micrographs of myocardial tissues. Arrows indicate the swollen mitochondria. H&E, hematoxylin
and eosin; NC, normal control; DM, diabetes mellitus; NaHS, sodium hydrosulfide; TEM, transmission electron microscope.

downregulated collagen expression by regulating MMP/TIMP
activity.

Effects of exogenous H,S on the myocardial TGF-f1/Smad3
pathway. As shown in Fig. 5B, the expression of TGF-f1,
Smad3, p-Smad3 and p-Smad3/Smad3 were increased in the
diabetes model rats compared with the NC group, demon-
strating that the TGF-f31/Smad3 pathway was active in diabetic
myocardial fibrosis in the animal model. Exogenous H,S
decreased the expression of TGF-f31/Smad3 pathway-related
proteins in the DM + NaHS group compared with the DM
group. The results suggested that exogenous H,S downregu-
lated the TGF-f31/Smad3 pathway in DCM.

Effects of exogenous H.,S on the canonical Wnt pathway and
WISP-1 expression in myocardial tissue. Myocardial GSK-3[3
expression was reduced, and p-GSK-3f, B-catenin and
p-GSK-3pB/GSK-3f expression were increased in the diabetes
model rats compared with the NC group. The results suggested
that canonical Wnt signaling was involved in diabetic myocar-
dial fibrosis. Exogenous H,S significantly inhibited the
changes in expression of Wnt-signaling proteins in the DM
+ NaHS group compared with the DM group (Fig. 6A). The
results of WISP-1 immunohistochemical staining in cardio-
myocytes are shown in Fig. 6B and C. WISP-1 expression was
significantly higher in the diabetes model rats compared with
the NC group. Exogenous H,S decreased the WISP-1 expres-
sion in the DM + NaHS group compared with the DM group.

There were no significant differences in WISP-1 expression
between the NC and NaHS groups. The results suggested that
exogenous H,S downregulated the canonical Wnt pathway and
WISP-1 expression in diabetic myocardial tissues.

Discussion

Hyperglycemia causes changes in cardiac contractility and
structure that result in diastolic and systolic dysfunction, and
interstitial and perivascular myocardial fibrosis, character-
istic of DCM (24). In a previous study, cardiac hypertrophy,
fibrosis and dysfunction all occurred in diabetes model
rats (25). Extensive deposition of ECM, including collagen-I
and collagen-III, associated with diabetes results in increased
stiffness of the heart that affects cardiac function (26). In the
present study, the rat model of diabetes demonstrated that
cardiac function, BW and HW were decreased, and FBG,
HW/BW, CVF and Hyp were increased compared with NC
rats. The histomorphological analysis showed that diabetes
induced cardiomyocyte injury and increased deposition of
collagen fibers in the heart.

H,S is an endogenous gas signaling molecule, which
plays an important role in many physiological processes in
mammalian systems, including the nervous, cardiovascular
and urinary systems (27). H,S plays a protective role in
anti-oxidative, anti-inflammatory and anti-apoptosis activities
in diabetic rats (21,22,28). The present study identified that, in
contrast to diabetic rats, exogenous H,S increased the weights
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Figure 4. Effect of exogenous hydrogen sulfide on collagen deposition in myocardial tissues. (A) Representative Masson's trichrome staining of myocardial
tissues. Levels of (B) CVF and (C) Hyp content in the different groups. Data are presented as the mean + SD. n=8/group. “P<0.01 vs. NC group; *P<0.01
vs. DM group. CVF, collagen volume fraction; Hyp, hydroxyproline; NC, normal control; DM, diabetes mellitus; NaHS, sodium hydrosulfide.
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Figure 6. Effect of exogenous hydrogen sulfide on the canonical Wnt pathway and WISP-1 expression in myocardial tissues. (A) Western blot analysis of the protein
expression of 3-catenin, GSK-3f and p-GSK-3f. (B) Immunohistochemical study of WISP-1 was performed in myocardial tissues. (C) Ratio of WISP-1-positive
cells in each group. Data are presented as the mean = SD. n=8/group. “P<0.01 vs. NC group; “P<0.01 vs. DM group. WISP-1, Wntl-inducible signaling pathway
protein-1; GSK-3p, glycogen synthase kinase-3f; p-, phosphorylated; NC, normal control; DM, diabetes mellitus; NaHS, sodium hydrosulfide.

of the body and heart, and decreased the histomorphological
damages in the DM + NaHS group, which further suggested
that exogenous H,S serves a protective role in diabetic rats.

It was previously reported that H,S could regulate cardiac
function in mammals (29). The effects of H,S have been
described in models of cardiac injury, such as myocardial
ischemia/reperfusion injury (30), and spontaneously hyper-
tensive-, isoproterenol-, and diabetes-induced myocardial
injury (20,31,32). H,S has previously been found to protect
against myocardial injury and fibrosis in diabetic rats (33),
but the cellular mechanisms were not well investigated. The
present study did not identify any harmful effects of exogenous
H,S in normal rats; however, it protected diabetes model rats
by reducing cardiac hypertrophy, dysfunction and fibrosis. The

present results provide insight for the current understanding of
the mechanism of the antifibrotic effects of H,S on diabetic
hearts.

Canonical Wnt signaling promotes fibroblast activation
and proliferation (34). Under normal conditions, the canonical
Wnt pathway is not active. In the absence of Wnt, 3-catenin
is degraded by the axin/adenomatous polyposis coli/GSK3f3
complex, which results in a low level of cytosolic B-catenin (35).
Under conditions of stress, the Wnt protein binds to its cell
surface receptor, which activates disheveled proteins, leading
to the dissociation of GSK-3f from the complex (36). 3-catenin
is not degraded, and accumulates in the cytoplasm and translo-
cates into the nucleus, where it binds to T-cell factor/lymphoid
enhancer factor and then activates WISP-1 (37). GSK-3p is
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factor-f1; R, receptor; GSK-3f3, glycogen synthase kinase-33; APC, adenomatous polyposis coli; p-, phosphorylated; Smad3, SMAD family member 3; P, phos-
phate; TCF/LEF, T-cell factor/lymphoid enhancer factor; WISP-1, Wntl-inducible signaling pathway protein-1; MMP, matrix metalloproteinase; TIMP, tissue

inhibitor of metalloproteinase.

a highly conserved serine/threonine kinase present in the
canonical Wnt pathway. Its activity is inhibited by phosphory-
lation of the Ser9 site (38). Inhibition of GSK-3f3 has been
shown to induce dermal fibrosis by activating the canonical
Wnt pathway (39). The present study found that, in contrast to
normal rats, diabetes increased p-catenin, p-GSK-3f, WISP-1
and p-GSK-3p/GSK-3f expression, and decreased the expres-
sion of the GSK-3f protein. The results are consistent with the
participation of the canonical Wnt pathway in diabetes-induced
myocardial injury and fibrosis in this rat model. H,S-releasing
aspirin has been reported to strongly inhibit the growth of
Jurkat T-leukemia cells and the expression of [3-catenin (40).
H,S has also been reported to preserve synaptic plasticity,
protecting against vascular dementia-induced damage, at least
in part by increasing GSK-3p expression (41). In the present
study, exogenous H,S significantly decreased the expression
of canonical Wnt pathway proteins in H,S-treated diabetes
model rats, indicating that the antifibrotic activity of H,S in
the diabetic myocardium may be directly related to negative
regulation of the canonical Wnt pathway.

The TGF-p1/Smad3 pathway is active in lung, renal and
liver fibrosis; it activates fibrosis mediators, and suppresses
the degradation of the ECM by regulating MMP/TIMP
activity (42-44). MMPs are endogenous zinc-dependent
enzymes, and it is known that downregulation of MMP-2
occurs at the onset of myocardial fibrosis in DCM (45,46).

MMP-2 degrades collagen by digesting fibrillar collagen
peptides and newly formed collagen fibers (47). MMP
activity is controlled by TIMPs (48). Li et al (49) reported
that the activity of TIMP-2 is increased in myocardial fibrosis
associated with diabetes. In the present study, MMP-2 was
decreased in diabetes model rats, and the expression of
TIMP-2 and TGF-B1/Smad3 pathway proteins was increased,
implicating the involvement of the TGF-B1/Smad3 pathway
in diabetic myocardial fibrosis. Exogenous H,S significantly
reduced the changes in the diabetes-associated proteins in the
NaHS-treated diabetes model rats. The results are suggested
that the antifibrotic activity of H,S was mediated by down-
regulation of the TGF-B1/Smad3 pathway and maintenance of
MMP/TIMP activity.

A previous study identified correlations of activities of
the canonical Wnt and TGF-B1/Smad3 pathways in myocar-
dial fibrogenesis (15). Decreased f-catenin can inhibit
TGF-B1-induced myofibroblast transformation (50), and a
decrease in the activity or expression of GSK-3p resulted
in increased activity and stability of Smad3 protein (51).
In the present study, GSK-3f expression was decreased,
and p-GSK-3f, Smad3, B-catenin and TGF-B1 expression
were increased in diabetes model rats. The present results
are consistent with upregulation of the expression of
TGF-B1/Smad3 pathway proteins in the diabetic myocar-
dium through the canonical Wnt pathway. Exogenous H,S
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inhibited the changes in the expression of pathway-related
proteins observed in the myocardia of the diabetes model
rats. The aim of the present study was to demonstrate that
exogenous H,S negatively regulated the canonical Wnt
pathway and downregulated the TGF-f1/Smad3 pathway
in the diabetic myocardium. Further studies are required to
detect the associations of activities of the canonical Wnt and
TGF-B1/Smad3 pathways, and to further confirm the mecha-
nism of action of H,S in the antifibrotic signaling pathways. In
conclusion, H,S attenuated streptozotocin-induced diabetic
myocardial fibrosis in rats. The molecular mechanism may
involve negative regulation of the canonical Wnt pathway,
downregulation of WISP-1 and the TGF-p1/Smad3 pathway,
and decreased collagen deposition, as shown in Fig. 7. The
canonical Wnt pathway may be a novel target for exogenous
H,S as a treatment of DCM.
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