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Effects of hydrogen sulfide on myocardial fibrosis and
PI3K/AKT1-regulated autophagy in diabetic rats
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Abstract. Myocardial fibrosis is the predominant pathological
characteristic of diabetic myocardial damage. Previous studies
have indicated that hydrogen sulfide (H,S) has beneficial
effects in the treatment of various cardiovascular diseases.
However, there is little research investigating the effect of H,S
on myocardial fibrosis in diabetes. The present study aimed to
investigate the effects of H,S on the progression of myocardial
fibrosis induced by diabetes. Diabetes was induced in rats by
intraperitoneal injection of streptozotocin. Sodium hydrosul-
fide (NaHS) was used as an exogenous donor of H,S. After
8 weeks, expression levels of cystathionine-y-lyase were deter-
mined by western blot analysis and morphological changes
in the myocardium were assessed by hematoxylin and eosin
staining and Masson staining. The hydroxyproline content and
fibrosis markers were determined by a basic hydrolysis method
and western blot analysis, respectively. Autophagosomes were
observed under transmission electron microscopy. Expression
levels of autophagy-associated proteins and their upstream
signaling molecules were also evaluated by western blotting.
The results of the current study indicated that diabetes induced
marked myocardial fibrosis, enhanced myocardial autophagy
and suppressed the phosphatidylinositol-4,5-bisphosphate
3-kinase/RAC-a serine/threonine-protein kinase
(PI3K/AKT1) signaling pathway. By contrast, following
treatment with NaHS, myocardial fibrosis was ameliorated,
myocardial autophagy was decreased and the PI3K/AKTI1
pathway suppression was reversed. The results of the present
study demonstrated that the protective effect of H,S against
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diabetes-induced myocardial fibrosis may be associated with
the attenuation of autophagy via the upregulation of the
PI3K/AKT1 signaling pathway.

Introduction

Diabetic cardiomyopathy (DCM) is characterized clinically
by diastolic dysfunction in the early stage, evolving to systolic
dysfunction in the final stage. Impaired ejection fraction is a
severe complication that affects a notable proportion of diabetic
patients (1). With the rising incidence of diabetes, DCM is an
increasingly important disease in the cardiovascular field.
Myocardial fibrosis results from a disproportionate increase
in collagen deposition in the extracellular matrix (ECM). It is
one of the predominant pathological features of DCM (2) and
it is a critical determinant of the development of diastolic and
systolic dysfunction in patients with DCM (3). However, there
are no effective therapeutic strategies currently available that
prevent the progression of diabetic myocardial fibrosis. Further
elucidation of the mechanisms underlying myocardial fibrosis
in diabetic patients is required and potential therapeutic strate-
gies to limit myocardial remodeling in DCM remain of interest
to reduce the risk of progression to heart failure.

Hydrogen sulfide (H,S), which was previously considered
to be a highly toxic gas, has been identified as a novel gaseous
signaling molecule (4), and similar to carbon monoxide and
nitric oxide, it exerts diverse effects on multiple physiological
and pathological processes in various tissues and organs (5).
Recently, research into H,S in the pathogenesis of cardio-
vascular disorders has rapidly increased as the roles of H,S
in the cardiovascular system, including vasorelaxation,
inhibition of vascular remodeling, anti-atherosclerosis and
cardioprotection, have been demonstrated (5-8). In the heart,
endogenous H,S is predominantly generated from L-cysteine
by cystathionine-y-lyase (CSE) (9,10). Previous studies
have demonstrated that H,S ameliorates myocardial
ischemia-reperfusion injury by attenuating cardiomyocyte
apoptosis, preserving mitochondrial function (11,12) and
alleviating structural and functional deterioration of the left
ventricle in ischemia-induced heart failure by attenuating
oxidative stress (13). Furthermore, a recent study indicated
that the decreased generation of endogenous H,S is impor-
tant in the development of diabetic nephropathy in diabetic
rats and administration of H,S may delay the progress of
diabetic nephropathy by reducing mesangial cell proliferation,
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decreasing inflammation and oxidative stress, and inhibiting
the activity of the renin-angiotensin system (14). In addition, it
has been demonstrated that H,S improves left ventricular func-
tion in smoking rats by reducing autophagy (15). However, the
effect of H,S on diabetic myocardial fibrosis and its underlying
mechanisms remain to be elucidated.

Autophagy is a lysosome-dependent process, which
degrades dysfunctional organelles and damaged proteins to
maintain cellular homeostasis and structural integrity of the
cell. Autophagy represents an evolutionarily conserved process
for bulk degradation and recycling of cytoplasmic compo-
nents (16-18). However, prolonged activation of autophagy may
be observed in the heart under several cardiotoxic stressors,
including hyperglycemia, ischemia-reperfusion and chronic
high pressure load, this accelerates cell death and results in
the occurrence of associated cardiovascular disease (19,20).

Inthe present study, a streptozotocin (STZ)-induced diabetic
rat model was used to evaluate the effects of H,S on diabetic
myocardial fibrosis,and furthermore, to investigate the effects of
H,S onphosphatidylinositol-4,5-bisphosphate 3-kinase/R AC-a
serine/threonine-protein kinase (PI3K/AKTI1)-regulated
autophagy in order to elucidate its underlying mechanisms.

Materials and methods

Animals and reagents. The experimental protocol was
approved by the Animal Ethics Committee of the University of
South China (Hengyang, China). Adult male Sprague-Dawley
rats (weight, 288-300 g) were obtained from the SJA Lab
Animal Center of Changsha (Changsha, China). The rats were
housed in separate cages and had free access to food and water.
Animals were kept in a climate-controlled room with a 12-h
light/dark cycle. Sodium hydrosulfide (NaHS) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). STZ was purchased
from MP Biomedicals, LLC (Santa Ana, CA, USA). A hydroxy-
proline detection kit was obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Rabbit polyclonal
antibody against CSE (cat. no. sc-135203; used at 1:1,000
dilution) was purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). Rabbit polyclonal anti-collagen I
(cat. no. BA0235), rabbit polyclonal anti-collagen III (cat.
no. BA0326), rabbit polyclonal anti-matrix metalloproteinase
(MMP)7 (cat. no. BA2110), rabbit polyclonal anti-MMPS (cat.
no. BA2201), rabbit polyclonal anti-MMP14 (cat. no. BA1278),
rabbit polyclonal anti-tissue inhibitor of metalloproteinase 1
(TIMPI; cat. no. BA3727), rabbit polyclonal anti-transforming
growth factor § 1 (TGFpI; cat. no. BA0290), rabbit polyclonal
anti-PI3K (cat. no. BA0351), rabbit polyclonal anti-AKT1
(cat. no. BA0631) and rabbit polyclonal anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH; cat. no. PB0141) were
all purchased from Wuhan Boster Biological Technology, Ltd.
(Wuhan, China). The dilution rate of these antibodies was 1:400.
Furthermore, rabbit monoclonal anti-Beclinl (cat. no. 3495),
rabbit monoclonal anti-autophagy-related protein (Atg; cat.
no. 3415), rabbit monoclonal anti-Atg5 (cat. no. 12994) and
rabbit monoclonal anti-Atgl6 (cat. no. 8089) were purchased
from Cell Signaling Technology, Inc, (Danvers, MA, USA).
The dilution rate of these antibodies was 1:1,000. Anti-rabbit
secondary antibody (cat. no. 074-1506) was obtained from
KPL, Inc. (Gaithersburg, MD, USA), which was used at a
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dilution of 1:8,000. Cell lysis buffer for western blotting,
bicinchoninic acid (BCA) protein assay kit and SDS-PAGE
gel preparation kit were purchased from Beyotime Institute of
Biotechnology (Haimen, China).

Diabetes model. The rats were allowed to acclimatize for
7 days prior to the experiment. Diabetes was induced by a
single intraperitoneal injection of STZ (40 mg/kg) dissolved
in 0.1 M sodium citrate buffer (pH 4.4; prepared from citric
acid and trisodium citrate; Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) overnight. In place of sterile water, 5%
glucose solution was administered to STZ-treated rats 24 h
following injection in order to prevent death due to hypogly-
cemic shock. Following STZ injection (72 h), blood samples
were collected from the tail vein to measure blood glucose
levels using a blood glucose meter (Sinocare Inc., Changsha,
China). Only those rats with blood glucose levels =16.8 mM
were considered to be successful models of diabetes and were
recruited into the study (5). The rats with lower glucose levels
were subjected to another injection of STZ (20 mg/kg) until
their blood glucose levels were =16.8mM

Experimental protocol. The experimental rats were divided
into four groups as follows (n=10 per group): i) Control group
(normal rats); ii) diabetes model (DM) group (diabetes rats);
iii) DM + NaHS group (diabetes rats treated with NaHS);
and iv) NaHS group (normal rats treated with NaHS). The
control and DM groups were intraperitoneally injected with
physiological saline for 8 weeks and the DM + NaHS and
NaHS groups were intraperitoneally administered with an
equivalent volume of NaHS at a dose of 100 ymol/kg for
8 weeks. At the end of the experiment, rats were sacrificed by
anesthesia with an intraperitoneal injection of chloral hydrate
(350 mg/kg; Pharmacy of the Affiliated South China Hospital
of the University of South China, Hengyang, China). Hearts
were lavaged with ice-cold normal saline and removed.

Histopathological examination. Myocardium samples from
the experimental rats were fixed using 4% paraformaldehyde
(Sinopharm Chemical Reagent Co.), dehydrated with alcohol,
embedded in paraffin (Sinopharm Chemical Reagent Co.)
and cut into 5-ym sections. The sections were stained using
a hematoxylin and eosin (H&E) staining kit (Beyotime
Institute of Biotechnology) or a Masson staining kit (Nanjing
Senbeijia Biological Technology Co., Ltd., Nanjing, China),
and observed under light microscopy (Motic BA210; Motic
Medical Diagnostic Systems Co., Ltd., Xiamen, China) at a
magnification of x200.

Hydroxyproline content assay. Myocardial hydroxyproline
content was measured by a basic hydrolysis method with a
hydroxyproline detection kit according to the manufacturer's
instructions. The left ventricular tissue of the rats was cut
into 10-mg pieces and added to 1 ml basic hydrolysates. The
samples were hydrolyzed at 100°C for 20 min. Absorbance
was measured at a wavelength of 490 nm using an auto-
matic enzyme mark reading meter (cat. no. 500; Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and the hydroxyproline
content was calculated. Results were expressed as micrograms
of hydroxyproline per milligram of cardiac tissue (wet weight).
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Transmission electron microscopy analysis. The left ventric-
ular tissue from the harvested hearts in each group was cut
into small pieces on ice and fixed in 2.5% glutaraldehyde
(Sinopharm Chemical Reagent Co.), post-fixed in 1% osmium
tetroxide (Absin Bioscience Inc., Shanghai, China) and
dehydrated in a series of graded ethanol solutions. Ultrathin
sections were cut and stained with uranyl acetate (Shanghai
Fortune Biological Technology Co., Ltd., Shanghai, China)
and lead citrate (Tanyun Industry Fine Chemical Co., Ltd.,
Yingkou, China). Samples were observed and images were
captured by transmission electron microscopy.

Western blot analysis. Total proteins were extracted in ice-cold
radioimmunoprecipitation assay buffer containing protease
inhibitors (Beyotime Institute of Biotechnology), and quanti-
fied using a BCA protein assay kit. The proteins were denatured,
separated by 10% SDS-PAGE electrophoresis and transferred
to a polyvinylidene fluoride membrane (Millipore, Billerica,
MA, USA). The membranes were blocked with 5% skimmed
milk in Tris-buffered saline (Tris supplied by Biosharp Co.,
Hefei, China and NaCl from Sinopharm Chemical Reagent
Co.) with Tween 20 (Wellbiology Co., Ltd. Changsha, China)
(TBST) prior to overnight incubation at 4°C with antibodies
against CSE (1:1,000), collagen I (1:400), collagen III (1:400),
MMP7 (1:400), MMPS (1:400), MMP14 (1:400), TIMP1
(1:400), TGFP1 (1:400), PI3K (1:400), AKT1 (1:400), Beclin-1
(1:1,000), Atg3 (1:1,000), Atg5 (1:1,000) and Atgl6 (1:1,000).
Following washing three times with TBST, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibody (1:8,000) for 1 h at room temperature.
Bands were visualized using an enhanced chemiluminescence
detection reagent (Beyotime Institute of Biotechnology) and
analyzed with a Molecular Imager VersaDoc MP 5000 system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Data are expressed as the mean + stan-
dard deviation. Statistical differences among the groups were
assessed by one-way analysis of variance with SPSS software,
version 18.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Expression levels of CSE are decreased in diabetic rat
myocardium. To investigate whether diabetes-induced
myocardial damage was associated with decreased genera-
tion of endogenous H,S, the expression level of CSE was
measured. As shown in Fig. 1, compared with the control
group, there was a significant reduction in CSE in the DM

group.

Effect of H,S on diabetes-induced changes in myocar-
dial morphology. In order to evaluate the morphological
changes in the myocardium, H&E and Masson staining were
conducted at the end of the experiment. Fig. 2 shows the
morphological changes observed in the myocardium of the
different groups. The H&E staining (Fig. 2A) demonstrated
that in the control group, the myocardial cells were orderly
and compactly arranged, and less extracellular matrix was
observed. In the DM group, the myocyte cross-sectional area
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Figure 1. Expression levels of CSE in diabetic rat myocardium samples. Data
are expressed as the mean =+ standard deviation (n=3). "P<0.05 vs. the control
group. CSE, cystathionine y-lyase; DM, diabetes model.

was increased, and relatively disorganized myocardial cells
and increased interstitial ECM were observed. However,
these above-mentioned changes were markedly reversed in
the DM + NaHS group. The results from Masson staining
demonstrated the deposition of collagen fibers (Fig. 2B).
Blue staining indicated the intensity of fibrosis in the cardiac
tissue. There was little evident cardiac fibrosis in the control
group, however, increased fibrosis was observed in DM
group. Following NaHS treatment, the myocardial fibrosis
was markedly alleviated compared with the DM group. H&E
and Masson staining demonstrated that, compared with the
control group, there were no notable histological changes in
the NaHS group.

Effect of H,S on diabetes-induced change in the hydroxy-
proline content. As a characteristic of collagen production,
hydroxyproline content was determined in the present study
(Fig. 3). The myocardial hydroxyproline content in the DM
group was significantly higher than that in control group,
and it was markedly decreased in the DM + NaHS group
compared with the DM group. No significant difference was
observed in myocardial hydroxyproline content between the
control group and NaHS group.

Effect of H,S on diabetes-induced changes in protein expres-
sion levels of collagen I and collagen III. Collagen I and
collagen IIT are the predominant collagen types in the heart,
and the effects of H,S on the protein expression levels of
collagen I and collagen III were investigated using western
blotting (Fig. 4). It was observed that the expression levels
of collagen I and collagen III were increased in the myocar-
dium of the DM group compared with those in the control
group, while they were reduced in the DM + NaHS group.
No significant differences in the expression of collagen I and
collagen IIT were examined between control group and the
NaHS group.

Effect of H,S on diabetes-induced changes in the expression
levels of MMP7, MMPS, MMPI14 and TIMPI. The balance of
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Figure 2. Morphological changes in myocardium samples assessed by (A) hematoxylin and eosin staining and (B) Masson staining. Magnification, x200. DM,

diabetes model; NaHS, sodium hydrosulfide.
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Figure 3. Quantification of myocardial hydroxyproline contents in rats from
each group. Data are expressed as the mean + standard deviation (n=3).
“P<0.05 vs. the control group; “P<0.05 vs. the DM group. DM, diabetes
model; NaHS, sodium hydrosulfide.

MMPs and TIMPs determines the ratio of collagen synthesis
and degradation, thus, as it somewhat indicates the status of
fibrosis, the expression levels of MMP7, MMP§, MMP14 and
TIMP1 were determined (Fig. 5). Results of the western blot
analysis indicate that diabetes induced a significant increase
in expression levels of MMP7, MMP8 and MMP14, but a
decrease in expression levels of TIMP1, and that these changes
were markedly reversed by NaHS treatment. No significant
difference was observed in the expression of MMP7, MMPS,
MMP14 and TIMP1 between the control and NaHS groups.

Effect of H,S on diabetes-induced changes in the expression
of TGFpI. 1t is widely accepted that TGFf1 is closely asso-
ciated with fibrogenesis. In the present study, the expression
levels of TGFfB1 were determined by western blot analysis
(Fig. 6). Results indicated that the expression levels of TGFf1
were markedly increased in the DM group compared with
the control group. However, a significant decrease in TGFfp1

expression was observed in the DM + NaHS group. No signifi-
cant difference was observed in the expression of TGFf1
between the control and NaHS groups.

Effect of H,S on diabetes-induced change in the formation
of autophagosomes. To investigate the internal mechanism
underlying the beneficial effects of H,S against cardiomyop-
athy, transmission electron microscopy was adopted to observe
autophagosomes (Fig. 7). As demonstrated in Fig. 7, in the DM
group, autophagosomes were identified in the myocardium, but
not in the DM + NaHS group. In addition, no autophagosomes
were observed in the control or NaHS groups.

Effect of H,S on diabetes-induced changes in the expression
of autophagy protein markers. In order to further investigate
the above results, the expression levels of certain autophagy
markers were determined using western blotting (Fig. 8).
Compared with the control group, the expression levels of
Beclin-1, Atg3, Atg5 and Atgl6 were significantly upregulated
in the DM group. These autophagy markers were significantly
reduced in the DM + NaHS group compared with the DM
group. No significant difference was observed in the expres-
sion levels of these autophagy markers between the control
and NaHS groups.

Effects of H,S on diabetes-induced change in PISK/AKTI
signaling. To further investigate the potential signaling
pathways involved in diabetes and/or H,S-induced cardiac
autophagic response, the expression levels of PI3K and its
downstream signaling molecule, AKT1 were determined
(Fig. 9). Results from the western blot analysis demonstrated
that the expression of PI3K and AKT1 were significantly lower
in the DM group than in the control group, however, a signifi-
cant increase in the expression level of PI3K and AKT1 were
observed in the DM + NaHS group. No significant difference
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Figure 4. Expression of collagen I and collagen III in the myocardial tissue samples from each group. Data are expressed as the mean + standard deviation
(n=3). "P<0.05 vs. the control group; “P<0.05 vs. the DM group. DM, diabetes model; NaHS, sodium hydrosulfide.
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Figure 6. Expression of TGFf1 in the myocardial tissues from each group.
Data are expressed as the mean + standard deviation (n=3). "P<0.05 vs. the
control group; “P<0.05 vs. the DM group. TGFf1, transforming growth
factor f§ 1.

was observed in the expression levels of PI3K and AKT1
between the control and NaHS groups.

Discussion

Prolonged hyperglycemia is hypothesized to induce metabolic
disturbances and result in alterations to the balance of circu-
lating hormones, which leads to the structural remodeling of
the heart, including fibrosis (21). ECM is important in main-
taining left ventricular geometry and ventricular function (22),
and the suppression of ECM remodeling may be a therapeutic
strategy to alleviate the progression of DCM. In the present
study, rat models of diabetes were induced by intraperitoneal
injection of STZ. In diabetic rats, symptoms of polyuria,
polydipsia and polyphagia were observed, as well as blood
glucose levels of =16.8 mM, indicating that the diabetic model
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Figure 7. Representative images of autophagosomes in rat myocardium samples from different groups detected by transmission electron microscopy. A
representative autophagosome is indicated by a black arrow. DM, diabetic model; NaHS, sodium hydrosulfide.
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was successfully induced. At the end of the experiment, H&E
and Masson staining were performed to evaluate the degree
of fibrosis. The results demonstrated that diabetes increased
myocyte cross-sectional area, induced a certain amount of
disorganization of myocardial cell alignment and enhanced
the deposition of collagen in the DM group. This suggests that
myocardial damage was due to diabetes in the present study.

H,Sisanimportantendogenous signaling molecule involved
in the regulation of the cardiovascular system. Previous studies
have demonstrated the cardioprotective role of H,S in various
models of cardiac injury, including ischemia/reperfusion
injury, isoproterenol-induced heart failure and left ventricular
remodeling induced by chronic alcohol consumption (23-25).
Furthermore, in vitro research has demonstrated that H,S
protects against high-glucose-induced apoptosis in neonatal
rat cardiomyocytes (26). Based on these findings, the present
study hypothesized that administration of NaHS as H,S donor
would be of benefit in DCM. In addition, the current study
demonstrated that the expression of CSE was significantly
decreased in the DM group. CSE is the key enzyme that
cleaves L-cysteine to release H,S in heart, and downregulation
of CSE results in decreased endogenous H,S generation (6). It
has been further suggested that NaHS treatment may alleviate
myocardial damage induced by diabetes.

In the present study, previously described pathological
abnormalities of the myocardium, which were induced by
diabetes, were notably reversed following NaHS treatment,
suggesting that H,S ameliorates myocardial damage in rats
with diabetes. To further investigate this result, the concen-
tration of hydroxyproline and the expression of collagen I
and collagen III were determined using the basic hydrolysis
method and western blot analysis, respectively. Hydroxyproline
content in the myocardium is used as a quantitative estimation
of myocardial collagen production as it is widely understood
that hydroxyproline constitutes 14% of the total amino acids
of collagen (27,28). It was observed that there were mark-
edly higher levels of hydroxyproline and expression levels of
collagen I and collagen III in the DM group; however, NaHS
administration significantly downregulated the levels of
hydroxyproline, collagen I and collagen III. These results also
suggest that diabetes is associated with marked myocardial
fibrosis and that H,S exerts a protective effect on the normal
myocardial structure.

MMPs and their endogenous inhibitors, TIMPs are the
primary coordinators of collagen synthesis and degradation in
cardiac tissue (29). MMPs are a family of enzymes that cleave
matrix components and degrade fibrillar collagen, however,
the products of degraded proteins serve as stimulators for
collagen synthesis (30,31). Previous studies have demonstrated
that increased MMP expression levels and decreased expres-
sion levels of TIMP are accompanied by increased fibrosis,
whereas downregulated MMP is associated with decreased
deposition of collagen fibers (32,33). TGFP1 is widely
accepted as a critical factor in fibrogenesis. It has been previ-
ously reported that TGFf1 stimulates fibroblast proliferation
and the production of ECM proteins, including fibronectin and
collagen (34). Previous studies have also demonstrated that
elevated expression levels of TGFf1 are implicated in multiple
fibrotic diseases, such as liver cirrhosis, pulmonary fibrosis
and sclerosis (35-37). Consistent with the pathology results and
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altered expression of fibrosis markers mentioned above, NaHS
treatment significantly alleviates diabetes-induced increases in
the levels of MMPs and TGFf1, and decrease of TIMP.

Myocardial fibrosis is commonly accompanied by excessive
cardiomyocyte death (38,39); an increased rate of cardio-
myocyte death is characteristic of cardiac remodeling (40).
Cardiac tissue consists of cardiomyocytes and extracellular
matrix, excessive loss of myocardial cells increases the extra-
cellular matrix and results in myocardial cells being replaced
with fibrotic tissue. The accelerated death of cardiomyocytes
promotes the progression of myocardial fibrosis.

Autophagy is the endogenous, tightly regulated cellular
‘housekeeping’ process responsible for the degradation of
damaged and dysfunctional cellular organelles and protein
aggregates (41). In a nutrient-deprived cell, autophagy is a
cell-survival mechanism (42). However, prolonged activation
of the autophagic signaling pathway results in cell death
due to excessive self-digestion and degradation of essential
constituents (43). For example, autophagy is involved in
T cell death following the HIV-1 envelope protein binding to
C-X-C chemokine receptor type 4 (44). In human leukemic
cells, cell death resulting from downregulation of Bcl-2 was
associated with increased autophagy (45). Furthermore, in
the heart, autophagy is an essential form of cell death, along
with apoptosis and necrosis (40). A previous study demon-
strated that autophagy, rather than apoptosis, was the major
model of cardiomyocyte death in the UM-X 7.1 hamster
model of human dilated cardiomyopathy. Administration
of granulocyte colony-stimulating factor treatment
improved survival, ventricular function and remodeling,
and reduced myocardial fibrosis; these beneficial effects
were possibly associated with a reduction in autophagy (46).
In the load-induced heart failure model, increased cardiac
autophagy was observed. In addition, the inhibition of
expression of Beclin-1, a protein required for early autopha-
gosome formation, decreased cardiomyocyte autophagy
and reduced pathological remodeling. By contrast, Beclin-1
overexpression increases autophagic activity and patho-
logical remodeling (47). Another study regarding myocardial
ischemia-reperfusion injury reported that although induction
of autophagy during the ischemic phase was protective,
further increases in autophagy during the reperfusion phase
may induce cell death and appeared to be detrimental (48).
These findings suggest that autophagy is closely associated
with the occurrence of myocardial injury and the progres-
sion of heart failure. In the present study, diabetes triggered
autophagy in the myocardium as evidenced by the increased
number of autophagosomes and the increased expression of
autophagy-associated proteins, the effects of which were
ameliorated by NaHS treatment.

A central checkpoint that negatively regulates autophagy
is mechanistic target of rapamycin, which is the downstream
target of the PI3K/AKT signaling pathway. Upregulation of
the PI3K/AKT]1 signaling pathway has been demonstrated to
suppress autophagy (49). In the present study, the PI3K/AKT]1
signaling pathway was markedly inhibited in the myocardium
of the DM group, whereas NaHS treatment was observed to
activate PI3K/AKTT1 in diabetic rats, which suggested that H,S
may protect against diabetes-induced cardiac autophagy via
regulation of the PI3K/AKT1 signaling pathway.
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In conclusion, the results of the current study demonstrated

that H,S ameliorated myocardial fibrosis in rat diabetes models,
and that its mechanism may involve inhibition of excessive
activation of autophagy via regulation of PI3K/AKT1 pathway.
The results provide a novel theoretical foundation for the anti-
fibrosis mechanism of H,S and suggests novel targets for DCM
therapeutic strategies, although these findings require further
verification. Further research should investigate whether
5' AMP-activated protein kinase, another important regulator
of autophagy, is involved in diabetes and/or the H,S-induced
cardiac autophagy response. In vitro studies using inhibitors
to block autophagy or its regulatory pathway are required to
further the present study.
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