
INTRODUCTION
Hypertension is one of the most com-

mon cardiovascular diseases, endangering
human health and life. Cardiovascular
remodeling is an important pathological
change in the development of hyperten-
sion and also a factor leading to deterio-

ration of the disease (1). Cardiac fibrosis
is a major pathologic feature of hyperten-
sive myocardial remodeling, including
interstitial and perivascular fibrosis of in-
tramyocardial coronary arteries. Myocar-
dial collagen principally comprises colla-
gen type I (80%) and type III (20%) (2).

Deposition of collagen type I in the ex-
tracellular matrix is the most important
factor in myocardial remodeling (3). Pre-
vious studies indicated that cardiac fibro-
sis was the result of an imbalance be-
tween the synthesis and degradation of
collagen, characterized by excessive dep-
osition of fibrillar collagen, disproportion
of collagen types (increased I/III colla-
gen ratio) and disorganized collagen ar-
rangement (4,5). However, the mecha-
nisms responsible for the abnormal
metabolisms in hypertension have been
unclear.

Transforming growth factor-β (TGF-β)
is widely regarded as a key factor in the
acceleration of the fibrotic process in or-
gans (6). Three TGF-β isoforms, TGF-β1,
TGF-β2 and TGF-β3, have been detected
in mammal cells (7). TGF-β1, the major
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isoform of the TGF-β superfamily, is pro-
duced by myocardial fibroblasts, myofi-
broblasts and myocardial cells in the
heart (8,9). Evidence indicates that TGF-
β1 plays a crucial role in the myocardial
remodeling process, particularly in car-
diac fibrosis. Previous studies have
shown that TGF-β1 can stimulate fibrob-
last-mediated collagen synthesis (10,11).
In addition, TGF-β1 may inhibit degra-
dation of collagen by suppressing the ac-
tivity of matrix metalloproteinases and
by inducing synthesis of protease in-
hibitors such as plasminogen activator
inhibitor-1 and tissue inhibitor of matrix
metalloproteinases (12–15).

While TGF-β1 action may involve mul-
tiple downstream signaling pathways
and cross-talk, and the intracellular
Smad pathway is thought to play a cru-
cial role in mediating intracellular re-
sponses to TGF-β1 and related factors
(16,17), activated TGF-β1 binds to a het-
eromeric complex of type I (TβR-I) and
type II (TβR-II) receptors, which induces
intracellular signals via phosphorylation
of TβR-I-associated Smads (18,19). The
receptor-activated Smads (R-Smads),
Smad2 and Smad3, are translocated to
the nucleus, where they regulate tran-
scription, further modifying multiple cell
functions including hypertrophy and
proliferation (20).

Hydrogen sulfide (H2S) is a third en-
dogenous gaseous transmitter following
nitric oxide (NO) and carbon monoxide
(CO), playing important roles in cardio-
vascular physiology and pathophysiol-
ogy (21–29). Recent studies showed that
the endogenous H2S pathway was down-
regulated in spontaneously hypertensive
rats (SHRs), but exogenous administra-
tion of H2S to SHRs decreased blood
pressure and lessened aortic structural
remodeling (30). However, whether H2S
affects excess accumulation of collagen in
the myocardium and intramyocardial
coronary arteries with arterial hyperten-
sion is unclear. The present study was,
therefore, designed to explore the regula-
tory effect of H2S on myocardial collagen
remodeling and its possible mechanisms
in SHRs.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in strict ac-

cordance with the recommendations in
the Guide for the Care and Use of Laboratory
Animals of the National Institutes of
Health (31). The protocol was approved
by the Committee on the Ethics of Ani-
mal Experiments of the Peking Univer-
sity (permit number: J200913). All sur-
gery was performed under sodium
pentobarbital anesthesia, and all efforts
were made to minimize suffering.

Animals and Groups
Fourteen male Wistar–Kyoto rats

(WKYs) (150–180 g) at the age of 9 wks
were divided into two groups: a WKY
control group (n = 7) and a WKY + NaHS
group (n = 7). Twenty-one male SHRs
(9 wks old) were divided into three
groups: a SHR group (n = 7), a SHR +
NaHS group (n = 7) and a SHR + hy-
dralazine (Hyd) group (n = 7). All rats
were purchased from Vital River (Beijing,
China). They were housed in cages and
fed a standard laboratory diet with fresh
water. The animal cages were kept in a
room with constant temperature (24°C ±
1°C) and relative humidity (65%–70%)
and a 12-hr light–dark cycle.

For rats in the WKY + NaHS and 
SHR + NaHS groups, NaHS at a dose of
90 μmol/kg–1⋅day–1, dissolved in physio-
logical (0.9%) saline, was injected in-
traperitoneally (IP). Hydralazine, a
 direct-acting smooth muscle relaxant,
was injected IP at a dose of 10 mg/kg–1 ⋅
day–1 into the SHR + Hyd rats. The same
volume of physiological saline was in-
jected into the rats in the WKY control
group and the SHR control group. All
rats were injected once daily for 9 wks.
At 18 wks of age, their tail arterial blood
pressure was measured.

Measurement of Tail Arterial Pressure
Tail systolic arterial pressure was

measured by tail cuff plethysmography
in all rats at 18 wks. Briefly, the systolic
pressure in the rat’s tail was measured
after heating for 10–15 min in a pre-

heated box (RBP-1; China-Japan Friend-
ship Hospital, Beijing China). The tail
was wiped clean before the examina-
tion. During the measurement process,
all of the rats were awake and quiet.
Values were calculated as the average of
three measurements.

Measurement of H2S Content in
Plasma

At 18 wks, rat plasma H2S was mea-
sured using a sulfide-sensitive electrode
(PXS-270, Shanghai, China). Before the
experiment, the electrode was immersed
into distilled water for 2 h. A volume of
0.5 mL of plasma was mixed with 0.5 mL
of antioxidant buffer. The electrode was
immersed in the mixture until a stable
reading was obtained. The H2S concen-
tration of each sample was calculated
from a standard curve.

Measurement of Heart Morphological
Parameters

At 18 wks, rats were anesthetized and
weighed. The heart was excised, the atria
and great vessels were removed, and the
right ventricular free wall was carefully
dissected from the left. The left ventricle
weight (LVW) and the right ventricle
weight (RVW) were recorded. After the
measurements, hearts were frozen for
paraffin sections and tissue homogenates.

Ultrastructural Analysis of Myocardium
Myocardial tissue was quickly cut into

1-mm3 pieces and placed immediately in
3% glutaraldehyde solution. Ultrathin sec-
tions were double stained with uranyl ac-
etate and lead citrate. The myocardial ul-
trastructure was observed using a
JEM1230 transmission electron micro-
scope (JEOL Ltd., Tokyo, Japan). Two ul-
trathin sections were randomly selected
from each rat and 10 microscopic fields
per section were randomly selected for ul-
trastructural stereological analysis. The
number of mitochondrion per unit area
(N), mitochondrial mean diameter (mean
D), volume density (Vv), numerical den-
sity (Nv) and mean volume (V) were cal-
culated according to the method of Weibel
(32) and Nouette-Gaulain (33). All stereo-
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logical evaluations were performed using
the Motic Digital Medical Image Analysis
System (Motic Med 6.0; Motic Image
Technology Co, Ltd, Beijing, China).

Myocardial Collagen Volume Fraction
Assessed by Masson Trichrome
Staining

After dewaxing with dimethylben-
zene, sections of myocardial tissues were
stained with Masson trichrome reagent.
Results were observed under light micro-
scope. Collagen volume fraction (CVF)
was calculated as the sum of the connec-
tive tissue areas divided by the sum of
all connective tissue and muscle area. An
average of four microscopic fields was
taken for the analysis for each animal.

Myocardial Collagen I and III Protein
Expressions Evaluated by Enzyme-
Linked Immunosorbent Assay (ELISA)

The hearts were homogenized and
centrifuged at 3,000g. The liquid super-
natants were obtained as homogenates
for testing the concentrations of colla-
gen I and III. Collagen I and III protein
expressions were assayed using a dou-
ble-antibody sandwich ELISA according
to the manufacturer’s instructions
(Rapidbio, West Hills, CA, USA).

Myocardial Procollagen I and III
mRNA Expressions Evaluated by
Quantitative Real-Time Polymerase
Chain Reaction (PCR)

RNA from myocardial tissues of rats 
(n = 40) was extracted using TRIzol
reagent (Thermo Fisher Scientific Inc.,
Waltham, MA USA) and reverse tran-
scribed using an oligo d(T)18 primer and
M-MLV reverse transcriptase. Quantita-

tive real-time PCR was carried out using
an ABI PRISM 7300 instrument (Applied
Biosystems, Foster, CA, USA). Specific
sequences of the primers and Taqma
probes are listed in Table 1. The PCR
condition for collagen I and collagen III
was as follows: pre-denatured at 94°C for
5 min, 94°C for 30 s, 61°C for 30 s, 72°C
for 45 s and 72°C for 6 min for 40 cycles.
The amount of β-actin cDNA in the sam-
ple was used to calibrate the amount of
sample needed for quantification.

Measurement of TGF-β1, TβR-I, TβR-II,
p-Smad2, p-Smad3, Matrix
Metalloproteinase (MMP)-13 and
Tissue Inhibitors of MMP (TIMP)-1
Expressions in the Myocardium by
Western Blotting

Myocardial tissues from all rats (n =
35) were homogenized and extracted 
in ice-cold protein lysis buffer containing
50 mmol/L Tris-Cl (pH 7.4), 150 mmol/L
NaCl, 1 mmol/L ethylenediamine tetra-
acetic acid, 1% NP-40, 0.25% sodium de-
oxycholate, 1 mmol/L phenylmethyl-
sulphonyl fluoride, and protease and
phosphatase inhibitors. Equal amounts
of proteins were separated by 10%
sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and
transferred electrophoretically to nitro-
cellulose membrane according to the ex-
perimental protocol. The primary anti-
body dilutions were 1:100 for TGF-β1,
1:100 for TβR-I, 1:800 for TβR-II, 1:600 for
p-Smad2, 1:600 for p-Smad3, 1:400 for
MMP-13, 1:500 for TIMP-1 and 1:5000 for
GAPDH antibodies. Secondary antibody
(Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was used at a 1:10,000 dilu-
tion. The immunoreactions were visual-

ized by electrochemiluminescence (ECL)
and exposed to X-ray film (Kodak Scien-
tific Imaging, New Haven, CT, USA).

Cell Culture and Experimental
Treatments

Cardiac fibroblasts (CFs) were isolated
from hearts of adult male Sprague Dawley
rats (Vital River, Beijing, China) weighing
200–220 g. CFs were cultured with 10%
fetal bovine serum (FBS; Thermo Fisher
Scientific), 4 mmol/L L-glutamine, 
100 U/mL penicillin and 100 μg/mL
streptomycin at 37°C, with 5% CO2 and
saturated humidity. The cells were di-
vided into five treatment groups: a nor-
mal control group; a TGF-β1 group; a
TGF-β1 + NaHS group; a TGF-β1 + TGF-β
inhibitor SB431542 (SB) group; and a 
TGF-β1 + NaHS + SB group. The media
was changed every 24 h and NaHS added
again in the cells treated for 72 h.

Cell Viability Test
Cell viability was measured by cell

counting kit (CCK-8, Dojindo, Ku-
mamoto, Japan). Cells were cultured in an
incubator with 5% carbon dioxide (CO2).
Cells were cultured with Dulbecco’s mod-
ified Eagle medium (DMEM) mixed with
10% fetal bovine serum (FBS), 1% strepto-
mycin, 1% penicillin and 1% glutamine.
Before drug administration, cells were in-
cubated with synchronization medium
containing no FBS for 24 h. Cells were cul-
tured in 96 wells with a final volume of
100 μL/well medium, incubated with dif-
ferent concentration of NaHS (Sigma-
Aldrich, St. Louis, MO, USA) and TGF-β
(Sigma-Aldrich) for 72 h, and culture me-
dium with freshly prepared NaHS was
changed every 12 h. Immediately after the
incubation, the absorbance of sample was
measured under a wavelength of 450 nm
by Fluorescence Microplate Reader
(FLx800, Biotek, Winooski, VT, USA).

Phosphorylation of TβR-I in CFs
Evaluated by Immunoprecipitation

CFs were seeded in 100-mm dishes for
immunoprecipitation. When the cells had
grown to 70%–80% confluence, they were
incubated in serum-free medium for 24 h.

R E S E A R C H  A R T I C L E

M O L  M E D  2 0 : 5 0 3 - 5 1 5 ,  2 0 1 4  |  S U N  E T  A L .  |  5 0 5

Table 1. The sequence of the primers and probes of collagen I, collagen III and β-actin.

Collagen I Forward primer 5′-CTTGTTGCTGAGGGCAACAG
Reverse primer 5′-GCAGGCGAGATGGCTTATTC
TaqMan probe 5′-ATTCACCTACACTGTCCTTGTCGATGGCTG

Collagen III Forward primer 5′-GAAAAAACCCTGCTCGGAATT
Reverse primer 5′-ATCCATCTTGCAGCCTTGGT
TaqMan probe 5′-AGAGACCTGAAATTCTGCCACCCTGAACTC

β-actin Forward primer 5′-ACCCGCGAGTACAACCTTCTT
Reverse primer 5′-TATCGTCATCCATGGCGAACT
TaqMan probe 5′-CCTCCGTCGCCGGTCCACAC



In the control group, they were incubated
in DMEM with 0.5% FBS for 1 h. In the
TGF-β1 group, the cells were stimulated
with TGF-β1 at 10 ng/mL for 30 min. In
the TGF-β1 + NaHS group, the cells were
pretreated with NaHS at 2 × 10–4 mol/L 
for 30 min and then treated with TGF-β1
(10 ng/mL) for the same duration. In the
TGF-β1 + SB group, the cells were pre-
treated with SB at 5 × 10–6 mol/L for 
30 min and then treated with TGF-β1 
(10 ng/mL) for the same duration. In the
TGF-β1 + NaHS + SB group, the cells were
pretreated with NaHS at 2 × 10–4 mol/L
and SB at 5 × 10–6 mol/L for 30 min and
then treated with TGF-β1 (10 ng/mL) for
the same duration. The cells were then har-
vested and lysed. CFs lysates were incu-
bated with the antibody against TβRI
(Santa Cruz Biotechnology) before im-
munoprecipitation with protein A/G
agarose beads (Thermo Fisher Scientific).
The precipitated proteins were rexolved by
10% SDS-PAGE and then immunoblotted
with antibody against phosphoserine
(Abcam, Cambridge, MA, USA).

Determination of p-Smad2 and 
p-Smad3 Expressions in CFs by
Western Blotting

CFs were seeded in 60-mm dishes for
Western blotting. When the cells had
grown to 70%–80% confluence, they were
incubated in serum-free medium for 24 h.
In the control group, they were incubated
in DMEM with 0.5% FBS for 1 h. In the
TGF-β1 group, the cells were stimulated
with TGF-β1 at 10 ng/mL for 30 min. In
the TGF-β1 + NaHS group, the cells were
pretreated with NaHS at 2 × 10–4 mol/L
for 30 min and then treated with TGF-β1
(10 ng/mL) for the same duration. In the
TGF-β1 + SB group, the cells were pre-
treated with SB at 5 × 10–6 mol/L for 
30 min and then treated with TGF-β1 
(10 ng/mL) for the same duration. In the
TGF-β1 + NaHS + SB group, the cells were
pretreated with NaHS at 2 × 10–4 mol/L
and SB at 5 × 10–6 mol/L for 30 min and
then treated with TGF-β1 (10 ng/mL) for
the same duration. The cells were then har-
vested and lysed as described previously.
Equal amounts of proteins were separated

by 10% SDS-PAGE and transferred elec-
trophoretically to nitrocellulose membrane.
The primary antibody dilutions were 1:400
for p-Smad2 (245/250/255), 1:400 for 
p-Smad2 (Ser465/467), 1:400 for p-Smad3
and 1:5000 for GAPDH antibodies. Second-
ary antibody (Santa Cruz Biotechnology)
was used at a 1:10,000 dilution. The im-
munoreactions were visualized by ECL
and exposed to X-ray film (Kodak Scien-
tific Imaging, USA).

Collagen I and III Expression in CFs by
Immunofluorescence and Confocal
Microscopy

CFs were plated on glass coverslips.
When the cells had reached 60%–70%
confluence, they were incubated in
DMEM containing 0.5% FBS for 24 h. The
cells were then cultured in DMEM with
10% FBS. The cells of control group were
incubated in DMEM with 10% FBS for
72 h. In the TGF-β1 group, the CFs were
treated with TGF-β1 (Princeton Business
Park, Rocky Hill, NJ, USA) at 10 ng/mL
for 72 h. In the TGF-β1 + NaHS group,
the cells were pretreated with NaHS (2 ×
10–4 mol/L) for 30 min and then treated
with TGF-β1 (10 ng/mL) for 72 h. In the
TGF-β1 + SB group, the cells were pre-
treated with SB at 5 × 10–6 mol/L for
30 min and then treated with TGF-β1
(10 ng/mL) for 72 h. In the TGF-β1 +
NaHS + SB group, the cells were pre-
treated with NaHS at 2 × 10–4 mol/L and
SB at 5 × 10–6 mol/L for 30 min and then
treated with TGF-β1 (10 ng/mL) for 72 h.
The cells in each group were fixed with
4% paraformaldehyde (0.01 mol/L PBS,
pH 6.8), washed with PBS, and treated
with 3% BSA and 0.3% Triton X-100 for
30 min at 37°C. The coverslips were then
incubated with rabbit anti-collagen I pri-
mary antibody (1:100; Abcam) and rabbit
anti-collagen III primary antibody (1:100;
Abcam), respectively, in a humidified
chamber at 4°C overnight. Next day, after
washing, the coverslips were incubated
with secondary antibody (1:100) (Santa
Cruz Biotechnology) in the dark for 30 min
at 37°C. Cellular nuclei were marked by
propidium iodide (PI). The slides were
viewed using a Fluoview laser scanning

confocal microscope (Olympus, Tokyo,
Japan). In the control group, 3% BSA was
used instead of the first antibody.

Statistical Analysis
The data were analyzed using Excel

and SPSS 13.0 statistical software. The re-
sults were expressed as the mean ± stan-
dard deviation (SD). Differences among
groups were analyzed by one-way analy-
sis of variance (ANOVA), and least sig-
nificant difference (LSD) analysis was
used to compare data between the two
groups. A level of P < 0.05 was consid-
ered statistically significant.

RESULTS

Changes in Tail Arterial Pressure
Tail systolic arterial pressure was mea-

sured by tail cuff plethysmography in all
rats at 18 wks. Compared with the WKY
rats, tail arterial pressure significantly in-
creased in the SHR group (P < 0.01) (Fig-
ure 1A). However, compared with the
SHR group, tail arterial pressure de-
creased in both the SHR + NaHS group
and the SHR + Hyd group (both P <
0.01) (see Figure 1A). There was no dif-
ference in tail arterial pressure between
the WKY group and the WKY + NaHS
group (P > 0.05) (see Figure 1A).

H2S Content in Rat Plasma
Compared with the WKY group, the

plasma H2S content was significantly
greater in the WKY + NaHS group (P <
0.01) (Figure 1B), but markedly reduced in
the SHR group (P < 0.05) (see Figure 1B).
Compared with the SHR group, the
plasma H2S content significantly raised in
the SHR + NaHS group (P < 0.05) (see
Figure 1B). However, there was no differ-
ence in plasma H2S content between the
SHR group and the SHR + Hyd group 
(P > 0.05) (see Figure 1B).

Effect of H2S on Indices of 
Left-Ventricular Hypertrophy

As illustrated in Table 2, compared
with the WKY group, SHRs showed a re-
duced BW, but increased LVW/BW (both
P < 0.01) (Table 2). However, neither
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NaHS nor hydralazine exerted any signif-
icant effects on LVW, BW and LVW/BW
in SHR control (both P > 0.05) (Table 2).

Effect of H2S on Myocardial
Ultrastructure

In the WKY group, the myocardial cells
were well aligned, muscle striations were
clear, and the structure of the mitochondria
and sarcoplasmic reticulum was normal. In
the WKY + NaHS group, the ultrastructure
was similar to that in the WKY group. In
the SHR group, the cardiomyocytes were
arranged erratically. The contour was de-
formed, the sarcoplasmic reticulum was
significantly dilated, mitochondria were
swollen, and the mitochondrial cristae
were fractured and dissociated. In the

SHR + NaHS group, the ultrastructure was
similar to that in the WKY group. The car-
diac muscle cells were well aligned, the
sarcoplasmic reticulum was not dilated

and only few mitochondria were slightly
swollen. There were no obvious ultrastruc-
tural differences between the SHR group
and the SHR + Hyd group (Figure 2).

R E S E A R C H  A R T I C L E
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Table 2. Effect of H2S on indexes of left-ventricular hypertrophy.a

Groups N BW (g) LVW (mg) RVW (mg) LVW/BW (mg/g)

WKY 7 458 ± 19 973 ± 57 203 ± 12 2.125 ± 0.155
WKY + NaHS 7 451 ± 24 911 ± 65 216 ± 31 2.055 ± 0.158
SHR 7 329 ± 23b 1036 ± 99 181 ± 19 3.218 ± 0.351b

SHR + NaHS 7 321 ± 14 1016 ± 37 185 ± 15 3.269 ± 0.162
SHR + Hyd 7 312 ± 12 988 ± 77 181 ± 27 3.237 ± 0.119

BW, body weight; LVW, left ventricular weight; RVW, right ventricular weight; eLVW/BW, LVW-
to-BW ratio.
aValues are means ± SE.
bP < 0.05 versus WKY group.

Figure 1. Changes in tail arterial pressure
and H2S content in the plasma of rats. (A)
Tail systolic arterial pressure for rats of each
group (mmHg). (B) H2S content in the
plasma (μmol/L). Results are expressed as
mean ± SD. Differences among groups
were analyzed by one-way ANOVA, and
LSD analysis was used to compare data be-
tween the two groups. *P < 0.05 compared
with WKY group; #P < 0.05 compared with
SHR group; **P < 0.01 compared with WKY
group; ##P < 0.01 compared with SHR group.

Figure 2. Myocardial ultrastructure of rats in each group. The black arrows indicate mito-
chondria. The red arrows indicate sarcoplasmic reticulum. WKY group: the cardiomy-
ocytes lined up in order, muscle striations were clear, and the structure of mitochondria
and sarcoplasmic reticulum was clear; WKY + NaHS group: the cardiomyocytes lined up
in order, muscle striations were clear and the structure of mitochondria was normal; SHR
group: the cardiomyocytes were arranged erratically, the contour was deformed, sar-
coplasmic reticulum was significantly dilated, mitochondria were swollen and mitochon-
dria cristae were fractured and dissolved; SHR + NaHS group: The cardiomyocytes lined
up in order, sarcoplasmic reticulum did not dilate, and only few mitochondria were slightly
swollen; SHR + Hyd group: sarcoplasmic reticulum was significantly dilated, mitochondria
were swollen and mitochondria cristae were fractured and dissolved. Scale bar, 1 μm.



Stereological analysis revealed a re-
duced N and Nv, but increased mean D,
Vv and V in the SHRs compared with
the WKY group (both P < 0.05) (Table 3).
Compared with the SHR group, SHR +
NaHS group showed a significant reduc-
tion in mean D, Vv and V, and obvious
increase in N and Nv (both P < 0.05)
(Table 3). However, hydralazine had no
effect on parameters of myocardial mito-
chondria (both P > 0.05) (Table 3).

Myocardial Collagen Expression by
Masson Trichrome Staining

Cardiac collagen deposition was as-
sessed by Masson trichrome staining. The
blue staining around the vascular and be-
tween the cardiomyocytes represents the
presence of collagen. We observed that
CVF was increased significantly in the
SHR group compared with the WKY group
(P < 0.01) (Figure 3). When SHRs were
treated with NaHS, CVF was decreased
significantly (P < 0.01) (see Figure 3).

Expressions of Collagen I and III in
Myocardium using ELISA

The expressions of myocardial colla-
gen I and III proteins were increased in
the SHRs compared with the WKYs
(both P < 0.05) (Figures 4A, B). But, com-
pared with the SHR group, myocardial
collagen I and III protein expressions
were decreased in the SHR + NaHS
group (both P < 0.05) (see Figures 4A, B).
However, there was no difference in col-
lagen I or III protein expression between
the SHR group and the SHR + Hyd
group (both P > 0.05) (see Figures 4A, B).

mRNA Expressions of Myocardial
Procollagen I and III by Real-Time
PCR

Compared with the WKY group, the
expressions of myocardial procollagen I
and III mRNA were increased in the SHR
group (procollagen I, P < 0.05; procolla-
gen III, P < 0.01) (Figures 4C, D). How-
ever, when treated with NaHS, SHR

showed reduced levels of myocardial
procollagen I and procollagen III mRNA
(procollagen I, P < 0.01; procollagen III,
P < 0.05) (see Figures 4C, D). There was
no difference in procollagen I or III
mRNA expressions between the SHR
group and the SHR + Hyd group (both 
P > 0.05) (see Figures 4C, D).

Effects of H2S on TGF-β1 Protein
Expression in Myocardium by Western
Blot

The TGF-β1 protein content of my-
ocardium was significantly greater in
the SHR group than in the WKY group
(P < 0.05) (Figure 5A). However, in the
SHR + NaHS group, the myocardial
TGF-β1 content was significantly lower
than that in the SHR group (P < 0.05)
(see Figure 5A). TGF-β1 content did not
differ between the SHR group and the
SHR + Hyd group (P > 0.05) (see Fig-
ure 5A).
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Table 3. Effect of NaHS on parameters of myocardial mitochondria.a

Groups N Mean D (μm) Vv (%) Nv (μm–3) V (μm3)

WKY 23.50 ± 2.67 0.97 ± 0.08 37.78 ± 5.83 10.35 ± 2.17 3.84 ± 1.15
WKY + NaHS 24.13 ± 1.72 0.95 ± 0.04 38.67 ± 4.83 10.54 ± 1.20 3.72 ± 0.70
SHR 13.5 ± 2.88b 1.17 ± 0.12b 48.73 ± 4.43b 4.07 ± 1.11b 12.61 ± 2.89b

SHR + NaHS 23.38 ± 2.50c 0.88 ± 0.92c 38.03 ± 7.24c 10.24 ± 1.82c 3.87 ± 1.14c

SHR + Hyd 15.25 ± 2.50 1.13 ± 0.05 50.74 ± 3.34 4.61 ± 0.69 11.19 ± 1.6

N, number of mitochondria per unit area; mean D, mean diameter; Vv, volume density; Nv,
numerical density; V, mean volume.
aValues are means ± SE.
bP < 0.05 versus WKY group.
cP < 0.05 versus SHR group.

Figure 3. Collagen volume fraction (CVF) by Masson trichrome staining in myocardial tis-
sues (blue color). (A) WKY group; (B) SHR group; (C) SHR + NaHS group; (D) Data of quan-
tification of myocardial fibrosis. Results are expressed as mean ± SD. Differences among
groups were analyzed by one-way ANOVA, and LSD analysis was used to compare data
between the two groups. **P < 0.01 compared with WKY group; ##P < 0.01 compared with
SHR group. Scale bar, 30 μm.



Effects of H2S on TGF-β Receptor
Expression in Myocardium by Western
Blot

There was no significant difference in
TβR-I protein content of myocardium
among the five groups (Figure 5B). But
TβR-II protein content of myo cardium
from the SHR group was significantly
greater than that from the WKY group 
(P < 0.05) (Figure 5C). In the SHR +
NaHS group, TβR-II protein was signifi-
cantly reduced compared with the SHR
group (P < 0.05) (see Figure 5C). TβR-II
protein expression did not differ between
the SHR group and the SHR + Hyd
group (P > 0.05) (see Figure 5C).

Myocardial p-Smad2 and p-Smad3
Determination by Western Blotting

Compared with the WKY group, the
expressions of both p-Smad2 and 

p-Smad3 protein in myocardium were
increased in the SHR group (both P <
0.01) (Figures 6A, B). Compared with the
SHR group, the SHR + NaHS-treated rats
showed lower levels of myocardial 
p-Smad2 and p-Smad3 protein expres-
sions (p-Smad2, P < 0.05; p-Smad3, P <
0.01) (see Figures 6A, B), but expressions
of p-Smad2 and p-Smad3 did not differ
between the SHR and the SHR + Hyd
group (P > 0.05) (see Figures 6A, B).

Effects of H2S on MMP-13 and TIMP-1
Protein Expressions in Myocardium by
Western Blotting

Compared with the WKY group, the
expression of MMP-13 in myocardium
was decreased in the SHR group (P <
0.01) (Figure 7A). In contrast, myocardial
TIMP-1 content was significantly greater
in the SHR group than in the WKY

group (P < 0.01) (Figure 7B). However,
compared with the SHR group, the ex-
pression of MMP-13 and TIMP-1 pro-
teins did not differ either in the SHR +
NaHS group or in the SHR + Hyd group
(both P > 0.05) (see Figures 7A, B).

Cell Viability Treated with Different
Concentrations of NaHS or TGF-β1

No significant difference of cell viabil-
ity was found between vehicle cells and
cells treated with 2 × 10–4 mol/L NaHS
for 72 h. In addition, there was no sig-
nificant difference among vehicle cells
and cells treated with other concentra-
tions of NaHS or TGF-β1 (P > 0.05) (Fig-
ure 8).

Effect of H2S on Phosphorylation of
TβR-I in CFs

The immunoprecipitation assay
showed that the expression of p-TβR-I
protein was significantly increased when
CFs were treated with TGF-β1 at 10
ng/mL for 30 min (P < 0.01) (Figure 9).
However, the expression of p-TβR-I pro-
tein induced by TGF-β1 was suppressed
markedly after CFs were pretreated with
NaHS at 2 × 10–4 mol/L for 30 min (P <
0.01) (see Figure 9). Furthermore, the
TGF-β1 + SB treated cells also showed
low levels of p-TβR-I protein expression
compared with the TGF-β1 group (P <
0.01) (see Figure 9). There was no obvi-
ous difference in p-TβR-I protein expres-
sion between the TGF-β1 + SB group and
the TGF-β1 + NaHS + SB group (P >
0.05) (see Figure 9).

Effects of H2S on p-Smad2 and 
p-Smad3 in CFs

Western blotting showed that the ex-
pressions of both p-Smad2 and p-Smad3
proteins were significantly increased
when CFs were treated with TGF-β1 at
10 ng/mL for 30 min (both P < 0.01)
(Figure 10). However, the expressions of
p-Smad2 and p-Smad3 proteins induced
by TGF-β1 were inhibited significantly
when CFs were pretreated with NaHS at
2 × 10–4 mol/L for 30 min (p-Smad2
(Ser245/250/255), P < 0.05; p-Smad2
(Ser465/467), P < 0.01; p-Smad3, P <
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Figure 4. Expressions of collagen protein and procollagen mRNA in myocardium. (A) Colla-
gen I protein content in myocardium of each group using ELISA; (B) Collagen III protein con-
tent in myocardium of each group using ELISA; (C) Procollagen I mRNA expression in myo -
cardium of each group by real-time PCR; (D) Procollagen III protein mRNA expression in
myocardium of each group by real-time PCR. Results are expressed as mean ± SD. Differences
among groups were analyzed by one-way ANOVA, and LSD analysis was used to compare
data between the two groups. *P < 0.05 compared with WKY group; #P < 0.05 compared with
SHR group; **P < 0.01 compared with WKY group; ##P < 0.01 compared with SHR group.



0.01) (see Figure 10). Furthermore, the
TGF-β1 + SB treated cells also showed
lower levels of p-Smad2 and p-Smad3
protein expressions compared with the
TGF-β1 group (both P < 0.01) (see Fig-
ure 10). There was no obvious difference
in p-Smad2 and p-Smad3 protein expres-
sion between the TGF-β1 + SB group
and the TGF-β1 + NaHS + SB group
(both P > 0.05) (see Figure 10).

Effect of H2S on Collagen Type I and III
Expressions in CFs

Confocal images showed that, com-
pared with the control group, TGF-β1 in-
duced accumulation of collagen type I
and collagen type III in CFs. However, in
CFs of the TGF-β1 + NaHS or TGF-β1 +
SB group, where cells were pretreated

with NaHS or SB, collagen type I and III
expressions were both reduced to some
extent. There were, however, no obvious
difference in collagen type I and III ex-
pressions between the TGF-β1 + SB
group and the TGF-β1 + NaHS + SB
group (Figures 11, 12).

DISCUSSION
H2S is a recently identified endogenous

gaseous transmitter that plays various
roles in the cardiovascular system (34,35).
In previous studies, we found that H2S
attenuated hypertension and lessened
aortic structural remodeling in hyperten-
sive rats (30). In addition, Shi et al. re-
ported that chronic NaHS treatment pre-
vented hypertrophy of intramyocardial
arterioles and ventricular fibrosis (36).

However, whether H2S affects excess ac-
cumulation of collagen in the my-
ocardium and what the underlying mech-
anisms are remain unclear. In the present
study, we explored the regulatory effect
of H2S on myocardial collagen remodel-
ing and its possible mechanisms in SHRs.

The SHR model of genetic hyperten-
sion is analogous to human primary hy-
pertension, including its genetic charac-
teristics, pathogenesis and complications
(myocardial remodeling), and is therefore
widely used in experiments on primary
hypertension and antihypertensive drugs
(37). In our study, compared with WKYs,
the blood pressure was significantly in-
creased in 18-wk-old SHRs, indicating 
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Figure 5. Expressions of TGF-β1 and TGF-β receptor protein in myocardium by Western
blot. (A) TGF-β1 protein content in myocardium of each group. Results are expressed as
mean ± SD. Differences among groups were analyzed by Kruskal-Wallis Test. *P < 0.05
compared with WKY group; #P < 0.05 compared with SHR group. (B) TβR-I protein content
in myo cardium of each group by Western blot; (C) TβR-II protein content in myocardium
of each group by Western blot. Results are expressed as mean ± SD. Differences among
groups were analyzed by one-way ANOVA, and LSD analysis was used to compare data
between the two groups. *P < 0.05 compared with WKY group; #P < 0.05 compared with
SHR group.

Figure 6. Expressions of p-Smad2 and p-
Smad3 protein in myocardium by Western
blot. (A) p-Smad2 protein content in my-
ocardium of each group; (B) p-Smad3 pro-
tein content in myocardium of each group.
Results are expressed as mean ± SD. Differ-
ences among groups were analyzed by
one-way ANOVA, and LSD analysis was
used to compare data between the two
groups. **P < 0.01 compared with WKY
group; ##P < 0.01 compared with SHR group;
#P < 0.05 compared with SHR group.



18-wk-old SHRs successfully developed
hypertension. We also recorded the in-
dexes of left-ventricular hypertrophy. We
found that, compared with the WKY
group, SHRs showed an increased
LVW/BW. Examination of the myocardial
ultrastructure showed that the cardiomy-
ocytes were arranged erratically, the sar-
coplasmic reticulum was significantly di-
lated, the mitochondria were swollen, and
the mitochondrial cristae were fractured
and dissociated in SHRs. Stereological
analysis of the mitochondrial revealed a
reduced N and Nv, but increased mean D,
Vv and V in the SHRs compared with the
WKY group, suggesting that the myocar-
dial mitochondria of SHRs were swelling
and deformation. These observations im-
plied that significant hypertension and
myocardial ultrastructural remodeling oc-
curred in the 18-wk-old SHRs.

We also found that, along with the in-
creased blood pressure and myocardial
ultrastructural remodeling, the plasma
H2S content was markedly decreased in
SHRs. Administration of H2S donor to
SHRs significantly decreased the blood
pressure. Yan et al. (30) reported that the
downregulation of the gene expression of
cystathionine γ-lyase (CSE), a H2S-
 generating enzyme, resulted in a sup-
pression of H2S production, which might
be responsible for the decreased H2S level
in plasma in SRHs. In addition, in our
study, myocardial ultrastructure showed
that the cardiomyocytes were well
aligned, the sarcoplasmic reticulum was
not dilated and only a few mitochondria
were slightly swollen in the SHR group.
Mitochondrial stereological analysis
showed a significant reduction in mean D,
Vv and V and an obvious increase in
N and Nv in the SHR + NaHS group
compared with the SHR group, suggest-
ing that NaHS treatment could improve
the myocardial ultrastructural changes.

However, NaHS treatment 
(90 μmol/kg–1 ⋅ day–1) for 9 wks did 
not induce a reduction in LVW and
LVW/BW compared with SHR. The 
possible explanation is that myocardial
remodeling is a complex pathologic pro-
cess, including cardiomyocyte hypertro-
phy, an increase in perivascular and in-
terstitial fibrosis, remodeling of the
extracellular matrix and a reduced
 capillary-to-myocyte ratio (38). Cardiac
collagen remodeling, the result of an im-
balance between the synthesis and deg-
radation of collagen, is just one of the
abovementioned pathologic features of
hypertensive myocardial remodeling. On
the basis of the data we obtained in the
present study, we could not exclude the
possibility of the impact of H2S on other
biological behaviors of cardiomyocytes
with either stimulative or protective fea-
tures in myocardial remodeling, in addi-
tion to the collagen remodeling. The
above facts might explain why adminis-
tration of H2S acted only on the collagen
synthesis but had no effect on macro-
scopic hypertrophy in SHRs. With the
further understanding of regulatory in-

sights of H2S in myocardium, more de-
tailed information about the biological
behaviors of cardiomyocyte regulated by
H2S would be obtained.

Cardiac collagen remodeling was rep-
resented by an excessive accumulation of
collagen in the myocardium, increased
concentration of cardiac collagen or in-
creased CVF. To explore the effect of H2S
on cardiac collagen remodeling in SHRs,
we detected CVF and the myocardial col-
lagen I and III protein. We found that
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Figure 7. Expressions of MMP-13 and TIMP-1
protein in myocardium by Western blot. (A)
MMP-13 protein content in myocardium of
each group; (B) TIMP-1 protein content in
myocardium of each group. Results are ex-
pressed as mean ± SD. Differences among
groups were analyzed by one-way
ANOVA, and LSD analysis was used to
compare data between the two groups.
**P < 0.01 compared with WKY group.

Figure 8. Cell viability of different concen-
tration of NaHS or TGF-β1. There was no
significant difference between vehicle
cells and cells treated with different con-
centration of NaHS or TGF-β1.

Figure 9. Effect of H2S on phosphorylation
of TβR-I in CFs. Results are expressed as
mean ± SD. Differences among groups
were analyzed by one-way ANOVA, and
LSD analysis was used to compare data
between the two groups. **P < 0.01 com-
pared with control group; ##P < 0.01 com-
pared with TGF-β1 group.



CVF and myocardial collagen protein
were significantly increased in SHRs,
when compared with WKYs. However,
CVF and myocardial collagen protein ex-
pressions were decreased significantly
after treatment with NaHS. These results
suggested that chronic NaHS treatment
could improve myocardial collagen re-
modeling.

High blood pressure is an important
causative factor in myocardial collagen
remodeling. However, it is unclear
whether the inhibitory effect of NaHS on
myocardial collagen remodeling is due to
the reduction of blood pressure, resulting
in reduced afterload of the heart after
NaHS treatment. In the present study, we
found that hydralazine reduced blood
pressure, but had no effect on the expres-
sions of collagen I and III in myo cardium,
suggesting that the inhibitory effects of
NaHS on myocardial collagen remodel-
ing could not be solely ascribed to the
BP-decreasing effect of NaHS treatment.

As is well known, the balance between
collagen synthesis controlled mainly by
procollagen gene transcription and colla-
gen degradation adjusted by
MMPs/TIMPs is crucial for vascular col-
lagen metabolism. First, we examined if
H2S could impact collagen synthesis by
detecting procollagen mRNA changes.
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Figure 10. Expressions of p-Smad2 and p-Smad3 protein in CFs by Western blot. (A) p-Smad2 (Ser245/250/255) protein content in CFs of each
group; B: p-Smad2 (Ser465/467) protein content in CFs of each group; C: p-Smad3 protein content in CFs of each group. Results are ex-
pressed as mean ± SD. Differences among groups were analyzed by one-way ANOVA, and LSD analysis was used to compare data between
the two groups. **P < 0.01 compared with control group; ##P < 0.01 compared with TGF-β group; #P < 0.05 compared with TGF-β1 group.

Figure 11. Effect of H2S on collagen type I expression in CFs by confocal images. TGF-β1 in-
duced accumulation of collagen type I in CFs. H2S inhibited collagen type I expression in-
duced by TGF-β1 in CFs. PI: propidium iodide.



We found that myocardial procollagen I
and III mRNA expressions were in-
creased significantly in SHRs, when com-
pared with WKYs. However, myocardial
procollagen I and III mRNA expressions
were decreased significantly after treat-
ment with NaHS. These results suggested
that chronic NaHS treatment could in-
hibit myocardial collagen synthesis.

It is well established that TGF-β1 plays
a critical role in the progression of car-
diac fibrosis. Previous studies have
shown that TGF-β1 can stimulate colla-
gen synthesis (10,11) and inhibit the deg-
radation of collagen (12–15). To explore
the possible mechanisms by which H2S
regulated myocardial collagen synthesis,
we determined the expression of TGF-β1
in myocardium by Western blotting. We

found that, compared with WKYs, myo-
cardial expression of TGF-β1 protein was
raised significantly in SHRs. When H2S
donor was administered, the myocardial
TGF-β1 level was decreased. These re-
sults indicated that H2S regulated myo-
cardial collagen synthesis, probably by
inhibiting TGF-β1 protein expression.

The best-defined TGF-β signaling path-
ways are through Smad family members.
Active TGF-β binds to a complex of TβR-I
and TβR-II, resulting in phosphorylation
of the Smad2 and Smad3 by TGF-β recep-
tor I kinase. Activated Smad2 and Smad3
bind Smad 4 and becomes localized into
the nucleus, where it activates transcrip-
tion of procollagen (16). It has been
shown in several experiments that TGF-
β1 activates cardiac fibrosis predomi-

nantly through the TGF-β1/Smad signal-
ing pathway. Bai et al. (20) found that
TGF-β1 significantly increased protein
synthesis in cardiac fibroblasts, partially
through the Smad2-dependent pathway.
Hao et al. (38) reported that TGF-β1
mRNA abundance and protein levels
both were increased significantly in car-
diac infarct scar, correlated with in-
creased collagen type I expression and el-
evated Smad2, Smad3 and Smad4.

In the present study, to examine if H2S
regulated myocardial collagen remodeling
principally through the TGF-β/ Smad sig-
naling pathway, we detected the impor-
tant elements in the TGF-β/Smad signal-
ing pathway including protein expression
of TβR-I and TβR-II, phosphorylation of
Smad2 and Smad3 expressions in myocar-
dial tissues in vivo. First, we found that
NaHS inhibited myocardial TβR-II protein
expression and phosphorylation of Smad2
and Smad3. Unfortunately, we did not
find the impact of NaHS on myocardial
TβR-I protein expression. To further ex-
plore how H2S blocked the signaling
transduction from TβR-II to Smad2 and
Smad3, we detected phosphorylation of
TβR-I in CFs in vitro. In the in vitro experi-
ment, we used 2 × 10–4 mol/L NaHS to
treat the CFs for 72 h, in which the cell vi-
ability did not change as compared with
vehicle cells. The data showed that TGF-β
induced phosphorylation of TβR-I, Smad2
and Smad3 and collagen I and III expres-
sion. Moreover, H2S inhibited the phos-
phorylation of TβR-I protein, Smad2 and
Smad3 and collagen I and III expression
activated by TGF-β1 in CFs. Also, we
found that the above mentioned in-
hibitory effect of H2S was abolished by
Smad inhibitor SB-431542. The facts sug-
gest that TGF-β and H2S might regulate
the activation of Smad2 and Smad3 by
targeting the phosphorylation of TGF-βRI
instead of its protein expression.

MMPs comprise a family of Zn-depen-
dent endopeptidases that can decompose
the ECM and basement membrane. They
participate in tissue remodeling, cell in-
filtration and tumor spread. At least 23
MMP family members have been charac-
terized. In particular, MMP-2, MMP-9
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Figure 12. Effect of H2S on collagen type III expression in CFs by confocal images. TGF-β1
induced accumulation of collagen type III in CFs. H2S inhibited collagen type III expression
induced by TGF-β1 in CFs. PI: propidium iodide.



and MMP-13 are thought to play key
roles in tissue remodeling. MMP-2 de-
grades gelatin, type IV, V, VII, X and XI
collagens, fibronectin, elastin and
laminin. MMP-9 degrades gelatin, type
IV, V, VII and X collagens, elastin, proteo-
glycan, entacin, fibronectin and laminin.
Also called collagenase-3, MMP-13 de-
grades various substrates, including fib-
rillar-type I, II and III collagens, type IV,
IX, X and XIV collagens, gelatin,
tenascin-C, fibronectin, and proteoglycan
core proteins (40). The activation of
MMPs is inhibited by TIMPs, which
form a 1:1 complex with MMPs. Four
different TIMPs have been identified.
TIMP-1 was an important inhibitor of
MMP-1, -3, -9 and -13 (41).

Therefore, in the present study, we ex-
amined the effects of H2S on MMP-13 and
TIMP-1 protein expression in myocardial
tissue. We found that along with the in-
creased TIMP-1 expression, the MMP-13
content was markedly decreased in SHRs,
suggesting that alterations of the collagen
degrading protease system were also in-
volved in the development of myocardial
collagen remodeling. But, we found that
there was no difference in MMP-13 and
TIMP-1 expressions between the SHR
group and the SHR + NaHS group, not
supporting the impact of H2S on collagen
degradation.

This study had limitations. For exam-
ple, we detected the blood pressure in
18-wk-old SHRs, instead of conducting a
series of measurements at different time
points of experiment. However, the pa-
rameters detected at the termination of
the experiment were comparable among
groups. Further studies are needed to ob-
serve the dynamic changes of the blood
pressure and the myocardial structure.

CONCLUSION
The endogenous H2S pathway was

downregulated during myocardial colla-
gen remodeling in SHRs. Administering
H2S donor to SHRs reduced blood pres-
sure and alleviated the accumulation of
collagen in interstitial and intramyocardial
coronary arteries. The mechanisms might
involve inhibition of the TGF-β1/Smad

signaling pathway by H2S in cardiomy-
ocytes. These findings also suggest that
H2S might be a potential therapeutic ap-
proach for hypertension and myocardial
collagen remodeling.
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