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Exogenous H_S reduces apoptosis and myocardial
fibrosis in isoproterenol-induced rats by inhibiting
activation of CaMKIl/NF-kB signaling pathways

Shengguan Liu'*, Maojun Liut*, Junrong Long?, Wenting Tan?, Fen Tang?, Yan Li%, Chun Chu?, Jun Yang?

1Department of Cardiology, The First Affiliated Hospital of University of South China, Hengyang, Hunan, China;
2Department of Pharmacy, The Second Affiliated Hospital of University of South China, Hengyang, Hunan, China.
*Equal contributors and co-first authors.

Received July 12, 2018; Accepted December 6, 2018; Epub March 15, 2019; Published March 30, 2019

Abstract: Purpose: This study aimed to figure out the effects of exogenous hydrogen sulfide (H,S) on isoproter-
enol (ISO)-induced myocardial fibrosis and to verify potential mechanisms of cardiomyocyte apoptosis. Methods:
Male Sprague-Dawley rats were randomly assigned into the control group, ISO group, ISO + H,S group, and H,S
group. ISO was injected into the abdominal cavities of rats for 7 consecutive days to establish animal models of
heart failure. Cardiac collagen deposition and collagen volume fraction (CVF) were measured by Masson’s staining.
Cardiomyocyte apoptosis was observed by TUNEL staining. Expression of related proteins in CaMKIIl/NF-kB signaling
pathways, apoptosis, and MMPs/TIMPs was detected with the method of Western blotting. Expression of apoptosis-
related miRNAs was detected through RT-gPCR. Results: Compared to the control group, expression of CaMKIl/
NF-kB, caspase2, and caspase3 proteins, as well as proapoptotic miRNAs, were significantly upregulated in the ISO
group, while expression was downregulated in the ISO + H,S group. Expression of Bcl-2 proteins was decreased in
the ISO group but increased in the ISO + H,S group. Masson’s staining results showed that cardiac collagen deposi-
tion and CVF were significantly increased in the ISO group but decreased in the ISO + H_S group. Findings obtained
from TUNEL staining indicated that the ratio of TUNEL-positive cell nuclei in the ISO + H,S group was lower than that
in the 1ISO group. Conclusion: The current study highlights that exogenous H_S can inhibit myocardial fibrosis and
cardiomyocyte apoptosis in ISO-induced rats. The mechanisms may be associated with downregulation of CaMKII/
NF-kB signaling pathways and expression of apoptosis-related miRNAs.
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tion

Introduction ation [2]. Calcium regulation-associated pro-
teins are important molecules in the regulation

Heart failure is a common terminal manifesta- of calcium homeostasis in cardiomyocytes.

tion and a leading cause of death in patients
with cardiovascular disease. Myocardial remod-
eling is the most important pathophysiological
change in heart failure. Myocardial fibrosis is a
key part of it, whose occurrence and develop-
ment are related to the myocardial toxicity of
sympathy-catecholamines [1]. Myocardial fibro-
sis may lead to a decrease of myocardial con-
traction and relaxation. This is also closely re-
lated to the occurrence of arrhythmia and even
sudden cardiac death. It has been reported
that calcium circulation in cardiomyocytes is as-
sociated with myocardial contraction and relax-

Their expression and activity play an important
role in regulating myocardial contraction and
relaxation, which are involved in signal trans-
duction mechanisms for myocardial remodeling
and apoptosis in heart failure. In recent years,
the roles of calcium/calmodulin kinase Il in myo-
cardial remodeling and heart failure have gai-
ned much attention from worldwide scholars
[3]. CaMKII, an important calcium regulation-
associated protein, belongs to the serine-threo-
nine kinase family. A previous study has shown
that CaMKIl could regulate cardiomyocyte hy-
pertrophy, apoptosis, and other pathophysio-
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logical processes through modulating expres-
sion of NF-kB [4]. NF-kB, an important transcri-
ption factor in eukaryotic cells, has a synergis-
tic effect with STAT3, which is involved in the
development of apoptosis and myocardial fibro-
sis [B]. It has been found that miRNAs, as tran-
scriptional regulators, also play an important
signal regulation role in apoptosis and myocar-
dial fibrosis. Of these, miR-1 and miR-150, im-
portant members of small RNAs, have been
shown to be implicated in the signal transduc-
tion mechanisms for apoptosis and myocardial
fibrosis [6]. However, there have been few re-
ports on whether CaMKIl/NF-kB and miRNA are
involved in the pathogenesis of ISO-induced
myocardial fibrosis.

A new gas signaling molecule, H_S has been fo-
und to have cardioprotective effects, able to
improve interstitial collagen remodeling and
myocardial fibrosis by relieving oxidative stress
and inflammatory reactions [7]. However, whe-
ther H,S can improve I1SO-induced myocardial
fibrosis and the nature of its internal mecha-
nisms remains to be uncovered. Therefore, this
study aimed to investigate the effects of exog-
enous H,S on ISO-induced myocardial fibrosis
by establishing rat models of ISO-induced myo-
cardial fibrosis, exploring its internal mecha-
nisms to regulate apoptosis and inflammatory
reactions through modulating the CaMKII/NF-
KB signaling pathways and related miRNAs.

Materials and methods
Experimental animals

Forty adult male Sprague-Dawley (SD) rats (200
+ 20 g) were provided by the Experimental
Animal Center of University of South China. The
rats were raised in well-ventilated and separate
cages at 24 + 1°C indoors with a 12-h day/
night cycle. They were given free access to food
and water. The rats were acclimatized for 1
week before the experiment. The experiment
was carried out per the rules put forward in the
Regulations for the Administration of Affairs
Concerning Experimental Animals by the State
Scientific and Technological Commission of the
People’s Republic of China.

Reagents and instruments

Isoproterenol hydrochloride (isoproterenol, ISO)
was purchased from Meilun Bio (Dalian, China).
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Sodium hydrosulfide (H,S donor), diethyl pyro-
carbonate (DEPC), and Tris were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Rabbit poly-
clonal antibody TIMP-1 and glyceraldehyde
phosphate dehydrogenase (GAPDH) were pur-
chased from Wuhan Boster Biological Tech-
nology (Wuhan, China). CaMKK1 and AMPK
were from Bioss (Beijing, China), diluted to
1:400. Rabbit polyclonal antibodies CaMKIId
and Bcl-2 were obtained from ProteinTech
(Chicago, IL, USA). Goat anti-rabbit antibody
was from KPL (Clopper Road, Gaithersburg,
Maryland, USA), diluted to 1:2000. TRIzol was
obtained from Invitrogen (Carlsbad, CA, USA).
The miRNA reverse transcription kit was from
Cwbiotech Co. Ltd., (Beijing, China). Primer
was from Genscript Biotechnology Company
(Nanjing, China) and Tagq, DL20O0ODNA Marker
and dNTP were obtained from Beijing GenStar
Biosolutions Co., Ltd., (Beijing, China). SYBGEEN
PCR Master Mix was from Applied Biosystems,
Foster City (California, USA). Hoefer miniVE,
E-Blotter was from Bio-Rad (Hercules, Cali-
fornia, USA). Ultraviolet spectrophotometer was
purchased from Shimadzu (Kyoto, Japan). Real-
time g-PCR and PCR plates were from Thermo
Electron Corporation, Waltham (Massachusetts,
USA).

Animal models and treatment

The rats were randomly classified into a control
group, 1SO group, ISO + H,S group, and H,S
group, with 10 rats in each group. After feeding
with a standard diet, rats in the 1ISO and ISO +
H,S groups were intraperitoneally injected with
ISO (5 mg-kg®d?) to establish the heart failure
model, in accordance with modeling methods
of Peter Krenek [8]. Rats in the ISO + H,S and
H,S groups were treated with NaHS solution
(56 umol-kgLd?) every day. Rats in the control
and H_S groups were intraperitoneally injected
with equal doses of saline every day.

Echocardiographic detection

After 8 weeks of modeling, all rats were anes-
thetized with chloral hydrate. Cardiac functions
were detected by an experienced physician
using M ultrasound. Three cardiac cycle param-
eters were measured horizontally and continu-
ously at the muscuil papillares of the macropi-
nacoid. The mean value was adopted to calcu-
late the left ventricular posterior wall thickness
(LVPWs), left ventricular end-diastolic dimen-
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Table 1. Primers used for real-time PCR
analysis

miRNA  Primer sequence

miR-1 5’-TGGAATGTAAAGAAGTGTGTAT-3’
miR-150 5’-TCTCCCAACCCTTGTACCAGTG-3’
miR-29a 5-ACTGATTTCTTTTGGTGTTCAG-3’
miR-214 5’-AGAGTTGTCATGTGTCT-3’

ue 5’-GCTTCGGCAGCACATATACTAAAT-3’

sion (LVDd), left ventricular end-systolic diame-
ter (LVDs), and left ventricular fractional short-
ening (FS), along with other parameters.

Specimen collection and processing

The rats were weighed (body weight, BW) and
killed. Their hearts were removed and weighed
(heart weight, HW). Moreover, the heart mass
index (HW/BW, mg/g) was also calculated.
Ventricular muscles were fixed in 4% parafor-
maldehyde for Masson’s staining. Some of the
heart tissues were fixed in 2.5% glutaraldehyde
solution for detection by a transmission elec-
tron microscope. The remaining heart tissues
were placed in a -80°C freezer for cryopreser-
vation. They were applied for the detection of
Western blotting and RT-qPCR.

Masson’s staining

Myocardium tissues were fixed in 4% parafor-
maldehyde, dehydrated with ethanol of concen-
tration gradient, cleared with xylene, and
embedded with paraffin. They were then made
into 4 ym thick slices. The tissues were stained
with the Masson’s staining kit and observed
under a light microscope (x400) for myocardial
interstitial collagen accumulation. Three differ-
ent perspectives were selected and processed
with Image J. They were measured for collagen
volume fraction (CVF).

Immunohistochemistry

The formalin-fixed and paraffin-embedded sec-
tions were dewaxed and dehydrated. Endo-
genous peroxidase was blocked with 3% hydro-
gen peroxide, rinsed with PBS three times, and
blocked with 10% normal goat serum. Next, the
tissues were incubated overnight at 4°C with
primary antibody (rabbit polyclonal anti-colla-
gen lll and rabbit polyclonal anti-CD86; 1:50).
The sections were then rinsed with PBS three
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times and incubated at 37°C with secondary
antibody (polyclonal goat anti-rabbit horserad-
ish peroxidase [HRP]-labeled immunoglobulin;
1:2000) for 30 minutes. Subsequently, the sec-
tions were washed with PBS three times again.
The slides were developed with 3,3’-diamino-
benzidine-hydrochloride (DAB) solution for 5
minutes and stained with hematoxylin for 5
minutes. They were dehydrated by alcohol and
finally sealed with neutral resins.

TUNEL staining

Myocardial tissues were immersed in 10% for-
malin before being paraffin-embedded for sec-
tioning. The tissues were stained by TUNEL
solution, treated by H,0,, and incubated with a
reaction mixture including TdT and digoxigenin-
conjugated dUTP for 1 hour at 37°C. Next, la-
beled DNA was visualized by peroxidase-conju-
gated anti-digoxigenin antibody containing the
chromogen of DAB. Apoptotic nuclei were then
dyed with brown. The horizon was photogra-
phed and the ratio of apoptotic nuclei to myo-
cardia tissue was counted.

Transmission electron microscope (TEM)

Tissues fixed in 2.5% glutaraldehyde were then
fixed with 1% osmium acid for 2 hours. They
were then rinsed with 0.1 M phosphoric acid 3
times, each time for about 10-15 minutes. The
tissues were dehydrated in turn with 50%, 70%,
and 90% acetone for 10-15 minutes, respec-
tively, and 100% acetone for 15-20 minutes.
Next, they were soaked at 37°C in the liquid
mixture of pure acetone and embedding liquid
(1:1) for 12 hours, then embedded with pure
embedding liquid for 10-12 hour. They were put
it in an oven at 37°C overnight and at 60°C for
12-24 hours. They were cut into slices of about
50-100 nm and re-stained with 3% uranyl ace-
tate and lead nitrate. The transmission elec-
tron microscope was used to observe the
arrangement of myocardial fibers and form of
the mitochondria.

Western blotting

Myocardial tissue (0.1 g) was fully grinded on
the ice. Cell lysis buffer 1:1 phenylmethyl sulfo-
nylfluoride (PMSF) (700 uL for each) was added
to extract total protein. Protein concentrations
were quantified by bicinchoninic acid (BCA) col-
orimetry. The protein was denatured by boiling
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Table 2. Effects of HQS on body weight, heart weight, and ratio of heart
weight and body weight in each group. data are expressed as Mean +
SD

Groups Number BW (g) HW (mg) HW/BW (mg/g)
Control 10 221.50 + 23.67 591.70 + 72.03 2.67 +0.17
ISO 9 243.89 +24.21 923.33 £ 92.87° 3.79 £ 0.20°
ISO +H,S 9 233.89 £38.87 761.11 +154.30°° 3.24 + 0.26%°
H,S 10 220.50 + 18.77 590.00 + 63.94 2.67 +0.13

bance ratio (1.8-2.0) at
260/280 nm. Concentra-
tions were assessed us-
ing a spectrophotometer.
cDNA was generated from
2 pg of total cellular RNA
by reverse transcription
(E. coli Poly (A) Polymerase
2.5U). PCR amplification

Abbreviations: A: Control group; B: ISO group; C: ISO + H,S group; D: H,S group. P <
0.05 IS0 group vs. Control group; *°P < 0.05 ISO + H,S group vs. ISO group.

Table 3. Effects of H_S on the echocardiographic parameters in each

group. Data are expressed as Mean + SD

reaction was carried out
with  SYBR based on
cDNA. Primer sequences
are shown in Table 1. The
PCR procedure for real-
time qPCR was pre-degen-

Groups Number LVDd (mm)

LVDs (mm)  LVPW (mm) FS (%)

eration for 10 minutes

Control 10
ISO 9
ISO + H,S 9
H,S 10

447+0.15 2.64+0.21 0.78+0.04 40.89+4.71

6.49 £0.34* 5.04 £0.40* 1.09+0.16 22.20+5.73°
6.09 £ 0.69° 4.32 + 0.56°" 1.08 + 0.16 29.03 + 4.41°°
450+019 2.66+0.27 0.79+0.06 40.85+5.62

(95°C), with 40 cycles of
denaturation for 10 sec-
onds (95°C), and anneal-
ing/extension 50 seconds
(59°C). The melting curve

Abbreviations: Left ventricular end diastolic dimension (LVDd); left ventricular end systolic
dimension (LVDs); left ventricular posterior wall (LVPW); fractional shortening (FS). °P <
0.01 Control group vs. ISO group; #°P < 0.05 ISO + H,S group vs. ISO group.

at 99°C for 10 minutes, separated through so-
dium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), and transferred to
polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with Tris-bu-
ffered saline with Tween20 (TBST) containing
5% skimmed milk for 1 hour at room tempera-
ture. Afterward, the membranes were incubat-
ed with blocking solution containing prima-
ry antibody (CaMKII, Bcl-2 and Caspase-3;
1:2000; CaMKII5, NF-kB and TIMP-1; 1:400)
overnight at 4°C. Next, it was rinsed with TBST
3 times (10 minutes each time), incubated at
room temperature for 1 hour with HRP-labeled
antibody (1:2000), and rinsed again with TBST
3 times (10 minutes each time). PVDF mem-
branes were detected by the chemilumines-
cence detection method. Image J software was
used for optical density (OD) analysis of the tar-
get proteins, with corresponding grayness ra-
tios representing relative levels of detected pro-
tein expression.

RT-gPCR

After all RNA-required equipment was steril-
ized, the TRIzol method was used to extract
total RNA. RNA quality was measured by RNA
agarose gel electrophoresis, with the absor-
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was collected at 60-95°C.
Relative expression levels
of miRNAs, including miR-
1, miR-29a, miR-150, and
miR-214, were analyzed using the 2%2°t met-
hod.

Statistical analysis

Experimental data was analyzed using SPSS
18.0 (Chicago, IL, USA). Results are expressed
as mean * standard deviation (SD). LSD-t was
used to analyze comparisons between groups
and one-way analysis of variance (ANOVA) was
used to analyze comparisons among multiple
groups. P < 0.05 indicates statistical significan-
ce.

Results
Survival of rats

Two rats died during the experiment. One was
in the 1ISO group and the other was in the H,S +
ISO group, of unknown causes.

BW, HW, and HW,/BW of rats

HW/BW reflects cardiac hypertrophy and fibro-
sis, to some extent. Thus, the BW, HW, and HW/
BW of rats were all calculated. Compared with
the control group, HW and HW/BW of rats in the
ISO group were significantly increased. Relative
to the ISO group, HW and HW/BW of rats in the
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Figure 1. Masson’s staining and Collagen volume fraction of myocardial
tissues in each group (x400). Data are expressed as Mean + SD (n = 3). Ab-
breviations: A: Control group; B: ISO group; C: ISO + H,S group; D: H,S group.
2P < 0.001 ISO group vs. Control group; *°P < 0.001 ISO + H_S group vs. ISO
group. Arrows indicate the deposition of collagen fibers in the myocardium.
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Figure 2. Inmunohistochemistry and the ratio of Collagen Il to myocardial
tissue in each group (x400). Data are expressed as Mean + SD (n = 3). Ab-
breviations: A: Control group; B: 1SO group; C: ISO + H,S group; D: H,S group.
2P < 0.001 IS0 group vs. Control group; *°P < 0.001 ISO + H_S group vs. ISO

group. Arrows indicate the area of Collagen lll-positive.

HZS + IS0 group were decreased, with statisti-
cal significance, while differences in BW were
not statistically significant, as shown in Table
2. Results indicate that H,S could relieve car-
diac hypertrophy and fibrosis.

Echocardiography results

Parameters, such as LVDs, LVDd and FS, which
evaluate left ventricular function, were detect-
ed in this present study. Compared with the
control group, LVDs and LVDd of rats were sig-
nificantly increased and FS was significantly
decreased in the ISO group. In contrast to the
ISO group, LVDs and LVDd of rats were signifi-
cantly decreased and FS was significantly
increased in the ISO + H,S group. The above
parameters were not significantly changed
between the control group and H,S group, as
shown in Table 3. Present findings indicate that
H,S improves heart function of 1SO-induced
heart failure.
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P<0.001

Control ISO

P<0.001
a

Control ISO

Masson’s staining results

To evaluate myocardial fibro-
sis, Masson'’s staining was car-
ried out. Compared with the
control group, for rats in the

ab ISO group, their myocardial
cells were arranged in disor-
der. Blue dye collagen fibers
were significantly increased
ISO+H2S  H2S and CVFs were significantly

increased. Compared to the
ISO group, for rats in the ISO +
H,S group, blue dye collagen
fibers were significantly de-
creased and CVFs measured of
myocardial tissues were de-
creased. However, the control
group and the H,S group were
not significantly different, as
shown in Figure 1. Therefore,
present findings demonstrate
ab that myocardial fibrosis of
heart failure rats was reduced
after intervention with H_S.

Immunohistochemistry results

ISO+H2S  H2S

To demonstrate myocardial
fibrosis from levels of protein,
collagen Ill was detected by im-
munohistochemistry. Compar-
ed with the control group,
expression of collagen Il was
remarkably increased in the
ISO group. Expression of collagen Il was
remarkably decreased in the ISO + H,S group,
relative to the ISO group. The control group and
H,S group were not significantly different in
expression of collagen Ill (Figure 2). Results
show that H_S could relieve expression of col-
lagen Il and attenuate myocardial fibrosis.

To observe whether inflammation response
was involved in myocardial fibrosis, expression
of CD86 was also detected by immunohisto-
chemistry, aiming to clarify the inflammation
reaction from a molecular level. Compared with
the control group, the ratio of CD86-positive to
myocardial tissue was remarkably increased in
the ISO group. The ratio of CD86-positive to
myocardial tissue was obviously decreased in
the 1ISO + H,S group, in contrast to the ISO
group. The control group and the H,S group
were not significantly different in the ratio of
CD86-positive to myocardial tissue (Figure 3).
Present results indicate that H,S could reduce
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Figure 3. Immunohistochemistry and the ratio of CD86-positive to myocar-
dial tissue in each group (x400). Data are expressed as Mean = SD (n =
3). Abbreviations: A: Control group; B: ISO group; C: ISO + H_S group; D: H,S
group. P < 0.001 ISO group vs. Control group; ®°P < 0.001 ISO + H,S group
vs. ISO group. Arrows indicate the area of CD86-positive.
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Figure 4. TUNEL assay and the ratio of TUNEL-positive cell nuclei in each
group (x400). Data are expressed as Mean + SD (n = 3). Abbreviations: A:
Control group; B: ISO group; C: ISO + H,S group; D: H,S group. *P < 0.001
ISO group vs. Control group; *°P < 0.001 ISO + H_S group vs. ISO group. Ar-

Transmission electron micro-
scope results

In this experiment, transmis-
sion electron microscope was
used to observe the ultrastruc-
ture, including myocardial fi-
bers and mitochondria, aiming
to explore the underlying mech-
anisms of deriving from H,S
against myocardial fibrosis. As
shown in Figure 5, relative to
the control group, for rats in
the ISO group, myocardial fi-
bers were arranged in disorder
and with edema. Mitochondria
showed significant swelling and
was vacuolated and arranged
in disorder. Cristae membrane
was irregularly distributed, ev-
en fractured or missing. Com-
pared with the ISO group, for
rats in the H,S + ISO group,
myocardial fibers were arran-
ged better, mitochondria show-
ed slight swelling, and cristae
membrane was slightly and ir-
regularly distributed, as well as
slightly fractured. Myocardial
fibers and mitochondria of rats
in the H,S group and the con-
trol group were not significantly

rows indicate the TUNEL-positive cell nuclei.

the inflammation response of myocardial fibro-
sis of heart failure rats.

TUNEL staining results

Apoptosis is related with myocardial fibrosis.
TUNEL-assay in this study was used to detect
cell apoptosis in the myocardium. Compared to
the control group, the number of apoptotic
nuclei of myocardial tissues was remarkably
increased in the ISO group, while the number of
apoptotic nuclei of myocardial tissues was
remarkably decreased in the ISO + H,S group,
compared with the ISO group. The control group
and the H,S group were not significantly differ-
ent in the number of apoptotic nuclei of myo-
cardial tissue (Figure 4). Results reveal that
H,S could inhibit ISO-induced cell apoptosis in
heart failure rats.
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different. Present results dem-

onstrate that H,S could extenu-
ate injuries of the myocardial ultrastructure in
heart failure rats.

Expression of MMPs/TIMPs and collagen Il in
myocardial tissues of rats in different groups

The imbalance of MMP./TIMP, breaks down
the balance of the ratio of collagen synthesis
and degradation, possibly deteriorating myo-
cardial fibrosis. In view of this, this study detect-
ed expression of relative proteins to reflect
myocardial fibrosis. Compared to the control
group, expression of TIMP1, TIMP3, MMP9,
MMP2, and Collagen Il in myocardial tissues
was significantly increased, while that of
MMP12 was significantly decreased for rats in
the ISO group. Relative to the ISO group, expres-
sion of TIMP1, TIMP3, MMP9, MMP2, and
Collagen 1l in myocardial tissues was signifi-
cantly decreased, while that of MMP12 was

Int J Clin Exp Med 2019;12(3):2167-2181
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Figure 5. Transmission Electron Microscope to myocardial tissue in each group. Transmission election micrographs
atscale bars of 1 pmand 2 ym. A: Control group; B: ISO group; C: ISO + H_S group; D: H_S group. The arrows indicate
the myocardial fibers and mitochondria.

increased for rats in the ISO + H,S group.
However, expression of these proteins was not
significantly different between the control gro-
up and H,S group (Figure 6).

Expression of CaMKII6 and CaMKK1 in myo-
cardial tissues of rats

To explore CaMkll/NF-kB signaling pathways
involvement in the development of myocardial
fibrosis, this study detected expression of
CaMKIId and CaMKK1. As shown in Figure 7,
compared with the control group, expression of
CaMKIId and CaMKK1 in myocardial tissues
was significantly increased for rats in the 1SO
group. In contrast to the ISO group, expression
of CaMKIId and CaMKK1 in myocardial tissues
was significantly decreased for rats in the ISO +
H,S group. Expression of CaMKIId and CaMKK1
was not significantly different between the con-
trol group and H,S group.

Expression of proteins related inflammation in
myocardial tissues of rats in different groups

The current study also detected expression of
NF-kB and expression of proteins related to
inflammation by Western blotting. Compared
with the control group, expression of NF-kB,
STAT3, IL-6, and TNF-a in myocardial tissues
was significantly increased for rats in the 1SO
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group. Compared with the ISO group, expres-
sion of NF-kB, STAT3, IL-6, and TNF-a in myocar-
dial tissues was significantly decreased for rats
in the ISO + H,S group. Expression of NF-kB,
STAT3, IL-6, and TNF-a was not significantly dif-
ferent between the control group and H,S group
(Figure 8). Present results indicate that H,S
could downregulate CaMkll/NF-kB signaling
pathways in ISO-induced heart failure rats.

Expression of Caspase3, Caspase2, and Bcl-
2 in myocardial tissues of rats in different
groups

To further investigate the mechanisms of apop-
tosis at the molecular level, expression of
Caspase3, Caspase2, and Bcl-2 was examined.
Compared to the control group, expression of
Caspase3 and Caspase2 in myocardial tissues
was significantly increased, while expression of
Bcl-2 was decreased for rats in the ISO group.
Compared with the ISO group, expression of
Caspase3 and Caspase2 in myocardial tissues
was significantly decreased and expression of
Bcl-2 was increased for rats in the ISO + H_S
group. Expression of Caspase3 and Caspase2
was not significantly different between the con-
trol group and H,S group (Figure 9). Present
results reveal that H,S could inhibit 1ISO-induced
cell apoptosis in heart failure rats.

Int J Clin Exp Med 2019;12(3):2167-2181
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Expression of PPARG and AMPK in myocardial
tissues of rats

The current study also measured expression of
PPARG and AMPK. As shown in Figure 10, rela-
tive to the control group, expression of PPARG
and AMPK in myocardial tissues was signifi-
cantly decreased for rats in the ISO group.
Compared with the ISO group, expression of
PPARG and AMPK in myocardial tissues was
significantly increased for rats in the ISO + H,S
group. Expression of PPARG and AMPK showed
no significant differences between the control
group and H,S group.

Expression of miRNAs in myocardial tissues of
rats in different groups

To expound the benefits of H,S-elicited against
apoptosis and myocardial fibrosis at the gene
level, expression of miR-1, miR-29a, miR-214,
and miR-150 were measured. Compared with
the control group, expression of miR-1, miR-
29a, and miR-150 in myocardial tissues was
significantly increased, while that of miR-214
was decreased for rats in the ISO group. In con-
trast to the ISO group, expression of miR-1,
miR-29a, and miR-150 in myocardial tissues
was significantly decreased, while that of miR-
214 was increased for rats in the ISO + H,S
group. Expression of miR-1, miR-29a, and miR-
150 was not significantly different between the
control group and H,S group, as shown in Figure
11. Present results show that H,S could down-
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Figure 7. Expression of CaMKIId and CaMKK1 protein in
myocardial tissues from each group. Data are expressed
as Mean + SD (n = 3). "P < 0.05 ISO group vs. Control
group; “'P < 0.05 ISO + H,S group vs. ISO group.
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regulate expression of miR-1, miR-29a, and
miR-150, inhibiting cell apoptosis in ISO-in-
duced heart failure.

Discussion

Heart failure, the terminal manifestation of vari-
ous cardiovascular diseases, has a poor clini-
cal prognosis. The mortality rate of patients
with heart failure may be up to approximately
20%, annually. The ratio may be up to 50% in
patients with severe heart failure. Myocardial
remodeling is the key to determining clinical
prognosis in the development of heart failure.
Additionally, myocardial fibrosis is one of the
main pathological changes of myocardial
remodeling, mainly manifested by abnormal
increasing and disorganization of cardiac colla-
gen fibers, significant increasing of abnormal
CVF, and imbalanced proportions of collagen
[9]. The pathogenesis of myocardial fibrosis is
not yet fully understood, but studies have eluci-
dated that it is associated with sympathetic
activation and catecholamine cardiotoxicity.
During the development of heart failure, neuro-
endocrine activation can lead to increased cat-
echolamine levels and persistent excitation of
beta-adrenergic receptors. Additionally, cate-
cholamine cardiotoxicity enables the promotion
of myocardial apoptosis and release inflamma-
tory mediators, thus further leading to the syn-
thesis and deposition of extracellular matrix
(ECM) [10]. MMPs is a major kind of enzyme
that degrades extracellular matrix components.
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TIMPs is an endogenous inhibitor of matrix
metalloproteinases. It has been demonstrated
that an imbalance between MMPs and TIMPs
will lead to the accumulation of ECM collagens,
causing myocardial fibrosis. This present study
established myocardial fibrosis rat models
through the injection of ISO. Results of echocar-
diography revealed that rates of FS in the ISO
group were significantly lower than those in the
control group. LVDd and LVDs of rats in the ISO
group were significantly higher than those in
the control group. Furthermore, HW and HW/
BW of rats in the ISO group were significantly
increased. Masson’s staining and CVF results
showed that myocardial collagen deposition in
myocardial tissues of rats in the ISO group was

2176

NF-KB relative intensity

Stat3 relative intensity

Figure 8. Expression of inflammation related proteins in myo-
cardial tissues from each group. Data are expressed as Mean
+SD (n = 3). "P < 0.05 ISO group vs. Control group; “*P < 0.05
ISO + H,S group vs. ISO group.
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significantly increased, in contrast to the con-
trol group, with myocardial fibers arranged in
disorder. It was observed under the transmis-
sion electron microscope that, relative to the
control group, rats in the ISO croup showed
irregular arrangement of myocardial fibers.
Moreover, expression of TIMP1 and TIMP3 in
myocardial tissues was significantly increased,
while expression of MMP12 was significantly
decreased in the I1SO croup, versus the control
group. This indicates that expression of MMPs/
TIMPs was seriously disturbed. Present results
suggest that 1SO-induced myocardial fibrosis
occurs in the rat myocardium, resulting in
decreased myocardial remodeling and cardiac
function, to some extent.
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Figure 9. Expression of apoptosis-related proteins in myocardial tissues from each group. Data are expressed as
Mean + SD (n = 3). "P < 0.05 ISO group vs. Control group; “P < 0.05 ISO + H_S group vs. ISO group.

A newly discovered gas signal molecule involved
in cell signal regulation, H,S has attracted
increasing attention from scholars. It has been
reported that H,S might play a role in myocar-
dial protection in multiple cardiovascular dis-
ease models, such as viral myocarditis, acute
coronary syndrome, and diabetic cardiomyopa-
thy. Moreover, it has been demonstrated that
H,S has anti-oxidative stress abilities. It inhibits
inflammatory reactions, improves myocardial
remodeling, and inhibits myocardial fibrosis
and other biological effects [11]. Mishra and
others studies have found that H_S is able to
significantly reduce cardiac hypertrophy in rats
with chronic heart failure [12]. GYY4137, the
donor of H_S, can also reverse myocardial fibro-
sis in rats with hypertension. It has also been
reported that H,S may participate in the regula-
tion of calcium homeostasis and calcium chan-
nels, inhibiting the proliferation of human atrial
fibroblasts and the transformation to myofibro-
blasts. Therefore, this study observed the
effects of H,S on myocardial fibrosis with NaHS
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as an exogenous donor of H_S, establishing rat
models of ISO-induced myocardial fibrosis.
Transmission electron microscope results sug-
gest that the irregular arrangement of myocar-
dial fibers was improved in the H_S + ISO group.
Additionally, the MMPs/TIMPs imbalance was
significantly improved. Rats in the H,S + ISO
group had significantly decreased LVDs and
LVDd, increased FS, and significantly decreased
HW and HW/BW, compared to rats in the I1ISO
group. Results suggest that H,S can significant-
ly improve the MMPs/TIMPs imbalance and
much [SO-induced myocardial fibrosis, thus
improving myocardial remodeling and left ven-
tricular function.

The mechanisms of H_S that inhibit myocardial
fibrosis are still not very clear. Several studies
have reported that it may be related to anti-
oxidative stress, which inhibits inflammatory
reactions, apoptosis, and other effects. It has
been demonstrated that H_S may be implicated
in the regulation of calcium homeostasis and
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calcium channels. CaMKIl is a multifunctional
serine-threonine kinase which plays a key role
in regulating calcium homeostasis in cardiomy-
ocytes. CaMKII0 is a major isozyme of CaMKII
in the heart. It has been found that persistently
excited B1-AR is able to activate CaMKIl path-
ways, further leading to myocardial hypertro-
phy, myocardial fibrosis, and other pathological
processes of myocardial remodeling [13]. Ca-
MKIl has been suggested to be involved in
apoptosis signaling. Studies have shown that
the activation of CaMKIId is an important medi-
um in multiple inductive apoptosis sighaling
pathways [14]. Persistent excitation of B-AR
can continuously activate CaMKII and induce
myocardial apoptosis through mitochondrion
apoptosis. Apoptosis can be inhibited by spe-
cificinhibiting CaMKIId [15]. Calcium-dependent
protein kinase CaMKK, a calmodulin depen-
dent protein kinase, may be involved in the acti-
vation and regulation of CaMK and AMPK, as
well as the signaling regulation of multiple phys-
iological and pathophysiological processes,
including energy balance and glucose homeo-
stasis. The present study revealed that ISO-
induced myocardial fibrosis may be related to
the upregulation of CaMKIl and an increase of
apoptosis. Results showed that, compared with
the control group, rats in the ISO group had sig-
nificantly increased expression of myocardial
Caspase3 and Caspase2 and decreased ex-
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Figure 10. Expression of AMPK and PPARG proteins
in myocardial tissues from each group. Data are ex-
pressed as Mean + SD (n = 3). "P < 0.05 ISO group
vs. Control group; P < 0.05 ISO + H_S group vs. ISO
group.
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pression of Bcl-2. TUNEL staining results also
showed that apoptosis in myocardial tissues of
rats in the ISO group was significantly increased
and expression of CaMKIId and CaMKK1 in
myocardial tissues of rats in the ISO group was
significantly increased. Results suggest that
CaMKIId pathways may be involved in the regu-
lation mechanisms of ISO-included myocardial
fibrosis and related to the development of myo-
cardial fibrosis. Upon intervention, rats had
decreased expression of Caspase3 in the myo-
cardium and increased expression of Bcl-2.
TUNEL staining detection also showed de-
creased apoptosis and significantly decreased
expression of CaMKIId and CaMKK1, suggest-
ing that H,S may inhibit apoptosis by downregu-
lating expression of CaMKIId, further improving
ISO-induced myocardial fibrosis.

Inflammatory reactions are involved in the
pathogenesis of myocardial fibrosis. Inhibited
myocardial fibrosis mechanisms of H,S are also
related to anti-oxidative stress and inhibited
inflammatory reactions. CaMKIId is a nuclear
transcription factor that plays a role in multi-
directional regulation. Studies have shown that
CaMKIl may also be involved in the regulation
mechanisms of inflammatory reactions. It has
been reported that CaMKII delta gene deletion
may reduce the inflammatory reactions of the
heart and damage to cardiomyocytes due to
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Figure 11. Expression of apoptosis-related miRNAs in myocardial tissues from each group. Data are expressed as
Mean + SD (n = 3). "P < 0.05 ISO group vs. Control group; “P < 0.05 ISO + H_S group vs. ISO group.

ischemic reperfusion. This may improve the
negative remodeling and systolic dysfunction of
infarcted myocardium. Additionally, several
studies have found that CaMKIl may promote
the activation of NF-kB pathways in the isch-
emia reperfusion myocardium, playing a key
role in myocardial inflammation reactions. Oc-
currence of inflammatory reactions in myocar-
dial tissues may also be closely related to
CaMKII/NF-kB [16-18]. NF-kB and STAT3, which
are involved in the occurrence of apoptosis and
myocardial fibrosis, also have synergistic ef-
fects. NF-kB may also regulate expression of
multiple inflammatory cytokines, and activate
MMPs, affecting the degradation balance of
ECM and promoting occurrence of myocardial
fibrosis. PPARy may interact with other tran-
scription factors, such as NF-kB, to exert its
gene regulating function. Collagen |, a-SMA,
and TGF- are not only negative regulators of
fibrosis-related genes, but also play important
roles in the regulation of myocardial energy
metabolism [19]. This study found that, com-
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pared with the control group, rats in the I1ISO
group had increased expression of myocardial
NF-kB and STAT3, with decreased expression of
PPARy. However, decreased expression of
NF-kB and STAT3, increased expression of
PPARYy, and significantly decreased expression
of inflammatory factors, such as IL-6 and TNF-
o, was found upon HZS intervention. Results
suggest that H,S may improve ISO-induced my-
ocardial fibrosis by downregulating expression
of CaMKII§/NF-kB and inhibiting the inflamma-
tory reactions of myocardial tissues.

MicroRNAs, a highly evolutionarily conserved
endogenous single stranded non-coding small
RNA, are involved in multiple pathological and
physiological processes, such as cell prolifera-
tion, differentiation, and apoptosis by regulat-
ing the expression of target genes with post-
transcriptional mechanisms. Studies have indi-
cated that miRNAs are involved in the regula-
tion mechanisms of myocardial fibrosis, includ-
ing miR-29, miR-1, miR-214, and miR-150. A
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study on H9c¢2 apoptosis that was induced by
oxidative stress implied that the upregulated
miR-1 can regulate expression of HSP60 to pro-
mote apoptosis. Moreover, some scholars have
found that miR-214 may inhibit calcium over-
load and apoptosis by inhibiting CaMKII in isch-
emia-reperfusion injuries [20]. However, Eva
van Rooij and Sadakatsu lkeda found that
upregulation of miR-214 may lead to occur-
rence of myocardial remodeling [21]. Additi-
onally, the miR-29 family has also been shown
to promote apoptosis and be involved in the
regulation of myocardial fibrosis by regulating
expression of extracellular matrix protein genes
[22]. The present study also shows that miR-
NAs may be involved in the regulation of myo-
cardial fibrosis and apoptosis in rat models of
ISO-induced myocardial fibrosis. Results re-
vealed that rats in the ISO group had signifi-
cantly increased expression of miR-1, miR-29a,
and miR-150 in myocardial tissues, compared
with the control group. Results also indicated
that, relative to the ISO group, rats in the H,S +
ISO group had decreased expression of miR-1,
miR-29a and miR-150, while no significant dif-
ferences were found in terms of expression of
miR-214 in myocardial tissues. Present results
suggest that the mechanisms of H,S improving
myocardial fibrosis in rats may be involved with
decreasing expression of miR-1, miR-29a, and
miR-150, thus inhibiting apoptosis.

In conclusion, the current study has found that
exogenous H,S may inhibit ISO-induced myo-
cardial fibrosis and apoptosis in rats through
downregulation of CaMKII signaling pathways.
It also found decreased expression of apopto-
sis-related miRNAs, including miR-1, miR-29a,
and miR-150. However, whether there is a
direct upstream and downstream relationship
between miRNA and CaMKII5, as well as the
specific regulation mechanisms, requires fur-
ther examination.
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