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A B S T R A C T

Stem cell therapy represents a promising therapeutic avenue for cardiac disorders, including heart failure.
Although stem cell transplantation showed encouraging preliminary results, the outcomes of clinical studies are
still unsatisfactory. This study aimed to compare the outcomes of two therapeutic approaches, in vivo co-delivery
of sodium hydrogen sulfide (NaHS) concomitant with bone marrow-derived mesenchymal stem cell (BMSC)
transplantation and in vitro preconditioning of BMSCs with NaHS, both of which are intended to promote the
success of stem cell therapy in rats with isoprenaline-induced heart failure. Heart failure developed 4 weeks after
the subcutaneous injection of isoprenaline (170mg/kg) for 4 consecutive days. The in vivo approach involved the
co-delivery of intraperitoneally administered NaHS concomitant with BMSC transplantation for a period of 14
days. The in vitro approach involved preconditioning BMSCs with NaHS for 30min before transplantation.
Compared to treatment with BMSCs alone, in vitro preconditioning of BMSCs with NaHS improved left ven-
tricular function as measured by echocardiography and electrocardiography and enhanced stem cell homing,
proliferation and differentiation as manifested by higher cardiac expression of GATA-4 and myocyte enhancer
factor 2. Moreover, the measurement of cardiac transforming growth factor beta 1 levels and histopathological
investigation revealed mitigated fibrosis and myocardial injury scores. Compared with BMSC therapy alone, the
in vivo approach enhanced stem cell homing and differentiation, alleviated fibrosis and augmented vascular
endothelial growth factor (VEGF) and endothelial nitric oxide synthase (eNOS) expression. In conclusion, NaHS
can potentiate the efficiency of BMSC therapy for heart failure by in vitro preconditioning or in vivo co-delivery.
The in vitro approach is superior with regard to improving cardiac function in addition to enhancing stem cell
proliferation, while the in vivo approach is superior with regard to increasing cardiac VEGF and eNOS expression.

1. Introduction

Heart failure (HF) is a complex clinical syndrome that may result
from structural or functional impairment of ventricular filling or ejec-
tion [1]. The pathological changes involved in HF are collagen

accumulation, myocyte loss, and impaired rearrangement of myo-
cardial structure [2]. HF is the primary diagnosis in more than 1 million
hospitalized patients worldwide annually [3]. Approximately 40% of
HF patients admitted to the hospital will either die or be readmitted
within one year of diagnosis [4].
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Isoprenaline-induced HF is a reliable and reproducible model as-
sociated with arrhythmias, fibrosis and myocyte loss [5]. As opposed to
pressure overload-induced HF, no surgical intervention is needed, and
specifically, isoprenaline treatment is associated with marked myo-
cardial ischaemia [6]. Thus, the potential confounding effects of an
abnormal blood supply underscore the fact that ventricular fibrosis in
isoprenaline-treated rat hearts is an excellent model for the investiga-
tion of ventricular fibrosis and global HF.

Despite advances in the treatment of HF, this condition remains a
serious problem. The poor prognosis of symptomatic HF is likely asso-
ciated with the limited long-term efficacy of conventional therapeutic
strategies with regard to addressing the underlying ongoing loss of
cardiomyocytes [4]. Although current pharmacological and surgical
interventions have led to improvements in the survival of patients, they
fail to regenerate the dead myocardium or restore cardiac function in
patients with HF [7].

In the last decade, stem cell therapy has emerged as a potential new
strategy for the treatment of heart diseases. The ultimate goal of stem
cell-mediated cardiac repair is the regeneration of healthy, functionally
integrated myocardial tissue. Stem cell-mediated cardiac repair in-
volves stem cell differentiation into myocardial cells and the release of
soluble autocrine/paracrine factors, which are involved in stem cell
renewal and angiogenesis, respectively [8]. The differentiation of stem
cells into cardiomyocytes can be evaluated by investigating markers of
early myogenic differentiation including desmin and cardiac-specific
proteins such as cardiac troponin T and GATA-4. Many signalling fac-
tors are involved in stem cell-mediated cardiogenesis and neo-angio-
genesis, including vascular endothelial growth factor (VEGF), ery-
thropoietin and interleukin-8 [9].

Among several cell types used to treat cardiac diseases, bone
marrow-derived mesenchymal stem cells (BMSCs) have attracted con-
siderable attention and seem to be a preferred cell source for cardiac
repair because of the convenience of their isolation and expansion ex
vivo [10]. Moreover, they are of particular interest to researchers due to
their potential to differentiate into myocardial cells, which have a low
tendency to cause immunological reactions and rejection [11,12]. Al-
though transplanted BMSCs have been confirmed to improve cardiac
function [13], the results of clinical studies using BMSCs are un-
satisfactory. The transplanted BMSCs may be low and variable in
number, with even fewer transplanted cells surviving to undergo dif-
ferentiation [14]. A previous study suggested that only 0.44% of im-
planted cells survived in the left ventricle 4 days after transplantation,
and even fewer cells could be identified in the myocardium at later time
points [15]. Therefore, numerous studies have focused on identifying
new methods to enhance the survival rate of transplanted cells and to
promote their differentiation potency into myocardial cells.

Hydrogen sulfide signalling has been recently implicated in a series
of physiological and pathological processes in mammals [16]. In recent
years, growing evidence has shown that hydrogen sulfide is a critical
regulator of heart function and plays a protective role in cardiovascular
pathologies. It plays a role in the lowering of blood pressure, vasor-
elaxation, cardioprotection, angiogenesis and the inhibition of athero-
sclerosis [16,17]. Among several hydrogen sulfide donors, sodium hy-
drogen sulfide (NaHS) has been widely used as a rapid-releasing
hydrogen sulfide donor in vivo and in vitro [10,18]. Moreover, a study
by Xie and colleagues revealed that transplantation of hydrogen sulfide-
pretreated BMSCs reduced the infarct size and increased the left ven-
tricular function in a myocardial infarction model [10]. However, to the
best of our knowledge, no study to date has investigated the effect of
hydrogen sulfide on BMSC therapy for HF. The present study aimed to
investigate the effect of NaHS as a donor of hydrogen sulfide on the
effectiveness of BMSC therapy in rats with isoprenaline-induced HF and
to compare the outcomes of two promising therapeutic approaches,
namely, the in vivo co-delivery of NaHS concomitant with BMSC
transplantation and the in vitro preconditioning of BMSC with NaHS.

2. Materials and methods

2.1. Drugs and chemicals

Isoprenaline and NaHS were obtained from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Isoprenaline was freshly prepared in normal
saline at a concentration of 170mg/ml. NaHS was prepared at a con-
centration of 10 μmol/ml. Other chemicals were of analytical grade.

2.2. Animals

Ten- to twelve-week-old male Wistar rats, weighing 150–180 g,
were obtained from the animal facility of the Faculty of Pharmacy,
Cairo University and were housed in plastic cages and kept under
controlled temperature and a 12 h light/12 h dark cycle throughout the
experimental period. A standard rat chow diet and water were provided
ad libitum. All animal protocols complied with the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996) and were con-
ducted with the approval of the Ethics Committee for Animal
Experimentation at Faculty of Pharmacy, Cairo University (Permit
number: BC1815).

2.3. Induction of heart failure

In a pilot experiment, two regimens of isoprenaline administration
for the induction of HF were tested. The first regimen involved the
administration of isoprenaline at a dose of 100mg/kg subcutaneously
for 5 consecutive days, and after 14 days the rats were examined for HF
development [19]. The second regimen involved the administration of
isoprenaline at a dose of 170mg/kg subcutaneously for 4 consecutive
days; then, the rats were examined for HF development after 4 weeks
[20]. The latter regimen was chosen based on the echocardiographic
and electrocardiographic alterations (data not shown), and rats that did
not develop HF were excluded. The mortality rate was 20%.

2.4. Preparation of BMSCs and their identification

Bone marrow was harvested by flushing the tibiae and femurs of
male Wistar rats (100–120 g) with Dulbecco’s modified Eagle’s medium
(Gibco BRL, Life Technologies, USA) supplemented with 10% foetal
bovine medium (Gibco BRL, Life Technologies, USA). Nucleated cells
were isolated with a density gradient centrifugation using Ficoll-Paque
(Pharmacia Biotech, Sweden) and re-suspended in complete culture
medium supplemented with 1% penicillin-streptomycin (Gibco BRL,
Life Technologies, USA). Cells were incubated at 37 °C in 5% humidi-
fied CO2 for 12–14 days as a primary culture. When large colonies
developed, the cultures were washed twice with phosphate-buffered
saline (PBS), and the cells were trypsinized with 0.25% trypsin in 1mM
EDTA for 5min at 37 °C. After centrifugation at 200x g for 5min, the
cells were re-suspended in serum-supplemented medium and re-in-
cubated [21]. BMSCs in culture were identified by their plastic adhe-
siveness and spindle-shaped fibroblast-like appearance under a light
microscope [22]. When the fourth passage was reached, flow cyto-
metric immunophenotyping (Beckman Coulter, EPICS-XL, USA) was
used to characterize BMSCs (CD29+, CD34−, CD90+ and CD105+).
The multilineage potential of MSCs was confirmed via their differ-
entiation to adipocytes, osteocytes and chondrocytes (Supplementary
Fig. 1). Isolated BMSCs were labelled with the red fluorochrome PKH26
(Sigma-Aldrich Co., USA) [23] to allow the later detection of their
homing. The BMSCs were harvested (approximately 1× 107 cells for
each implantation) and re-suspended in a minimal volume of serum-
free medium [24].
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2.5. Experimental design

Seventy-two rats were randomly divided into two major groups.
Group 1 was composed of twelve rats and served as the normal control
group. Group 2 was composed of 60 rats with isoprenaline-induced HF.
Four weeks after isoprenaline injection, rats were examined for HF
development and were subdivided into the following five subgroups of
twelve rats each: a) Heart failure control group: left untreated for 4
weeks; b) BMSC-treated group: injected with a single dose of approxi-
mately 1×107 BMSCs per rat suspended in PBS into the tail vein [24]
and left untreated for 4 weeks; c) NaHS-treated group: given daily i.p.
injections of NaHS (10 μmol/kg) for 2 weeks [25] and left untreated for
2 more weeks; d) BMSCs/NaHS-treated group: injected with a single dose
of approximately 1×107 BMSCs per rat suspended in PBS into the tail
vein concomitantly with daily i.p. injections of NaHS (10 μmol/kg) for 2
weeks and left untreated for 2 more weeks; and e) NaHS-preconditioned
BMSC-treated group: injected with BMSCs preconditioned with
200 μmol/L NaHS [10] at a single dose of approximately 1× 107 cells
per rat suspended in PBS into the tail vein and left untreated for 4
weeks. The study design is illustrated in Fig. 1.

At the end of the treatment period, electrocardiography and echo-
cardiography were performed, and the rats were sacrificed by decap-
itation under thiopental anaesthesia. Part of the heart was used for the
biochemical analyses, and the remaining cardiac tissue was kept in
formalin for histopathological and immunohistochemical analyses.

2.6. Cell proliferation assay

The proliferation of untreated BMSCs and BMSCs preconditioned
with NaHS was determined using a 3-[4,5-dimethylthiazol-2-yl]-2.5-
diphenyl tetrazolium bromide (MTT) cell proliferation kit (Trevigen
Inc., USA) according to the manufacturer's protocol. Briefly, cells were
cultured (3000 cells/well) in a final volume of 100 μL of culture
medium and incubated overnight. MTT reagent was added (10 μL per
well), and the plate was incubated for 2 h at 37 °C to allow for in-
tracellular reduction of the soluble yellow MTT to the insoluble purple
formazan dye. Detergent reagent was added to each well to solubilize
the formazan dye, and the absorbance of each sample was measured at
570 nm. Cell proliferation was assessed as the percentage of cell

proliferation compared to untreated cells.

2.7. Echocardiographic measurements

Echocardiography was performed in the different groups at the end
of the experimental period. Rats were anaesthetized with thiopental
(50mg/kg, i.p.) (Sigma-Aldrich Co., USA) [26]. After shaving the chest,
rats were placed in the supine position, and the transducer was placed
directly on the shaved chest wall. Two-dimensional and M-mode re-
cording of the short axis view (at the level of papillary muscles) was
performed using an 8–10MHz linear transducer (maximum depth of
3 cm) attached to an ultra-sonographic machine (Samsung Madison,
SONOACE-R3-Korea). The following measurements were recorded:
fractional shortening (FS%), ejection fraction (EF%), left ventricular
end-systolic diameter (LVESD) and left ventricular end-diastolic dia-
meter (LVEDD).

2.8. Electrocardiographic measurements

Electrocardiography was performed in the different groups under
thiopental anaesthesia to allow the insertion of SC peripheral limb
electrodes for electrocardiographic recording (HPM 7100, Fukuda
Denshi, Tokyo, Japan) and the determination of QT interval and QRS
duration.

2.9. Estimation of the number of labelled BMSCs

Parts of the ventricle were excised and snap frozen in liquid ni-
trogen, and 5-μm cryosections were prepared and viewed under a
fluorescence microscope (Leica DM 5500 B, Germany) (magnification
X400). BMSC homing was estimated by counting the number of PKH26
red fluorescent cells manually in 5 random fields per section per rat.

2.10. Biochemical measurements

2.10.1. Determination of transforming growth factor beta 1 (TGF-β1) and
vascular endothelial growth factor (VEGF) levels in the left ventricle

The left ventricle was isolated, weighed and homogenized in ice-
cold saline using a homogenizer (Heidolph Diax 900, Germany) to

Fig. 1. A schematic representation of experimental design and treatment schedules for the different groups (normal control, heart failure, BMSCs, NaHS, BMSCs/
NaHS, and BMSCs preconditioned with NaHS): NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell, n= 12.
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prepare a 10% homogenate. The resultant homogenate was centrifuged
at 1000x g for 20min, and the obtained supernatant fluid was stored at
−20 °C. TGF-β1 and VEGF concentrations were determined by a
quantitative sandwich enzyme-linked immunosorbent assay (ELISA)
technique using kits obtained from R&D Systems (USA) according to the
manufacturer’s instructions. The concentrations of the samples were
determined from standard curves, and the results were expressed as pg/
mg protein. The protein contents of the left ventricle tissue homogenate
were determined using the method of Lowry et al. [27].

2.10.2. Western blot analysis of endothelial nitric oxide synthase (eNOS)
Cardiac proteins were extracted with RIBA lysis buffer (Bio BASIC

INC., Canada) and separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis. The separated proteins were then transferred to a
polyvinylidene difluoride (PVDF) membrane. The membrane was
blocked in Tris-buffered saline with Tween 20 buffer and 3% bovine
serum albumin (BSA) at room temperature for 1 h and incubated with
anti-eNOS (Thermo Fisher Scientific Inc., USA) as the primary antibody
overnight at 4 °C. The membrane was washed, blocked and incubated
with horseradish peroxidase (HRP)-conjugated secondary antibody
(goat anti-rabbit IgG - HRP-l mg goat mAb - Novus Biologicals) for 1 h
at room temperature. Beta-actin was employed as the internal control.
The chemiluminescent substrate (ClarityTM Western ECL substrate -
BIO-RAD, USA) was applied to the blot, and the band intensity was read
after normalization to beta-actin on a Chemi Doc MP imager (BIO-RAD,
USA).

2.10.3. Quantification of cardiac myocyte enhancer factor 2 (MEF2) gene
expression levels by RT-PCR

Total RNA was extracted from cardiac tissue homogenate using SV
Total RNA Isolation system (Promega, Madison, WI, USA). Extracted
RNA was reverse transcribed into cDNA using high capacity cDNA re-
verse transcription kit (Fermentas, USA). Real-time qPCR amplification
and analysis were performed using Applied Biosystem with software
version 3.1 (StepOne™, USA). The reaction contained SYBR Green
Master Mix (Applied Biosystems, USA) and gene-specific primer pairs
which were designed with Gene Runner Software (Hasting Software,
Inc., Hasting, NY) from RNA sequences from the gene bank. Beta-actin
(β-actin) was used as the housekeeping gene. The primer sequences
used were as follows: Mef2C-Forward 5′−CCAAATCTCCTCCCCCT
ATG-3′, Mef2C-Reverse 5′-CTCCCATCGTAGGAACTGCT-3′ (Accession
number: XM_017594379.1), β-actin-Forward 5′-CGCTCATTGCCGATA
GTGAT-3′, β-actin-Reverse 5′-TGTTTGAGACCTTCAACACC-3
(Accession number: NM_031144.3). Amplification conditions were
2min at 50 °C and 40 cycles of denaturation at 95 °C for 15 s, annealing
at 60 °C for 1min and extension at 72 °C for 1min. All values were
normalized to the control housekeeping gene, β-actin, and were ex-
pressed as fold change.

2.11. Histopathological examination

2.11.1. Tissue preparation for histopathological and immunohistochemical
analyses

Hearts from different groups were excised, washed with saline and
fixed for 24 h in 10% neutral-buffered formalin. Tissue sections from
the myocardia were processed and embedded in paraffin. Sections were
cut at a thickness of 5 μm with a Leica RM 2155 microtome followed by
dewaxing through a series of xylene and ethanol washes for obtaining
histologic sections [28].

2.11.2. Histopathological examination using hematoxylin and eosin (H&E)
Histological sections stained with H&E were examined using light

microscopy. An overall score of cardiac damage severity was semi-
quantitatively assessed by counting cells with eosinophilic cytoplasm
and darker nuclei, cytoplasmic vacuolization, infiltration, and conges-
tion. The microscopic score of each tissue section was calculated as the

sum of the scores given to each criterion (0, none; 1, mild; 2, moderate;
3, severe) as described by Engin et al. [29].

2.11.3. Measurement of cardiac fibrosis
Histological sections stained with Masson trichrome were examined

under the light microscope. Photographs of the Masson trichrome
stained sections were captured (Leica Microsystems) and areas of fi-
brosis were analyzed using QWin 3000 software. Five fields (X20) per
slide per animal were examined and analyzed.

2.11.4. Immunohistochemical analyses
Histologic sections were stained with anti-rat antibodies to desmin

(Dako, Copenhagen, Denmark), cardiac troponin T (cTnT) (Dako,
Copenhagen, Denmark), and GATA-4 (Gene Tex, USA) using the stan-
dard avidin-biotin-peroxidase system. Sections were dewaxed and in-
cubated in PBS for 5min. For antigens’ retrieval, sections were pre-
treated with the proteolytic enzyme proteinase K (Dako, Copenhagen,
Denmark) and were then washed in PBS for 5min. Subsequently, sec-
tions were blocked with 5% bovine serum albumin for 30min and were
incubated with the primary antibodies (diluted 1:200) for 60min at
37 °C. After washing in PBS, a secondary antibody (Dako, Copenhagen,
Denmark) was applied for 60min followed by the addition of horse-
radish peroxidase conjugated streptavidin for 60min. The reaction was
visualized with 3,3′-diaminobenzidine (DAB) chromogen (Dako,
Copenhagen, Denmark). The slides were then counterstained with he-
matoxylin, mounted, and examined [30].

The percentages of immunoreactive areas for desmin, cTnT and
GATA-4 in individual sections were measured using an image analysis
system (Leica Microsystems, QWin 3000 software, Germany). Five
fields (X20) per animal were included in the analysis.

2.12. Statistical analysis

Data were tested for normality of distribution with the Shapiro-Wilk
test. The data are presented as the mean ± standard error of the mean
(S.E.M.) The statistical variation among groups was tested using one-
way analysis of variance (one-way ANOVA) followed by Tukey’s mul-
tiple comparisons test, except for myocardial injury score and the es-
timation of the number of labelled BMSCs, which are expressed as the
median ± range, and the results were statistically analysed by Kruskal-
Wallis test followed by Dunn’s multiple comparisons test. Statistical
analysis was performed using GraphPad Prism software (version 6.01).
For all statistical tests, the level of significance was set at P < 0.05.

3. Results

3.1. Mesenchymal stem cell characterization

Phenotypic characterization showed that the cultured BMSCs were
positive for the CD29, CD90, and CD105 antigens but negative for the
CD34 antigen as shown in Fig. 2.

3.2. Effect of NaHS pretreatment on BMSC proliferation in vitro

Measuring the proliferation of BMSCs revealed a significant increase
in cell proliferation in BMSCs pretreated with NaHS compared to un-
treated BMSCs, as shown in Fig. 3.

3.3. Effect of NaHS on BMSC homing to cardiac tissue in rats with
isoprenaline-induced heart failure

Examination of PKH26 dye in cardiac tissue by fluorescence mi-
croscopy revealed a significant increase in BMSC homing to cardiac
tissue in the group treated with both BMSCs and NaHS and a more
pronounced increase in BMSC homing in the group treated with NaHS-
preconditioned BMSCs compared with the group treated with BMSCs
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alone (Fig. 4).

3.4. Effect of NaHS and/or BMSC therapy on cardiac function in rats with
isoprenaline-induced heart failure

The data presented in Table 1, Fig. 5 and Supplementary Figs. 2–7
show that the induction of HF resulted in significant decreases in EF and
FS with significant increases in LVESD and LVEDD compared to the
normal control values. The groups treated with NaHS, BMSCs or both
showed significant increases in EF and FS and a significant decrease in
LVESD compared to the HF values. The group treated with NaHS-pre-
conditioned BMSCs achieved the best results, showing normalized va-
lues of EF, FS, LVESD and LVEDD and significantly increased EF and FS
compared to the BMSC-treated group.

With respect to electrocardiographic changes, compared with the
normal group, rats suffering from HF showed significant decreases in
QRS duration and QT interval (Table 2). Compared to the untreated
group, treatment with BMSCs, NaHS or both had no effect on QRS
duration and QT interval. On the other hand, BMSCs preconditioned
with NaHS achieved a QRS duration equivalent to the normal value,
showing a significant increase compared to the untreated and other
treated groups. Importantly, the group that received BMSCs precondi-
tioned with NaHS showed a significant increase in QT interval com-
pared to the BMSC-treated group, reaching the normal level.

3.5. Effect of NaHS and/or BMSC therapy on cardiac tissue fibrosis and
TGF-β1 levels in rats with isoprenaline-induced heart failure

Fig. 6 reveals that compared to the normal control group, rats suf-
fering from HF exhibited an insignificant increase in TGF-β1 levels and
a substantial increase in Masson trichrome staining denoting severe
fibrosis of the cardiac tissue. Compared to the HF group, treatment with
NaHS resulted in a significant decrease in the TGF-β1 level and mod-
erate myodegenerative changes in fibrotic cardiac tissue. Compared to
the HF group, the BMSC-treated group showed an insignificant decrease
in the TGF-β1 level and mild fibrosis. Compared to the HF and the
BMSC-treated groups, the co-administration of BMSCs and NaHS re-
sulted in more pronounced alleviation of fibrosis, as manifested by a
significant decrease in the TGF-β1 level and an apparently intact his-
tological structure of the myocardial bundles with centrally located
nuclei (near normal). Similarly, compared to the HF group, the group
treated with NaHS-preconditioned BMSCs exhibited a significant de-
crease in the TGF-β1 level and mild fibrosis with peripherally located
nuclei, indicating regenerative changes.

3.6. Effect of NaHS and/or BMSC therapy on cardiac VEGF level and eNOS
expression in rats with isoprenaline-induced heart failure

The data presented in Fig. 7 show that compared with the normal
group, the induction of HF resulted in a significant decrease in VEGF
levels together with a marked decline in eNOS expression in heart
tissue. Compared to the HF group, treatment with BMSCs or NaHS alone
had no effect on the VEGF level but resulted in a significant 2.9-fold
increase in the protein expression of eNOS. Likewise, compared with
the HF group, the preconditioning of BMSCs with NaHS did not change
the VEGF level but induced a marked 3-fold increase in the protein
expression level of eNOS. On the other hand, compared with the HF
group, combined treatment with BMSCs and NaHS attained the best
results, with an insignificant increase in the VEGF level and a marked
3.4-fold elevation in eNOS expression. Notably, compared to the group
treated with BMSCs alone, this group exhibited significant increases in
VEGF levels and eNOS expression.

Fig. 2. Flow cytometric immunophenotyping for characterization of bone marrow-derived mesenchymal stem cells. BMSCs are positive for the CD29, CD90, and
CD105 antigens but negative for the CD34 antigen.

Fig. 3. Effect of NaHS pretreatment on BMSCs proliferation in vitro. Data are
expressed as mean ± S.E.M, n= 6, c: significant difference from BMSCs group
at P < 0.05. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived
mesenchymal stem cell.
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3.7. Effect of NaHS and/or BMSC therapy on the expression of MEF2C in
the cardiac tissue of rats with isoprenaline-induced heart failure

Compared with the normal control group, the induction of HF re-
sulted in a marked decline in the gene expression of MEF2C in heart
tissue, as shown in Fig. 8.

Compared with the HF group, rats treated with NaHS or BMSCs
separately showed a marked 3.3-fold increase in the expression of
MEF2C. On the other hand, compared with the HF group, rats treated
with BMSCs and NaHS concomitantly and those treated with NaHS-
preconditioned BMSCs showed 4.5- and 4.6-fold increases in the ex-
pression of MEF2C, respectively. Notably, compared with treatment
with BMSCs alone, treatment with BMSCs preconditioned with NaHS
resulted in a significantly higher expression level of MEF2C.

3.8. Effect of NaHS and/or BMSC therapy on cardiac GATA-4 expression
in rats with isoprenaline-induced heart failure

The immunohistochemical staining of GATA-4 in myocardial tissue

and the percentages of stained area in the studied groups are shown in
Fig. 9. The percentage of GATA-4 stained area was 58.3% lower in the
HF group than in the normal control group, indicating a failure of re-
generation.

Compared to the untreated group, the groups treated with BMSCs
and NaHS separately had 6.9- and 12.4-fold higher levels of GATA-4
expression, respectively. More importantly, compared to the BMSC-
treated group, rats treated with both BMSCs and NaHS and those
treated with NaHS-preconditioned BMSCs had 2.8- and 2.5-fold higher
levels of GATA-4 expression, respectively.

3.9. Effect of NaHS and/or BMSC therapy on desmin expression in cardiac
tissue of rats with isoprenaline-induced heart failure

Fig. 10 depicts the immunohistochemical staining of desmin in
myocardial tissue and the percentages of desmin-stained areas in dif-
ferent groups. The HF group showed an almost total depletion of
desmin, with a desmin-stained area that was 98% lower than that in the
normal control group. Treatment with NaHS and BMSCs separately

Fig. 4. Effect of NaHS and/or BMSC on BMSC homing in rats with HF. [I-III] Representative microphotographs of BMSCs labeled with PKH26 in cardiac tissue
(X400). I: BMSCs, II: BMSCs/ NaHS, III: BMSCs preconditioned with NaHS, [IV] Estimated number of BMSCs in cardiac tissue. Data are expressed as median ±
range, n=6, c: significant difference from BMSCs group at P < 0.05, e: significant difference from BMSCs/NaHS group at P < 0.05. NaHS, sodium hydrogen
sulfide; BMSC, bone marrow-derived mesenchymal stem cell.

Table 1
Effect of NaHS and/or BMSC on echocardiographic measurements in rats with HF.

Group Normal control Heart failure BMSCs NaHS BMSCs/ NaHS BMSCs preconditioned with
NaHS

Ejection fraction (EF%) 79.20 ± 0.72 a 32.09 ± 1.35 ab 74.47 ± 1.14 abc 65.77 ± 0.57 abd 75.22 ± 0.46 bcd 77.73 ± 0.53
Fractional shortening (FS%) 42.36 ± 0.65 a 12.54 ± 0.5 ab 38.08 ± 1.14 abc 31.27 ± 0.31 abd 37.78 ± 0.41 bcde 40.42 ± 0.23
Left ventricular end-systolic diameter

(LVESD)(cm)
0.13 ± 0.00 a 0.29 ± 0.01 ab 0.17 ± 0.01 ab 0.2 ± 0.01 ab 0.17 ± 0.01 bd 0.16 ± 0.01

Left ventricular end-diastolic diameter
(LVEDD) (cm)

0.23 ± 0.00 a 0.32 ± 0.01 0.27 ± 0.01 a 0.28 ± 0.01 a 0.29 ± 0.02 b 0.26 ± 0.02

Data are expressed as mean ± S.E.M, n= 7, a: P < 0.05 versus normal, b: P < 0.05 versus heart failure group, c: P < 0.05 versus BMSCs group, d: P < 0.05
versus NaHS group, e: P < 0.05 versus BMSCs/NaHS group. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell; HF, heart failure.
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resulted in 21- and 39-fold higher levels of desmin expression compared
to that in the HF group. Animals treated with both BMSCs and NaHS
and those treated with NaHS-preconditioned BMSCs had 44- and 38-
fold higher levels of desmin expression, respectively, than that of the

HF group.

Fig. 5. Effect of NaHS and/or BMSC on echocardiographic changes in rats with HF. (A) B-mode and (B) M-mode. I: normal control, II: heart failure, III: BMSCs, IV:
NaHS, V: BMSCs/NaHS, VI: BMSCs preconditioned with NaHS. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell; HF, heart
failure.

Table 2
Effect of NaHS and/or BMSC on electrocardiographic changes in rats with HF.

Group Normal control Heart failure BMSCs NaHS BMSCs/ NaHS BMSCs preconditioned with NaHS

QRS duration (ms) 62.6 ± 3.05 a 52.6 ± 2.49 a 52.4 ± 1.48 a 52.2 ± 1.85 a 51.4 ± 0.75 bcde 67.6 ± 3.75
QT interval (ms) 265.0 ± 3.02 a

230.6 ± 8.33
a 229.2 ± 6.00 a 225.2 ± 4.42 244.6 ± 9.08 bcd 262.2 ± 4.51

Data are expressed as mean ± S.E.M, n= 5, a: P < 0.05 versus normal, b: P < 0.05 versus heart failure group, c: P < 0.05 versus BMSCs group, d: P < 0.05
versus NaHS group, e: P < 0.05 versus BMSCs/NaHS group. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell; HF, heart failure.
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3.10. Effect of NaHS and/or BMSC therapy on cardiac troponin expression
in rats with isoprenaline-induced heart failure

Almost complete depletion of the expression of cardiac troponin T
was noted in the HF group, with an expression level that was 79% lower
than that of the normal control group. The NaHS-treated group showed
a 3.5-fold greater cardiac troponin-stained area compared to that of the
HF group. Moreover, the groups treated with BMSCs, NaHS-precondi-
tioned BMSCs or both BMSCs and NaHS had 4-fold higher levels of
cardiac troponin expression compared to that of the HF group (Fig. 11).

3.11. Effect of NaHS and/or BMSC therapy on histological changes in rats
with isoprenaline-induced heart failure

Fig. 12 shows the diffused myodegenerative changes, inflammatory
infiltration and focal interstitial haemorrhages in the HF group, with a
significant increase in the myocardial injury score compared to that of
the normal control group. Rats treated with NaHS showed moderate
myodegenerative changes and scattered inflammatory infiltrate with an
insignificant decrease in the myocardial injury score compared to that

of the HF group. The group treated with BMSCs showed better results,
with mild myodegenerative changes and scattered inflammatory in-
filtrate but an insignificant decrease in the myocardial injury score
compared to that of the HF group.

The best results were obtained in the groups treated with NaHS-
preconditioned BMSCs or with the BMSCs/NaHS combination; the
sections showed apparently intact histological structures of the myo-
cardial bundles, with a significant decrease in the myocardial injury
score compared to that of the HF group.

4. Discussion

Stem cell therapy represents a promising treatment for cardiac
disorders, including HF. Normally, myocardial injury induces the mo-
bilization of endogenous stem cells, thereby providing reparative units
to the damaged tissue and facilitating healing. However, unfortunately,
such endogenous responses do not sufficiently regenerate the damaged
myocardium. Therefore, stem cell therapy is urgently needed [31].
Although BMSC transplantation showed encouraging preliminary re-
sults in HF therapy, the outcomes were heterogeneous in the clinical

Fig. 6. Effect of NaHS and/or BMSC on cardiac
tissue fibrosis and TGF-β1 level in rats with HF.
[I–VI] Representative microphotographs for
Masson trichrome staining of cardiac tissue
(X20). I: normal control, II: heart failure, III:
BMSCs, IV: NaHS, V: BMSCs/NaHS, VI: BMSCs
preconditioned with NaHS. [VII] Area percen-
tages of cardiac tissue fibrosis. [VIII] TGF-β1
level in cardiac tissue. Data are expressed as
mean ± S.E.M, n= 6, a: P < 0.05 versus
normal, b: P < 0.05 versus heart failure
group, c: P < 0.05 versus BMSCs group, d:
P < 0.05 versus NaHS group. NaHS, sodium
hydrogen sulfide; BMSC, bone marrow-derived
mesenchymal stem cell; TGF-β1, transforming
growth factor β1; HF, heart failure.
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setting. Some clinical trials showed significant improvement of cardiac
function, while others did not find beneficial effects of stem cell therapy
[32]. Thus, more studies are needed to investigate new strategies to
improve the efficacy of BMSC therapy for heart diseases.

Growing evidence suggests that hydrogen sulfide regulates en-
dogenous stem cell functions. Endogenous mesenchymal stem cells
produce hydrogen sulfide to maintain their proliferation, differentiation
and survival [33]. The aim of this study was to compare the outcomes
of two therapeutic approaches, namely, the in vivo co-delivery of NaHS
concomitant with BMSC transplantation and the in vitro pre-
conditioning of BMSCs with NaHS to promote the success of stem cell
therapy in rats with isoprenaline-induced HF.

The current study revealed the ability of hydrogen sulfide to in-
crease the homing of BMSCs to myocardial tissue through the pre-
conditioning of stem cells with NaHS or through its co-administration
with stem cells. Zhao et al. reported augmentation of human plur-
ipotent stem cell-derived mesenchymal stromal cell survival induced by
hydrogen sulfide through the inhibition of large conductance Ca2+-
activated K+ channels [34]. More surviving cells means that more cells
will reach the injured heart. This point is of great importance because
one main problem in stem cell therapy is the low number of surviving
cells that can successfully reach the myocardium. In the same context,

our results showed that preconditioning BMSCs with hydrogen sulfide
effectively enhances the proliferation of cells in vitro. This lends support
to the results of Zhao and colleagues (2013) regarding human plur-
ipotent stem cell-derived mesenchymal cells [34].

The results of the present study revealed a marked decline in left
ventricular function in the HF group, as manifested by a significant
decrease in the EF and FS and a significant increase in LVESD and
LVEDD when compared to the values in the normal control group.
These results are consistent with previous findings in HF models
[20,22]. Compared with HF group, the BMSC-treated group showed
improved left ventricular function, in accordance with previous ex-
perimental [35,36] and clinical [37] reports. Interestingly, treatment of
HF with NaHS-preconditioned BMSCs achieved the best results among
the different treatments, with the EF, FS, LVESD and LVEDD values
restored to normal levels. Moreover, this group showed a significant
increase in EF and FS compared to those of the BMSC-treated group.
These results are consistent with the findings of Xie et al. in a myo-
cardial infarction model [10]. Moreover, an earlier study by Elrod et al.
demonstrated that mice treated with a hydrogen sulfide donor showed
increases in FS and EF 72 h after myocardial infarction compared with
the values in mice receiving only the vehicle [38].

Regarding the ECG measurements, rats suffering from HF had sig-
nificantly shorter QRS durations and QT intervals than those in the
normal control group, indicating disturbances in the electrical activity
of the heart. These ECG alterations agree with the results of previous
studies on experimental models of volume and pressure overload and
physiological left ventricular hypertrophy [39,40]. Although treatment
with BMSCs, NaHS or both did not improve the changes in QRS dura-
tion, the group treated with NaHS-preconditioned BMSCs showed a
normalized QRS, with significant improvements compared to the QRS
of the HF group or even to those of the other treatment groups.
Moreover, the preconditioning of BMSCs with NaHS and the combined
administration of NaHS and BMSCs resulted in increased QT intervals,
achieving normalization in the group treated with NaHS-precondi-
tioned BMSCs.

The echocardiographic and electrocardiographic changes achieved
by the addition of NaHS to BMSCs in vivo or in vitro verify the ability of
NaHS to improve left ventricular function by enhancing BMSC efficacy
in HF. These effects could be attributed to the role of hydrogen sulfide

Fig. 7. Effect of NaHS and/or BMSC on cardiac
VEGF level and protein expression of eNOS in
rats with HF. [I] VEGF level in cardiac tissue.
[II] Western blot analysis of eNOS in cardiac
tissue. 1: normal control, 2: heart failure, 3:
BMSCs, 4: NaHS, 5: BMSCs/NaHS, 6: BMSCs
preconditioned with NaHS. Data are expressed
as mean ± S.E.M, n= 6, a: P < 0.05 versus
normal, b: P < 0.05 versus heart failure
group, c: P < 0.05 versus BMSCs group, d:
P < 0.05 versus NaHS group, e: P < 0.05
versus BMSCs/NaHS group. NaHS, sodium hy-
drogen sulfide; BMSC, bone marrow-derived
mesenchymal stem cell; VEGF, vascular en-
dothelial growth factor; eNOS, endothelial ni-
tric oxide synthase; HF, heart failure.

Fig. 8. Effect of NaHS and/or BMSC on cardiac MEF2C gene expression in rats
with HF. Data are expressed as mean ± S.E.M, n=6, a: P < 0.05 versus
normal, b: P < 0.05 versus heart failure group, c: P < 0.05 versus BMSCs
group, d: P < 0.05 versus NaHS group. NaHS, sodium hydrogen sulfide;
BMSC, bone marrow-derived mesenchymal stem cell; MEF2C, myocyte en-
hancer factor 2C; HF, heart failure.
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in maintaining stem cell function. Liu et al. (2014) demonstrated that
hydrogen sulfide is required to maintain the properties of BMSCs, in-
cluding self-renewal and differentiation [41]. Moreover, hydrogen
sulfide has a cytoprotective effect that can be attributed to the pre-
servation of mitochondrial function that is compromised under hypoxic
conditions [42]. In addition, hydrogen sulfide significantly protects
cardiomyocytes against apoptosis by suppressing the activation of
caspase-3 and upregulating the expression of glycogen synthase kinase-
3β [16].

Myocardial fibrosis is characterized by an excessive deposition of
extracellular matrix proteins, especially collagens, leading to cardiac
remodelling, with increased stiffness, hypertrophy and eventually HF
[2]. Transforming growth factor-β plays an important role in the pa-
thogenesis of cardiac remodelling and fibrosis. The clearly elevated
TGF-β1 level observed in the HF group compared to the control group
was associated with marked fibrosis, as revealed by Masson trichrome
staining of myocardial tissue, lending support to the results of previous
reports [22,43]. Although treatment with BMSCs had no effect on
cardiac TGF-β1 levels, preconditioning BMSCs with NaHS and the co-
administration of BMSCs and NaHS resulted in a significant reduction in
the TGF-β1 level compared to those of the HF and BMSC-treated

groups. These data were supported by the results of Masson trichrome
staining, with the group treated with NaHS-preconditioned BMSCs
showing mild fibrosis with regenerative changes, and the group treated
with both BMSCs and NaHS revealing an apparently intact histological
structure of the myocardial bundles. As noted by Sheng et al. (2013),
hydrogen sulfide potentially modulates cardiac fibrosis by inhibiting a
large conductance Ca2+-activated K+ current, leading to the suppres-
sion of TGF- β 1-induced myofibroblast transformation of atrial fibro-
blasts [44]. The mechanism underlying the antifibrotic action of hy-
drogen sulfide could be linked to its reported suppressive effect on TGF-
β 1/Smad signalling [45,46].

VEGF is a key growth factor in physiological angiogenesis and an
inducer of angiogenesis in myocardial ischaemia [47]. The significant
decrease in cardiac VEGF levels in the HF group compared to that of the
normal control group is consistent with the results of previous experi-
mental and clinical HF studies [48,49]; such a decrease in the level of
VEGF may be due to decreased VEGF production and/or enhanced
VEGF clearance [48]. One of the important findings in the current study
is that combined treatment with BMSCs and NaHS resulted in a sig-
nificant increase in cardiac VEGF levels compared to those of the other
treated groups. In this regard, Qipshidze et al. (2012) reported that

Fig. 9. Effect of NaHS and/or BMSC on cardiac GATA-4 expression in rats with HF. [I–VI] Representative microphotographs for GATA-4 immunostained cardiac
tissue (X20). I: normal control, II: heart failure, III: BMSCs, IV: NaHS, V: BMSCs/NaHS, VI: BMSCs preconditioned with NaHS. [VII] Area percentages of GATA-4 in
cardiac tissue. Data are expressed as mean ± S.E.M, n=6, a: P < 0.05 versus normal, b: P < 0.05 versus heart failure group, c: P < 0.05 versus BMSCs group, d:
P < 0.05 versus NaHS group. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell; HF, heart failure.
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exogenous hydrogen sulfide increased the expression of VEGF in mice
with ischaemia/reperfusion injury [17].

The current study revealed reduced protein expression of eNOS in
the cardiac tissue of rats suffering from HF, lending support to the
conclusions of previous studies in cardiac diseases [50,51]. The in-
hibition of the production of endothelial nitric oxide may result in
impaired endothelium-dependent vasodilation and reduced myocardial
neovascularization after myocardial cell injury [52]. Treatment with
either BMSC or NaHS significantly increased eNOS protein expression
compared to that of the HF group. Importantly, combined therapy of
BMSCs with NaHS synergistically increased the cardiac eNOS expres-
sion. In this regard, Kondo and colleagues (2013) demonstrated a
protective effect of hydrogen sulfide against pressure overload-induced
HF via upregulation of eNOS [53]. Following eNOS activation, nitric
oxide and nitrite levels increase, as does myocardial cGMP. These
molecular signals result in reduced oxidative stress, improved mi-
tochondrial respiration, and decreased cardiac fibrosis. Ultimately,
these cytoprotective actions prevent the transition from compensated to
decompensated HF, with the preservation of left ventricular EF [53].

Myocyte enhancer factor-2 (MEF2) is considered to be one of a few
core cardiac transcription factors [54]. In the present study, the in-
duction of HF led to a significant decline in the cardiac expression of
MEF2C compared with that of the normal control, which is consistent
with the results of the study by Razeghi and colleagues (2002), who

reported downregulation of MEF2 expression in diabetic patients with
HF [55]. Importantly, more marked upregulation of MEF2C was ob-
served in the group treated with NaHS-preconditioned BMSCs than in
the BMSC-treated group. This stimulatory effect of hydrogen sulfide on
cardiac MEF2C expression is consistent with the previous findings by
Kesherwani et al. [56].

GATA-4 is a key transcriptional regulator of many cardiac genes that
is critical for cardiac development [57]. Immunohistochemical staining
of GATA-4 in the present study revealed decreased cardiac expression in
the HF group compared with the normal control group. This result
agrees with the results of a previous report by Bisping et al. (2006), who
demonstrated the roles played by GATA-4 in the maintenance of post-
natal cardiac function and the provision of protection from pressure
overload-induced HF [58]. Importantly, the group treated with NaHS-
preconditioned BMSCs and that treated with both BMSCs and NaHS had
significantly higher expression levels of GATA-4 than the groups treated
with either BMSCs or NaHS alone. It is worth noting that the group
treated with NaHS alone exhibited significantly elevated MEF2C and
GATA-4 expression levels compared to those of the HF group. This may
account for the role of NaHS in activating the differentiation of the
endogenous progenitor cells. This finding also highlights the role of
NaHS in improving the regeneration of cardiac tissue by BMSCs. In-
creased cardiac expression of the early cardiac genes MEF2C and GATA-
4 induced by treatment with BMSCs indicates enhanced cardiac

Fig. 10. Effect of NaHS and/or BMSC on cardiac desmin expression in rats with HF. [I–VI] Representative microphotographs for desmin immunostained cardiac
tissue (X20). I: normal control, II: heart failure, III: BMSCs, IV: NaHS, V: BMSCs/NaHS, VI: BMSCs preconditioned with NaHS. [VII] Area percentages of desmin in
cardiac tissue. Data are expressed as mean ± S.E.M, n=6, a: P < 0.05 versus normal, b: P < 0.05 versus heart failure group, c: P < 0.05 versus BMSCs group, d:
P < 0.05 versus NaHS group. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell; HF, heart failure.
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differentiation [59], lending support to the findings of previous studies
[60,61]. Augmented MEF2C and GATA-4 expression after pre-
conditioning or co-delivery reveals the ability of NaHS to enhance the
differentiation of BMSCs into cardiomyocytes, which is a critical step in
the treatment of HF. Our interpretation of our data is further corrobo-
rated by the results of the study conducted by Liu and colleagues
(2014), who demonstrated that BMSCs produce hydrogen sulfide to
regulate their self-renewal and differentiation [18].

Desmin is one of the basic muscular-specific structural proteins that
might be involved in the regulation of gene expression in cardiac cells
[62]. In the present study, immunohistochemistry revealed a decrease
in cardiac desmin expression in the HF group that is consistent with that
reported by Pawlak et al. in HF patients [62]. The present study de-
monstrated a significant increase in desmin in the cardiac tissue of the
BMSC-treated group compared with the HF group. Similar results were
obtained by Xu and co-workers, who reported that BMSCs can differ-
entiate into cells with cardiomyocyte phenotypes that showed increased
amounts of desmin [63]. Neither the administration of NaHS with
BMSCs nor the preconditioning of BMSCs with NaHS had any additional
effect on the amount of desmin in the cardiac tissue compared to that in
the group treated with BMSCs alone.

Cardiac troponin T (cTnT) is a very sensitive marker for the detec-
tion of myocardial damage [64]. The depletion of cTnT observed in the

HF group compared to the normal control group is consistent with the
formerly reported loss of cTnT in histologic sections of myocardium in
different animal species with myocardial injury [65]. Cardiac troponin
T is also known to be an early marker of myogenic differentiation [63].
Accordingly, the increase in cTnT expression observed in all treated
groups may indicate myogenic differentiation of stem cells and myo-
cardial healing. However, it appears that using NaHS with BMSCs had
only a minor non-significant effect on cTnT expression in cardiac tissue.
In the same context, Hahn et al. (2008) found that the frequency of
troponin-positive cells following immunofluorescent staining was not
significantly different between growth factor-treated and untreated
BMSCs [66].

Our histological observations of diffuse myodegenerative changes,
inflammatory infiltration and focal interstitial haemorrhages are in
accordance with the results of a previous report [43]. In accordance
with our echocardiographic, electrocardiographic, biochemical and
immunohistochemical findings, superior amelioration was achieved by
combining BMSCs with hydrogen sulfide in vitro or in vivo, yielding
apparently intact myocardial bundles with significantly lower myo-
cardial injury scores compared to those of the HF group.

Altogether, the synergistic effects of NaHS and BMSCs in mitigating
myocardial damage may be related to the stimulatory effect of hy-
drogen sulfide on the homing of BMSCs to the myocardium, their

Fig. 11. Effect of NaHS and/or BMSC on cardiac troponin T expression in rats with HF. [I–VI] Representative microphotographs for troponin T immunostained
cardiac tissue (X20). I: normal control, II: heart failure, III: BMSCs, IV: NaHS, V: BMSCs/NaHS, VI: BMSCs preconditioned with NaHS. [VII] Area percentages of
troponin T in cardiac tissue. Data are expressed as mean ± S.E.M, n=6, a: P < 0.05 versus normal, b: P < 0.05 versus heart failure group, c: P < 0.05 versus
BMSCs group, d: P < 0.05 versus NaHS group. NaHS, sodium hydrogen sulfide; BMSC, bone marrow-derived mesenchymal stem cell; HF, heart failure.
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proliferation and their differentiation into cardiomyocytes with neo-
vascularization observed in this study.

In conclusion, the present study substantiates the beneficial role of
hydrogen sulfide in enhancing the outcome of stem cell-based therapy
of HF. We herein highlight the value of two promising therapeutic
approaches, namely, the in vitro preconditioning of BMSCs with hy-
drogen sulfide and the in vivo co-delivery of hydrogen sulfide and
BMSCs. The underlying mechanisms involve enhancing BMSC homing
and differentiation into cardiomyocytes and alleviating fibrosis.
Moreover, the preconditioning strategy was superior with regard to
improving and reinstating cardiac function, while the co-administration
strategy was superior with regard to increasing cardiac VEGF and eNOS
expression levels.
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