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A B S T R A C T

Therapeutic strategies that increase hydrogen sulfide (H2S) or nitric oxide (NO) are cytoprotective in various
models of cardiovascular injury. However, the nature of interaction between H2S and NO in heart failure and the
underlying mechanisms for the protective effects remain undefined. The present study tested the cardiopro-
tective effect of ZYZ-803, a novel synthetic H2S-NO hybrid molecule that decomposed to release H2S and NO.
ZYZ-803 dose dependently improved left ventricular remodeling and preserved left ventricular function in the
setting of isoprenaline-induced heart failure. The cardioprotective effect of ZYZ-803 is significantly more potent
than that of H2S and/or NO donor alone. ZYZ-803 stimulated the expression of cystathionine γ-lyase (CSE) for
H2S generation and the activity of endothelial NO synthase (eNOS) for NO production. Blocking CSE and/or
eNOS suppressed ZYZ-803-induced H2S and NO production and cardioprotection. ZYZ-803 increased vascular
endothelial growth factor (VEGF) concentration and cyclic guanosine 5′-monophosphate (cGMP) level.
Moreover, ZYZ-803 upregulated the endogenous antioxidants, glutathione peroxidase (GPx) and heme oxyge-
nase 1 (HO-1). These findings indicate that H2S and NO cooperatively attenuates left ventricular remodeling and
dysfunction during the development of heart failure through VEGF/cGMP pathway and ZYZ-803 provide ex-
panding insight into strategies for treatment of heart failure.

1. Introduction

Heart failure is a complicated disease caused by a variety of common
stresses to the heart, such as hypertension, diabetes, myocardial in-
farction and so on. Heart failure remains to be the major health issue in
the world [1–3]. Despite the development of conventional strategies and
heart transplantation, the incidence of heart failure is rapidly rising [2].
Therefore, adjunct pharmacotherapies coincided with the standard
means of care will be an effective way to protect against heart failure.

Hydrogen sulfide (H2S) and nitric oxide (NO) have been considered
as toxic gases and environmental pollutants. More recently, they
emerge as the essential physiological gaseous signaling molecules that
can stimulate angiogenesis and vasorelaxation and protect ischemic
heart diseases [4–7] H2S is generated in mammalian tissues by L-

cysteine metabolic enzymes, such as cystathionine γ-lyase (CSE), cy-
stathionine β-synthase (CBS), or from other nonenzymatic pathways
(e.g. 3-mercaptopyruvate sulfurtransferase). NO is synthesized from L-
arginine by endothelial NO synthase under physiological status in the
cardiovascular system [8–10].

H2S and NO have important roles in protecting against heart failure.
First, The clinical evidence shows that the sulfur concentration in
plasma is inversely proportional to the severity of congestive heart
failure [11]. Exogenous administration of H2S or cardiac-specific CSE
overexpression protects against acute myocardial ischemia-reperfusion
injury and heart failure [12–14]. The clinical data also suggests that the
expression of eNOS mRNA was changed in human heart failure
[15–17]. Moreover, NO regulates cardiac excitation-contraction cou-
pling in heart failure [18].
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Growing evidence indicates that the potential couping between NO
and H2S at different levels, such as biosynthesis and physiological re-
sponse [19,20]. However, the precise nature of these crosstalks and
how they affect heart failure is not clear. Kondo et al. found that H2S
protected against heart failure via up-regulation of eNOS activity [6].
Yong et al. showed that H2S reacted with NO to generate a new thiol
sensitive molecule that could regulate heart function [21]. Therefore, a
deeper understanding of the interactions between NO and H2S in
treating heart failure is urgently needed, because it will enable the
development of novel strategies to protect against heart failure.

Recently, our laboratory had developed a novel H2S-NO releasing
molecule, named ZYZ-803, which significantly stimulated endothelial
cell angiogenesis [22]. Angiogenesis is a key biological process char-
acterized by the sprouting of new blood vessels from existing vessels,
which reveals an effective therapy for the treatment of heart failure [23].
However, there is no evidence showing the interaction between H2S and
NO to stimulate vessel formation in the processing of heart failure.
Therefore, the goal of the present study was to investigate the therapeutic
potential of ZYZ-803 and evaluate the biological function of interaction
between H2S and NO on angiogenesis in the model of heart failure.

2. Methods and materials

2.1. Chemical synthesis

Briefly, ZYZ-803 was synthesized by the reaction of furoxan and 2-
amino-3-propynylsulfanyl-propionic acid in the presence of Boc anhy-
dride, which was described in our previous articles. Moreover, the final
product was oleaginous solid and verified by 1H nuclear magnetic re-
sonance spectroscopy [22].

2.2. Chemicals and antibodies

The following antibodies were used: anti-eNOS antibody, anti-p-
eNOS antibody, anti-VASP antibody and anti-p-VASP antibody were
purchased from Cell Signaling Technology. Anti-CSE antibody, anti-GPx
antibody, anti-HO-1 antibody and anti-GAPDH antibody were pur-
chased from Santa Cruze.

All drugs were purchased from Sigma-aldrich unless otherwise
stated.

Fig. 1. ZYZ-803 improved cardiac function in mice with heart failure. (A-D) The data showed changes of EF, FS, LV Vold and LVIDs in isoprenaline-induced heart failure mice with
indicated treatments for 4 weeks. **p< 0.01 versus model group. #p<0.05 and ##p<0.01 versus corresponding ZYZ-803 group.
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2.3. Animals

Male C57BL6/J mice, 6–8 weeks of age, were maintained on stan-
dard conditions and free to receive food and water. All animals were
handled according to the “Guide for the Care and Use of Laboratory
Animals” published by the National Institutes of Health (NIH
Publications no. 8023, revised 1978). Experimental procedures were
managed according to the local ethical committee of Fudan University.
7.5 mg/kg/day isoprenaline for 4 weeks was used to induce heart
failure.

2.4. Echocardiography and cardiac parameters

Mice were anesthesia by isoflurane, and echocardiography was
performed by Vevo770 with a 30 MHz transducer. Factional shortening
(FS), ejection fraction (EF) were used to indicate the cardiac systolic
function. Left-ventricular end-diastolic volume (LV Vold) and left-ven-
tricular internal diameter-diastole (LVIDd) were showed as the mean
values of the signals from 5 consecutive cardiac cycles.

2.5. Histopathological observation

Masson trichrome staining and hematoxylin-eosin (H&E) staining
were used to evaluate the myocardial fibrosis. Briefly, 24 h after last
administration of isoprenaline, the hearts were isolated and fixed in
10% formaldehyde solution. Every heart was embedded in paraffin and
cut into 5 mm thickness sections. The sections were stained with
Masson trichrome staining kit and hematoxylin-eosin staining kit
(Yuanye Biotechnology) according to the manufacturer's protocol, and
then photographed by the microscope.

2.6. Measurements of plasma H2S and NO concentrations

75 μL mice plasma was mixed with 250 μL zinc acetate (1%, w/v),
425 μL distilled water, 133 μL N-dimethyl-p-phenylenediamine sulfate
(20 mmol/L, 7.2 mmol/L HCl), and 133 μL FeCl3 (30 mmol/L,
1.2 mmol/L HCl) for 10 min incubation at room temperature. 250 μL
trichloroacetic acid (10%) was added and then centrifuged at 14,000 r/
min, 5 min. The absorbance of samples at 670 nm was detected by the
microplate reader.

Fig. 2. ZYZ-803 attenuated heart tissue injury after heart failure. (A) H&E staining of sections from left ventricular myocardium with indicated treatments for 4 weeks in isoprenaline-
induced heart failure mice. (B) Masson trichrome staining of sections from left ventricular myocardium with indicated treatments for 4 weeks in isoprenaline-induced heart failure mice.
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The concentrarion of NO in plasma was detected with Griess Assay
Kit (Beyotime Institute of Biotechnology) according to the manufac-
turer's protocol.

2.7. Western Blot analysis

Tissues were lyses in the lysis buffer in the presence of proteases
inhibitors. Protein extracts were used for Western Blot as previously
described. Briefly, protein were diluted in the sample buffer with β-
mercaptoethanol and denatured at 95 °C for 10 min then, 30 μg protein
were separated by SDS-PAGE and transferred to polyvinylidene fluoride
membrane. Membranes were incubated with 5% non-fat milk in 0.1%
Tween-20 for 1 h and probed with any primary antibodies 4 °C over-
night. Following incubation with HRP-conjugated secondary antibody,
immunoreactive proteins were detected with ECL.

2.8. VEGF assay and cGMP assay

The concentrations of VEGF and cGMP were measured by VEGF
ELISA Kit (Boatman Biotechnology) and cGMP ELISA kit respectively
(R&D Systems) according to the manufacturer's protocol.

2.9. Statistical analysis

All data were showed as mean± SEM. Statistical analysis was

performed using one-way ANOVA, and post hoc pairwise comparisons
were performed using Prism Graph. A p value< 0.05 was considered
significant difference.

3. Results

3.1. ZYZ-803 attenuated cardiac dysfunction after heart failure

To determine the therapeutic potential of ZYZ-803 on heart failure,
we performed heart failure procedure and daily administered ZYZ-803
(5–20 μmol/kg/day) orS-propargyl-cysteine (SPRC) (H2S donor)
(20 μmol/kg/day) orfuroxan (NO donor) (20 μmol/kg/day), or SPRC +
furoxan each (20 μmol/kg/day). Four weeks later, echocardiography
revealed that heart failure decreased ejection fraction (EF) and frac-
tional shortening (FS), and increased left ventricular volume (LV Vol)
and left ventricular internal dimension diastole (LVID) in model group
compared with that in control group (Fig. 1). However, administration
of ZYZ-803 significantly attenuated these changes in a dose-dependent
manner. Although SPRC and/or furoxan also improved cardiac func-
tion, this effect of SPRC and/or furoxan was much less potent than that
of ZYZ-803 at the equimolar basis.

3.2. ZYZ-803 improved myocardial injury after heart failure

Histological analysis of H&E and Masson's Trichrome stained

Fig. 3. PAG and L-NAME inhibited ZYZ-803-inducded cardioprotection in heart failure. (A-D) The data showed changes of EF, FS, LV Vold and LVIDs in isoprenaline-induced heart failure
mice with indicated treatments for 4 weeks. **p< 0.01 versus model group. #p<0.05 and ##p<0.01 versus ZYZ-803 group.
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sections was to further assess the protective effect of ZYZ-803 against
heart failure. As shown in Fig. 2, heart failure caused loss of myo-
cardium and local necrosis compared with control group. What's more,
extensive areas of fibrosis in hearts were seen in model group. Never-
theless, ZYZ-803 does-dependently protected against the myocardial
injury. The areas of fibrosis in 20 μmol/kg/day ZYZ-803 treatment
group were significantly less when compared with the SPRC and/or
furoxan treatment group.

3.3. ZYZ-803 failed to attenuate the development of heart failure with PAG
and/or L-NAME

ZYZ-803 released H2S and NO through the promotion of CSE ex-
pression and eNOS activity. To determine the contribution of CSE and
eNOS for ZYZ-803 to protect against heart failure, CSE inhibitor DL-
propargylglycine (PAG) and eNOS inhibitor L-NG-nitro arginine methyl
ester (L-NAME) were administered to mice. As shown in Fig. 3, PAG
and/or L-NAME prevented the protective effects of ZYZ-803. In

addition, compared with treatment with PAG or L-NAME alone, the
inhibitory effect of PAG+L-NAME was much more significant.

In line with echocardiography results, histological analysis of
Hematoxylin-Eosin and Masson's Trichrome stained sections revealed
that PAG and/or L-NAME treatment increased loss of myocardium and
local necrosis compared with ZYZ-803-treated mice (Fig. 4).

3.4. ZYZ-803 increased H2S and NO concentrations after heart failure

In order to further investigate whether ZYZ-803 released H2S and
NO to protect against heart failure, we detected H2S and NO levels in
plasma (Fig. 5). ZYZ-803 does-dependently increased H2S concentra-
tion. However, PAG or L-NAME prevented the increase in plasma H2S
level, and the plasma H2S level was inhibited much more in PAG+L-
NAME treated mice. Moreover, the similar results were found in plasma
NO concentration.

Fig. 4. ZYZ-803-improved heart tissue injury was
attenuated by PAG and L-NAME. (A) H&E staining of
sections from left ventricular myocardium with in-
dicated treatments for 4 weeks in isoprenaline-in-
duced heart failure mice. (B) Masson trichrome
staining of sections from left ventricular myocardium
with indicated treatments for 4 weeks in isoprena-
line-induced heart failure mice.
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3.5. CSE expression and eNOS activity were mediated by ZYZ-803 after
heart failure

As shown in Fig. 6, ZYZ-803 increased CSE expression and eNOS
phosphorylation level in a dose-dependent manner after heart failure.
However, PAG and/or L-NAME abolished these changes. In addition,
we found that PAG not only attenuated ZYZ-803-induced CSE expres-
sion but also prevented ZYZ-803-induced eNOS phosphorylation level,
and the similar result was observed in L-NAME treatment group.
(Fig. 7)

3.6. ZYZ-803 augmented myocardial angiogenic factors after heart failure

Compared with vehicle-treated mice, ZYZ-803 increased vascular
endothelial growth factor (VEGF) levels in a dose-dependent manner.
However, PAG and/or L-NAME attenuated ZYZ-803-induced VEGF in-
crease. Cyclic guanosine 5′-monophosphate (cGMP) is a downstream
signaling molecule of VEGF, which plays a critical role in the regulation
of heart failure [24]. ZYZ-803 dose-dependently elevated cGMP

concentrations compared with Vehicle-treated group and these changes
were abolished by PAG and/or L-NAME. The similar results were found
in vasodilator-stimulated phosphoprotein (VASP) phosphorylation ex-
pressions, which is considered as the marker of cGMP downstream
molecule protein kinase G (PKG) activity.

3.7. ZYZ-803 increased glutathione peroxidase and heme oxygenase 1
expressions after heart failure

Glutathione peroxidase (GPx) and heme oxygenase 1 (HO-1) act as
antioxidants protecting heart injury against reactive oxygen species
(ROS) [25,26]. As shown in Fig. 8, heart failure decreased GPx and HO-
1 expressions compared with control group. However, administration of
ZYZ-803 significantly promoted GPx and HO-1 expressions in a dose-
dependent manner compared with model group. Furthermore, PAG
and/or L-NAME prevented ZYZ-803-induced the increase of GPx and
HO-1 expressions.

4. Discussion

Heart failure is often associated with ventricular remodeling, dys-
function, and decreased heart load, which is caused by many kinds of
cardiovascular diseases. Isoprenaline is a β-adrenergic receptor agonist
that can promote the generation of reactive oxygen species, apoptosis in
cardiomyocytes and hypertrophy in the heart. It is initially considered
adaptive that the left ventricular morphology changes after myocardial
injury. However, heart failure occurs as a result of persistent patholo-
gical stimulation, such as increased vascular pressure and left ven-
tricular remodeling [27]. There are many biological reactions during
this process, such as oxidative stress, cell death and so on [28]. Al-
though heart failure has long been paid attention to, many mechanisms
remained still unknown. Therefore, it is important for drug design to
explore the underlying mechanisms of heart failure. In the current
study, we are the first to use a novel slow H2S-NO-releasing hybrid
(ZYZ-803) to develop the therapeutic potential strategy and investigate
the relationship between H2S and NO in heart failure. We found that
H2S and NO cooperatively protected against heart failure via the VEGF/
cGMP pathway. Due to synergistic effects, ZYZ-803 was much more
potent than SPRC and/or furoxan, indicating a novel agent for cardio-
vascular protection.

It is well know that both NO and H2S play a critical role in the
protection against heart failure. Johes et al. found that eNOS over-
expression could attenuate congestive heart failure in mice [29]. Defi-
ciency in eNOS resulted in heart failure and congenital septal defects
during cardiac development, which is associated with increases of
apoptosis in cardiomyocyte [30]. Moreover, H2S ameliorated oxidative
and proteolytic stresses and protected the heart against adverse re-
modeling in chronic heart failure [31]. Givvimani et al. has shown that
H2S could inhibit transition from compensatory hypertrophy to heart
failure [32]. However, there is fewer report about the interaction be-
tween H2S and NO in heart failure.

It has been generally considered that H2S and NO operate their
biological effects via district pathway. Recently there is growing evi-
dence of crosstalk for the signaling pathways between the two gaso-
transmitters. For example, it has been shown that NO production was
inhibited in the absence of CSE, while it could be increased by elevating
CSE expression [33]. Ali et al. [34] and Whiteman and Moore [35]
found that H2S might interact with NO to form a new nitrosothiol but
without vasorelaxant activities. In the present study, we found that
ZYZ-803 significantly attenuated ISO-induced cardiac dysfunctions via
echocardiographic measurement. Moreover, ISO caused a large number
of disappearance in cardiac myocytes and increased degree of fibrosis,

Fig. 5. ZYZ-803 increased H2S and NO concentrations in mice plasma. Concentration of
plasma H2S level (A) and NO level (B) in isoprenaline-induced heart failure mice with
indicated treatments for 4 weeks. **p< 0.01 versus model group. ##p<0.01 versus
ZYZ-803 group.
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but these pathological changes were inhibited by ZYZ-803. The cardi-
oprotective effect of ZYZ-803 was much more potent than that of SPRC
and/or furoxan, which indicated that H2S and NO cooperatively pro-
tected against heart failure.

Our previous results showed that ZYZ-803 stimulated CSE expres-
sion and eNOS activity to produce H2S and NO and no cytotoxic or
proapoptotic effect in cells was observed [22]. In heart failure, we also
found that CSE expression and eNOS activity were regulated by ZYZ-
803. PAG and/or L-NAME significantly promoted cardioprotective ef-
fect of ZYZ-803 and the inhibitory effect of PAG + L-NAME was more
obvious. It is further indicated that H2S and NO have a synergistic effect
in heart failure. It has been reported that NO promoted CSE expression
and increased H2S levels in vascular tissue and the vasorelaxant effect

of H2S was inhibited by L-NAME [5,36]. Hydrogen sulfide enhanced
nitric oxide production with calcium-dependent activation of eNOS in
endothelial cells [37]. After CSE knockout, the generation of NO was
obviously suppressed, however, CSE overexpression could promoted
NO production [33]. In line with these evidences, we found that PAG
suppressed eNOS activity and NO concentration, while L-NAME re-
duced CSE expression and H2S level in heart failure. These data sug-
gested that H2S and NO affected biological functions each other.

Angiogenesis was characterized by the sprouting of new blood
vessels from existing vessels in a common physiological process [38].
Growing evidence suggests that angiogenesis has the therapeutic po-
tential for heart failure. VEGF, a critical angiogenic cytokine, has an
important role in vascular network growth, as evidenced by the results

Fig. 6. ZYZ-803 increased CSE expression and eNOS activity after heart failure. Mice were induced with indicated treatments for 4 weeks. After that, lysate of heart tissues were subjected
to SDS-PAGE, and immunoblotted with specific antibodies against eNOS, p-eNOS and CSE. (A-C) ZYZ-803 could increase CSE expression and eNOS activity dose-dependently. (D-F) The
activity effect of ZYZ-803 on CSE expression and eNOS activity could be attenuated by PAG and L-NAME. *p< 0.05 and **p< 0.01 versus control group. #p<0.05 and ##p<0.01
versus isoprenaline group. &&p<0.01 versus ZYZ-803 group.
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that the inhibition of VEGF signaling was crucial for the transition from
compensatory hypertrophy to cardiac failure [39]. It has been shown
that H2S and NO are strong accelerators of angiogenesis. For example,
Cai et al. found that H2S stimulated angiogenesis through Akt activation
[40]. NO promoted proliferation through endogenous basic fibroblastic
growth factor in coronary venular endothelium [41]. H2S and NO were
mutually dependent in the regulation of angiogenesis [4]. What's more,
cGMP, the downstream molecular of VEGF, plays a critical role in an-
giogenesis [42]. In the current study, treatment of ZYZ-803 induced a
dose-dependent increase in VEGF and cGMP concentrations, whereas
the effect of ZYZ-803 was suppressed in the presence of PAG and/or L-
NAME. VASP is determined as a substrate for cGMP-dependent protein
kinase (PKG), which is an important regulator of angiogenesis via ERK
and p38 [43]. The phosphorylation of VASP was regulated by ZYZ-803,
but this effect was also inhibited by PAG and/or L-NAME. Based on the
data above, ZYZ-803 caused CSE and eNOS activation and increased
H2S and NO concentrations. These two gasotransmitters potentiated
each other's production. Both of them increased VEGF level and cGMP
concentration. Evoked by the increase in cGMP levels, PKG and
downstream molecules, such as p38 and ERK, were activated to parti-
cipate in the regulation of angiogenesis.

Considering the vital role of oxidative stress in isoprenaline-induced
heart failure, we tested whether there was any effect of ZYZ-803 on GPx
and HO-1. GPx is an antioxidant enzyme and functions in the detox-
ification of hydrogen peroxide. Mitochondrial ROS production and
oxidative mtDNA damage were increased markedly during reoxygena-
tion in GPx1(-/-) hearts [44]. HO-1 is an inducible stress-response
protein that imparts antioxidant and antiapoptotic effects [45]. In the
heart, HO-1 suppressed LV hypertrophy and remodeling via inhibiting
the effects of prohypertrophic reactive oxygen species signals [46]. In
the current study, treatment of ZYZ-803 promoted a dose-dependent
increase in GPx and HO-1 concentrations, whereas the effect of ZYZ-
803 was suppressed in the presence of PAG and/or L-NAME, which
indicating that they contribute to the protective effect of ZYZ-803 in
heart failure.

5. Conclusion

In summary, this study provided first evidence: (i) H2S and NO
generation from ZYZ-803 interacted their biological functions each
other in the process of heart failure and (ii) the synergistic effects of H2S
and NO converge at VEGF/cGMP pathway to protect against heart

Fig. 7. ZYZ-803 augmented myocardial angiogenic factors through VEGF/cGMP pathway after heart failure. VEGF concentrations (A), cGMP concentrations (B) and expression level of
VASP and p-VASP (C) in isoprenaline-induced heart failure mice with indicated treatments for 4 weeks. **p< 0.01 versus model group. #p<0.05 and ##p<0.01 versus corresponding
ZYZ-803 group.
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failure. In addition, the current study indicates that ZYZ-803 upregu-
lates the endogenous antioxidants, GPx and HO-1. These findings con-
tinue to support the emerging concept that H2S and NO are required to
maintain the cellular homeostasis. Based on the current results, ZYZ-
803 exhibits powerful therapeutic potential in cardioprotection, which
sheds new light on further gaseous drugs design for the treatment of
heart failure.
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