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Abstract

Aims: Conventional revascularization strategies or drug therapies for ischemic heart disease (IHD) are designed
for reperfusion of coronary arteries to salvage cardiomyocytes, but occasionally, myocardial reperfusion injury
can occur because of microcirculatory dysfunction. Therefore, a more microcirculation-friendly strategy should
be explored to overcome and compensate for the shortcomings of conventional strategies. In this work, we
investigated the proangiogenic effect of S-Propargyl-Cysteine (SPRC), a novel water-soluble modulator of en-
dogenous hydrogen sulfide, and elucidated the possible mechanisms involved to provide an experimental basis
for angiogenesis-mediated drug therapy for IHD. Results: SPRC promoted cell proliferation, adhesion, migra-
tion, and tube formation of primary human umbilical vein endothelial cells (HUVEC) and increased angio-
genesis in the rat aortic ring and Matrigel plug models. In a mouse model of hindlimb ischemia and a rat model
of myocardial ischemia, SPRC also promoted angiogenesis after ligation of the left femoral artery or coronary
artery to ameliorate ischemic conditions. In primary HUVEC, STAT3 phosphorylation was significantly induced
after SPRC treatment. The critical roles of STAT3 in mediating the proangiogenic effect of SPRC were confirmed
by RNA interference. Co-crystallization excluded the possible direct interaction between SPRC and STAT3,
whereas co-immunoprecipitation revealed an enhanced interaction between VEGFR2 and STAT3 after SPRC
treatment. Meanwhile, immunofluorescence and chromatin immunoprecipitation showed that SPRC induced
the nuclear translocation of STAT3, followed by transcriptional activation of downstream promoters, particu-
larly the Vegf promoter. Innovation and Conclusion: We present a novel STAT3-mediated mechanism in SPRC-
induced angiogenesis and demonstrate the therapeutic potential of SPRC in ischemic disease through
angiogenesis promotion. Antioxid. Redox Signal. 20, 2303–2316.

Introduction

As reported by the World Health Organization (WHO),
ischemic heart disease (IHD) is the leading cause of death

in both developed and developing countries (21). Conven-
tional revascularization strategies, such as primary percuta-
neous coronary intervention (PCI), focus on prompting
reperfusion of coronary arteries to salvage cardiomyocytes,

Innovation

We present a novel STAT3-mediated angiogenic mecha-
nism that is induced by S-propargyl-cysteine (SPRC), a
novel modulator of endogenous hydrogen sulfide, and
demonstrate the therapeutic potential of SPRC in ischemic
disease through the promotion of angiogenesis, which sheds
new light on hydrogen sulfide-mediated drug therapy.
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but they have been suspected to result in microcirculatory
dysfunction (29). Therefore, a more positive angiogenesis-
mediated recovery of the microvasculature that is stimulated
by pharmacological or genetic intervention may have a
greater potential in IHD therapy (29, 36).

Angiogenesis is a physiological or pathological process that
is characterized by the sprouting of new blood vessels from
existing vessels (6). Vascular endothelial growth factor (VEGF)
is the crucial regulator of angiogenesis that primarily binds to
two related receptor tyrosine kinases (RTKs), known as
VEGFR1 (Flt-1) and VEGFR2 (KDR or Flk-1) (8, 20). Compared
with VEGFR1, VEGFR2 plays a more vital role in angiogenesis
and is a major mediator of VEGF’s biological effects.

Signal transducer and activator of transcription (STAT) is
an important family of nuclear factors (NFs), and it was
originally found to be activated by cytokine receptors, par-
ticularly interferon (IFN) and interleukin-6 (IL-6) receptors via
Janus kinase ( JAK) (15). STAT can also be activated by RTKs,
such as epidermal growth factor receptor and VEGFR (38).
STAT3 is an extensively investigated NF from the STAT
family, and it exerts crucial effects on angiogenesis in both
cancer formation (19) and heart pathogenesis (12). STAT3 and
VEGF/VEGFR2 have been investigated in endothelial cells
and cardiomyocytes to disclose the mutual promoting effects
between them (2, 22, 34). As a potential molecular target of
angiogenesis-mediated therapy, STAT3 has received more
attention in the cardiovascular system (12, 22).

First discovered in the cardiovascular (37) and nervous
systems (1), the physiological effects of hydrogen sulfide are
attracting more research interest (23, 25). In the cardiovascular
system, hydrogen sulfide plays an important positive role in
myocardial ischemia attenuation (5, 39). Furthermore, the
proangiogenic effect of hydrogen sulfide was successively
discovered by two different groups (4, 24, 30). Although many
protective effects have been clarified, hydrogen sulfide cannot
be used for clinical therapy because of its gaseous nature.
S-propargyl-cysteine (SPRC, also named as ZYZ-802), which
was designed and synthesized by our group, is a novel water-
soluble modulator of endogenous hydrogen sulfide (31, 32).
SPRC promotes the activity of cystathionine-c-lyase (CTH, also
named CSE, producing enzymes of endogenous hydrogen
sulfide) and then elevates hydrogen sulfide levels in plasma or
tissue (31). In our previous study, we reported the protective
effects of SPRC on rats with IHD via an antioxidation mecha-
nism (14, 32). Here, we proposed and tested SPRC-induced
angiogenesis both in vitro and in vivo. In addition, we investi-
gated the relative mechanisms of STAT3, including its inter-
action with VEGFR2 and transcriptional activation, in human
umbilical vein endothelial cells (HUVEC).

Results

SPRC promoted primary HUVEC proliferation,
adhesion, migration, and tube formation

We treated primary HUVEC with different SPRC concen-
trations to assess a possible proangiogenic effect in vitro. SPRC
administration (from 10 to 100 lM) significantly increased pri-
mary HUVEC viability (Fig. 1A). In addition, SPRC (100 lM)
promoted cell proliferation, but this effect could be abolished by
propargylglycine (PAG), a CTH inhibitor (Fig. 1B and Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/ars). We next investigated the effects of

SPRC on primary HUVEC adhesion, migration, and tube for-
mation and demonstrated that SPRC (100 lM) could be re-
sponsible for promoting these functions (Fig. 1C). In adhesion
assay, an incubation time of only 10 min was sufficient for SPRC-
induced adhesion of primary HUVEC, suggesting that SPRC
may act through a swift response mechanism. Wound healing
and transwell assays were performed to investigate migration,
and the results of both demonstrated a significant promoting
effect of SPRC on primary HUVEC migration. In a 3D Matrigel
assay, primary HUVEC were cultured to form tube structures,
and the tube length increased after SPRC treatment (Fig. 2).

SPRC promoted angiogenesis in vivo under both
normal and ischemic conditions

Based on the outstanding proangiogenic effects of SPRC
in vitro, we continued to investigate the possible effects ex vivo
and in vivo. We prepared rat aorta rings to be embedded in
Matrigel and determined that branch-like microvessels out-
grew considerably more after SPRC treatment for 6 days (Fig.
3A). However, PAG abolished the positive effect of SPRC.
Likewise, angiogenesis was also promoted in Matrigel plugs
implanted in mice. After SPRC administration (50 mg/kg/
day) for 7 days, more endothelial cells invaded deeper into the
Matrigel plug, with more mature capillary vessels observed
after staining by CD31 antibody (6.00-fold, Fig. 3B–D). In
addition, the hemoglobin concentration was significantly in-
creased in Matrigel plugs from animals treated with SPRC
(4.19-fold, Fig. 3E). Three in vivo angiogenesis models were
constructed under nonischemic condition to obtain similar
results (Supplementary Fig. S2).

To investigate the possible therapeutic potential of SPRC in
ischemic disease, we tested a mouse model of hindlimb ische-
mia and a rat model of myocardial ischemia. After femoral
artery ligation, blood flow in the ischemic hindlimb was sig-
nificantly reduced (Fig. 4A). A serial analysis of hindlimb
perfusion by laser Doppler imaging revealed significantly
more flow recovery in SPRC-treated mice (50 mg/kg/day)
compared with vehicle-treated mice (0.85 – 0.05 vs. 0.71 – 0.10
on day 3, 0.94 – 0.10 vs. 0.75 – 0.08 on day 7). Subsequently, we
performed microangiography using barium sulfate to develop
collateral vessels. Ligation led to collateral remodeling in the
ischemic hindlimb, which was consistent with a previous re-
port (7). After SPRC treatment, the angiographically visible
collateral vessels were significantly increased, some with typ-
ical ‘‘corkscrew’’ appearance (Fig. 4B). Using a specific endo-
thelial cell marker (CD31), it was found that SPRC also caused a
significant increase in gastrocnemius muscle capillary density
(1.75-fold, Fig. 4C), suggesting that the increase in microvessels
may contribute to hindlimb blood supply for ischemic condi-
tion attenuation. Likewise, in the rat model of coronary artery
ligation, angiographic data showed increased vascular density
(1.68-fold) of ischemic heart in SPRC-treated rats compared
with that in vehicle-treated rats (Fig. 4D). Taken together, these
in vivo results suggest that SPRC have therapeutic potential in
ischemic disease through the promotion of angiogenesis or
arteriogenesis to ameliorate ischemia-induced pathology.

The proangiogenic effect of SPRC was mediated
by STAT3

We first determined that SPRC induced STAT3 phosphor-
ylation in primary HUVEC in a time- and dose-dependent
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manner (Fig. 5A, B). In addition, these effects could be abol-
ished by WP1066, an inhibitor of STAT3 (Fig. 5C). Next, we
transfected STAT3 siRNA into primary HUVEC to silence
STAT3 expression (Fig. 5D) and discovered the crucial role of
STAT3 in SPRC-induced angiogenesis in vitro. After trans-
fection with STAT3 siRNA, primary HUVEC adhesion,
migration, and tube formation were significantly inhibited
(Fig. 2). In the control siRNA group, SPRC promoted primary
HUVEC adhesion, migration, and tube formation. However,
in the STAT3 siRNA group, the deficit of STAT3 expression
abolished the promoting effects of SPRC on adhesion and
tube formation.

The interaction between VEGFR2 and STAT3
was enhanced after SPRC treatment

To investigate the mechanism of STAT3 activation, we first
performed co-crystallization between STAT3 and SPRC to test
whether STAT3 could be directly activated by SPRC. After

soaking in SPRC solution, the electron densities around
STAT3 cysteine residues were still clear, and no significant
extra-electron densities were observed (Supplementary
Fig. S3), suggesting that there may be no direct interaction
between SPRC and STAT3.

Transformed cells of human umbilical vein endothelium
(HUV-EC-C) were used to replace primary HUVEC for in-
vestigating VEGFR2-related protein interactions. Reciprocal
co-immunoprecipitation revealed that the interaction be-
tween VEGFR2 and Grb2, a growth factor receptor-bound
protein, was enhanced after SPRC treatment (Supplementary
Fig. S4), suggesting the possible activation of signaling path-
ways downstream of VEGFR2. Next, we studied the interac-
tion between VEGFR2/Grb2 and JAK-STAT3 pathway. After
precipitation with VEGFR2 or Grb2 antibody, complexes
were analyzed by Western blot. We found that both JAK and
STAT3 acted more positively with VEGFR2 after SPRC
treatment (Fig. 6A), whereas STAT3 acted negatively with
Grb2 after SPRC treatment. The results suggested that after

FIG. 1. S-propargyl-cysteine (SPRC) promoted cell viability, proliferation, adhesion, and migration of primary human
umbilical vein endothelial cells (HUVEC). (A) Cell viability assay. Primary HUVEC were treated with different concen-
trations (10, 20, 50, and 100 lM) of SPRC for 24 h and then analyzed by MTT assay. (B) Cell proliferation assay. Primary
HUVEC were treated with different drugs for 24 h and then stained by EdU and DAPI. The red nuclei indicating proliferated
cells were counted and statistically analyzed. Propargylglycine (PAG) (1 mM) is an inhibitor of cystathionine-c-lyase (CTH).
(C) Cell adhesion and migration assay. For adhesion assay, primary HUVEC were seeded in collagen I-precoated wells and
treated with different SPRC concentrations for 10 min. For wound-healing assay, cell monolayers were scraped and treated
with different SPRC concentrations for 24 h. *p < 0.01 versus control group, **p < 0.05 versus control group, and #p < 0.01 versus
SPRC-treated group. All experiments were repeated at least thrice.
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SPRC treatment, STAT3 was prompted to assemble at
VEGFR2 binding sites to transmit a possible VEGFR2-
generated signal. Double fluorescent labeling showed that
STAT3 was co-localized with VEGFR2 (Fig. 6B). Furthermore,
treatment with SU5416, a selective tyrosine-kinase inhibitor of
VEGFR2, inhibited SPRC-induced STAT3 phosphorylation
(Fig. 6C), suggesting the possible signal transduction from
VEGFR2 to STAT3. Likewise, VEGFR2 siRNA abolished
the SPRC-induced STAT3 phosphorylation (Supplementary
Fig. S5).

SPRC induced the nuclear translocation of STAT3,
followed by transcriptional activation

To investigate how STAT3 activated downstream mole-
cules, cytoplasmic and nuclear proteins from HUV-EC-C
were isolated, and we detected an increase in both nuclear
STAT3 expression and phosphorylation, with little change in
cytoplasmic levels (Fig. 7A). Corresponding with the Western
blot results, a significant STAT3 translocation from the cytosol
to the nucleus was observed in primary HUVEC by confocal
microscopy after SPRC treatment (Fig. 7B). To determine
STAT3 activity in the nucleus, we performed an electropho-
retic mobility shift assay (EMSA) using HUV-EC-C nuclear
extracts. A much brighter shift band appeared in the SPRC-

treated group compared with the control group; however,
such promoting effects could be abolished by WP1066 (Fig.
7C). To investigate the STAT3-activated gene promoters, we
performed chromatin immunoprecipitation (ChIP) with
HUV-EC-C nuclear extracts. The promoters of Vegf, Akt, Erk,
and Cth were significantly activated after SPRC treatment
(Fig. 7D), and their activation, particularly of the Vegf pro-
moter, may be directly responsible for SPRC-induced angio-
genesis in endothelial cells. We observed a time-dependent
increase in protein synthesis of VEGF, Akt, Erk, and CTH
several hours after SPRC treatment (Supplementary Fig. S6).
Furthermore, in two separate in vivo experiments, VEGF and
CTH were confirmed to be more abundant in SPRC-treated
animals (Supplementary Fig. S7).

Discussion

Conventionally, patients with IHD are always treated using
pharmacological therapies, such as antiplatelet agents (aspirin),
antilipidemic agents (statins) or vasodilators, or revasculari-
zation strategies, including PCI or coronary artery bypass graft
surgery, for reperfusion of coronary arteries to salvage cardi-
omyocytes. However, a phenomenon termed myocardial
reperfusion injury occasionally appears as a result of micro-
circulatory dysfunction that is primarily induced by oxidative

FIG. 2. The proangiogenic effect of SPRC was mediated by STAT3. For adhesion assay, primary HUVEC were seeded in
collagen I-precoated wells and treated with SPRC (100 lM) for 10 min. For transwell migration assay, primary HUVEC were
seeded in the upper compartment of the transwell, while SPRC (100 lM) was added to the lower compartment. Cells were
treated for 8 h. For tube formation assay, primary HUVEC were seeded on the gelled Matrigel and treated with SPRC
(100 lM) for 6 h. STAT3 silencing was performed by siRNA transfection using an RNAiMAX kit for 48 h before SPRC
treatment. Control siRNA containing a scrambled sequence was used as a negative control. ctl si, control siRNA; st si, STAT3
siRNA. *p < 0.01 versus control group, #p < 0.01 between groups as indicated, ##p < 0.05 between groups as indicated. NS,
nonsignificant ( p > 0.05). All experiments were repeated at least thrice.
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FIG. 3. SPRC promoted angiogenesis ex vivo and in vivo under normal conditions. (A) Aortic ring assay. Rat aortic rings
were embedded in Matrigel and then treated with vehicle, SPRC (100 lM), VEGF (2 ng/ml), and SPRC plus PAG
(100 lM + 1 mM) for 6 days. *p < 0.01 versus control group, #p < 0.01 versus SPRC-treated group. (B–E) Matrigel plug assay.
After Matrigel implantation, mice in the SPRC-treated group were injected intraperitoneally with SPRC (50 mg/kg/day) for 7
days. Matrigel plugs were used for morphological analyses or determination of hemoglobin concentration. VEGF (100 ng/ml)
was premixed with Matrigel before implantation. n = 10 for each group. (B) Hematoxylin–eosin staining. A fresh Matrigel
plug is shown in the inset. Scale bar, 400 lm. (C) Immunohistochemistry. CD31-positive capillary vessels are indicated by
solid arrows. Note the erythrocytes in the vessels (arrowhead). Scale bar, 50 lm. (D) Statistical analysis of C. *p < 0.01 versus
vehicle group. **p < 0.05 versus vehicle group. (E) Determination of hemoglobin concentration by Drabkin’s Reagent. *p < 0.01
versus vehicle group. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/ars
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FIG. 4. SPRC promoted angiogenesis in vivo under ischemic condition. (A–C) After ligation of the left femoral artery,
mice in the SPRC-treated group were injected intraperitoneally with SPRC (50 mg/kg/day), while mice in the vehicle model
group received saline injections. (A) Mice were scanned by laser Doppler perfusion imaging before, immediately after, and 3
and 7 days after femoral artery ligation, and a flow ratio was determined by dividing the perfusion value of the ischemic
hindlimb by that of the nonischemic one from the same animal. n = 6 for each group. *p < 0.01 versus vehicle model group,
**p < 0.05 versus vehicle model group. (B) After treatment with SPRC or saline for 7 days, mice were anesthetized and injected
with barium sulfate into the abdominal aorta to perform microangiography and to develop collateral vessels in the hindlimb.
Solid arrow indicates ligation site, and the arrowhead indicates ‘‘corkscrew’’ collateral vessels. n = 6 for each group. *p < 0.01
versus sham group, #p < 0.01 versus vehicle model group. (C) After treatment with SPRC or saline for 7 days, mice were
anesthetized, and the gastrocnemius muscle was excised and stained with rabbit polyclonal CD31 antibody. Solid arrow
indicates capillary vessels. Scale bar, 50 lm. n = 8 for each group. *p < 0.01 versus sham group, #p < 0.01 versus vehicle model
group. (D) After ligation of the left coronary artery, rats in the SPRC-treated group were injected intraperitoneally with SPRC
(50 mg/kg/day) for 42 days, while rats in the vehicle model group received saline injections. Then, the rats were anesthetized
and injected with barium sulfate into the left common carotid artery to perform microangiography. n = 5–7 for each group.
*p < 0.01 versus sham group, #p < 0.01 versus vehicle model group. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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stress, calcium overload, and inflammation (35). Therefore, a
more microcirculation-friendly strategy should be explored to
overcome and compensate for the shortcomings of conven-
tional strategies. In previous research, fibroblast growth factor
or VEGF was injected into the ischemic myocardium of patients
with IHD as protein or plasmid, and this treatment promoted
angiogenesis, reduced symptoms, and improved myocardial
perfusion (17, 26). These results of angiogenesis-mediated
therapy shed new light on IHD treatment (29).

In the past two decades, hydrogen sulfide has been exten-
sively investigated for its biomedical effects. It is naturally
produced in the human body and regulates metabolism and
signal transduction to maintain homeostasis. In 2007, the
proangiogenic effects of hydrogen sulfide were first reported
by Zhu’s group (4); then, in 2009, they were confirmed by
Szabo’s group (24). In 2010, Zhu’s group published exciting
results demonstrating that hydrogen sulfide promoted

angiogenesis in a rat model of hindlimb ischemia, suggesting the
potential utility of hydrogen sulfide-mediated proangiogenic
therapy in ischemic disease (30). Although hydrogen sulfide has
proven therapeutic potential, it diffuses quite readily and its
targeted administration is, consequently, very difficult to
achieve. Therefore, targeting a critical metabolic enzyme to
modulate the endogenous hydrogen sulfide level may be a safe
and effective direction for hydrogen sulfide-mediated drug
therapy in the future (23). SPRC is a drug that was designed and
developed by our group to target CTH for modulating endog-
enous hydrogen sulfide (Supplementary Fig. S8).

In this study, we demonstrated that SPRC promoted pri-
mary HUVEC proliferation, adhesion, migration, and tube
formation as well as in vivo angiogenesis under both normal
and ischemic conditions. In particular, using models of hin-
dlimb and myocardium ischemia, we demonstrated the
angiogenesis-mediated therapeutic potential of SPRC in IHD.

FIG. 5. SPRC-induced STAT3 phosphorylation. (A) Primary HUVEC were treated with SPRC (100 lM) for a different
time. (B) Primary HUVEC were treated with different SPRC concentrations for 15 min. (C) Primary HUVEC were treated
with WP1066 (5 or 10 lM), an inhibitor of STAT3, for 1.5 h, followed by SPRC (100 lM) for 20 min. &p < 0.01 versus group 1,
&&p < 0.05 versus group 1, *p < 0.01 versus group 4, and **p < 0.05 versus group 4. #p < 0.01 between groups, as indicated. NS,
nonsignificant ( p > 0.05). (D) Primary HUVEC were treated with SPRC (100 lM) for 20 min after STAT3 silencing, which was
performed by siRNA transfection using an RNAiMAX kit for 72 h. Control siRNA containing a scrambled sequence was used
as a negative control. #p < 0.01 between groups, as indicated. NS, nonsignificant ( p > 0.05). All experiments were repeated at
least thrice.
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In addition, in our recently published work, it was shown that
SPRC could improve cardiac function as well as reduce infarct
size and myocardial fibrosis in an IHD rat model (14). Com-
pared with exogenous hydrogen sulfide-mediated proangio-
genic therapy, the advantage of SPRC therapy is obvious.
First, the safety problem of hydrogen sulfide is a concern.
Hydrogen sulfide was first studied as a poisonous gas, and
even in the human body, it is maintained at low levels. For
these reasons, the exact dosage of exogenous hydrogen sul-
fide is difficult to determine. Second, hydrogen sulfide ad-
ministration is problematic. In our experience, the exogenous
hydrogen sulfide donor, NaHS, is necessary for frequent ad-
ministration, for example every 4–6 h, to maintain hydrogen
sulfide at a certain level. In contrast, SPRC can be adminis-
tered once daily.

STAT3 plays an important role in cell survival, and it is
required for myocardial capillary growth after ischemic injury
(12). STAT3 deletion in cardiomyocytes results in reduced

capillarization of the left ventricle (12). In contrast, cardiac-
specific STAT3 activation promotes vascular formation in the
heart (22). Considering the vital role of STAT3 in angiogene-
sis, we first tested whether there was any effect of SPRC on
STAT3 activity. We found that SPRC induced STAT3 phos-
phorylation in a time- and dose-dependent manner, and
knockdown of STAT3 attenuated SPRC-induced angiogenesis
in vitro. Taken together, these results suggested that STAT3
may be a key signaling molecule in the proangiogenic effects
of SPRC. Therefore, we performed the present study to in-
vestigate how STAT3 was activated and how it activated
downstream molecules.

First, we performed co-crystallization between SPRC and
STAT3 to determine the presence of a direct interaction. SPRC
is a small molecule and cysteine analog, whereas STAT3 is a
protein with *769 amino-acid residues. It was previously
reported that cysteines introduced at residues 661A and 663N
in a loop of the SH2 domain in STAT3 created a constitutively

FIG. 6. The interaction between VEGFR2 and STAT3 was enhanced after SPRC treatment. (A) STAT3 or JAK protein
levels in complexes immunoprecipitated with VEGFR2 or Grb2 antibody. HUV-EC-C were treated with SPRC (100 lM) for
20 min. #p < 0.01 between groups, as indicated. (B) Primary HUVEC were fixed and specifically stained with VEGFR2
antibody (green) and STAT3 antibody (red). DAPI (blue) indicates the nucleus. Scale bar, 20 lm. (C) Primary HUVEC were
treated with SU5416 (5 or 10 lM), an inhibitor of VEGFR2, for 1 h, followed by SPRC (100 lM) for 20 min. *p < 0.01 versus
group 4. #p < 0.01 between groups, as indicated. NS, nonsignificant ( p > 0.05). All experiments were repeated at least thrice. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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active protein (STAT3C) (3). In addition, the sulfhydryl in the
cysteine is chemically active and susceptible to oxidization,
serving an important structural role in many proteins (13).
Therefore, we focused on STAT3 cysteine residues and ana-
lyzed the possible changes of surrounding electron densities
after SPRC treatment. However, as shown in Supplementary
Figure S3, after soaking in SPRC solution, the electron den-
sities around the cysteine residue were still clear, and no
significant extra-electron densities were observed.

After excluding a direct effect of SPRC on STAT3, we
speculated that SPRC activated STAT3 via an endogenous
hydrogen sulfide-mediated mechanism. In 2009, it was
first reported that endogenous hydrogen sulfide could
physiologically modify cysteines in many proteins by S-
sulfhydration (18). Recently, our collaborating laboratory
published that a newly discovered Cys1045–Cys1024 dis-
ulfide bond in VEGFR2 served as an intrinsic inhibitory
motif and functioned as a molecular switch which could

be broken by hydrogen sulfide to recover the active
VEGFR2 conformation (28). As an RTK, VEGFR2 has been
shown to directly activate STAT1 via protein interaction
(2). These works inspired us to investigate whether
VEGFR2/STAT3 interaction was involved in SPRC (H2S)-
induced STAT3 activation. Co-immunoprecipitation revealed
that the interaction between VEGFR2 and STAT3 was en-
hanced after SPRC treatment. Moreover, STAT3 was associated
with VEGFR2, accompanied by dissociation from Grb2.
Treatment with a VEGFR2 inhibitor demonstrated possible
signal transduction from VEGFR2 to STAT3. The significance
of these results is that it is a novel signal pathway of STAT3
activation, the H2S/VEGFR2-mediated pathway (Fig. 8). Since
the molecular switch for hydrogen sulfide is located in the
intracellular domain of VEGFR2 and CTH is also localized to
subcellular areas that are adjacent to the cell membrane (28),
endogenous hydrogen sulfide generated by SPRC could be
very close to the target motif of VEGFR2. Furthermore, STAT3

FIG. 7. SPRC induced the nuclear translocation of STAT3, followed by transcriptional activation. (A) HUV-EC-C were
treated with SPRC (100 lM) or interferon (IFN)-c (100 ng/ml) for 45 min, and then, cytoplasmic and nuclear proteins were
isolated for Western blotting. GAPDH and histone H3 were used as a loading control for cytoplasmic and nuclear proteins,
respectively. (B) Primary HUVEC were treated with SPRC (100 lM) for 45 min and then stained with specific antibody (red)
or DAPI (blue). Scale bar, 20 lm. (C) HUV-EC-C were treated with SPRC (100 lM), IFN-c (100 ng/ml), or WP1066 (10 lM) for
45 min. The nuclear extract was isolated and used for electrophoretic mobility shift assay. The shift band of STAT3 is
indicated with a solid arrowhead. IFN-c was used as a positive control, and WP1066 was used to inhibit STAT3. (D) HUV-EC-
C were treated with SPRC (100 lM) for 45 min. The nuclear extract was isolated and used to perform chromatin immuno-
precipitation with an STAT3 antibody. The change of downstream promoters was analyzed by real-time polymerase chain
reaction. #p < 0.01 between groups, as indicated. All experiments were repeated at least thrice. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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co-localized with VEGFR2 in plasma, which may be the reason
for the quick action of SPRC in the adhesion assay.

It was previously demonstrated that the nuclear translo-
cation of STAT3 was essential for VEGF-induced endothelial
cell migration and tube formation (34). In this work, we also
observed a significant translocation of STAT3 from the cytosol
to the nucleus after SPRC treatment. Furthermore, it was
shown that STAT3 could bind to the Vegf promoter, which is
directly regulated by STAT3 (19). Using ChIP analysis, we
discovered that after SPRC treatment, the Vegf promoter and
promoters of Akt, Erk, and Cth were activated by STAT3. Vegf
promoter activation may be directly responsible for SPRC-
induced angiogenesis, and up-regulated CTH transcription
may provide a positive feedback signal in endothelial cells. In
addition, it was previously reported that STAT3 and hypoxia
inducible factor-1a (HIF-1a), which plays a critical role in
regulating VEGF transcription, could simultaneously bind to
the Vegf promoter, forming a molecular complex and acti-
vating transcription (11). Targeting STAT3 with a small-
molecule inhibitor could block HIF-1a and VEGF expression
in vitro and inhibit angiogenesis in vivo (33). Therefore, in
future work, we will continue to investigate the synergistic
effect of STAT3 and HIF-1a on SPRC-induced transcriptional
activation of the Vegf promoter.

In conclusion, this is the first study suggesting that SPRC, a
novel water-soluble modulator of endogenous hydrogen sul-
fide, can promote angiogenesis under both normal and ische-
mic conditions. Furthermore, we clarified an STAT3-mediated
mechanism in SPRC-induced angiogenesis, including its in-
teraction with VEGFR2 and transcriptional activation.

Materials and Methods

Drugs and reagents

SPRC was synthesized by the reaction of L-cysteine
with propargyl bromide and then purified by recrystal-

lization from an ethanol–water mixture (99%) (32). PAG
was purchased from Sigma (St. Louis, MO). VEGF and
IFN-c were purchased from PeproTech (Rocky Hill, NJ).
SU5416 and WP1066 were purchased from Calbiochem
(Billerica, MA).

Animals

We obtained 6-week-old male C57BL/6 mice and 6- to 7-
week-old male Sprague–Dawley (SD) rats from the Depart-
ment of Experimental Animals, Chinese Academy of Sciences
(Shanghai, China). All animals received humane care, and all
experimental procedures related to the animals complied with
the ‘‘Guide for the Care and Use of Laboratory Animals’’
published by the National Institutes of Health (NIH) of the
United States and were approved by the ethics committee of
Experimental Research, Shanghai Medical College, Fudan
University.

Cell culture

Primary HUVEC were purchased from ScienCell (Carls-
bad, CA) and cultured in MCDB131 (PAA, Pasching, Austria)
with 5% FBS (Hyclone, Logan, UT), 1% endothelial cell
growth supplement (ScienCell), and 1% penicillin strepto-
mycin (Gibco, Grand Island, NY). Only cells from passages 4
to 6 were used for experiments. HUV-EC-C were obtained
from ATCC (Rockville, MD) and cultured in DMEM (Gibco)
with 10% FBS and 1% penicillin streptomycin.

Cell viability assay

Primary HUVEC were plated into 96-well plates and trea-
ted with different drug concentrations for 24 h. Then, MTT
(Amresco, Solon, OH) was added, and cells were incubated
for 4 h. The absorbance at 570 nm in DMSO was read to assess
cell viability.

FIG. 8. Schematic illustration of
H2S/VEGFR2/STAT3-mediated mec-
hanism in SPRC-induced angiogene-
sis. SPRC activates CTH to produce
endogenous hydrogen sulfide. As a
small gaseous molecule, hydrogen
sulfide may diffuse to active
VEGFR2 on the cell membrane. The
signal transduction from VEGFR2 to
STAT3 causes nuclear translocation
of STAT3, which can lead to activa-
tion of the downstream promoters. A
solid line indicates the clarified
mechanism. A solid line with a cross
indicates the excluded mechanism. A
dashed line indicates the hypotheti-
cal mechanism. To see this illustra-
tion in color, the reader is referred to
the web version of this article at
www.liebertpub.com/ars
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Cell proliferation assay

Primary HUVEC were plated into 96-well plates and trea-
ted with drugs for 24 h. An EdU Assay Kit (RiboBio,
Guangzhou, China) was used to dye the nuclei of proliferated
cells red, which were then detected by fluorescence micros-
copy. The nuclei of all cells were also dyed blue with DAPI
(4¢,6-diamidino-2-phenylindole).

Cell adhesion assay

Primary HUVEC were plated into 48-well plates that were
precoated with 50 lg/ml of rat tail-derived collagen I (BD
Biosciences, Franklin Lakes, NJ) and treated with different
drug concentrations for 10 min. Then, cells were washed with
phosphate-buffered saline and fixed with 4% formaldehyde.
Crystal violet staining solution (Beyotime, Shanghai, China)
was used to stain the cells (4), and cells in three random fields
from each well were counted to determine the average
number.

Wound-healing assay

Primary HUVEC were plated into 48-well plates and trea-
ted with hydroxyurea (Sigma) to inhibit cell proliferation.
Once a confluent cell monolayer formed, it was scraped with a
yellow pipette tip to generate a scratch wound (4). Cells were
treated with different drug concentrations for 24 h, and pho-
tographed 0 and 24 h later with a Zeiss digital camera (Zeiss,
Oberkochen, Germany). Wound areas were calculated to de-
termine the migrated distance.

Transwell migration assay

Primary HUVEC were seeded into the upper compartment,
which was precoated with 50 lg/ml collagen I, while the drug
was added into the lower compartment. Cells were allowed to
migrate for 8 h before they were fixed with 4% formaldehyde.
The nonmigratory cells in the upper compartment were re-
moved with a cotton swab, and the migrated cells were
stained with crystal violet (4). Cells in three random fields
from each well were counted to determine the average
number.

Tube formation assay

Primary HUVEC were plated into 48-well plates that were
precoated with Matrigel (Growth Factor Reduced, BD Bios-
ciences) (4) and then treated with drugs. Tubular structures
were photographed 6 h later and quantified by measuring the
length of each tube using the software Image-Pro Plus 6
(Media Cybernetics, Rockville, MD). The tube length in three
random fields from each well was calculated to determine the
average length.

Matrigel plug assay

C57BL/6 mice were anesthetized by intraperitoneal 7%
chloral hydrate, and they were injected subcutaneously with
500 ll Matrigel (4). Matrigel premixed with VEGF (100 ng/ml)
was used as a positive control. Drug-treated mice were in-
jected intraperitoneally (50 mg/kg/day) daily for 7 days.
Then, the mice were sacrificed, and the Matrigel plugs were
removed. A few plugs were fixed overnight before embed-
ding them in paraffin; the remaining plugs were immediately

homogenized to determine hemoglobin concentration. Par-
affin sections were soaked in hematoxylin–eosin solution
(Beyotime) to stain cells that migrated into the Matrigel. Three
random fields were captured by a Zeiss digital camera for
each section. Cell number was analyzed by the software Im-
age-Pro Plus 6. For immunohistochemistry, endothelial cells
in the Matrigel were specifically stained by CD31 antibody
according to the method described next. The hemoglobin
concentrations were determined by Drabkin’s Reagent
(Sigma), and the values were normalized by the weight of the
plugs (4).

Rat aortic ring assay

SD rats were anesthetized by intraperitoneal 7% chloral
hydrate and dissected to obtain isolated aortae. The aorta was
cut into segments, embedded in a Matrigel-containing envi-
ronment, and cultured in MCDB131 with FBS and endothelial
cell growth supplement (27). The aortic rings were treated
with drugs for 6 days, and the medium and the drug were
changed every 2 days. The aortic rings were photographed
every other day. The areas of microvessels were calculated
and statistically analyzed.

Hindlimb ischemia model

C57BL/6 mice were anesthetized by intraperitoneal 7%
chloral hydrate, and they were placed on a heating pad
(37�C) under an Olympus stereotactic microscope (Olym-
pus, Tokyo, Japan). A longitudinal 5-mm incision was made,
beginning at the inguinal crease along the left femoral vessels
that were visible. The femoral artery was separated without
damaging the vein or nerve and ligated with a 7.0-silk thread
using triple surgical knots. Successful ligation was verified
by laser Doppler perfusion imaging, which recorded color-
coded perfusion images showing perfusion deficit of the left
paw after hindlimb ischemia (16). Sham operations were
performed on animals by separating the femoral artery only,
with no ligation. SPRC-treated mice were injected intraper-
itoneally (50 mg/kg/day) daily for 7 days. The mice in the
vehicle model group were injected intraperitoneally with
saline.

Myocardial ischemia model

After being anesthetized by intraperitoneal 7% chloral hy-
drate, SD rats were connected to an electrocardiograph re-
corder and treated by tracheal intubation. The left coronary
artery was ligated permanently to induce myocardial ische-
mia as previously described (32). In brief, after cutting off the
third rib, the left descending anterior coronary was ligated
2–3 mm near its origin with a 6.0-silk thread. Successful
ligation was verified by the immediate color change in the
ischemic area (anterior ventricular wall and the apex) and the
occurrence of arrhythmias (ST-segment elevation). The chest
was closed in layers, and the skin was sterilized with povi-
done iodine. At 24 h after surgery, the survival rate was 60%.
Thoracotomy was performed on sham-operated animals, and
the pericardium only was opened, with no ligation around the
left anterior descending artery. SPRC-treated rats were in-
jected intraperitoneally (50 mg/kg/day) daily for 42 days.
Rats in the vehicle model group were injected intraperitone-
ally with saline.
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Laser doppler perfusion imaging

Hindlimb perfusion was assessed using PeriCam PSI
System-Blood Perfusion Imager (Perimed, Stockholm,
Sweden) to scan mice that were placed on a heating plate and
maintained at 37�C. Perfusion was evaluated at the desig-
nated times (before, immediately after, and 3 and 7 days after
femoral artery ligation), and a flow ratio was determined by
dividing the perfusion value of ischemic hindlimb by that of
the nonischemic one from the same animal (9).

Immunohistochemistry

On day 7 after femoral artery ligation, the mice were sac-
rificed, and the gastrocnemius muscle was excised, fixed, and
embedded in paraffin. The endothelial cells in paraffin sec-
tions were recognized with a rabbit polyclonal CD31 antibody
(Abcam, Cambridge, United Kingdom) followed by staining
with a horseradish peroxidase (HRP)-conjugated secondary
antibody, and diaminobenzidine substrate (Maixin, Fuzhou,
China). Five random fields from each section were imaged
with a Zeiss digital camera. Vascular density was analyzed
with Image-Pro Plus 6 software.

Microangiography

For the hindlimb ischemia model, mice were anesthetized
by 7% chloral hydrate on day 7 after femoral artery ligation,
and catheters (PE-10; BD Biosciences) were implanted into the
abdominal aorta at 0.5 cm to reach the iliac bifurcation. For the
myocardial ischemia model, rats were anesthetized by 7%
chloral hydrate on day 42 after left coronary artery ligation,
and catheters (PE-50; BD Biosciences) were implanted into the
left common carotid artery at 2.5–3 cm to reach the mitral
valve. Then, heparinized saline (10 U/ml), nitroglycerine
(100 lg/ml), and barium sulfate (size, 1 lm; 0.1 g/ml) were
manually injected successively to perfuse the vessels in the
hindlimb or heart (10, 30). The mice or isolated hearts of rats
were placed in an X-ray chamber, and angiogram images
were captured with the In Vivo FX PRO system (Carestream,
Rochester, NY). Vascular density was determined by pixel
analysis using the software ImageJ (NIH, Bethesda, MD).

RNA interference

Primary HUVEC were seeded in six-well plates the day
before transfection. RNAiMAX (Invitrogen, Carlsbad, CA) was
used to transfect 50 nM STAT3 siRNA (Santa Cruz Bio-
technology, Santa Cruz, CA) into HUVEC in OPTI-MEM I
Reduced Serum Medium (Gibco) for 48 or 72 h. Control siRNA
containing a scrambled sequence was used as a negative con-
trol. The medium could be changed 6–8 h after transfection.

Protein extraction and nuclear isolation

M-PER Mammalian Protein Extraction Reagent (Pierce,
Rockford, IL) was used to extract the total protein of cells. NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Pierce)
were used to extract the nuclear and cytoplasmic protein ac-
cording to the manufacturer’s instructions.

Western blot

Protein extracts were boiled with 5 · loading buffer (Fer-
mentas, Vilnius, Lithuania) and then loaded onto sodium

dodecyl sulfate-polyacrylamide gels. The separated proteins
were transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Billerica, MA), then blocked with 5% nonfat
dry milk in TBS (Amresco) containing 0.1% Tween-20. Pri-
mary and secondary antibodies (Cell Signaling, Danvers, MA)
were used to successively incubate the PVDF membrane. The
HRP-conjugated protein was detected by Immobilon� Wes-
tern Chemiluminescent HRP Substrate (Millipore). The pri-
mary antibodies against p-STAT3, STAT3, p-VEGFR2,
VEGFR2, JAK, Grb2, Histone H3, and GAPDH were pur-
chased from Cell Signaling.

Co-immunoprecipitation

Cells in each dish were lysed with 400 ll IP Lysis/Wash
Buffer (Pierce). The protein extract was incubated with IP-
grade primary antibody (Cell Signaling) in Spin Column-
Screw Cap (Pierce) with gentle mixing overnight at 4�C. The
next day, 20 ll Protein G Agarose (Beyotime) was added to
immunoprecipitate the bait–prey protein mixture. After cen-
trifugation, the entire complex was boiled with 5 · loading
buffer to elute all proteins.

Immunofluorescence

Primary HUVEC were seeded onto cover glasses that were
placed in six-well plates the day before treatment. After fix-
ation with 4% formaldehyde and blocking with 5% BSA
(Amresco), cells were incubated with primary antibody
against STAT3 or VEGFR2 (Cell Signaling) overnight at 4�C,
followed by Alexa Fluor 594- or 488-conjugated secondary
antibody (Molecular Probe, Grand Island, NY) for 2 h before
they were imaged with confocal laser scanning microscopy
(Zeiss).

Electrophoretic mobility shift assay

A LightShift� Chemiluminescent EMSA Kit (Pierce) was
used to perform EMSA according to the manufacturer’s in-
structions. The sequence of STAT3 DNA probe (Santa Cruz)
was listed as follows:

5¢-GAT CCT TCT GGG AAT TCC TAG ATC-3¢
3¢-CTA GGA AGA CCC TTA AGG ATC TAG-5¢

Chromatin immunoprecipitation

ChIP was performed with an Agarose ChIP Kit (Pierce)
according to the manufacturer’s instructions. A ChIP-grade
primary antibody against STAT3 was purchased from
Cell Signaling. Immunoprecipitated DNA was purified with
Qiagen DNA Clean-Up Column and then quantitated by
real-time polymerase chain reaction (PCR).

Real-time PCR

Purified DNA from ChIP was mixed with promoter primer
and 2 · Maxima SYBR Green qPCR Master Mix (Fermentas).
PCR was performed by iCycler iQ5 (Bio-Rad, Hercules, CA) at
an annealing/extension temperature of 62�C. The promoter
primers sequences were as follows:

Vegf: 5¢-CTGGCCTGCAGACATCAAAGTGAG-3¢
5¢-CTTCCCGTTCTCAGCTCCACAAAC-3¢

Cth: 5¢-CCGCAGGGACTAACACCACTTG-3¢
5¢-CCCGCTCCTTATTGGCTGACAG-3¢
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Akt: 5¢-GGATAAAGTGTGCTCAGGTGAGGG-3¢
5¢-ATTCTAGGCTTAGAGCCTCCAGCC-3¢

Erk: 5¢-GGCGTATCCTCTCAGTGTCTCC-3¢
5¢-GGCAGAAACCGAAAGGCATGAC-3¢

Statistical analysis

Quantitative data are presented as mean – SEM. Differ-
ences between groups were analyzed using Student’s t-test
when only two groups were compared or assessed by one-
way analysis of variance with Tukey’s post-hoc test when more
than two groups were compared. A probability value of no
more than 0.05 was considered statistically significant.
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Abbreviations Used

ChIP¼ chromatin immunoprecipitation
CTH, CSE¼ cystathionine-c-lyase

EMSA¼ electrophoretic mobility shift assay
Grb2¼ growth factor receptor-bound protein 2

HIF-1a¼hypoxia inducible factor-1a
HUVEC¼human umbilical vein endothelial cells

HUV-EC-C¼ transformed cells of human umbilical
vein endothelium

IFN¼ interferon
IHD¼ ischemic heart disease
IL-6¼ interleukin-6
JAK¼ janus kinase
NF¼nuclear factor

PAG¼propargylglycine
PCI¼percutaneous coronary intervention

PCR¼polymerase chain reaction
PVDF¼polyvinylidene fluoride

RTK¼ receptor tyrosine kinase
SPRC¼ S-propargyl-cysteine

STAT3¼ signal transducer and activator of
transcription 3

VEGF¼vascular endothelial growth factor
VEGFR2¼vascular endothelial growth factor receptor 2
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