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Background: Ischemic stroke remains a leading cause of disability and mortality worldwide, with limited therapeutic options
beyond acute reperfusion. Promoting angiogenesis and collateral circulation in ischemic penumbra is crucial for neurological
recovery, yet the underlying mechanisms are not fully understood. This study investigates the regulatory role of hydrogen sulfide
(H2S) in angiogenesis and its associated molecular mechanisms in ischemic penumbra following transient focal cerebral ischemia
in rats, with particular focus on examining the potential involvement of the Sonic hedgehog (SHH) signaling pathway.
Methods: Focal cerebral ischemia was induced via middle cerebral artery occlusion, with 90-minute reperfusion,
in Sprague–Dawley rats. The rats were grouped as sham-7d, sham-14d, model-7d, model-14d, morpholin-4-ium 4-
methoxyphenyl(morpholino) phosphinodithioate (GYY4137)-7d, and GYY4137-14d, according to the treatment method and
length of observation. Neurofunctional assessments included Longa scale and beam walking tests. Plasma H2S levels, cere-
bral blood flow, infarct volume, microvessel density, and expression of relevant proteins were measured using microassay, laser
speckle imaging, 2,3,5-triphenyltetrazolium chloride (TTC) staining, Ki67/CD31 co-immunofluorescence, double immunofluo-
rescence, and Western blotting, respectively.
Results: In GYY4137-treated rats, neurobehavioral performance improved significantly and plasma H2S levels also significantly
increased, compared to those of the model group (p < 0.05). Furthermore, cerebral blood flow showed substantial recovery,
infarct volumes were significantly reduced, and microvessel density was augmented (p < 0.05). Immunofluorescence analysis
revealed colocalization of vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2), and angiopoietin 1
(ANG1) with CD31-positive endothelial cells. Western blot analysis demonstrated that ANG1, FGF2, VEGF, and SHH proteins
were upregulated while cystathionine-β-synthase was downregulated in response to GYY4137 treatment (p < 0.05).
Conclusion: H2S upregulates the expression of VEGF, ANG1, and FGF2 proteins in the peri-infarct tissue of rats, accompanied
by activation of the SHH signaling pathway, promoting angiogenesis and collateral circulation, thereby significantly improving
neurological function. These findings suggest that the SHH signaling pathway may be involved in H2S-mediated pro-angiogenic
effects, although further mechanistic validation is warranted.
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Introduction

Cerebral infarction is typically ensued by the induc-
tion of angiogenesis, which leads to the formation of ter-
tiary cerebral collateral circulation. The establishment of
cerebral collateral circulation has been shown to facili-
tate neurological functional recovery, enhance neural re-
pair processes, and improve clinical prognosis in cerebral

infarction [1–4]. However, the regulatory mechanisms un-
derlying collateral circulation formation post-infarction are
incompletely understood. Hydrogen sulfide (H2S) is the
third endogenous gaseous signaling molecule discovered
in humans, after nitric oxide and carbon monoxide; it has
a spectrum of physiological functions, such as neuropro-
tective, anti-inflammatory, and antioxidant properties [5].
Most research onH2S’s impact on angiogenesis has concen-
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trated on its anti-angiogenic effects in cancer therapy and its
angiogenesis-promoting roles in ischemic diseases, notably
those affecting the myocardium [6]. However, its poten-
tial role in fostering collateral circulation development fol-
lowing cerebral infarction remains inadequately explored.
The Sonic hedgehog (SHH) signaling pathway consists of
the SHH protein and its downstream factors, including the
receptor fragment protein Patched, the G-protein-coupled
receptor Smoothened, and the glioma-associated oncogene
homolog Glioblastoma factors. This pathway plays a cru-
cial regulatory role in neural development and repair pro-
cesses [7,8].

Accumulating research findings have revealed that the
SHH signaling pathway participates in the regulation of an-
giogenesis through various mechanisms, including modu-
lating the activity of multiple biomolecules and signaling
pathways. For instance, SHH indirectly promotes angio-
genesis by inducing fibroblasts to release vascular endothe-
lial growth factor (VEGF) and fibroblast growth factor 2
(FGF2), as well as regulating the expression of angiopoi-
etins such as angiopoietin 1 (ANG1) and angiopoietin 2
(ANG2) [9,10]. Additionally, stimulation of the SHH sig-
naling pathway enhances the stability of vascular endothe-
lial cells and the complex morphogenesis of vascular mor-
phology by continuously inducing the activity of the Notch
signaling pathway, thereby promoting vasculogenesis [11].
Several studies have explored the roles of H2S and the SHH
signaling pathway in cancer cells and certain disease mod-
els. These studies indicate a correlation between the activ-
ity of H2S, the activity of H2S synthase, and the activation
of the SHH signaling pathway [12]. Additionally, there is
a relationship between the overexpression of SHH protein
and the expression of H2S-producing enzymes [13]. To ad-
minister H2S in a controlled and therapeutically relevant
manner, morpholin-4-ium 4-methoxyphenyl(morpholino)
phosphinodithioate (GYY4137)—a water-soluble, slow-
releasing H2S donor—has been developed. Unlike rapid
H2S donors such as sodium hydrosulfide (NaHS), which
cause immediate but transient H2S release, GYY4137 pro-
vides sustained and controlled H2S release over extended
periods, more closely mimicking physiological H2S pro-
duction patterns while reducing potential toxicity associ-
ated with sudden high concentrations.

Based on these findings, we hypothesized that H2S
and the SHH signaling pathway play pivotal roles in the
establishment of collateral circulation after cerebral infarc-
tion and may exhibit a certain degree of interplay. There-
fore, this study aimed to investigate the effects of H2S on
angiogenesis following cerebral infarction and examine the
potential association with the SHH signaling pathway acti-
vation.

Materials and Methods

Animals and Experimental Design
This study employed 108 healthy adult male Sprague–

Dawley rats that were of SPF-grade andweighed 230–260 g
each; theywere commercially sourced fromGuangdongVi-
tal River LaboratoryAnimal TechnologyCo., Ltd. (Produc-
tion License No. SCXK (Yue) 2022-0063, Animal Quality
Certificate No. 4482970021355). All experimental proce-
dures were conducted in strict adherence to the “3R princi-
ples” (Replacement, Reduction, and Refinement) and the
Guidelines for the Care and Use of Laboratory Animals
published by the National Institutes of Health. The study
was approved by the Ethics Committee of YoujiangMedical
University for Nationalities (Approval No. 2023102701).
Prior to the experiment, all the rats were acclimatized to
the standardized housing conditions for one week. Envi-
ronmental parameters were maintained as follows: ambi-
ent temperature 24 ± 2 °C, relative humidity 60 ± 5%,
and automated 12-hour light/dark cycles. Standard labo-
ratory chow and sterile drinking water were provided ad
libitum. Husbandry practices included routine cage bed-
ding replacement every 2–3 days to ensure optimal animal
welfare standards. Following acclimatization, the rats were
randomly stratified into six distinct experimental groups (n
= 18 per group): a sham-operated control group with 7-
day observation (sham-7d), sham-operated control group
with 14-day observation (sham-14d), middle cerebral artery
occlusion/reperfusion (MCAO/R) model group with 7-day
observation (model-7d), MCAO/R model group with 14-
day observation (model-14d), GYY4137-treated MCAO/R
intervention group with 7-day observation (GYY4137-
7d), and GYY4137-treated MCAO/R intervention group
with 14-day observation (GYY4137-14d). GYY4137 was
purchased from MCE (HY-107632-1g; Shanghai, China).
Randomization was performed using a computer-generated
sequence to ensure unbiased distribution across treatment
groups. Six rats from each group were randomly selected
for laser speckle imaging to monitor cerebral blood flow
(CBF) and 2,3,5-triphenyltetrazolium chloride (TTC) stain-
ing, six for immunofluorescence detection after heart per-
fusion, and six for Western blot analysis.

MCAO/R Model Creation
The rats were anesthetized with isoflurane gas using

a small animal anesthesia machine. A high-speed micro-
drill was used to uniformly thin the right parietal bone
while maintaining the integrity of the dura mater, creating
a rectangular cranial window extending from the bregma
anteriorly to the coronal suture posteriorly, and from the
sagittal suture medially to the lateral temporal line laterally
[14]. Following cranial window preparation, the MCAO/R
model was established [15] by advancing a 0.33 mm di-
ameter filament with a blunt distal end into the lumen of
the right middle cerebral artery (MCA) to a predetermined
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depth of 18 ± 2 mm. After maintaining vascular occlu-
sion for 1.5 hours, reperfusion was initiated by carefully
retracting the filament. The sham-operated rats underwent
identical surgical procedures, except for the filament in-
sertion. Following successful resuscitation, the rats were
evaluated using the Longa neurobehavioral scoring system
[15]; those scoring between 1 and 3 points were included
in the experimental cohorts. Rats in the GYY4137 thera-
peutic cohorts were administered with daily intraperitoneal
injections of 20 mg/kg H2S controlled-release compound
GYY4137. Both control cohorts (the sham-operated and
ischemic model groups) received equivalent volumes of ve-
hicle solution (DMSO + physiological saline) via the same
intraperitoneal injection protocols. This standardized inter-
vention protocol was applied in two distinct regimens: 7-
day and 14-day periods, with all administrations performed
once daily.

Monitoring of CBF Changes via Laser Speckle
Imaging

Rats were placed under the microscope of the laser
speckle imaging system and the focal length was adjusted to
clearly visualize the cortical vessels in the MCA territory of
the right hemisphere. A rectangular region of interest was
selected within the right cerebral hemisphere of each rat,
and CBF was recorded within this region. The size and lo-
cation of the region of interest were consistent across all the
rats. CBF was recorded at the following time points: pre-
modeling; 1.5 hours post-MCA occlusion (MCAO); and 1-,
7-, and 14-day post-reperfusion. Thirty CBF images were
acquired at each time point. Data analysis was conducted
using RFLSI laser speckle analysis software (RWD Life
Science, Shenzhen, China).

Assessment of Neurological Function
Body weights were measured daily using a digital

scale (Model Scout Pro, Shanghai, China; accuracy±0.1 g)
from pre-modeling through 7- or 14-day post-reperfusion.
At the 7th and 14th days post-surgery, neurological func-
tion was assessed using the Longa scoring system [15]. The
scoring system is defined as follows: ‘0’ represents normal
limb motor function; ‘1’ indicates partial impairment in the
affected forelimb with failure to fully extend; ‘2’ indicates
spontaneous circling towards the paretic side during loco-
motion; ‘3’ represents loss of balancewith lateral falls to the
affected side during ambulation; and ‘4’ indicates complete
inability to ambulate independently, accompanied by con-
sciousness disturbances. For the beam walking test [16], a
score of ‘0’ was given if the rat could jump onto the beam
and walk freely without falling, ‘1’ if the rat could jump
onto the beam but fell off with a probability of less than
50%, ‘2’ if the rat could jump onto the beam but fell off
with a probability greater than 50%, ‘3’ if the rat could jump
onto the beam but dragged its paralyzed hindlimb, and ‘4’
if the rat could not jump onto the beam at all.

Collection and Examination of Peripheral Blood
Samples

Prior to modeling, and 7- and 14-day post-ischemia-
reperfusion, 1 mL of blood sample was collected from each
rat under anesthesia by orbital bleeding [17] into EDTA-
containing tubes. After a 20-minute incubation period at
ambient temperature, the samples were centrifuged at 3500
rpm and 4 °C for 10minutes. The plasmawas separated and
aliquoted into EP tubes for subsequent detection of H2S in
the peripheral blood. All components of the H2S kit (Cat-
alog # ml076943, Mlbio Biotechnology, China), including
standards and plasma samples, were brought to room tem-
perature before use. The assay was performed according to
themanufacturer’s instructions. The∆Avalue (Ameasured
– Ablank) was calculated for each well and then substituted
into the following formula to calculate the H2S concentra-
tion.

H2S (nmol/mL) =∆A/0.0022×Vtotal reaction ÷Vsample
= 681.8 × ∆A

where Vtotal reaction denotes the entire reaction volume, and
Vsample indicates the specific volume of the biological spec-
imen incorporated into the reaction mixture.

TTC Staining and Calculation of Cerebral Infarct
Volume

Immediately post-euthanasia, the animal’s brain was
carefully harvested and rapidly frozen in a –80 °C freezer
for 10 minutes to achieve controlled tissue hardening prior
to coronal sectioning. Five 2mm coronal sections were pre-
pared and immersed in 2% TTC staining solution (Catalog
# DK0005, Reagan Biology, China), protected from light
exposure by aluminum foil wrapping, and then incubated
at 37 °C for 20 minutes with intermittent agitation. Upon
completion of staining, the sections were fixed in 10% neu-
tral buffered formalin and digitally imaged for subsequent
analysis of cerebral infarct volume.

Double Immunofluorescence Staining
Rats were euthanized via an overdose of isoflurane

(5% in oxygen) anesthesia, in compliance with the NIH
guidelines, for immunofluorescence studies. At the desig-
nated time point, the brain specimens were perfused and
fixed with saline and paraformaldehyde, followed by coro-
nal frozen sectioning. The sampling site was the corti-
cal tissue surrounding the infarction at the striatal level,
with a slice thickness of 12 µm. Following phosphate-
buffered saline (PBS) rinsing, the tissue sections were
subjected to antigen retrieval using citrate buffer prior
to blocking in a solution containing 0.5% Triton X-100,
5% goat serum, and PBS. Diluted solutions of primary
antibodies, as indicated in the following, were applied:
rabbit anti-CD31 monoclonal antibody (Ab281583, Lot #
GR789012, Abcam; 1:50), rat anti-Ki67 monoclonal an-
tibody (14-5698-80, Lot # 135467, Invitrogen; 1:200),
mouse anti-VEGF monoclonal antibody (MA1-16629, Lot
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Fig. 1. Morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate (GYY4137) treatment improves neurological func-
tion in middle cerebral artery occlusion/reperfusion (MCAO/R) rats at 7-and 14-day post-reperfusion. (A) Comparison of beam
walking test scores among rats in different cohorts. (B) Comparison of Longa scores among rats in different cohorts. Notes: ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, #p < 0.05; each group consisted of 18 rats (n = 18).

# 254893, Invitrogen; 1:200), mouse anti-ANG1 monospe-
cific antibody (sc-74528, Lot # GR890123, Santa Cruz;
1:50), and mouse anti-FGF2 monoclonal antibody (Lot #
554890, Boster; 1:100). The tissue sections were allowed
to react with the primary antibodies for an 18-hour in-
cubation period at 4 °C. After rinsing with PBS, appro-
priate fluorescent-labeled secondary antibodies were ap-
plied to the specimens. The following secondary anti-
body concentrations were employed: Alexa Fluor™ 594-
conjugated caprine anti-rabbit immunoglobulin G (H+L)
with extensive cross-absorption (Lot # 48963212, Invitro-
gen; 1:500), AF488-labeled caprine anti-rat immunoglob-
ulin G (H&L) (Ab150157, Lot # 426012, Abcam; 1:500),
and AF488-tagged caprine anti-mouse immunoglobulin G
(H&L) (550047, Lot # 486334, Zen Bio; 1:500). The slices
of tissue specimens were exposed to the secondary anti-
bodies for 1 hour under light-protected conditions. Nuclear
staining was achieved using DAPI. After staining and cover
slipping, the specimens were examined and photographed
using an epifluorescence microscope (Leica Microsystems,
Wetzlar, Germany).

Determination of Microvessel Density
For each sample, six sections were examined, with

two non-overlapping 40× fields selected from dorsal and
ventral infarction-adjacent tissues per section. ImageJ
1.53e (NIH, USA) was used to determine the number of
CD31 and KI67 double-positive endothelial cells, branch
points, vessel lengths, and neovascular surface area.

Western Blotting

Rats were euthanized via an overdose of isoflurane
(5% in oxygen), followed by decapitation for extracting
brain specimens for use in Western blot analyses. Corti-
cal tissue (weighing approximately 100 mg) of adjacent to
the infarct region in the right cerebral hemisphere was dis-
sected. Cerebral samples were disrupted and homogenized
under refrigeration. Following centrifugation, the aqueous
phase was collected, and the protein content was quanti-
fied via a bicinchoninic acid assay using Pierce BCA Pro-
tein Assay Kit (Catalog # ZJ102, Yamei Enzyme Scientific,
China). The protein samples were electrophoresed using
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the separated protein bands were subse-
quently transferred to nitrocellulose membranes. The ni-
trocellulose membranes were subjected to blocking with
non-fat milk for 2 hours, followed by 18-hour incuba-
tion at 4 °C with the following primary antibodies: rabbit
anti-cystathionine-β-synthase (CBS) monoclonal antibody
(ab313382, Abcam; 1:1000), rabbit anti-SHH monospe-
cific antibody (347501, ZenBio; 1:1000), rabbit anti-VEGF
monoclonal antibody (Ab214424, Abcam; 1:1000), rab-
bit anti-FGF2 monospecific antibody (251703, Zen Bio;
1:1000), and rabbit anti-ANG1 monoclonal antibody (sc-
74528, Santa Cruz; 1:1000). Afterwards, goat anti-rabbit
IgG HRP-conjugated secondary antibody (511203, Zen
Bio; 1:2000) was applied to the membranes, followed by
a room-temperature incubation for 45 min. Chemilumines-
cent detection was performed using enhanced chemilumi-
nescence substrate and a gel documentation system, with
subsequent band intensity quantification via ImageJ soft-
ware.
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Fig. 2. H2S donor GYY4137 recovered body weight in MCAO/R rats. Notes: “*” represents the model group comparison with the
sham group, ∗∗p< 0.01, ∗∗∗p< 0.001; “&” represents the GYY4137-treated group comparison with the sham group, &p< 0.05, &&p<
0.01, “#” represents the GYY4137-treated group comparison with the model group, #p < 0.05, ##p < 0.01; each group consisted of 18
rats (n = 18).

Statistical Analysis
Quantitative data analysis and visualization were per-

formed using GraphPad Prism 9.0 software (GraphPad
Software, San Diego, CA, USA). Prior to statistical com-
parisons or analyses, normality of all data was assessed us-
ing the Kolmogorov–Smirnov test. Normally distributed
data are expressed as mean ± standard deviation. Non-
normal data were analyzed using theMann–WhitneyU test.
For cross-sectional data at each time point, One-way analy-
sis of variance (ANOVA) was used in multi-group compar-
isons, followed by Fisher’s LSD post hoc test for pairwise
evaluations. The Student’s t-test was employed for within-
group temporal comparisons and between-group compar-
isons at individual time points. For longitudinal data pre-
sented in line graphs (body weight, plasma H2S levels, and
cerebral blood flow), one-way ANOVA was performed at
each individual time point to compare differences among
the three groups (Sham, Model, and GYY4137), as mea-
surements at different time points involved partially inde-
pendent samples due to terminal tissue collection at 7-day
and 14-day endpoints. Results with p < 0.05 were consid-
ered statistically significant.

Results

Effect of H2S on MCAO/R Rats’ Neurobehavioral
Outcomes

Rats in the sham group exhibited no symptoms of
neurological deficit, whereas rats in both the pathological
model cohort and the GYY4137-treated cohort displayed
varying degrees of neurological deficit. When compared
with the model group at corresponding time points, rats
in the GYY4137-treated group showed significantly lower
scores in both the beam walking test and the Longa scoring
evaluation (p < 0.05). Notably, longitudinal analysis re-
vealed that the GYY4137-14d group showed significantly
lower deficit scores compared to the GYY4137-7d (p <

0.05) (Fig. 1).

Effect of H2S on Body Weight of MCAO/R Rats
Body weights were measured preoperatively and 3,

7, 10, and 14 days postoperatively. The rats had compa-
rable body weights preoperatively (p > 0.05 for all com-
parisons). After surgery, the model and GYY4137-treated
groups weighed less than the sham group did (p < 0.05),
but the GYY4137-treated rats outperformed the model rats
in achievingmore significant bodyweight recovery at 7, 10,
and 14 days post-operatively (p < 0.05) (Fig. 2).

https://www.discovmed.com/


2817

Fig. 3. GYY4137 enhances plasma H2S levels in MCAO/R rats. Note: “*” represents comparison between groups, ∗p< 0.05, ∗∗p<
0.01, ∗∗∗p < 0.001; “#” represents comparison within group, #p < 0.05, ##p < 0.01, ###p < 0.001; each group consisted of 18 rats (n =
18).

Comparison of Plasma H2S Levels Among Different
Groups

Our findings indicate that, relative to pre-modeling
baseline measurements, plasma H2S levels in the sham
group exhibited no statistically significant difference across
all sampled time intervals (p > 0.05). However, plasma
H2S levels in the model and GYY4137-treated groups were
significantly elevated throughout the observation period (p
< 0.05). Furthermore, as time progressed, the plasma H2S
levels declined (p < 0.05). Comparative assessment be-
tween the experimental groups showed that postoperative
H2S levels in the GYY4137-treated groups remained sig-
nificantly higher than those in the model groups across all
time points (p < 0.05) (Fig. 3).

Effects of H2S on CBF in MCAO/R Rats
CBF in the right cerebral hemisphere of rats from

each group was monitored at various time points using
laser speckle imaging. Normal CBF perfusion was ob-
served in the right cerebral hemisphere of rats across all
groups preoperatively. However, following the induction
of MCAO, CBF in the right cerebral hemisphere was sig-
nificantly decreased at 1.5 hours post-occlusion, and re-
mained low at 1-, 7-, and 14-day post-reperfusion in the
model and GYY4137-treated cohorts (p < 0.05). Follow-
ing reperfusion (removal of the intraluminal thread), CBF

in the right cerebral hemisphere of rats in the model and
GYY4137-treated cohorts showed varying degrees of re-
covery at different time points. Relative to the model
cohort, the GYY4137-treated rats demonstrated marked
restoration of CBF at 7 and 14 days postoperatively (p <

0.05) (Fig. 4).

Assessment of Cerebral Infarct Volume in MCAO/R
Rats Using TTC Staining

TTC staining distinguishes infarcted brain tissue (ap-
pears white) from viable tissue (red), allowing quantifica-
tion of infarct volume as the percentage of white area rela-
tive to total tissue area. The results showed that rats in the
sham group exhibited no white infarct lesions, while those
in the model and GYY4137-treated groups displayed white
areas of varying sizes in the right cerebral hemisphere.
Statistical analysis indicated no significant difference in
the infarct volumes between the Model-7d and Model-14d
groups (p > 0.05). Relative to the model group, both the
GYY4137-7d and GYY4137-14d groups exhibited signif-
icant reductions in cerebral infarction volume (p < 0.05).
Extended administration of GYY4137 over 14 days resulted
in significantly smaller cerebral lesions compared to those
observed in the group receiving 7-day treatment regimen (p
< 0.05) (Fig. 5).
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Fig. 4. GYY4137 restores cerebral blood flow (CBF) in the ischemic penumbra of MCAO/R rats. (A) Representative laser speckle
images of CBF in the right hemisphere of a rat at baseline, 1.5 hours post-MCAO, and 1-, 7-, and 14-day post-reperfusion (indicated as
‘Rp’). (B) Statistical plot of CBF percentage relative to baseline for each rat, presented as mean± SD. Note: “*” represents comparison
with the baseline, ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001; “#” represents comparison with the model group, ##p< 0.01, ###p< 0.001; “&”
represents comparison with the sham group, &&p < 0.01, &&&p < 0.001; each group consisted of 12 rats (n = 12).
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Fig. 5. GYY4137 reduces cerebral infarct volume inMCAO/R rats at 7- and 14- days post-operatively. Representative TTC-stained
brain sections from per group are shown. Data from 6 rats were used for quantitative analysis per group. Notes: ∗p< 0.05, ∗∗∗p< 0.001;
#p < 0.05.

Effects of H2S on Microvessel Density in the
Peri-Infarct Cortex of MCAO/R Rats

Ki67 andCD31 double-stainingwas used to assessmi-
crovessel density in the peri-infarct cortex of the rats by
comparing the number of neovascular branch points, ves-
sel length, surface area, and Ki67+/CD31+ double-positive
cells. The results showed that the sham group had reduced
number of neovascular branch points, vessel length, sur-
face area, and number of Ki67+/CD31+ double-positive
cells, with consistent expression levels at 7 and 14 days
(all p > 0.05). The model group had elevated levels of
these parameters relative to the sham group (p < 0.05), but
specifically, the model-7d group demonstrated higher lev-
els of these indicators compared to the model-14d group
(p < 0.05). The levels of these indicators were further en-
hanced by GYY4137 treatment (p< 0.05). The GYY4137-
treated group showed significant increases of these param-
eters compared to both the model-7d and model-14d groups
(p < 0.05). Moreover, intra-regimen comparison analysis
showed that the GYY4137-7d group had higher levels of
these parameters than the GYY4137-14d group (p < 0.05)
(Fig. 6).

H2S Modulates ANG1, FGF2, and VEGF Expression
in the Peri-Infarct Cortex of MCAO/R Rats

To investigate the underlying mechanisms of H2S-
mediatedmicrovessel density inMCAO/R rats, we assessed
ANG1, FGF2, and VEGF expression in the peri-infarct cor-
tex of the rats via CD31 co-immunofluorescence. The re-
sults showed that ANG1, FGF2, and VEGF were expressed
in the CD31+ vascular endothelial cells of the peri-infarct
tissues. Compared to the sham groups at the correspond-
ing time points, the model groups exhibited significantly
increased number of ANG1+/CD31+, FGF2+/CD31+, and

VEGF+/CD31+ double-positive cells (p < 0.05). The rats
of the model-7d group exhibited a higher number of these
cells than their counterparts in the model-14d (p < 0.05).
The GYY4137 intervention further enhanced the propor-
tions of these double-positive cells, compared to those ob-
served in the sham and model groups at corresponding time
points (p < 0.05), with peak expression at day 7 (all p <

0.05) (Figs. 7,8,9). Western blot analysis further confirmed
the protein expression profiles of ANG1, FGF2, and VEGF,
which were consistent with the immunofluorescence find-
ings (Fig. 10).

Effect of H2S on the SHH Signaling Pathway
To elucidate the relationship between the endogenous

H2S production capacity and the exogenous H2S therapeu-
tic effects, we examined the expression of CBS alongside
SHH signaling pathway activation in the peri-infarct corti-
cal tissues of MCAO/R rats via Western blotting. CBS, as
the primary H2S-producing enzyme, serves as a biomarker
for endogenous H2S synthesis capability in the ischemic
brain tissue. The results revealed that, compared to the
sham group at corresponding time points, the model group
demonstrated significant upregulation of CBS and SHH
proteins (p < 0.05), with higher levels of CBS protein ex-
pression observed in the model-7d group than the model-
14d group (p < 0.05). Compared to those of the sham and
model groups, the GYY4137-treated group exhibited a sig-
nificant reduction in the CBS protein expression (both p <
0.05) and a marked elevation in the SHH protein expression
(both p < 0.05) (Fig. 11).
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Fig. 6. H2S enhanced angiogenesis indicated by stimulation of Ki67/CD31 co-localization. (A) Representative fluorescent mi-
crographs of CD31+/Ki67+ co-staining. White arrows indicate Ki67+/CD31+ double-positive cells. (B–E) Quantitative analysis of
neovascular branch point number, vessel length, surface area, and the number of CD31+/Ki67+ double-positive cells that represent the
proliferating endothelial cells. Notes: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, #p < 0.05, ##p < 0.01; each group consisted of 6 rats (n =
6). Magnification: 400×, Scale bar: 50 µm.

Discussion

In this study, GYY4137 was incorporated into the ex-
periments as the H2S donor to investigate the modulatory
relationship between H2S and the SHH signaling pathway.
Additionally, it investigated the role of H2S in regulating
angiogenesis following cerebral ischemia-reperfusion in-
jury in rats through the SHH signaling pathway, and de-
lineated its underlying mechanisms. By measuring plasma
H2S levels in rats before model establishment, as well as
at 7- and 14-day post-modeling, we observed that relative
to the sham-operated cohort, the model cohort presented
with a marked increase in H2S levels, which decreased no-
tably over time. The trend in the H2S levels was consis-
tent with those of the neurological impairment and the in-

farct volume in the rats, indicating a close correlation be-
tween H2S levels and symptoms of ischemic stroke in rats.
Previous research has shown that H2S can alleviate infarct
volume in rats with ischemic stroke [18], suppress inflam-
matory responses by activating the AMP-activated protein
kinase pathway through the supplementation of exogenous
H2S donors [19], and reduce the extent of infarct damage
[20]. To further verify the relationship between H2S lev-
els and ischemic stroke in rats, this study treated MCAO/R
rats with GYY4137, a slow-releasing H2S donor. Com-
parative evaluations revealed that, in contrast to the model
group, the GYY4137-treated group showed significantly
increased H2S levels, along with marked improvements in
body weight, neurological deficit symptoms, infarct vol-
ume, and pathological damage; this was particularly evident
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Fig. 7. GYY4137 enhances angiopoietin 1 (ANG1) expression in the peri-infarct cortex of MCAO/R rats. The y-axis in the bar
chart represents the percentage of ANG1 expression relative to CD31 expression, as an indication of co-localization ratio. White arrows
indicate ANG1+/CD31+ double-positive cells. Notes: ∗p < 0.05, ∗∗∗p < 0.001; #p < 0.05, ##p < 0.01; each group had 6 rats (n = 6).
Magnification: 400×; Scale bar: 50 µm.

Fig. 8. H2S upregulates FGF2 expression in the peri-infarct cortex of MCAO/R rats. The y-axis in the bar chart represents the per-
centage of FGF2 expression relative to CD31 expression, as an indication of co-localization ratio. White arrows indicate FGF2+/CD31+

double-positive cells. Notes: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; #p < 0.05, ##p < 0.01; each group consisted of 6 rats (n = 6).
Magnification: 400×; Scale bar: 50 µm.

in the early stages. These findings suggest that H2S can al-
leviate neurological impairment in rats, consistent with re-
sults of multiple previous studies [21–23]. Additionally,
our study demonstrated that the GYY4137 restored CBF in
rats following ischemia-reperfusion injury, indicating that
H2S may mitigate neurological impairment by improving
CBF in rats.

It has been reported that H2S plays a crucial regula-
tory role in angiogenesis. Specifically, at certain concen-
tration, H2S can promote proliferation, migration, and ad-
hesion of endothelial cells, thereby promoting the forma-
tion of microvessels and improving tissue ischemia [24,25].
The results of this study revealed that H2S increases CBF,
improves neurological deficit symptoms, and reduces in-
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Fig. 9. GYY4137 enhances VEGF expression in the peri-infarct cortex of MCAO/R rats. The y-axis in the bar chart represents
the percentage of VEGF expression relative to CD31 expression, as an indication of co-localization ratio. White arrows indicate
VEGF+/CD31+ double-positive cells. Notes: ∗∗p < 0.01, ∗∗∗p < 0.001; #p < 0.05, ###p < 0.001; each group consisted of 6 rats
(n = 6). Magnification: 400×; Scale bar: 50 µm.

farct volume of the MCAO/R rats. To investigate whether
this effect is attributable to the promotion of angiogene-
sis, we used Ki67 and CD31 co-staining to detect the den-
sity of new blood vessels in the peri-infarct cortical tissues
of the MCAO/R rats. The results showed that ischemia-
reperfusion injury induced angiogenesis, which was en-
hanced by H2S. Angiogenesis is a critical therapeutic tar-
get with significant clinical potential for promoting recov-
ery from ischemic pathologies. Emerging evidence sup-
ports the efficacy of H2S as a cardioprotective modula-
tor, which maintains cardiovascular homeostasis through
multi-faceted mechanisms by achieving vasodilation, neo-
vascularization, inflammatory regulation, redox balance,
and apoptotic control [26]. In hypoxic microenvironments,
H2S stimulates endothelial cell growth and motility while
enhancing angiogenic responses via upregulated VEGF ex-
pression. Furthermore, H2S exerts pro-angiogenic effects
through suppression of mitochondrial electron transfer and
oxidative phosphorylation, resulting in elevated glucose
utilization and glycolytic ATP synthesis [27]. Consistent
with our findings, a report has shown that exogenous H2S
can significantly increase vascular density at the infarct bor-
der zone in rats with myocardial infarction [28], suggest-
ing that H2S may regulate neurological function through
angiogenesis. This pro-angiogenic effect may be related
to the activation of multiple angiogenic factors and their
downstream signaling pathways by H2S. VEGF and its
downstream signaling pathways are closely related. VEGF
represents a critical growth factor characterized by potent
angiogenic properties. It stimulates endothelial cell di-
vision and survival, enhances vascular permeability, and

facilitates cellular motility, thereby regulating physiologi-
cal and pathological processes of neovascularization [29].
FGF modulates diverse physiological processes, encom-
passing embryonic development, vascular formation, tis-
sue regeneration, homeostatic maintenance, and oncogenic
progression. This growth factor regulates cellular prolif-
eration, lineage specification, migratory capacity, viabil-
ity, and metabolic activity in target cell populations [30].
ANG1 plays a pivotal role in vascular maturation, medi-
ating the migration, adhesion, and survival of endothelial
cells [31]. VEGF, FGF2, and ANG1 are inducers of angio-
genesis. Evidence suggests that H2S promotes collateral
vessel growth and enhances local tissue perfusion in rats
with unilateral hindlimb ischemia by upregulating VEGF
and its downstream signaling effector, AKT, in skeletal
muscle cells [32]. H2S alleviates brain injury caused by
deep hypothermic circulatory arrest through FGF2 [33]. In
ischemic cerebrovascular conditions, H2S exerts a neuro-
protective effect by activating AKT/ERK phosphorylation
cascades and upregulatingVEGF/ANG1 protein expression
[34]. This dual action promotes angiogenesis and cellu-
lar survival, alleviating ischemic damage. The synergistic
modulation of these pathways highlights H2S’s therapeutic
potential in cerebrovascular disease. To explore the mech-
anism behind H2S regulation of angiogenesis in MCAO/R
rats, we used double immunofluorescence staining to quan-
tify the concentrations of ANG1, FGF2, and VEGF pro-
teins in the peri-infarct cortical tissues of the rats. The re-
sults showed that GYY4137 intervention upregulated the
expression of ANG1, FGF2, and VEGF proteins, suggest-
ing that H2S can enhance the expression of these proteins
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Fig. 10. ANG1, FGF2 and VEGF protein expression in the peri-infarct cortex of MCAO/R rats. (A) Western blot of the ANG1,
FGF2 and VEGF proteins. (B–D) Quantitative analysis of protein expression of ANG1, FGF2 and VEGF across all treatment groups.
Notes: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; #p < 0.05, ##p < 0.01; each group consisted of 6 rats (n = 6).

in the peri-infarct cortical tissues of MCAO/R rats, thereby
promoting angiogenesis, with more pronounced effects in
the early stage. The results of this study indicated that
H2S may regulate angiogenesis through the expression of
angiogenesis-related factors.

The SHH signaling pathway plays a critical role in the
development of the central nervous system in vertebrates,
participating in neuronal patterning, cell fate specification,
axonal guidance, proliferation, survival, and differentiation
[35]. A study has shown that blocking the SHH signal-
ing pathway in rodent models, following localized brain
ischemia, exacerbates ischemic myelin injury [36]. Ele-
vated SHH levels have been detected in the serum of pa-
tients with acute ischemic stroke and in the serum, cere-
brospinal fluid, and ischemic brain tissues of MCAO/R ro-
dent models. Reduction of SHH expression suppresses fi-
brotic scar development and M2 microglial activation in
MCAO/R rodents, concurrently exacerbating neurological
impairment [37]. The results of this study revealed that
SHH expression increases after ischemia-reperfusion in-

jury, consistent with the results of previous reports. Ad-
ditionally, this study demonstrated that the GYY4137 in-
tervention upregulated SHH expression, indicating the po-
tential role of H2S in regulating neurological recovery in
ischemic stroke by mediating the SHH signaling pathway.
Furthermore, evidence shows that the SHH signaling path-
way regulates injury-induced angiogenesis and that inhi-
bition of the SHH signaling pathway leads to decreased
VEGF expression [38]. During ischemic stroke, the SHH
increases the expression of ANG1 in the ischemic penum-
bra, promoting angiogenesis and vascular maturation [39].
The SHH signaling pathway also enhances ERK expres-
sion and phosphorylation, promoting cell proliferation and
migration [40]. It has also been reported that active ingre-
dients from Trillium tschonoskii can protect against cogni-
tive impairment in post-stroke rats by inhibiting apoptosis
and enhancing neuronal synaptic plasticity via SHH signal-
ing [41]. These findings highlight the potential association
between H2S treatment and SHH signaling pathway acti-
vation in promoting angiogenesis, which may contribute
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Fig. 11. H2S upregulates Sonic hedgehog (SHH) and downregulates cystathionine-β-synthase (CBS) protein expression in the
peri-infarct cortex of MCAO/R rats. (A) Western blot of the SHH and CBS proteins. (B,C) Quantitative analysis of protein expression
of SHH and CBS across allgroups. Notes: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; #p < 0.05, ##p < 0.01; each group consisted of six rats
(n = 6).

to preserved CBF and improved neurological function in
MCAO/R rats. However, whether H2S directly regulates
angiogenesis through the SHH pathway requires further
mechanistic validation using pathway-specific inhibitors or
genetic manipulation approaches.

Angiogenesis after ischemic stroke is critical for
restoring blood flow and neurological function. As a novel
gaseous signaling molecule, H2S plays multiple beneficial
roles in angiogenesis. Despite evidence regarding the pro-
tective effects of H2S in ischemic stroke, the current in
vitro and animal experiments on H2S remain in the exper-
imental stage and application of this agent has yet to be
translated into clinical settings. The results of this study
demonstrate that H2S promotes the upregulation of multi-

ple pro-angiogenic factors such as VEGF, FGF2 and ANG1
via the SHH signaling pathway, contributing to the angio-
genic process following cerebral ischemia. The induction
of angiogenesis facilitates the establishment of collateral
circulation, which in turn improves the neurological deficits
caused by cerebral ischemia. Our findings in this study sup-
port the therapeutic and rehabilitative potential of H2S fol-
lowing ischemic stroke, positioning it as a promising inter-
vention agent in the future.

Conclusion

In conclusion, exogenous H2S delivered via the
GYY4137 intervention promotes angiogenesis in the is-
chemic penumbra of MCAO/R rats by upregulating VEGF,
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ANG1, and FGF2 expression, which is accompanied by ac-
tivation of the SHH signaling pathway. Our findings sug-
gest a potential mechanistic link betweenH2S treatment and
SHH pathway activation in promoting post-stroke angio-
genesis, although direct causality requires further validation
through pathway inhibition or genetic manipulation studies.
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