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Sonic hedgehog signaling regulates
hypoxia/reoxygenation-induced H9C2 myocardial cell apoptosis
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Abstract. The sonic hedgehog (Shh) signaling pathway has
been reported to protect cells against hypoxia/reoxygenation
(H/R) injury; however, the role of Shh and relevant molecular
mechanisms remain unclear. In the present study, the rat
cardiomyoblast cell line H9C2 was subjected to hypoxia and
serum-starvation for 4 h. Cells were subsequently reoxygenated
using 95% O, and 5% CO,. Reverse transcription-quantitative
polymerase chain reaction was performed to quantify the
expression of Shh mRNA, while cell apoptosis was assessed
using flow cytometry. Caspase-3 activity and p53 expression
were measured by western blotting and an MTT assay was
subsequently used to assess cell viability. In addition, reactive
oxygen species levels were measured using dichlorofluores-
cein and H/R-induced changes in the activation of superoxide
dismutase, catalase, phosphorylated-endothelial nitric oxide
synthase, phosphorylated-protein kinase B (Akt) and mamma-
lian target of rapamycin activation were assessed using
western blotting. H/R treatment decreased the cell viability
of H9C2 cells, but activated endogenous Shh signaling. The
activation of Shh signaling protected HOC2 myocardial cells
from H/R-induced apoptosis and restored cell viability. In
the present study, Shh signaling was demonstrated to serve a
protective role against H/R by activating the phosphoinositol
3-kinase (PI3K)/Akt pathway and promoting the expression
of anti-oxidant enzymes to ameliorate oxidative stress. In
summary, Shh signaling attenuated H/R-induced apoptosis
through via the PI3K/Akt pathway.

Introduction
Cardiovascular disease associated with obesity, including

coronary heart disease, is caused by dysfunctions of the
heart and blood vessels (1,2). Dysregulated myocardial
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pathway,

structures and functions are associated with myocardial
hypertrophy and cardiovascular disease (3,4). Hypoxia and
reoxygenation-induced injuries, such as coronary syndrome,
are commonly observed in the clinic (5). Early studies
have demonstrated the effects of hypoxia and reoxygen-
ation induced oxidative stress and tissue damage in heart
disease (5,6). Additionally, cardiac reoxygenation injury
promotes apoptosis, alters enzyme activity, induces mitochon-
drial dysfunction and is often accompanied by myocardial
injury (1,7). Cardiomyocyte apoptosis is associated with
caspase-3 and -9 activity (8) and is accompanied by the release
of mitochondrial cytochrome ¢ (Cyto c) (9,10). The activity of
a number of mitochondrial enzymes, including cytochrome
oxidase, catalase and manganese superoxide dismutase
(SOD2), is decreased under hypoxic conditions (11). Impaired
cytochrome oxidase and anti-oxidant enzyme activity results
in the overproduction of reactive oxygen species (ROS) (12). At
present, oxidative stress is considered to be a key intermediary
step of the hypoxia/reoxygenation (H/R)-induced apoptosis
process.

H/R-induced vascular remodeling involves a number of
signaling pathways, including the phosphoinositol 3-kinase
(PI3K)/protein kinase B (Akt) and mitogen-activated protein
kinase (MAPK) pathways (13-16). MAPK pathways are
activated by oxidative stress and have a number of important
downstream molecules, including extracellular signal-regu-
lated kinase (ERK) and PI3K (17,18). The PI3K/Akt pathway
regulates multiple biological processes and mediates apop-
tosis to regulate cellular metabolism and cell growth (19,20).
Furthermore, Akt and its downstream effector mammalian
target of rapamycin (mTOR) have been reported to enhance
cardiac protection under oxidative stress (21).

Signaling factors in the Hedgehog family include sonic
hedgehog (Shh), Indian hedgehog, desert hedgehog and
three glioma-associated (GLI) proteins; GLI1, GLI2 and
GLI3 (22,23). The Shh and PI3K/Akt pathways have been
reported to regulate cell migration, proliferation and apop-
tosis in a number of cell lines (24). It has previously been
reported that the Shh signaling pathway is activated in isch-
emia to regulate a number of biological processes, exerting
anti-apoptosis and anti-oxidative stress effects (25) while also
promoting the proliferation of neural progenitors and muscle
regeneration under hypoxic conditions (26,27). However, the
precise molecular mechanism of the Shh signaling pathway
in H/R-induced apoptosis remains unclear. The aim of the
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present study was to clarify the effects of Shh signaling on
H/R-induced apoptosis and investigate the potential down-
stream targets of Shh. An H9C2 myocardial cell model was
used for in vitro investigation.

Materials and methods

Cell culture. The rat cardiomyoblast HOC2 cell line was
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany) and maintained in DMEM (Sigma-Aldrich; Merck
KGaA) supplemented with 10% fetal bovine serum (FBS;
Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) at
37°C in a humidified atmosphere containing 5% CO,. Cells
were grown to 80-90% confluence and then exposed to hypoxic
conditions as follows: Incubation in an atmosphere containing
0.1% O, and 5% CO, in 1% FBS serum-starvation medium for
4 h. After hypoxia, the cells were reoxygenated in an atmo-
sphere containing 95% O, and 5% CO,. In the present study,
cells were treated with H/R only (group I), H/R + 20 mM
purmorphamine (group II; Sigma-Aldrich; Merck KGaA),
H/R + 10 uM cyclopamine (group III; Sigma-Aldrich; Merck
KGaA), or H/R + 20 mM purmorphamine + 5 yM AKT inhib-
itor AZD 5363 (group IV; Cayman Chemical Company, Ann
Arbor, MI, USA). HOC2 cells were pre-treated with 20 mM
purmorphamine or 10 M cyclopamine or 20 mM purmor-
phamine + 5 uM AKT inhibitor AZD 536 and then exposed to
H/R for 4 h at 37°C.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from cells using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer's protocol. Single-strand
cDNA was synthesized from total RNAs using the Reverse
Transcription System (Promega Corp., Madison, WI, USA) at
70°C for 10 min. cDNA was amplified by gPCR with SYBR
Green using a StepOne Plus real-time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.). Thermocycling
conditions were as follows: 10 min polymerase activation at
94°C followed by 40 cycles at 95°C for 15 sec and 60°C for
60 sec. The following primers were used: Shh, forward 5'-TTC
TGTGAAAGCAGAGAACTCC-3' and reverse 5-GGGACG
TAAGTCCTTCACCA-3'"; Shh, forward 5-AGTGGACAT
CACCACGTCTG-3' and reverse 5-CACCGAGTTCTCTGC
TTTCA-3'; GAPDH: Forward 5-TGTCCGTCGTGGATC
TGAC-3' and reverse 5'-CCTGCTTCACCACCTTCTTG-3".
Products were separated on 2% agarose gels and results were
normalized against GAPDH and quantified using SynGene
software (1.6.1; Syngene Europe, Cambridge, UK) using the
2-44¢4 method. Experiments were performed in triplicate.

Western blotting. H9C2 myocardial cells were lysed in lysis
buffer (50 mM Tris-base, 0.5 M NaCl, 1 mM EDTA, 1%
NP40, 1% Glycerol, I mM p-mercaptoethanol, proteinase k
inhibitor) from each experiment (30 mg per lane) and sepa-
rated by 10% SDS-PAGE. Proteins were then transferred to a
nitrocellulose membrane. Membranes were then incubated for
1 h at room temperature with 3% non-fat dried milk in PBS
followed by incubation with the following primary antibodies:
Anti-Shh (sc-373779), anti-p-mTOR (sc-101738), anti-SOD
(sc-17767), anti-catalase (sc-50508; all 1:5,000; all Santa Cruz
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Biotechnology, Inc., Dallas, TX, USA), anti-p53 (ab17990),
anti-eNOS (ab5589), anti-Gli-1 (ab49314; all 1:5,000; all
Abcam, Cambridge, UK), anti-total Akt (92728S; 1:5,000;
Cell Signaling Technology, Inc., Danvers, MA, USA), and
anti-GAPDH (ab37168; 1:10,000; Abcam) at 4°C overnight.
Membranes were washed and subsequently incubated with
the horseradish peroxidase-conjugated secondary antibodies
[goat anti-rabbit IgG (sc-2004), 1:5,000; goat anti-mouse
IgG (sc-2005), 1:5,000; Santa Cruz Biotechnology Inc.] for
1 h at room temperature. The membranes were developed
using an enhanced chemiluminescence system (Thermo
Fisher Scientific, Inc.). The band intensities were normalized
to GAPDH and quantified using SynGene software (1.6.1;
Syngene Europe). Experiments were performed in triplicate.

Cell viability assay. In the present study, HOC2 myocardial
cells that had not been exposed to hypoxia served as the
negative control group (group 0). Hypoxia-treated cells were
pre-incubated in an atmosphere containing 5% CO, in 1%
FBS serum-starvation medium for 12 h at 37°C. Following
treatment, HOC2 myocardial cells were washed with PBS and
incubated in fresh DMEM medium containing 1 g/l MTT
(BioVision, Inc., Milpitas, CA, USA) for 4 h at 37°C and
MTT crystals were dissolved in dimethyl sulfoxide. MTT was
removed and the absorption was measured at 490 nm using an
ELISA reader.

Apoptosis assay. Cells were harvested and centrifuged at
5,000 x g for 5 min at 4°C, following which the supernatant was
aspirated. Normal or apoptotic cells were distinguished using
the staining buffer (Sigma-Aldrich; Merck KGaA), which
was then mixed with 2 ul Annexin-V and PI (Alexa Fluor®
488 Annexin V/Dead Cell Apoptosis kit; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. Cells
were analyzed using a flow cytometer and ~20,000 counts
were acquired from each sample (BD FACSuite™ software;
version, 1.0; Becton-Dickinson; BD Biosciences, Franklin
Lakes, NJ, USA).

Caspase-3 activity assay. Caspase-3 activity was analyzed
using acaspase-3 assay kit (Caspase 3 Assay kit; Sigma-Aldrich;
Merck KGaA). HOC2 myocardial cells were seeded in 96-well
plates at a density of 5x10* cells/well. Cells were trypsinized,
washed with PBS and centrifuged (1,000 x g; 5 min; 4°C).
The caspase-3 assay buffer was added, cells were centrifuged
(1,000 x g; 5 min; 4°C) and the supernatant was transferred to
another tube. The cell lysates were mixed with the caspase-3
assay buffer in each well and then incubated for 30 min in
the dark at 37°C. The relative fluorescence of each well was
detected using a fluorescence plate reader at 450 nm (A450)
within 30 min.

Monitoring ROS generation. Dichlorofluorescein dye
(non-fluorescent CM-H2DCFDA) is able to diffuse through
the cell membrane and the fluorescence intensity is indicative
of intracellular ROS contents. ROS levels in HOC2 myocardial
cells were measured using flow cytometry following incuba-
tion under H/R conditions, with or without Shh activator, Shh
inhibitor or Akt inhibitor. Cells were trypsinized, washed
and re-suspended in Hanks' Balanced Salt Solution for 48 h.
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Cells were subsequently incubated with 5 yM CM-H2DCFDA
for 30 min at 37°C in a humidified atmosphere containing
5% CO,. DCFDA florescence was measured using a BD
FACSCanto Flow cytometer at 520 nm. At least 10,000 events
were acquired.

Statistical analysis. Data are presented as the mean + standard
deviation. Statistical significance was assessed using unpaired
two-tailed Student's t-test for comparisons between two groups
or using one-way analysis of variance followed by Dunnett's
multiple comparison for more than three groups using.
Analyses were performed using SPSS 19.0 statistical software
(IBM Corp., Armonk, NY, USA) and P<0.05 was considered
to indicate a statistically significant difference.

Results

H/R induced Shh expression in the H9C2 myocardial
cell model. It has previously been reported that cellular
hypoxia and reoxygenation are significant elements of
ischemia-reperfusion injury (28). To determine whether H/R
could activate the Shh signaling pathway in H9C2 myocardial
cells, Shh mRNA and protein expression was measured using
RT-qPCR and immunoblotting. The results revealed that
Shh mRNA and protein levels were significantly increased
following H/R treatment compared with the control (P<0.01;
Fig. 1). These results suggest that the Shh signaling pathway
may participate in H/R-induced cellular injury in H9C2
myocardial cells.

Shh signaling is activated to protect against H/R-induced
apoptosis. It has previously been reported that the morpho-
logical nuclear changes associated with apoptosis are triggered
by the activation of caspase proteins (29). In the caspase
family, caspase-3 serves as the executor of apoptosis (30). To
determine whether the Shh signaling pathway serves a role in
H/R-induced caspase-3 cleavage, HOC2 myocardial cells were
exposed to H/R conditions and treated with the Shh activator
purmorphamine or Shh inhibitor cyclopamine. The results
revealed that combined treatment with H/R and purmor-
phamine significantly ameliorated H/R-induced caspase-3
cleavage compared with the control (P<0.01; Fig. 2A).
However, caspase-3 cleavage significantly increased following
treatment with H/R and cyclopamine compared with the H/R
group (P<0.01; Fig. 2A).

To assess the role of Shh signaling in H/R-induced apop-
tosis, cell apoptosis was measured using flow cytometry with
Annexin V-FITC and PI staining (Fig. 2B), while the expres-
sion of p53, Gli-1 and p-Akt was measured using western
blotting (Fig. 2C). Compared with the untreated control group,
cell apoptosis was significantly increased following H/R
treatment (P<0.01). The expression of p-Akt was significantly
decreased following H/R treatment compared with the control
(P<0.01; Fig. 2C); however co-treatment with purmorphamine
reversed this effect (P<0.01 Fig. 2C). Immunohistochemistry
revealed that the expression of Glil was upregulated following
combined treatment with H/R and purmorphamine compared
with the control (Fig. 2), suggesting that purmorphamine
inhibits H/R-induced apoptosis and activates the Akt pathway.
However, Glil upregulation could be blocked by cyclopamine.
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Figure 1. Effects of H/R on Shh signaling. H9C2 myocardial cells were
exposed to hypoxic conditions (atmosphere containing 0.1% O, and 5% CO,)
in 1% fetal bovine serum serum-starvation medium for 4 h. Cells were reoxy-
genated in an atmosphere containing 95% O, and 5% CO,. Shh (A) mRNA
and (B) protein expression was measured using reverse transcription-quanti-
tative polymerase chain reaction and western blotting, respectively. Data are
presented as the mean + standard deviation. “P<0.01 vs. control. Shh, sonic
hedgehog; H/R, hypoxia reoxygenation.

Compared with the H/R alone group, cell viability was signifi-
cantly increased following treatment with purmorphamine
(P<0.01; Fig. 2D). Collectively, these results suggest that the Shh
activator purmorphamine decreases H/R-induced apoptosis.

Shh signaling is critical for H/R-induced apoptosis via the
PI3K/AKT/mTOR pathway. The Akt/mTOR pathway serves a
critical protective role against apoptosis, and so it was inves-
tigated whether the mechanism of purmorphamine involves
this pathway. It H9C2 myocardial cells were pre-treated
with H/R and then treated with purmorphamine alone or
purmorphamine and Akt inhibitor AZD 5363 (Fig. 3).

Treatment with purmorphamine treatment alone signifi-
cantly protected HOC2 myocardial cells from H/R-induced
apoptosis (P<0.05; Fig. 3C). However, AZD 5363 inhibited the
expression of p-Akt and mTOR, leading to a significant increase
in caspase-3 cleavage (P<0.05; Fig. 3A) compared with the
purmorphamine alone group (Fig. 3B-C). p53 protein expression
was also significantly upregulated in HOC2 myocardial cells
treated with purmorphamine and AZD 5363 compared with
the H/R group (P<0.01; Fig. 3B). Cell viability was significantly
decreased compared with the H/R group following co-treatment
with purmorphamine and AZD 5363 (P<0.05; Fig. 3D). These
results suggest that Shh may serve a protective role against H/R
injury by activating the PI3K/Akt pathway.

Shh activation restored oxidative damage induced by H/R.
The effects of Shh signaling activation in H/R-induced
oxidative stress were investigated. Intracellular ROS produc-
tion was assessed after H/R treatment using flow cytometry
(Fig. 4A). H9C2 myocardial cells co-treated with H/R and
purmorphamine showed a significant decrease in fluorescence
intensity compared with control cells treated with H/R alone
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Figure 2. Effects of the Shh signaling pathway on H/R-induced apoptosis. Cells

were treated with H/R only, H/R + 20 mM pur or HR + 10 uM cyc. (A) Cleaved

caspase-3 expression was assessed using a kit and the absorbance was measured at 450 nm. (B) p53, Gli-1, Akt, p-Akt, Shh and GAPDH protein expression was
measured using western blotting. (C) Apoptosis was assessed using Annexin V-FITC and PI staining with a flow cytometer. (D) Cell viability was assessed
using an MTT assay and measured at 450 nm. Data are presented as the mean + standard deviation. “P<0.01 vs. control group; “P<0.05 and *"P<0.01 vs. H/R
group. Shh, sonic hedgehog; H/R, hypoxia reoxygenation; pur, purmorphamine; cyc, cyclopamine; Gli-1, glioma-associated oncogene 1; Akt, protein kinase B;
p, phosphorylated; FITC, fluorescein isothiocyanate; PI, propidium iodide; OD, optical density.

(P<0.05). In addition, a significant overall increase in ROS
production was observed in the cyclopamine group (P<0.01).
In order to identify candidate antioxidant enzymes for
H/R treatment, intracellular SOD, catalase and eNOS levels
were measured using western blotting (Fig. 4B). It was
demonstrated that H/R caused cellular oxidative stress and
increased eNOS expression (Fig. 4B). Purmorphamine signifi-
cantly reversed H/R-induced cell damage and inhibited eNOS

expression (P<0.05; Fig. 4B). Similarly, co-treatment with
purmorphamine resulted in a significant increase in intracel-
lular SOD and catalase compared with the H/R group (P<0.01;
Fig. 4B). In comparison with the H/R group, eNOS expres-
sion significantly increased following cyclopamine treatment
(P<0.05; Fig. 4B). These data suggest that the activation of Shh
signaling results in ROS scavenging, thereby protecting cells
from H/R-induced oxidative stress.
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Figure 3. Effects of Shh and Akt signaling on H/R-induced apoptosis. Cells were treated with H/R only, H/R + 20 mM pur for 24 h or H/R + 5 uM Akt inhibitor
AZD 5363 for 24 h. (A) Cleaved caspase-3 expression was assessed using a kit and the absorbance was measured at 450 nm. (B) p53, mTOR, Akt, p-Akt, Shh
and GAPDH protein expression was measured using western blotting. (C) Apoptosis was assessed using Annexin V-FITC and PI staining with a flow cytom-
eter. (D) Cell viability was assessed using an MTT assay and measured at 450 nm. Data are presented as the mean + standard deviation. “P<0.01 vs. control
group; “P<0.05 and #P<0.01 vs. H/R group. Shh, sonic hedgehog; H/R, hypoxia reoxygenation; pur, purmorphamine; Akt, protein kinase B; AZD, AZD 5363;
Gli-1, glioma-associated oncogene 1; p, phosphorylated; FITC, fluorescein isothiocyanate; PI, propidium iodide; OD, optical density.

Discussion

It has previously been reported that the Shh signaling
pathway acts as a key mediator of cardioprotection in
cardiomyocytes (31,32). Hypoxic injury after reoxygenation
is a significant cause of cellular injury in the myocardial
tissue (33,34). In the present study, it was first determined
whether the Shh signaling pathway could be activated by H/R.

The results demonstrated that the expression of Shh and down-
stream factors was increased following H/R treatment, which
is consistent with a previous study in which activation of the
Shh signaling pathway has been reported to be associated with
hypoxic conditions (35). Shh activators and inhibitors were
used to enhance or suppressed the expression of Shh. The
results indicated that combined treatment with H/R and Shh
activator reversed H/R-induced apoptosis, while the opposite
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was observed with the Shh inhibitor. These results suggest that
the Shh signaling pathway may serve an important role in a
HOC2 myocardial cell model of H/R-induced cellular injury.

Cellular H/R generally typically results in cell death due
to necrosis or apoptosis (36). Shh signaling contributes to
cell survival and is able to partially ameliorate stress-induced
apoptosis in cells (37). It has been reported that the activation
of Shh signaling promotes coronary neovascularization and
protects myocardial tissues from ischemia (38,39). However,
the role of Shh signaling in H/R induced cellular injury
remains unclear.

In the present study, the effects of SHH signaling activa-
tion on H/R-induced cell apoptosis were assessed. Apoptosis
was measured using a number of assays, including annexin
V-binding, caspase-3 activity and p53 expression. Subsequently,
the effects of Shh signaling activation via the PI3K/Akt
pathway were also investigated. In the present study, the
PI3K/Akt pathway was revealed to contribute to cell viability
and inhibit cell apoptosis. However, treatment with the Akt
inhibitor disrupted the protective effect of Shh signaling in
H/R-induced cell injury. In the present study, it was speculated
that the PI3K/Akt pathway may be a downstream target of
the Shh pathway. Given that Shh signaling and the PI3K/Akt

pathway are associated with cell survival, it was postulated
that stimulating PI3K/Akt with insulin-like growth factor-I
potentiated Gli might be essential for Shh signaling (40,41).
PI3K/Akt activation allowed cells to combat oxidative stress,
while specific inhibitors of the PI3K/Akt pathway blocked the
Shh-mediated protective effects in H/R conditions.

Oxidative stress is a major cause of cellular injury and
has been reported in many diseases, including cancer,
neurodegeneration and cardiovascular and cerebrovascular
diseases (42,43). Apoptosis may be activated by increased
intracellular ROS production (44,45), which typically occurs
after H/R injury. Oxidative stress contributes to mitochondrial
permeability and release of Cyto ¢ (46), while reoxygen-
ation-induced cardiomyocyte apoptosis is associated with the
activation of caspases-3 and Cyto ¢ (28,47). Inhibiting ROS
production in H/R injury requires the protection of various
reperfused tissues using anti-oxidant enzymes, including
SOD (48.,49). Anti-oxidant systems function as ROS scavengers
that limit the damage caused by reoxygenation-induced cellular
injury (28,50). Cellular ROS are produced via mitochondrial
electron transport complexes under hypoxia pre-exposure
conditions (51). Interestingly, the number of mitochondrial
enzymes was decreased following H/R injury, indicating the
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downregulation of anti-oxidant defenses in hypoxia, which in
turn may result in increased ROS production by reoxygenated
mitochondria. In the present study, it was revealed that the
Shh activator could significantly ameliorate H/R-induced cell
damage and inhibit the expression of eNOS. These data suggest
that the activation of Shh signaling protects cardiomyocytes
from oxidative stress. Previous studies have demonstrated that
extracellular SOD and catalase are able to completely prevent
reoxygenation injury (52). In the present study, SOD and cata-
lase were upregulated in response to pre-treatment with the Shh
activator. Furthermore, it has been reported that Shh expression
stimulates cellular SOD and catalase expression, resulting in
cardiac protection against oxidative stress (53,54).

In summary, activation of the Shh signaling pathway signif-
icantly increases the expression of cellular anti-oxidant factors
and protects HOC2 myocardial cells against H/R-induced
oxidative stress. The Shh signaling pathway regulates the
PI3K/Akt pathway to attenuate H/R-induced apoptosis and
enhance the activity of cellular antioxidant enzymes to combat
oxidative stress. The results of the present study provide a
novel insight into the protective effects of the Shh signaling
pathway and may serve as a basis for the development of
effective treatments for cardiovascular disease.
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