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Isoflurane (ISO) post-conditioning attenuates cerebral ischemia/reperfusion (I/R) injury,
but the underlying mechanism is incompletely elucidated. Transforming growth factor
beta (TGF-β) and hedgehog (Hh) signaling pathways govern a wide range of
mechanisms in the central nervous system. We aimed to investigate the effect of the
TGF-β2/Smad3 and sonic hedgehog (Shh)/Glioblastoma (Gli) signaling pathway and
their crosstalk in the hippocampus of rats with ISO post-conditioning after cerebral
I/R injury. Adult male Sprague-Dawley rats were subjected to middle cerebral artery
occlusion (MCAO), 1.5 h occlusion and 24 h reperfusion (MCAO/R). To assess the
effect of ISO after I/R injury, various approaches were used, including neurobehavioral
tests, TTC staining, HE staining, Nissl staining, TUNEL staining, immunofluorescence
(IF), qRT-PCR (quantitative real-time polymerase chain reaction) and Western blot. The
ISO post-conditioning group (ISO group) received 1 h ISO post-conditioning when
reperfusion was initiated, leading to lower infarct volumes and neurologic deficit scores,
more surviving neurons, and less damaged and apoptotic neurons. IF staining, qRT-
PCR and Western blot showed high expression levels of TGF-β2, Shh and Gli1 in
the hippocampal CA1 of the ISO group. Phosphorylated Smad3 (p-Smad3), Patched
(Ptch), and Smoothed (Smo) were also increased at protein level in the ISO group,
whereas total Smad3 expression did not change in all groups. When TGF-β2 inhibitor,
pirfenidone, or Smad3 inhibitor, SIS3 HCl, were administered, the expression levels
of p-Smad3 and Gli1 were reduced, and surviving pyramidal neurons decreased. By
contrast, the expression levels of TGF-β2 and p-Smad3 did not change significantly
after pre-injection of Smo inhibitor cyclopamine, but reduced the expression levels of
Shh, Ptch, and Gli1. Moreover, Gli showed the lowest expression levels with pirfenidone
combined with cyclopamine. These findings indicate that the TGF-β and hedgehog
signaling pathways mediate the neuroprotection of ISO post-conditioning after cerebral
I/R injury, and crosstalk between two pathways at the Gli1 level.
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INTRODUCTION

Stroke is the second leading cause of death in the world (Gbd
2015 Mortality and Causes of Death Collaborators, 2016). Its
high morbidity, disability, and mortality rates have become
global public health problems (Feigin et al., 2014). The early
recovery of blood flow is key to the therapy of cerebral ischemia.
However, despite the recovery of blocked blood flow, local brain
damage and dysfunction often occur, a phenomenon known as
ischemia/reperfusion (I/R) injury (Eltzschig and Eckle, 2011).

Isoflurane (ISO) is a common volatile anesthetic in the clinic
and protects against ischemic brain injury (Cheon et al., 2017).
For example, isoflurane provides neuroprotection in ischemic
brain injury by suppressing apoptosis (Zhao et al., 2016). ISO
post-conditioning can ameliorate intracranial hemorrhage and
infarction volume in tPA-exaggerated brain injury (Kim et al.,
2015). Besides, ISO significantly enhanced the expression of
HIF-1α and VEGF, and decreased the immune cell infiltration
during cerebral ischemia (Taheri et al., 2014). However, the brain
protection mechanism of ISO remains to be fully elucidated. Of
note, studies about signal transduction pathways after ISO post-
conditioning in the central nervous system are limited, thus, this
is worth researching.

TGF-β2 is a member of the TGF-β beta superfamily,
involved in regulating the induction, specification, survival
and maturation of cell and is important in repair following
brain damage (Sakamoto et al., 2003; Polazzi et al., 2009).
The binding of TGF-βs to type II receptor (TβR II) activates
type I receptor (TβR I) and forms a complex. Activated TβR
I stimulate phosphorylation of Smad2/3, p-Smad2/3 then
associates with Smad4 and they are transferred to the nucleus. In
the nucleus, activated Smads integrate transcription factors and
modulate various biological effects (Shi and Massague, 2003).
For example, resveratrol inhibits TGF-β2-induced epithelial-
to-mesenchymal transition by suppressing the Smad pathway
(Chen et al., 2017). We demonstrated previously that the TGF-
β1-Smad2/3 signaling pathway is involved in the neuroprotective
mechanism of ISO post-conditioning in cerebral I/R
injury (Wang et al., 2016).

The hedgehog pathway participates in multiple processes
of embryonic development and plays a fundamental role for
the normal formation and construction of the central nervous
system. In canonical hedgehog signaling, Shh links to Ptch
receptor in an autocrine or paracrine manner, releasing inhibitory
of Ptch on Smo receptor, allowing Glis to enter the nucleus and
initiate the expressions of the target genes (Alvarez-Buylla and
Ihrie, 2014). Moreover, the hedgehog non-canonical pathway
also induces target genes. High levels of Gli1 proteins are a
well-established hallmark of the hedgehog signaling pathway
activation (Varjosalo and Taipale, 2008). In recent years, attention
has been paid to its close relationship with nerve tissue repair
after brain injury (Zhang et al., 2017). The Shh pathway agonist is
neuroprotective (Chechneva et al., 2014) and results in enhanced
functional recovery, both in locomotor function and in cognitive
function (Jin et al., 2017), whereas inhibition of Shh signaling
exacerbates ischemic brain injury and inhibits brain remodeling
(Ding et al., 2013; Zhang et al., 2013).

Previous studies have shown that the TGF-β signaling pathway
interacts with the Shh/Gli signaling pathway (Ludtke et al., 2016;
Farooqi et al., 2017; Gencer et al., 2017) and that Smad3 may
play an important role between the two signaling pathways.
Liang found that TGF-β upregulates Gli2 via a Smad3-dependent
manner and induces nuclear aggregation and DNA binding
of Gli2 (Liang et al., 2017). Mcmillin’s study illustrated that
TGFβ-1 inhibits Gli1 through Smad3 and promotes nervous
system recession (McMillin et al., 2014). Fan identified TGF-
β2 as an important regulated gene for Hh and found that the
downregulation of TGF-β2 expression prevented Hh signaling-
dependent neuron differentiation (Fan et al., 2010). However,
whether the interaction of the Shh signaling pathway and TGF-
β2 after ISO post-conditioning is involved in the protective
mechanism of cerebral I/R injury and how it plays a role in this
mechanism have not been explored.

We envisaged that TGF-β2 can regulate the Shh pathway
via the Smad3 pathway in the brain protection of ISO post-
conditioning. In this study, we investigated the effect of the TGF-
β2/Smad3 and Shh/Gli signaling pathways and their crosstalk
in the hippocampus of rats with ISO post-conditioning after
cerebral I/R injury.

MATERIALS AND METHODS

Animals
All animals received humane care in compliance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH publications number 80–23, revised
in 1996). All animal procedures were executed with the consent
of the Animal Experimental Committee of the First Affiliated
Hospital of the Medical College, Shihezi University. One
hundred and eighty adult Sprague-Dawley male rats (220–280 g)
were provided by the Experimental Animal Center of Shihezi
University, China.

Model Establishment
Rats were anesthetized using ketamine hydrochloride (60 mg/kg,
intraperitoneal injection). The right common carotid artery
(CCA), external carotid artery (ECA), and internal carotid artery
(ICA) were exposed and isolated. Next, 3-0 monofilament nylon
suture was introduced through the right CCA into the ICA until
resistance was encountered. It was advanced by 18–20 mm, and a
silk thread was tied to the right CCA. After 1.5 h of occlusion,
the filament was withdrawn (Belayev et al., 1996) Rats in the
sham group were subjected to the same procedure without the
filament advanced to the MCA origin. Rats that died or suffered
surgical failure or subarachnoid hemorrhage were excluded from
this study. The brains specimens were acquired after 24 h and
utilized for further experiments.

Drug Treatment and Animal Grouping
Rats were administered intraperitoneally with pirfenidone
(250 mg/kg) (Selleck Chemicals, Houston, TX, United States)
(Shihab et al., 2002; Burghardt et al., 2007), SIS3 HCl (2.5 mg/kg)
(Selleck Chemicals, Houston, TX, United States) (Li et al., 2010;
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Liu et al., 2018) and cyclopamine (10 mg/kg) (Cayman
Chemical, Ann Arbor, MI, United States) (Alvarez et al., 2011;
Yu et al., 2017) 30 min before ischemia.

Rats were randomly divided into 9 groups: animals received
sham operation and an equal volume of DMSO (Sham); rats
received MCAO/R and an equal volume of DMSO (I/R);
MCAO/R rats were treated with TGF-β2 inhibitor pirfenidone or
Smo inhibitor cyclopamine (I/R + Pir, I/R + CYC); MCAO/R
rats were treated with 1.5% ISO post-conditioning for 1 h
after immediate reperfusion (ISO); MCAO/R rats were treated
with pirfenidone, Smad3 inhibitor SIS3 HCl, cyclopamine,
pirfenidone combined with cyclopamine before ISO post-
conditioning (ISO + Pir, ISO + SIS3, ISO + CYC, and ISO +
Pir+ CYC, respectively).

Evaluation of Neurologic Deficit Scores
To determine neurological function, the modified Longa scores
were obtained at 24 h after reperfusion by an observer blinded
to the experimental conditions. The rats were scored as follows:
0, no deficits; 1, difficulty in fully extending the contralateral
forelimb; 2, unable to extend the contralateral forelimb; 3, mild
circling to the contralateral side; 4, severe circling; and 5, falling
to the contralateral side (Ding et al., 2002).

Measurement of Infarct Volumes
Rats were decapitated and brains slices were taken at 2 mm
intervals rapidly. The infarct volume was measured using 2%
2,3,5-triphenyltetrazolium chloride (TTC) (Sigma, St. Louis,
MO, United States). The slices were stained for 30 min at
37◦C and then fixed in 4% paraformaldehyde (PFA) (Sigma,
St. Louis, MO, United States) for 24 h. The stained slices
were imaged using a digital camera and analyzed by the
Image-Pro Plus 6.0 software (Media Cybernetics, Silver
Springs, MD, United States). The infarct volume was measured
according to the method described by Swanson: Infarct volume
(%) = 100% × (contralateral hemisphere volume - non-lesioned
ipsilateral hemisphere volume)/contralateral hemisphere
volume (Swanson et al., 1990).

Hematoxylin and Eosin (HE) Staining
The rats were transcardially perfused with normal saline followed
by 4% PFA (Sigma, St. Louis, MO, United States) at 24 h after the
MCAO. Brains were removed and post-fixed in 4% PFA for 24 h
and embedded in paraffin. Four-micrometer-thick sections were
cut in the microtome (KEDEE, Jinhua, ZJ, China) and stained
with hematoxylin and eosin (HE). The pyramidal neurons of the
CA1 region were observed, as they are the most vulnerable to I/R
injury and new neurons can be found after ischemic brain injury
(Nakatomi et al., 2002; Oya et al., 2009).

Nissl Staining
Paraffin sections were deparaffinized, hydrated and stained with
thionine (Solarbio, Beijing, China). Histological changes of
hippocampal CA1 subfield were observed by the microscope
(Olympus, Tokyo, Japan) to assess brain neuronal damage
(Gong et al., 2012).

Terminal Deoxynucleotidyl Transferase
dUTP Nick end Labeling (TUNEL)
Staining
The TUNEL assay was performed using the In Situ Cell
Death Detection Kit (Roche, Basel, Switzerland, Germany)
according to the manufacturer’s instruction to detect apoptosis
in hippocampal CA1 cells. Apoptosis index (AI) = (the number
of apoptotic cells/total cells)× 100% (Wu et al., 2015).

Immunofluorescence (IF) Staining
Paraffin sections were deparaffinized, hydrated, repaired antigen
and eliminated endogenous peroxidase routinely. After blocking
for 1 h with 0.3% Triton X-100 and 10% bovine serum albumin
(BSA, sections were incubated with anti-TGF-β2 (1:100, Santa
Cruz Biotechnology, Santa Cruz, CA, United States), anti-Shh
(1:100, Santa Cruz Biotechnology, Santa Cruz, CA, United States)
and anti-Gli1 (1:100, Santa Cruz Biotechnology, Santa Cruz,
CA, United States) overnight at 4◦C, respectively. After washing
with PBS, the sections were incubated with secondary antibody
(1:50, Fluorescein-Conjugated Goat anti-Mouse IgG, ZSGB-BIO,
Beijing, China) for 1 h and then stained with propidium iodide
solution (PI) for 5 min in the dark. Images were captured by
a confocal laser scanning microscope (Olympus, Tokyo, Japan).
Mean Density = (IOD SUM)/(area sum).

Quantitative Real-Time PCR
Total RNA of the right hippocampi was extracted using the
RNeasy Mini Kit (Qiagen, Duesseldorf, Germany) according to
the manufacturer’s instructions and reversed into cDNA using the
Revert Aid First Strand cDNA Synthesis Kit (Bioer, Hangzhou, ZJ,
China). The following primers were used for amplification:

TGF-β2, 5′-GTGATTTCCATCTACAACAGTACC-3′ (forward)
and 5′-TATAAACCTCCTTGGCGTAGTAC-3′ (reverse); Shh,
5′-GAACTCCGT GGCGGCCAAATC-3′ (forward) and 5′-GTC
CAGGAAGGTGAGGAAGTC-3′ (reverse); Gli1, 5′-GCCAATC
ACAAATCAGTCTCC-3′ (forward) and 5′-TGCTCCTAACCT
GCCCAC-3′ (reverse); β-Actin,5′-AGCAGATGTGGATCAGC
AAG-3′ (forward) and 5′-AACAGTCCGCCTAGAAGCAT-3′

(reverse). Minimal Information for Publication of Quantitative
Real-Time PCR Experiments (MIQE) Guidelines were followed in
the assays. The expression of individual values were normalized
to that of the β-Actin control, and then the ratio of the relative
expression levels was calculated using the 2−MMCT method.

Western Blot
The proteins were isolated from hippocampal tissue using lysis
buffer (Beyotime, Shanghai, China), and protein concentrations
were examined using a Bicinchoninic Acid (BCA) protein assay
kit (Beyotime, Shanghai, China). The proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and electro-transferred to polyvinylidenedifluoride
(PVDF) membranes. After blocking with 5% skimmed milk, the
membranes were incubated with primary antibodies for TGF-β2,
Smad3, Shh, Ptch, Smo, Gli1 (1:1000, Santa Cruz Biotechnology,
Santa Cruz, CA, United States), and p-Smad3 (1:1000, Cell
Signaling Technology, Danvers, MA, United States) overnight
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at 4◦C. After washing with Tris Buffered Saline with Tween-
20 (TBST) for three times over, the membranes were incubated
with secondary antibodies (1:20000, ZSGB-BIO, Beijing, China)
at room temperature for 2 h and then treated with enhanced
chemiluminescent (ECL) reagent (ThermoFisher, Waltham, MA,
United States) to detect protein expression levels. The protein
bands were quantitatively analyzed using the Image J software
(Rawak Software Inc., Stuttgart, Germany).

Statistical Analysis
All quantitative data are expressed as mean± standard deviation
(SD) of three independent experiments with each experiment.
Normality test was applied before one-way Analysis of Variance
(ANOVA) for multiple groups comparison. Analysis among
multiple groups was carried out by one-way ANOVA followed
by Turkey’s post hoc tests. Student’s t-test was used for two
groups comparison. Statistical analyses were performed using
SPSS 19.0 (Armonk, NY, United States) software and GraphPad
Prism (La Jolla, CA, United States). P < 0.05 was considered to
be statistically significant.

RESULTS

Effect of ISO Post-conditioning on
Infarct Volumes and Neurologic Deficit
Scores in Rats With MCAO/R
Isoflurane treatment (1.5%) significantly decreased the infarct
volumes and improved neurologic deficit scores compared with
the I/R group at 24 h after MCAO/R injury in rats (15.66 ± 1.14,
2.25 ± 0.71 in the ISO group vs. 27.52 ± 1.5, 3.63 ± 0.74
in the I/R group, P < 0.05). However, the effects of ISO on
infarct volumes and neurologic deficit scores were attenuated by
inhibitors (pirfenidone, SIS3 HCl, cyclopamine, or pirfenidone
combined with cyclopamine) (24.77 ± 0.82, 3.38 ± 1.06 in the
ISO + Pir group; 26.6 ± 1.74, 3.38 ± 0.92 in the ISO + SIS3
group; 28.13 ± 2.58, 3.5 ± 1.2 in the ISO + CYC group;
31.1± 3.11, 3.63± 0.92 in the ISO+ Pir+CYC group; P< 0.05).
Moreover, infarct volume and neurological deficit scores were
high in the MCAO/R rats treated with inhibitors (42.62 ± 1.43,
4.38 ± 0.52 in the I/R + Pir group; 39.92 ± 0.97, 4.5 ± 0.76
in the I/R + CYC; P < 0.05) (Figure 1 and Supplementary
Tables S1, S2).

Neuroprotective Effects of ISO
Post-conditioning on the Pyramidal Cells
of Hippocampal CA1 Region in Rats With
MCAO/R
The morphology of most hippocampal CA1 region cells in the
I/R group displayed nuclear pyknosis, while that in the ISO group
showed less damaged cells after HE staining (29.99 ± 2.43 in the
ISO group vs. 60.16± 1.88 in the I/R group, P < 0.05). However,
inhibitors (pirfenidone, SIS3 HCl, cyclopamine, or pirfenidone
combined with cyclopamine) attenuated the ISO’s protective
effect (48.77 ± 1.69 in the ISO + Pir group; 45.96 ± 1.51 in
the ISO + SIS3 group; 51.72 ± 4.24 in the ISO + CYC group;
70.54± 2.26 in the ISO+ Pir+CYC group; P< 0.05). Moreover,

the percentage of damaged cells was high in the MCAO/R rats
treated with inhibitors (71.69 ± 0.84 in the I/R + Pir group;
78.68 ± 2.42 in the I/R + CYC; P < 0.05) (Figure 2 and
Supplementary Table S3).

The Sham group showed abundant cells with clear borders and
Nissl bodies (202.00 ± 10.39). ISO treatment (1.5%) significantly
increased the surviving cells compared with the I/R group at
24 h after MCAO/R injury in rats (145.00 ± 7.48 in the ISO
group vs. 85.00 ± 5.06 in the I/R group, P < 0.05). However,
the effects of ISO on surviving pyramidal cells were attenuated by
inhibitors (pirfenidone, SIS3 HCl, cyclopamine, or pirfenidone
combined with cyclopamine) (102.67 ± 6.62 in the ISO + Pir
group; 96.83 ± 7.41 in the ISO + SIS3 group; 99.50 ± 9.57 in
the ISO+CYC group; 72.67 ± 5.99 in the ISO + Pir + CYC
group; P < 0.05). Moreover, the number of surviving pyramidal
cells in the hippocampal CA1 region were low in the MCAO/R
rats treated with inhibitors (54.00 ± 4.98 in the I/R + Pir
group; 50.33 ± 5.65 in the I/R + CYC; P < 0.05) (Figure 3,
Supplementary Table S4 and Table 1).

The TUNEL-positive cells were significantly lower in the ISO
group than in the I/R group (30.74 ± 2.35 vs. 53.47 ± 1.25,
P < 0.05). However, inhibitors (pirfenidone, SIS3 HCl,
cyclopamine, or pirfenidone combined with cyclopamine)
attenuated the ISO’s protective effect (45.74 ± 0.80 in the
ISO + Pir group; 43.54 ± 2.87 in the ISO + SIS3 group;
48.27 ± 2.55 in the ISO + CYC group; 73.31 ± 6.07 in the
ISO + Pir + CYC group; P < 0.05). Moreover, AI was high
in the MCAO/R rats treated with inhibitors (72.58 ± 2.43
in the I/R + Pir group; 75.76 ± 3.64 in the I/R + CYC;
P < 0.05) (Figure 4 and Supplementary Table S5).

These results indicated that 1.5% ISO post-conditioning
significantly ameliorated the brain I/R injury; the neuroprotective
effects of ISO were remarkably inhibited with the administration
of inhibitors. Of note, the injury in ISO combined with two
inhibitors and I/R rats treated with inhibitors was more serious
than in the other groups.

Effect of the TGF-β2/Smad3 Signaling
Pathway in the Hippocampus of Rats
With ISO Post-conditioning After
Cerebral I/R Injury
The IF staining showed that TGF-β2 was located in the cytoplasm
(Figure 5A). IF analysis of mean density showed that the
expression levels of TGF-β2 in the Sham group was relatively
low (0.05 ± 0.01 in the Sham group). After 24 h reperfusion
after ischemia, the expression levels of TGF-β2 significantly
increased, and 1.5% ISO post-conditioning obviously increased
the expression compared with the I/R group (0.16 ± 0.01 in the
ISO group vs. 0.12 ± 0.01 in the I/R group, P < 0.05). However,
pirfenidone attenuated the expression (0.10 ± 0.01 in ISO + Pir,
0.06 ± 0.01 in the I/R + Pir group, P < 0.05) (Figure 5B and
Supplementary Table S6).

Moreover, the expression levels of TGF-β2 mRNAs were
remarkably upregulated in the I/R group compared with the
Sham group (1 in the Sham group vs. 1.61± 0.14 in the I/R group,
P < 0.05). ISO further increased the expression levels of TGF-
β2 mRNAs compared with those in the I/R group (3.01 ± 0.12
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FIGURE 1 | ISO post-conditioning improved infarct volumes and Neurologic Deficit Scores. (A) showed infarct volumes were assessed by TTC. Red represented
normal tissue and white represented infarct tissues. (B) showed the quantitative data of infarct volumes. (C) showed neurological function scores with the modified
Longa score. Data are shown as the mean ± SD (n = 8). ∗ P < 0.05 vs. Sham; # P < 0.05 vs. I/R; N P < 0.05 vs. I/R + Pir; & P < 0.05 vs. I/R + CYC; M P < 0.05
vs. ISO.

in the ISO group vs. 1.61 ± 0.14 in the I/R group, P < 0.05)
(Figure 5C). Meanwhile, we examined the protein expression
levels of the TGF-β signaling pathway (Figure 5D). After I/R
injury, Western blot analysis showed that the expression levels
of TGF-β2 proteins in the hippocampus were significantly higher
than those in the Sham group (0.18 ± 0.01 in the I/R group vs.
0.14 ± 0.02 in the Sham group, P < 0.05). In addition, 1.5% ISO
treatment markedly increased the expression compared with the
I/R group (0.23± 0.01 in the ISO group vs. 0.18± 0.01 in the I/R
group, P< 0.05). However, pirfenidone attenuated the expression
(0.16± 0.01 in the ISO+ Pir group vs. 0.08± 0.01 in the I/R+ Pir
group, P < 0.05) (Figure 5E). The change of p-Smad3/Smad3
levels were consistent with TGF-β2 (1.03 ± 0.06 in the sham
group, 1.36± 0.13 in the I/R group, 1.75± 0.08 in the ISO group,
and 0.44± 0.06 in the I/R+ Pir group, P< 0.05) (Figure 5F and
Supplementary Figure S2).

Effect of the Shh/Gli Signaling Pathway
in the Hippocampus of Rats With ISO
Post-conditioning After Cerebral I/R
Injury
The IF staining showed that Shh was located in the cytoplasm
(Figure 6A). Analysis of Shh’s mean fluorescence density showed
that the expression levels of Shh in the Sham group were
lowest (0.05 ± 0.01 in the Sham group) among all the groups.

The expression levels of Shh in the I/R group at 24 h after
MCAO/R injury significantly increased, and ISO application
obviously increased the expression compared with the I/R group
(0.15 ± 0.01 in the ISO group vs. 0.09 ± 0.01 in the I/R group,
P < 0.05, Supplementary Table S7). However, cyclopamine
attenuated the expression (0.10 ± 0.01 in the ISO + CYC group,
0.07 ± 0.01 in the I/R + CYC group, P < 0.05) (Figure 6C).
The IF staining showed that Gli1 was involved in cytoplasm and
nuclear localization. After I/R injury, Gli1 significantly increased
and partially transferred to the nuclei, and ISO further promoted
the nuclear translocation (Figure 6B). Fluorescence expression
of Gli1 also showed the same trend with Shh (0.04 ± 0.01 in
the Sham group, 0.08 ± 0.01 in the I/R group, 0.16 ± 0.01
in the ISO group, 0.08 ± 0.01 in the ISO + CYC group,
0.05 ± 0.01 in the I/R + CYC group, P < 0.05) (Figure 6D and
Supplementary Table S8).

Moreover, the expression levels of Gli1 mRNAs were
remarkably upregulated in the I/R group compared with the
Sham group (1 in the Sham group vs. 40477.44 ± 9959.65
in the I/R group, P < 0.05). ISO further increased the
expression levels of Gli1 mRNAs compared with the I/R group
(64648.67 ± 6140.99 in the ISO group vs. 40477.44 ± 9959.65 in
the I/R group, P < 0.05) (Figure 6E). Meanwhile, Western blot
analysis showed that the protein expressions of Shh, Ptch, Smo,
and Gli1 had similar trends in the hippocampus (Figure 6F and
Supplementary Figures S3–S6). After I/R injury, the proteins
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FIGURE 2 | ISO post-conditioning decreased the damaged pyramidal
neurons in the hippocampal CA1 region. (A) showed the morphology of CA1
region neurons by HE staining (B) showed the percentage of damaged
neurons. Scale bars = 100 µm. Data are shown as the mean ± SD (n = 3).
∗ P < 0.05 vs. Sham; # P < 0.05 vs. I/R; N P < 0.05 vs. I/R + Pir; & P < 0.05
vs. I/R + CYC; M P < 0.05 vs. ISO.

were increased and ISO further promoted their expressions. In
addition, the increased proteins were reduced by an inhibition
cyclopamine (P < 0.05) (Figure 6G).

Crosstalk Between TGF-β and Hedgehog
Signaling Pathway in the Hippocampus
of Rats With ISO Post-conditioning After
Cerebral I/R Injury
The IF staining and mean fluorescence density analysis of TGF-
β2 in the hippocampus of rats with ISO post-conditioning after
cerebral I/R injury showed that TGF-β2 expression levels were
reduced by pirfenidone, an inhibitor of TGF-β2, compared with
the ISO group (0.17 ± 0.01 in the ISO group vs. 0.10 ± 0.01 in
the ISO + Pir group, P < 0.05), whereas treatment with SIS3
HCl (a Smad3 inhibitor) or cyclopamine (a SMO inhibitor) did
not significantly reduce the expression levels (0.15 ± 0.01 in
the ISO + SIS3 group, 0.17 ± 0.01 in the ISO + CYC group,

FIGURE 3 | ISO post-conditioning increased the number of surviving
pyramidal neurons in the hippocampal CA1 region. Nissl staining of the
pyramidal neurons in the hippocampal CA1 region. Scale bars = 100 µm.

TABLE 1 | Histological grades (HG) and neuronal density (ND) in the
hippocampal CA1.

Group HG ND

0 I II III

Sham 6 202.33 ± 10.39

I/R 5 1 85.00 ± 5.06∗

I/R + Pir 1 5 54.00 ± 4.98∗#

I/R + CYC 1 5 50.33 ± 5.65∗#

ISO 6 145.00 ± 7.48∗#N&

ISO + Pir 3 3 102.67 ± 6.62∗N&

ISO + SIS3 3 3 96.83 ± 7.41∗N&

ISO + CYC 4 2 99.50 ± 9.57∗N&

ISO + Pir + CYC 2 4 72.67 ± 5.99∗N&M

The standard of HG: grade 0, no cell death; grade I, scattered cell death; grade II,
mass cell death; grade III, almost complete cell death. ND represented the number
of surviving pyramidal neurons per 1 mm length in the CA1 hippocampus. Data
are shown as the mean ± SD (n = 3). ∗ P < 0.05 vs. Sham; # P < 0.05 vs. I/R;
N P < 0.05 vs. I/R + Pir; & P < 0.05 vs. I/R + CYC; M P < 0.05 vs. ISO.

P > 0.05). Moreover, no difference was observed between the
expression levels when pirfenidone combined with cyclopamine
or pirfenidone alone was administered (0.10 ± 0.01 in the
ISO + Pir group vs. 0.08 ± 0.01 in the ISO + Pir + CYC
group, P > 0.05) (Figures 7A,D). The protein level of TGF-
β2 showed a similar trend with it (Supplementary Figure S7).
What’s more, the relative expression level of p-Smad3/Smad3 was
decreased by pirfenidone, SIS3 HCl or pirfenidone combined
with cyclopamine, compared with the ISO group (1.07 ± 0.21
in the ISO + Pir group, 1.01 ± 0.16 in the ISO + SIS3 group,
1.07 ± 0.04 in the ISO + Pir + CYC group vs. 1.76 ± 0.06
in the ISO group, P < 0.05, Supplementary Figures S8, S9).
Administered with cyclopamine had no apparent effect compared
with the ISO group (1.73 ± 0.19 in the ISO + CYC group vs.
1.76± 0.06 in the ISO group, P > 0.05) (Figure 7H).
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FIGURE 4 | ISO post-conditioning decreased neuronal apoptosis the
hippocampal CA1 region. (A) showed CA1 region TUNEL-positive neurons.
(B) showed the AI in each group. Scale bars = 100 µm. Data are shown as
the mean ± SD (n = 3). ∗ P < 0.05 vs. Sham; # P < 0.05 vs. I/R; N P < 0.05
vs. I/R + Pir; & P < 0.05 vs. I/R + CYC; M P < 0.05 vs. ISO.

The IF staining and mean fluorescence density analysis of
Shh expression levels showed no statistical difference in the ISO,
ISO + Pir and ISO + SIS3 groups (0.15 ± 0.01 in the ISO group,
0.16± 0.01 in the ISO+ Pir group, 0.17± 0.01 in the ISO+ SIS3
group, P > 0.05). However, with cyclopamine or pirfenidone
combined with cyclopamine treatment, the expression levels were
remarkably reduced. No difference was observed between the two
groups (0.09 ± 0.01 in the ISO + CYC group, 0.09 ± 0.01 in the
ISO+ Pir+ CYC group, P > 0.05) (Figures 7B,E). Consistently,
the stimulatory effects of ISO on Shh protein and expression
levels were inhibited by cyclopamine or pirfenidone combined
with cyclopamine (0.22± 0.01 in the ISO group,0.23± 0.01 in the
ISO+ Pir group, 0.24± 0.01 in the ISO+ SIS3 group, 0.18± 0.01
in the ISO + CYC group, 0.19 ± 0.01 in the ISO + Pir + CYC
group, P < 0.05) (Figure 7I).

The IF staining and mean fluorescence density analysis
showed that the expression levels of Gli1 were decreased by
pirfenidone, SIS3 HCl, cyclopamine, or pirfenidone combined
with cyclopamine, compared with the ISO group. Moreover, the
ISO + Pir + CYC group had the lowest expression levels of Gli1

(0.16 ± 0.01 in the ISO group, 0.08 ± 0.01 in the ISO + Pir
group, 0.09 ± 0.01 in the ISO + SIS3 group, 0.08 ± 0.01 in
the ISO + CYC group, 0.05 ± 0.01 in the ISO + Pir + CYC
group, P < 0.05) (Figures 7C,F). Protein expression levels of
Gli1 also showed the same trend (0.30 ± 0.01 in the ISO group,
0.25± 0.01 in the ISO+ Pir group, 0.25± 0.01 in the ISO+ SIS3
group, 0.26 ± 0.01 in the ISO + CYC group, 0.18 ± 0.01 in the
ISO+ Pir+ CYC group, P < 0.05) (Figure 7I).

Furthermore, the results of Western blot analysis indicated
that the expression levels of Ptch and Smo in the hippocampus
of rats with ISO post-conditioning after cerebral I/R injury had
a similar trend to those of Shh (Figures 7G,I, Supplementary
Table S9 and Supplementary Figures S10–S12).

DISCUSSION

Cerebral I/R injury is the main pathological mechanism leading
to brain ischemic injury. Therefore, the prevention and treatment
of reperfusion injury is key in the treatment of ischemic stroke.
We demonstrated previously that 1.5% ISO post-conditioning
provided the best neuroprotection in rats after focal cerebral
I/R injury and DMSO exerted no effects on I/R injury
(Wang et al., 2016).

Moreover, based on our current findings, we observed
that ISO post-conditioning can significantly improve
neurobehavioral tests and brain infarct volumes after I/R
injury. The neuroprotective effect of ISO post-conditioning was
also observed in HE, Nissl, TUNEL, and IF staining. However,
the exact mechanisms warrant further investigations.

In vitro experiments proved that the proliferation and
differentiation of hippocampal neurons are regulated by TGF-
β2 via the SMAD pathway (Lu et al., 2005). In vivo studies
demonstrated that TGF-β2 participates in the pathological
process after cerebral I/R injury and sustains the expression
of neurons (Hu et al., 2008). TGF-β2 may directly inhibit
certain genes that initiate apoptosis after ischemic injury to
protect neurons (Dhandapani and Brann, 2003). Thus, we first
analyzed the role of the canonical TGF-β signaling pathway in the
hippocampus of rats with ISO post-conditioning after cerebral
I/R injury. TGF-β2 and phosphorylated Smad3 were upregulated
after I/R injury and further increased by ISO post-conditioning,
leading to lower infarct volumes and neurologic deficit scores,
more surviving neurons, and less damaged and apoptotic
neurons. Pirfenidone treatment prevented the upregulation and
canceled the neuroprotective effects. Our results proved that the
TGF-β2/Smad3 signaling pathway played an important role in
the neuroprotection of ISO post-conditioning.

We next aimed to analyze whether the Shh/Gli signaling
pathway is also involved in this process. One study showed
that the expression levels of Shh in hippocampal neurons were
significantly upregulated after ischemic brain injury, and that
cyclopamine could inhibit the proliferation of hippocampal
granule neural stem cells (Sims et al., 2009). In another study,
exogenous administration of Shh improved the behavioral score
of rats with cerebral I/R, reduced the volumes of cerebral
infarction, and promoted the angiogenesis of ischemic peripheral
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FIGURE 5 | Expression of the TGF-β2/Smad3 signaling pathway in the hippocampus of rats. (A) showed CA1 region IF of TGF-β2.→ indicates the position of
TGF-β2. (B) showed the mean fluorescence density analysis in each group. (C) Expression of TGF-β2 mRNA. (D) Proteins expression levels of the TGF-β2/Smad3
signaling pathway. (E) Western blot analysis of TGF-β2. (F) Western blot analysis of p-Smad3/Smad3. Scale bars = 100 µm. Data are shown as the mean ± SD
(n = 3). ∗ P < 0.05 vs. Sham; # P < 0.05 vs. I/R; N P < 0.05 vs. ISO; & P < 0.05 vs. ISO + Pir.

Frontiers in Neuroscience | www.frontiersin.org 8 June 2019 | Volume 13 | Article 636

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00636 June 26, 2019 Time: 8:28 # 9

Peng et al. TGF-β2 Induces Gli1 on CIR

FIGURE 6 | Expression of the Shh/Gli signaling pathway in the hippocampus of rats. (A) showed CA1 region IF of Shh.→ indicates the position of Shh. (B) showed
CA1 region IF of Gli1.→ indicates the position of Gli1. (C) showed the mean fluorescence density of Shh in each group. (D) showed the mean fluorescence density
analysis of Gli1. (E) Expression of Gli1 mRNA. (F) Proteins expression levels of the Shh/Gli signaling pathway. (G) Western blot analysis of the Shh/Gli signaling
pathway. Scale bars = 100 µm. Data are shown as the mean ± SD (n = 3). ∗ P < 0.05 vs. Sham; # P < 0.05 vs. I/R; N P < 0.05 vs. ISO; & P < 0.05 vs. ISO + CYC.
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FIGURE 7 | Expression of the TGF-β2/Smad3 and Shh/Gli signaling pathway in the hippocampus of rats with ISO post-conditioning after cerebral I/R injury.
(A) showed CA1 region IF of TGF-β2.→ indicates the position of TGF-β2. (B) showed CA1 region IF of Shh.→ indicates the position of Shh. (C) showed CA1
region IF of Gli1.→ indicates the position of Gli1. (D) showed the mean fluorescence density of TGF-β2. (E) showed the mean fluorescence density analysis of Shh.
(F) showed the mean fluorescence density analysis of Gli1. (G) Proteins expression levels of the TGF-β2/Smad3 and Shh/Gli signaling pathways. (H) Western blot
analysis of the TGF-β2/Smad3 signaling pathway. (I) Western blot analysis of the Shh/Gli signaling pathway. Scale bars = 100 µm. Data are shown as the
mean ± SD (n = 3). ∗ P < 0.05 vs. ISO; # P < 0.05 vs. ISO + Pir; N P < 0.05 vs. ISO + SIS3; & P < 0.05 vs. ISO + CYC.
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tissues and the colonization of neural stem cells, and cyclopamine
abrogated the neuroprotective effect of Shh (Huang et al., 2013).
Our results were consistent with these studies and showed that
ISO can also further increase the in vivo expression of the Shh/Gli
signaling pathway and cyclopamine can inhibit the increased
expression to abrogate neuroprotective effect of ISO. Therefore,
our study indicated that the neuroprotective effect of ISO is
related to the Shh/Gli signaling pathway.

Finally, considering the close contact between the TGF-β
and Hedgehog signaling pathways, we explored the crosstalk
between these two pathways in the neuroprotection of ISO post-
conditioning after cerebral I/R injury.

In our study, we investigated the effect of TGF-β signaling
pathway inhibitors on the expression of Shh, Ptch, Smo, and
Gli1 in the hippocampus of rats with ISO post-conditioning.
The application of pirfenidone decreased the expression levels
of Gli1, but did not affect Shh, Ptch, and Smo. With SIS3
HCl (an inhibitor of Smad3) treatment, the expression levels
of TGF-β2, Smad3, Shh, Ptch, and Smo did not change, but
those of phosphorylated Smad3 and Gli1 were reduced. These
similar effects of pirfenidone and SIS3 HCl on hedgehog signaling
indicated that via Smad3 pathway, TGF-β2 can affect Gli1, but
not Shh, Ptch, or Smo (Supplementary Figure S1).

Meanwhile, we also used cyclopamine, an inhibitor of the
hedgehog signaling pathway, to assess the expression levels
of TGF-β and hedgehog signaling. Cyclopamine decreased the
expression of hedgehog signaling, Shh, Ptch, Smo, and Gli,
however, it did not inhibit TGF-β2, phosphorylated Smad3, or
total Smad3. These results suggested that cyclopamine cannot
affect the TGF-β2/Smad3 signaling pathway.

Additionally, with the administration of pirfenidone
combined with cyclopamine, the expression levels of TGF-
β2 and p-Smad3 were inhibited, but did not differ from the
ISO + Pir group, whereas Shh, Ptch, and Smo showed no
statistical significance compared with the administration of
cyclopamine alone. However, the expression levels of Gli1 were
lowest among all the groups. These results further illustrated that
cyclopamine cannot affect the TGF-β2/Smad3 signaling pathway
and that Gli1 is a downstream mediator of both TGF-β and
hedgehog signaling pathways and is regulated by them. In other
words, the TGF-β and hedgehog signaling pathway converged to
the key protein Gli1, and activation of Gli1 expression by TGF-β2
does not involve the Ptch/Smo axis.

The TGF-β and hedgehog signaling pathways govern a wide
range of mechanisms in central nervous system development,
including neuronal differentiation and survival and stem cell
behavior, during embryogenesis and in adulthood (Rodriguez-
Martinez and Velasco, 2012; Alvarez-Buylla and Ihrie, 2014;
Kandasamy et al., 2014). In fact, each family of ligands can
potentially activate several intracellular pathways, and individual
pathways can, in some cases, be activated by different families of
ligands, hence crosstalk occurs between pathways (Hebert, 2013).

Therefore, taken together with our study, there are numbers
of cases that indicated crosstalk occurred between the TGF-β
and Shh pathways. TGF-β induces Gli1 and Gli2 in a Smad3-
dependent manner in epithelial and mesenchymal cell lines
(Steinway et al., 2014), dermal fibroblasts (Dennler et al., 2009),
osteolytic Langerhans cells (Alexandrescu et al., 2012), breast

carcinoma cells (Dennler et al., 2007), and pancreatic ductal
adenocarcinoma cells (Nolan-Stevaux et al., 2009). Furthermore,
the TGF-β/Smad/Gli2 axis has been suggested to be essential
for cancer metastasis (Javelaud et al., 2011). Recent studies have
identified TGF-β as a potent transcriptional regulator of Gli2,
resulting in subsequent Gli1 activation independently of the
Hh signaling cascade (Javelaud et al., 2012). The possible cause
of this phenomenon is that hypoxia can trigger other factors
(e.g., TGF-β, KRAS, or RTK), bypassing Smo to activate Gli1
directly (Lei et al., 2013).

While TGF-β likely contributes to some of the biological
effects of Hh, it is also highly likely that the opposite is true.
TGF-β induces Shh significantly in cultured alveolar epithelial
cells, whereas Shh induces TGF-β in lung fibroblasts (Hu et al.,
2015). Hh inhibitors do not affect TGF-β target gene expression
in reticular fibroblasts, and TGF-β inhibition does not prevent
Hh target gene induction in papillary fibroblasts (Lichtenberger
et al., 2016). Consequently, the responses depend on cell lineages
responding to different paracrine signals.

In addition to the Smad3-dependent activation, it is plausible
that the non-canonical TGF-β pathway is capable of inducing
Gli expression. PKA blockade may contribute to increasing the
pool of full-length activator Gli proteins in the cell, thus allowing
a possible Hh response (Pierrat et al., 2012). Basic fibroblast
growth factor activation of the ERK pathway also stimulates Gli1
activity through its NH2-terminal domain (Riobo et al., 2006).
These topics require further research in the future. Moreover,
the anesthetic Ketamine also showed the neuroprotective effects
(Shibuta et al., 2006) and further ameliorated the cerebral I/R
injury. However, since ketamine is used for each rat, it does not
affect our conclusions.

CONCLUSION

In conclusion, our study demonstrates that both the TGF-β and
hedgehog signaling pathways play essential roles in mediating
neuroprotection of ISO post-conditioning after cerebral I/R
injury, and the detailed crosstalk between the two pathways. Our
findings provide vital insights into the effects of TGF-β and Shh
signaling in the neuroprotective mechanism of ISO after ischemic
stroke and may open new avenues in stroke therapy.

ETHICS STATEMENT

All animal procedures were executed with the consent of the
Animal Experimental Committee of the First Affiliated Hospital
of the Medical College, Shihezi University. Two-month-old
Sprague-Dawley male rats (220–280 g) were provided by the
Experimental Animal Center of Shihezi University, China.

AUTHOR CONTRIBUTIONS

SW, LP, JY, and MG conceived and designed the experiments. LP,
GZ, QZ, and FX conducted the experiments. ZD, LX, YL, J-qS,
and KM provided assistance in experiments performing. LP and

Frontiers in Neuroscience | www.frontiersin.org 11 June 2019 | Volume 13 | Article 636

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00636 June 26, 2019 Time: 8:28 # 12

Peng et al. TGF-β2 Induces Gli1 on CIR

MG analyzed the data. LP, CY, and JY wrote the manuscript. All
authors discussed and commented on the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 81860249 and 81360203).
This study was performed at the Key Laboratory of Xinjiang
Endemic and Ethnic Diseases of Xinjiang Provincial Department
of Physiology, School of Medicine, Shihezi University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2019.00636/full#supplementary-material

FIGURE S1 | Graphical Abstract.

FIGURE S2 | p-Smad3 in Figure 5D.

FIGURE S3 | Shh in Figure 6F.

FIGURE S4 | Ptch in Figure 6F.

FIGURE S5 | Smo in Figure 6F.

FIGURE S6 | Gli1 in Figure 6F.

FIGURE S7 | TGF-β2 in Figure 7G.

FIGURE S8 | Smad3 in Figure 7G.

FIGURE S9 | p-Smad3 in Figure 7G.

FIGURE S10 | Shh in Figure 7G.

FIGURE S11 | Ptch in Figure 7G.

FIGURE S12 | Smo in Figure 7G.

TABLE S1 | Neurologic Deficit Scores.

TABLE S2 | TTC Infarct Volumes.

TABLE S3 | HE Damaged Neurons.

TABLE S4 | Nissl staining Surviving Neurons.

TABLE S5 | TUNEL-positive neurons.

TABLE S6 | TGF-β2 Mean Density.

TABLE S7 | Shh Mean Density.

TABLE S8 | Gli Mean Density.

TABLE S9 | WB.

REFERENCES
Alexandrescu, S., Tatevian, N., Czerniak, B. A., Covinsky, M. H., Burns, N. K.,

and Brown, R. E. (2012). Morphoproteomics provides support for TGF-beta
pathway signaling in the osteoclastogenesis and immune dysregulation of
osteolytic langerhans cell histiocytosis. Int. J. Clin. Exp. Pathol. 5, 503–511.

Alvarez, J. I., Dodelet-Devillers, A., Kebir, H., Ifergan, I., Fabre, P. J., Terouz, S.,
et al. (2011). The Hedgehog pathway promotes blood-brain barrier integrity
and CNS immune quiescence. Science 334, 1727–1731. doi: 10.1126/science.
1206936

Alvarez-Buylla, A., and Ihrie, R. A. (2014). Sonic hedgehog signaling in the
postnatal brain. Semin. Cell Dev. Biol. 33, 105–111. doi: 10.1016/j.semcdb.2014.
05.008

Belayev, L., Alonso, O. F., Busto, R., Zhao, W., and Ginsberg, M. D. (1996).
Middle cerebral artery occlusion in the rat by intraluminal suture. Neurological
and pathological evaluation of an improved model. Stroke 27, 1616–16122;
discussion1623.

Burghardt, I., Tritschler, F., Opitz, C. A., Frank, B., Weller, M., and Wick,
W. (2007). Pirfenidone inhibits TGF-beta expression in malignant glioma
cells. Biochem. Biophys. Res. Commun. 354, 542–547. doi: 10.1016/j.bbrc.2007.
01.012

Chechneva, O. V., Mayrhofer, F., Daugherty, D. J., Krishnamurty, R. G.,
Bannerman, P., Pleasure, D. E., et al. (2014). A Smoothened receptor agonist
is neuroprotective and promotes regeneration after ischemic brain injury. Cell
Death Dis. 5:e1481. doi: 10.1038/cddis.2014.446

Chen, C. L., Chen, Y. H., Tai, M. C., Liang, C. M., Lu, D. W., and Chen,
J. T. (2017). Resveratrol inhibits transforming growth factor-beta2-induced
epithelial-to-mesenchymal transition in human retinal pigment epithelial cells
by suppressing the Smad pathway. Drug Design Dev. Ther. 11, 163–173. doi:
10.2147/dddt.s126743

Cheon, S. Y., Kim, S. Y., Kam, E. H., Lee, J. H., Kim, J. M., Kim, E. J., et al. (2017).
Isoflurane preconditioning inhibits the effects of tissue-type plasminogen
activator on brain endothelial cell in an in vitro model of ischemic stroke. Int. J.
Med. Sci. 14, 425–433. doi: 10.7150/ijms.18037

Dennler, S., Andre, J., Alexaki, I., Li, A., Magnaldo, T., ten Dijke, P., et al. (2007).
Induction of sonic hedgehog mediators by transforming growth factor-beta:
smad3-dependent activation of Gli2 and Gli1 expression in vitro and in vivo.
Cancer Res. 67, 6981–6986. doi: 10.1158/0008-5472.can-07-0491

Dennler, S., Andre, J., Verrecchia, F., and Mauviel, A. (2009). Cloning of the human
GLI2 Promoter: transcriptional activation by transforming growth factor-beta
via SMAD3/beta-catenin cooperation. J. Biol. Chem. 284, 31523–31531. doi:
10.1074/jbc.M109.059964

Dhandapani, K. M., and Brann, D. W. (2003). Transforming growth factor-beta: a
neuroprotective factor in cerebral ischemia. Cell Biochem. Biophys. 39, 13–22.
doi: 10.1385/cbb:39:1:13

Ding, X., Li, Y., Liu, Z., Zhang, J., Cui, Y., Chen, X., et al. (2013). The sonic
hedgehog pathway mediates brain plasticity and subsequent functional recovery
after bone marrow stromal cell treatment of stroke in mice. J. Cereb. Blood Flow
Metab. 33, 1015–1024. doi: 10.1038/jcbfm.2013.50

Ding, Y., Li, J., Rafols, J. A., Phillis, J. W., and Diaz, F. G. (2002). Prereperfusion
saline infusion into ischemic territory reduces inflammatory injury after
transient middle cerebral artery occlusion in rats. Stroke 33, 2492–2498. doi:
10.1161/01.str.0000028237.15541.cc

Eltzschig, H. K., and Eckle, T. (2011). Ischemia and reperfusion–from mechanism
to translation. Nat. Med. 17, 1391–1401. doi: 10.1038/nm.2507

Fan, Q., He, M., Sheng, T., Zhang, X., Sinha, M., Luxon, B., et al.
(2010). Requirement of TGFbeta signaling for SMO-mediated
carcinogenesis. J. Biol. Chem. 285, 36570–36576. doi: 10.1074/jbc.C110.
164442

Farooqi, A. A., Shu, C. W., Huang, H. W., Wang, H. R., Chang, Y. T., Fayyaz, S.,
et al. (2017). TRAIL, Wnt, Sonic Hedgehog, TGFbeta, and miRNA signalings
are potential targets for oral cancer therapy. Int. J. Mol. Sci. 18:1523. doi:
10.3390/ijms18071523

Feigin, V. L., Forouzanfar, M. H., Krishnamurthi, R., Mensah, G. A., Connor,
M., Bennett, D. A., et al. (2014). Global and regional burden of stroke during
1990-2010: findings from the global burden of disease study 2010. Lancet 383,
245–254.

Gbd 2015 Mortality and Causes of Death Collaborators (2016). Global, regional,
and national life expectancy, all-cause mortality, and cause-specific mortality
for 249 causes of death, 1980-2015: a systematic analysis for the global burden
of disease study 2015. Lancet 388, 1459–1544. doi: 10.1016/s0140-6736(16)
31012-1

Gencer, S., Oleinik, N., Kim, J., Panneer Selvam, S., De Palma, R., Dany, M., et al.
(2017). TGF-beta receptor I/II trafficking and signaling at primary cilia are
inhibited by ceramide to attenuate cell migration and tumor metastasis. Sci.
Signal. 10:eaam7464. doi: 10.1126/scisignal.aam7464

Frontiers in Neuroscience | www.frontiersin.org 12 June 2019 | Volume 13 | Article 636

https://www.frontiersin.org/articles/10.3389/fnins.2019.00636/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2019.00636/full#supplementary-material
https://doi.org/10.1126/science.1206936
https://doi.org/10.1126/science.1206936
https://doi.org/10.1016/j.semcdb.2014.05.008
https://doi.org/10.1016/j.semcdb.2014.05.008
https://doi.org/10.1016/j.bbrc.2007.01.012
https://doi.org/10.1016/j.bbrc.2007.01.012
https://doi.org/10.1038/cddis.2014.446
https://doi.org/10.2147/dddt.s126743
https://doi.org/10.2147/dddt.s126743
https://doi.org/10.7150/ijms.18037
https://doi.org/10.1158/0008-5472.can-07-0491
https://doi.org/10.1074/jbc.M109.059964
https://doi.org/10.1074/jbc.M109.059964
https://doi.org/10.1385/cbb:39:1:13
https://doi.org/10.1038/jcbfm.2013.50
https://doi.org/10.1161/01.str.0000028237.15541.cc
https://doi.org/10.1161/01.str.0000028237.15541.cc
https://doi.org/10.1038/nm.2507
https://doi.org/10.1074/jbc.C110.164442
https://doi.org/10.1074/jbc.C110.164442
https://doi.org/10.3390/ijms18071523
https://doi.org/10.3390/ijms18071523
https://doi.org/10.1016/s0140-6736(16)31012-1
https://doi.org/10.1016/s0140-6736(16)31012-1
https://doi.org/10.1126/scisignal.aam7464
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00636 June 26, 2019 Time: 8:28 # 13

Peng et al. TGF-β2 Induces Gli1 on CIR

Gong, S. J., Chen, L. Y., Zhang, M., Gong, J. X., Ma, Y. X., Zhang, J. M.,
et al. (2012). Intermittent hypobaric hypoxia preconditioning induced brain
ischemic tolerance by up-regulating glial glutamate transporter-1 in rats.
Neurochem. Res. 37, 527–537. doi: 10.1007/s11064-011-0639-3

Hebert, J. M. (2013). Only scratching the cell surface: extracellular signals in
cerebrum development. Curr. Opin. Genet. Dev. 23, 470–474. doi: 10.1016/j.gde.
2013.04.004

Hu, B., Liu, J., Wu, Z., Liu, T., Ullenbruch, M. R., Ding, L., et al. (2015).
Reemergence of hedgehog mediates epithelial-mesenchymal crosstalk in
pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 52, 418–428. doi: 10.1165/
rcmb.2014-0108OC

Hu, Z., Fan, J., Zeng, L., Lu, W., Tang, X., Zhang, J., et al. (2008). Transient cerebral
ischemia leads to TGF-beta2 expression in golgi apparatus organelles. Curr.
Neurovasc. Res. 5, 178–184. doi: 10.2174/156720208785425693

Huang, S. S., Cheng, H., Tang, C. M., Nien, M. W., Huang, Y. S., Lee,
I. H., et al. (2013). Anti-oxidative, anti-apoptotic, and pro-angiogenic effects
mediate functional improvement by sonic hedgehog against focal cerebral
ischemia in rats. Exp. Neurol. 247, 680–688. doi: 10.1016/j.expneurol.2013.
03.004

Javelaud, D., Alexaki, V. I., Dennler, S., Mohammad, K. S., Guise, T. A., and
Mauviel, A. (2011). TGF-beta/SMAD/GLI2 signaling axis in cancer progression
and metastasis. Cancer Res. 71, 5606–5610. doi: 10.1158/0008-5472.can-11-
1194

Javelaud, D., Pierrat, M. J., and Mauviel, A. (2012). Crosstalk between TGF-beta
and hedgehog signaling in cancer. FEBS Lett. 586, 2016–2025. doi: 10.1016/j.
febslet.2012.05.011

Jin, Y., Barnett, A., Zhang, Y., Yu, X., and Luo, Y. (2017). Poststroke sonic hedgehog
agonist treatment improves functional recovery by enhancing neurogenesis and
angiogenesis. Stroke 48, 1636–1645. doi: 10.1161/strokeaha.117.016650

Kandasamy, M., Lehner, B., Kraus, S., Sander, P. R., Marschallinger, J., Rivera,
F. J., et al. (2014). TGF-beta signalling in the adult neurogenic niche promotes
stem cell quiescence as well as generation of new neurons. J. Cell. Mol. Med.18,
1444–1459. doi: 10.1111/jcmm.12298

Kim, E. J., Kim, S. Y., Lee, J. H., Kim, J. M., Kim, J. S., Byun, J. I., et al. (2015). Effect
of isoflurane post-treatment on tPA-exaggerated brain injury in a rat ischemic
stroke model. Korean J. Anesthesiol. 68, 281–286. doi: 10.4097/kjae.2015.
68.3.281

Lei, J., Ma, J., Ma, Q., Li, X., Liu, H., Xu, Q., et al. (2013). Hedgehog signaling
regulates hypoxia induced epithelial to mesenchymal transition and invasion
in pancreatic cancer cells via a ligand-independent manner. Mol. Cancer 12:66.
doi: 10.1186/1476-4598-12-66

Li, J., Qu, X., Yao, J., Caruana, G., Ricardo, S. D., Yamamoto, Y., et al.
(2010). Blockade of endothelial-mesenchymal transition by a Smad3 inhibitor
delays the early development of streptozotocin-induced diabetic nephropathy.
Diabetes 59, 2612–2624. doi: 10.2337/db09-1631

Liang, R., Sumova, B., Cordazzo, C., Mallano, T., Zhang, Y., Wohlfahrt, T.,
et al. (2017). The transcription factor GLI2 as a downstream mediator of
transforming growth factor-beta-induced fibroblast activation in SSc. Ann.
Rheum. Dis. 76, 756–764. doi: 10.1136/annrheumdis-2016-209698

Lichtenberger, B. M., Mastrogiannaki, M., and Watt, F. M. (2016). Epidermal
beta-catenin activation remodels the dermis via paracrine signalling to distinct
fibroblast lineages. Nat. Commun. 7:10537. doi: 10.1038/ncomms10537

Liu, L., Zhu, Y., Noe, M., Li, Q., and Pasricha, P. J. (2018). Neuronal transforming
growth factor beta signaling via SMAD3 contributes to pain in animal models
of chronic pancreatitis. Gastroenterology 154, 2252.e2–2265.e2. doi: 10.1053/j.
gastro.2018.02.030

Lu, J., Wu, Y., Sousa, N., and Almeida, O. F. (2005). SMAD pathway mediation
of BDNF and TGF beta 2 regulation of proliferation and differentiation of
hippocampal granule neurons. Development 132, 3231–3242. doi: 10.1242/dev.
01893

Ludtke, T. H., Rudat, C., Wojahn, I., Weiss, A. C., Kleppa, M. J., Kurz, J., et al.
(2016). Tbx2 and Tbx3 act downstream of Shh to maintain canonical wnt
signaling during branching morphogenesis of the murine lung. Dev. Cell 39,
239–253. doi: 10.1016/j.devcel.2016.08.007

McMillin, M., Galindo, C., Pae, H. Y., Frampton, G., Di, P., Patre, L., et al. (2014).
Gli1 activation and protection against hepatic encephalopathy is suppressed by
circulating transforming growth factor beta1 in mice. J. Hepatol. 61, 1260–1266.
doi: 10.1016/j.jhep.2014.07.015

Nakatomi, H., Kuriu, T., Okabe, S., Yamamoto, S., Hatano, O., Kawahara, N., et al.
(2002). Regeneration of hippocampal pyramidal neurons after ischemic brain
injury by recruitment of endogenous neural progenitors. Cell 110, 429–441.
doi: 10.1016/s0092-8674(02)00862-0

Nolan-Stevaux, O., Lau, J., Truitt, M. L., Chu, G. C., Hebrok, M., Fernandez-
Zapico, M. E., et al. (2009). GLI1 is regulated through smoothened-
independent mechanisms in neoplastic pancreatic ducts and mediates PDAC
cell survival and transformation. Genes Dev. 23, 24–36. doi: 10.1101/gad.17
53809

Oya, S., Yoshikawa, G., Takai, K., Tanaka, J. I., Higashiyama, S., Saito, N., et al.
(2009). Attenuation of notch signaling promotes the differentiation of neural
progenitors into neurons in the hippocampal CA1 region after ischemic injury.
Neuroscience 158, 683–692. doi: 10.1016/j.neuroscience.2008.10.043

Pierrat, M. J., Marsaud, V., Mauviel, A., and Javelaud, D. (2012). Expression of
microphthalmia-associated transcription factor (MITF), which is critical for
melanoma progression, is inhibited by both transcription factor GLI2 and
transforming growth factor-beta. J. Biol. Chem. 287, 17996–18004. doi: 10.1074/
jbc.M112.358341

Polazzi, E., Altamira, L. E., Eleuteri, S., Barbaro, R., Casadio, C., Contestabile,
A., et al. (2009). Neuroprotection of microglial conditioned medium on
6-hydroxydopamine-induced neuronal death: role of transforming growth
factor beta-2. J. Neurochem. 110, 545–556. doi: 10.1111/j.1471-4159.2009.
06117.x

Riobo, N. A., Haines, G. M., and Emerson, C. P. Jr. (2006). Protein kinase C-delta
and mitogen-activated protein/extracellular signal-regulated kinase-1 control
GLI activation in hedgehog signaling. Cancer Res. 66, 839–845. doi: 10.1158/
0008-5472.can-05-2539

Rodriguez-Martinez, G., and Velasco, I. (2012). Activin and TGF-beta effects on
brain development and neural stem cells. CNS Neurol. Disord. Drug Targets 11,
844–855. doi: 10.2174/1871527311201070844

Sakamoto, T., Kawazoe, Y., Shen, J. S., Takeda, Y., Arakawa, Y., Ogawa, J., et al.
(2003). Adenoviral gene transfer of GDNF, BDNF and TGF beta 2, but not
CNTF, cardiotrophin-1 or IGF1, protects injured adult motoneurons after facial
nerve avulsion. J. Neurosci. Res. 72, 54–64. doi: 10.1002/jnr.10558

Shi, Y., and Massague, J. (2003). Mechanisms of TGF-beta signaling from cell
membrane to the nucleus. Cell 113, 685–700. doi: 10.1016/s0092-8674(03)
00432-x

Shibuta, S., Varathan, S., and Mashimo, T. (2006). Ketamine and thiopental
sodium: individual and combined neuroprotective effects on cortical cultures
exposed to NMDA or nitric oxide[J]. BJA 97, 517–524. doi: 10.1093/bja/
ael192

Shihab, F. S., Bennett, W. M., Yi, H., and Andoh, T. F. (2002). Pirfenidone
treatment decreases transforming growth factor-beta1 and matrix proteins and
ameliorates fibrosis in chronic cyclosporine nephrotoxicity. Am. J. Transplant.
2, 111–119. doi: 10.1034/j.1600-6143.2002.020201.x

Sims, J. R., Lee, S. W., Topalkara, K., Qiu, J., Xu, J., Zhou, Z., et al. (2009). Sonic
hedgehog regulates ischemia/hypoxia-induced neural progenitor proliferation.
Stroke 40, 3618–3626. doi: 10.1161/strokeaha.109.561951

Steinway, S. N., Zanudo, J. G., Ding, W., Rountree, C. B., Feith, D. J., Loughran,
T. P., et al. (2014). Network modeling of TGFbeta signaling in hepatocellular
carcinoma epithelial-to-mesenchymal transition reveals joint sonic hedgehog
and Wnt pathway activation. Cancer Res. 74, 5963–5977. doi: 10.1158/0008-
5472.can-14-0225

Swanson, R. A., Morton, M. T., Tsao-Wu, G., Savalos, R. A., Davidson, C., and
Sharp, F. R. (1990). A semiautomated method for measuring brain infarct
volume. J. Cereb. Blood Flow Metab.10, 290–293. doi: 10.1038/jcbfm.1990.47

Taheri, S., Shunmugavel, A., Clark, D., and Shi, H. (2014). Isoflurane reduces the
ischemia reperfusion injury surge: a longitudinal study with MRI. Brain Res.
1586, 173–183. doi: 10.1016/j.brainres.2014.08.003

Varjosalo, M., and Taipale, J. (2008). Hedgehog: functions and mechanisms. Genes
Dev. 22, 2454–2472. doi: 10.1101/gad.1693608

Wang, S., Yin, J., Ge, M., Dai, Z., Li, Y., Si, J., et al. (2016). Transforming
growth-beta 1 contributes to isoflurane postconditioning against cerebral
ischemia-reperfusion injury by regulating the c-Jun N-terminal kinase signaling
pathway. Biomed. Pharmacother. 78, 280–290. doi: 10.1016/j.biopha.2016.
01.030

Wu, C., Wang, J., Li, C., Zhou, G., Xu, X., Zhang, X., et al. (2015).
Effect of electroacupuncture on cell apoptosis and ERK signal pathway in

Frontiers in Neuroscience | www.frontiersin.org 13 June 2019 | Volume 13 | Article 636

https://doi.org/10.1007/s11064-011-0639-3
https://doi.org/10.1016/j.gde.2013.04.004
https://doi.org/10.1016/j.gde.2013.04.004
https://doi.org/10.1165/rcmb.2014-0108OC
https://doi.org/10.1165/rcmb.2014-0108OC
https://doi.org/10.2174/156720208785425693
https://doi.org/10.1016/j.expneurol.2013.03.004
https://doi.org/10.1016/j.expneurol.2013.03.004
https://doi.org/10.1158/0008-5472.can-11-1194
https://doi.org/10.1158/0008-5472.can-11-1194
https://doi.org/10.1016/j.febslet.2012.05.011
https://doi.org/10.1016/j.febslet.2012.05.011
https://doi.org/10.1161/strokeaha.117.016650
https://doi.org/10.1111/jcmm.12298
https://doi.org/10.4097/kjae.2015.68.3.281
https://doi.org/10.4097/kjae.2015.68.3.281
https://doi.org/10.1186/1476-4598-12-66
https://doi.org/10.2337/db09-1631
https://doi.org/10.1136/annrheumdis-2016-209698
https://doi.org/10.1038/ncomms10537
https://doi.org/10.1053/j.gastro.2018.02.030
https://doi.org/10.1053/j.gastro.2018.02.030
https://doi.org/10.1242/dev.01893
https://doi.org/10.1242/dev.01893
https://doi.org/10.1016/j.devcel.2016.08.007
https://doi.org/10.1016/j.jhep.2014.07.015
https://doi.org/10.1016/s0092-8674(02)00862-0
https://doi.org/10.1101/gad.1753809
https://doi.org/10.1101/gad.1753809
https://doi.org/10.1016/j.neuroscience.2008.10.043
https://doi.org/10.1074/jbc.M112.358341
https://doi.org/10.1074/jbc.M112.358341
https://doi.org/10.1111/j.1471-4159.2009.06117.x
https://doi.org/10.1111/j.1471-4159.2009.06117.x
https://doi.org/10.1158/0008-5472.can-05-2539
https://doi.org/10.1158/0008-5472.can-05-2539
https://doi.org/10.2174/1871527311201070844
https://doi.org/10.1002/jnr.10558
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1093/bja/ael192
https://doi.org/10.1093/bja/ael192
https://doi.org/10.1034/j.1600-6143.2002.020201.x
https://doi.org/10.1161/strokeaha.109.561951
https://doi.org/10.1158/0008-5472.can-14-0225
https://doi.org/10.1158/0008-5472.can-14-0225
https://doi.org/10.1038/jcbfm.1990.47
https://doi.org/10.1016/j.brainres.2014.08.003
https://doi.org/10.1101/gad.1693608
https://doi.org/10.1016/j.biopha.2016.01.030
https://doi.org/10.1016/j.biopha.2016.01.030
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00636 June 26, 2019 Time: 8:28 # 14

Peng et al. TGF-β2 Induces Gli1 on CIR

the hippocampus of adult rats with cerebral ischemia-reperfusion. eCAM
2015:414965. doi: 10.1155/2015/414965

Yu, P., Wang, L., Tang, F., Zeng, L., Zhou, L., Song, X., et al. (2017).
Resveratrol pretreatment decreases ischemic injury and improves
neurological function via sonic hedgehog signaling after stroke
in rats. Mol. Neurobiol. 54, 212–226. doi: 10.1007/s12035-015-96
39-9637

Zhang, L., Chopp, M., Meier, D. H., Winter, S., Wang, L., Szalad, A., et al.
(2013). Sonic hedgehog signaling pathway mediates cerebrolysin-improved
neurological function after stroke. Stroke 44, 1965–1972. doi: 10.1161/
strokeaha.111.000831

Zhang, Y., Zhang, X., Cui, L., Chen, R., Zhang, C., Li, Y., et al.
(2017). Salvianolic acids for injection (SAFI) promotes functional
recovery and neurogenesis via sonic hedgehog pathway after stroke
in mice. Neurochem. Int. 110, 38–48. doi: 10.1016/j.neuint.2017.
09.001

Zhao, D. A., Bi, L. Y., Huang, Q., Zhang, F. M., and Han, Z. M. (2016).
[Isoflurane provides neuroprotection in neonatal hypoxic ischemic brain injury
by suppressing apoptosis]. Rev. Bras. Anestesiol. 66, 613–621. doi: 10.1016/j.
bjan.2016.08.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Peng, Yang, Yin, Ge, Wang, Zhang, Zhang, Xu, Dai, Xie, Li, Si
and Ma. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 14 June 2019 | Volume 13 | Article 636

https://doi.org/10.1155/2015/414965
https://doi.org/10.1007/s12035-015-9639-9637
https://doi.org/10.1007/s12035-015-9639-9637
https://doi.org/10.1161/strokeaha.111.000831
https://doi.org/10.1161/strokeaha.111.000831
https://doi.org/10.1016/j.neuint.2017.09.001
https://doi.org/10.1016/j.neuint.2017.09.001
https://doi.org/10.1016/j.bjan.2016.08.003
https://doi.org/10.1016/j.bjan.2016.08.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	TGF-β2 Induces Gli1 in a Smad3-Dependent Manner Against Cerebral Ischemia/Reperfusion Injury After Isoflurane Post-conditioning in Rats
	Introduction
	Materials and Methods
	Animals
	Model Establishment
	Drug Treatment and Animal Grouping
	Evaluation of Neurologic Deficit Scores
	Measurement of Infarct Volumes
	Hematoxylin and Eosin (HE) Staining
	Nissl Staining
	Terminal Deoxynucleotidyl Transferase dUTP Nick end Labeling (TUNEL) Staining
	Immunofluorescence (IF) Staining
	Quantitative Real-Time PCR
	Western Blot
	Statistical Analysis

	Results
	Effect of ISO Post-conditioning on Infarct Volumes and Neurologic Deficit Scores in Rats With MCAO/R
	Neuroprotective Effects of ISO Post-conditioning on the Pyramidal Cells of Hippocampal CA1 Region in Rats With MCAO/R
	Effect of the TGF-β2/Smad3 Signaling Pathway in the Hippocampus of Rats With ISO Post-conditioning After Cerebral I/R Injury
	Effect of the Shh/Gli Signaling Pathway in the Hippocampus of Rats With ISO Post-conditioning After Cerebral I/R Injury
	Crosstalk Between TGF-β and Hedgehog Signaling Pathway in the Hippocampus of Rats With ISO Post-conditioning After Cerebral I/R Injury

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


