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Abstract

Previous studies have shown that up-regulation of transforming growth factor B1 results in
neuroprotective effects. However, the role of the transforming growth factor 1 downstream
molecule, SMAD2/3, following ischemia/reperfusion remains unclear. Here, we investigated the
neuroprotective effects of SMAD2/3 by analyzing the relationships between SMAD2/3 expression
and cell apoptosis and inflammation in the brain of a rat model of cerebral ischemia/reperfusion.
Levels of SMAD2/3 mRNA were up-regulated in the ischemic penumbra 6 hours after cerebral
ischemia/reperfusion, reached a peak after 72 hours and were then decreased at 7 days. Phos-
phorylated SMAD?2/3 protein levels at the aforementioned time points were consistent with the
mRNA levels. Over-expression of SMAD3 in the brains of the ischemia/reperfusion model rats
via delivery of an adeno-associated virus containing the SMAD3 gene could reduce tumor ne-
crosis factor-a and interleukin-1p mRNA levels, down-regulate expression of the pro-apoptotic
gene, capase-3, and up-regulate expression of the anti-apoptotic protein, Bcl-2. The SMAD3
protein level was negatively correlated with cell apoptosis. These findings indicate that SMAD3
exhibits neuroprotective effects on the brain after ischemia/reperfusion through anti-inflamma-
tory and anti-apoptotic pathways.

Key Words: nerve regeneration; brain injury; neuroprotection; inflammation; apoptosis; cerebral
ischemia; SMAD3; transforming growth factor B1; NSFC grant; neural regeneration

Funding: This work was supported by the National Natural Science Foundation of China, No.
81460193.

Liu FF, Liu CY, Li XB, Zheng SZ, Li QQ, Liu Q, Song L (2015) Neuroprotective effects of SMADs in

a rat model of cerebral ischemia/reperfusion. Neural Regen Res 10(3):438-444.

Introduction

Ischemic cerebrovascular disease is one of the most common
diseases of the nervous system, accounting for 60—80% of all
strokes. Its high mortality and morbidity bring about huge
economic and mental burdens for the patients, families and
society (Neuhaus et al., 2014; Sauser et al., 2014). Immedi-
ately following the event, nerve cells at the penumbra (Kim
et al., 2014; Manning et al., 2014), the area surrounding an
ischemic event, are depleted of electrical activity and are
prone to hypoxic cell death (infarction). The original dam-
age from the ischemia can be amplified by inflammation, ox-
idative stress and/or apoptosis (Sanchez, 2013; Baron et al.,
2014; Rosso and Samson, 2014). Without effective continu-
ous perfusion, neurological defects will progress. The effec-
tive and available therapeutic strategy to rescue nerve cells in
the penumbra is recanalization through thrombolysis, which
can restore blood flow at the ischemic penumbra (Dorado
et al., 2014). However, clinical application of thrombolysis
therapy is limited because of strict indications, a short time
window, high risk, and complications. Therefore, an anti-in-
flammatory, anti-apoptotic, neuroprotective drug is urgently
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needed to provide a different avenue for clinical treatment of
cerebral infarction.

Transforming growth factor-f1 (TGF-B1) is one of the
most important members of the TGF-f family. It binds with
membrane receptors on the surface of cells and regulates the
expression of multiple genes through the SMAD signaling
pathway (Konkel and Chen, 2011; Kovacic and Somanathan,
2011). The TGF-B1/SMADs signaling pathway has a variety
of biological effects, and is critically involved in the physio-
logical and pathological processes of the body, such as cell
apoptosis and proliferation, stem cell differentiation and
embryonic development, extracellular matrix formation,
post-trauma repair and the inflammatory response (Akhurst
and Hata, 2012; Araujo-Jorge et al., 2012; Beyer et al., 2013;
Sakaki-Yumoto et al., 2013). TGF- levels are upregulated in
the brain after cerebral ischemia, suggesting that it may be
related to nerve damage and repair after cerebral ischemia
(Knuckey et al., 1996). TGF-B1 is the predominant subtype
among active TGF-Bs in the brain and it exerts neuroprotec-
tive effects against cerebral ischemia (Kalluri and Dempsey,
2008; Bonni and Bonni, 2012; Caraci et al., 2012; Joseph et
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al., 2013). In addition, the neuroprotective mechanism of
TGF-P1 may include an anti-inflammatory effect, malacia
healing, anti-excitatory amino acid toxicity, an anti-apop-
totic effect, angiogenesis, and nerve regeneration (Pera et al.,
2004).

TGEF-B1 expression and its neuroprotective effect fol-
lowing cerebral ischemia/reperfusion have been studied in
detail, but the role of the downstream signaling molecule,
SMAD?2/3, in neuroprotection is not fully elucidated. This
study aimed to observe SMAD2 and SMAD3 expression in
the brain of a cerebral ischemia/reperfusion rat model, ex-
plore the effects of SMAD2 and SMAD3 on inflammation
and apoptosis after infarction, and to determine the mecha-
nism of regulation of the TGF-f1/SMAD2/3 signaling path-
way after cerebral ischemia/reperfusion.

Materials and Methods

Animals and treatments

Eighty Sprague-Dawley male rats were housed in separate
specific-pathogen-free cages with free access to food and wa-
ter, at 21 £ 2°C and 30-35% humidity, under a 12-hour day/
night cycle. This study was approved by the Animal Ethics
Committee of Jilin University in China.

To detect dynamic expression of SMAD2 and SMAD3
after cerebral ischemia/reperfusion, 10 rats served as the
control group (control), 10 rats served as the sham group
(sham), and cerebral ischemia/reperfusion was established
in the remaining 60 rats. The ischemia/reperfusion rats were
randomly divided into 6-hour, 24-hour, 72-hour and 7-day
groups, with 15 rats in each group. The influence of SMADs
on the expression of inflammatory factors and apoptosis was
investigated in the 24 hour group.

To investigate the role of SMAD3 after cerebral isch-
emia/reperfusion, 15 rats were divided into three sub-
groups: control, negative control (vector) and SMAD3
over-expression (SMAD3), with five rats in each subgroup.
In the control, SMAD3 and vector subgroups, rats were
injected via the tail vein with 100-uL PBS, AAV9-SMAD3
(3 x 10" vg/mL per kg body weight) (Cyagen Biosciences,
Guangzhou, China), and AAV9-SMAD3 control AAV9-
GFP (3 x 10" vg/mL per kg body weight) (Cyagen Biosci-
ences), respectively. Three days after injection, all rats were
subjected to cerebral ischemia/reperfusion.

Establishment of cerebral ischemia/reperfusion

Rats were anesthetized with subcutaneous injection of ket-
amine (100 mg/kg), xylazine (2.5 mg/kg) and acepromazine
(2.5 mg/kg; Jinan Wanxingda Chemical Co., Jinan, China),
and fixed in the supine position on the operation table. A
medial incision was made in the neck skin after disinfection,
then the left common carotid, external carotid and internal
carotid arteries were exposed. A small incision was made us-
ing ophthalmic scissors between the common carotid artery
and the external carotid artery, and a 0.26-mm thread was
inserted until the middle cerebral artery. After the blood flow
of the left middle cerebral artery was blocked for 2 hours, the
thread was removed and the external carotid artery was ligat-

ed and the wounds sutured. After recovery, rats were reared in
a 20-25°C cage, with free access to water and food.

TTC staining

After sacrifice, rat brains were perfused with saline, dissected
and stored at —20°C for 20 minutes. Brains were cut at the
midpoint of the line between the forebrain and the optic
chiasm, at the suprachiasmatic site, at the infundibular stem,
and between the infundibular stem and the posterior lobe.
Slices 2-mm thick were cut. Slices were stained in 2% TTC
solution (JianCheng Bioengineering Institute, Nanjing, Chi-
na) at 37°C for 30 minutes. The infarct volume was calculat-
ed as previously reported (Goldlust et al., 1996).

Real-time quantitative PCR

Total RNA from ischemic brain specimens was extracted
with Trizol (Invitrogen, CA, USA). cDNA was synthesized
from 2 pg of total RNA using a Superscript III Reverse
Transcriptase kit (Invitrogen) following the manufacturer’s
instructions. The synthesized cDNA was used for real-time
quantitative PCR in accordance with the instructions of a
SYBR Green PCR kit (TransGen Biotech, Beijing, China).
In brief, 1 puL specific primers (0.5 pL upstream primer and
0.5 pL downstream primer), 12.5 pL 2 X SYBR Green qPCR
Master Mix, 2.5 pL diluted ¢cDNA and 9 pL nuclease-free
PCR-grade water were mixed. The mixture was denatured at
95°C for 5 minutes, followed by 40 cycles of 95°C for 30 sec-
onds, 60°C for 1 minute, and 72°C for 30 seconds. GAPDH
served as an internal reference and target mRNA concentra-
tion was expressed as 27**“ values.

Specific primer sequences were as follows: SMAD2 up-
stream primer: 5'-CCA GGT CTC TTG ATG GTC GT-3';
SMAD?2 downstream primer 5-GGC GGC AGT TCT GTT
AGA AT-3'; SMAD3 upstream primer: 5'-ACA AGG TCC
TCA CCC AGA TG-3"; SMAD3 downstream primer: 5'-TGG
CGA TAC ACC ACC TGT TA-3"; TNF-a upstream primer:
5'-CTC CAG CTG GAA GAC TCC TCC CAG-3'; TNF-a
downstream primer: 5-CCC GAC TAC GTG CTC CTC
ACC-3'; IL-1p upstream primer: 5'-GAC CTG CTT CTT
TGA GGC TGA C-3'; IL-1p downstream primer: 5-TTC
ATC TCG AAG CCT GCA GTG-3'; GAPDH upstream prim-
er: 5-GGC AAG TTC AAT GGC ACA GT-3'; GAPDH down-
stream primer: 5'-TGG TGA AGA CGC CAG TAG ACT C-3'.

Western blot analysis

Ischemic brain sections were homogenized in Tissue Ly-
sate Buffer (Beyotime, Shanghai, China), and phases left to
separate on ice for 30 minutes. The protein phase was then
centrifuged at 8,000 X g for 20 minutes, and the supernatant
removed. Protein concentration was measured with a BCA
kit (Beyotime, Shanghai, China). For each sample, 15 pg
total protein was mixed with 4 pL 5 X loading buffer and
denatured by boiling for 5 minutes. Subsequently, specimens
were separated by electrophoresis on 10% SDS-PAGE gels
(Beyotime, Shanghai, China) at 80 V for 40 minutes and at
110 V for 90 minutes, and then transferred to polyvinylidene
difluoride membranes (Beyotime, Shanghai, China) at 200
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mA for 60 minutes. After blocking for 2 hours, membranes
were washed with western solution (Beyotime) and incubated
with goat anti-rat polyclonal antibody (SMAD2/3 sc-6032,
PSMAD2/3 sc-11769, Bcl-2 sc-16323, caspase-3 sc-1225,
cleavage casp3 sc-22139, GAPDH sc-48167) 1:100 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight,
and with horseradish peroxidase conjugated rabbit anti-goat
polyclonal antibody (sc-2768) 1:1,000 (Santa Cruz Biotech-
nology) for 2 hours. Antibody binding was visualized with
the ECL method, and results are expressed as the gray value
ratio of target protein to GAPDH.

TUNEL staining for apoptotic cells

Paraffin sections of brain tissue were immersed and dewaxed
with xylene (2 X 5 minutes), and rinsed with dehydrated
alcohol (2 x 3 minutes), 95% ethanol (2 X 3 minutes), 75%
ethanol (2 X 3 minutes), 0.85% sodium chloride in PBS
for 5 minutes. Subsequently, sections were hydrolyzed with
proteinase K solution (20 pg/mL) for 15 minutes. Brain tis-
sue sections were placed in 2% H,0, at room temperature
for 5 minutes, then rinsed with PBS and blocked with TdT
enzyme buffer for 5 minutes at room temperature. Sections
were photographed under a fluorescence microscope (Olym-
pus, Japan). Five fields of view at 100X magnification were
selected from each section, to count TUNEL-positive cells.

Statistical analysis

Data were analyzed using SPSS 18.0 software (SPSS Inc,
Chicago, IL, USA) and are expressed as the mean £ SD. In-
tergroup differences were compared using one-way analysis
of variance followed by the Student-Newman-Keuls test.
The test level was considered as a = 0.05. The correlation of
SMAD3 expression with IL-1p levels and TUNEL-positive
cells was analyzed with Spearman’s rank correlation method.

Results

Over-expression of SMAD?3 reduced infarct volume

Three rats from each of the control, vector and SMAD3
groups were selected for TTC staining. The infarct tissue in
the control group was stained pale and involved the cortex,
hippocampus and basal ganglia. The infarct volume in the
vector group was the same as that in the control group, with-
out significant difference between the two groups (P > 0.05).
Compared with the control and vector groups, infarct vol-
ume was obviously reduced in the SMAD3 group (P < 0.01)
(Figure 1).

SMAD?2/3 mRNA levels in the penumbra after cerebral
ischemia/reperfusion

Real-time quantitative PCR showed a low level of SMAD2/3
mRNA in the control and sham groups. At 6 hours after ce-
rebral ischemia/reperfusion, SMAD2/3 mRNA levels were
up-regulated and were higher than those in the control and
sham groups (P < 0.05). Subsequently, the level of SMAD2/3
mRNA in the ischemia/reperfusion group kept increasing
with time, and the increase was still observed after 72 hours.
There were significant differences between cerebral ischemia/
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reperfusion groups and the control group (P < 0.05; Figure 2).

SMAD2/3 and pSMAD?2/3 protein in the penumbra after
cerebral ischemia/reperfusion

In the model group, the level of phosphorylated SMAD2/3
protein (p-SMAD?2/3) at 6 hours was higher than that in
the control and sham groups. This level peaked at 72 hours,
and was then decreased at 7 days. At 6, 24 and 72 hours after
ischemia, SMAD2/3 protein levels in the penumbra of the
model group showed no significant difference compared
with the control and sham groups. The model group had a
higher level of SMAD2/3 protein compared with the control
and sham groups only at 7 days (Figure 3).

Correlation between SMAD3 expression and cell apoptosis
or inflammation

At 24 hours after reperfusion, Spearman correlation analysis
showed that in the ischemic penumbra, SMAD3 was negative-
ly correlated with the number of apoptotic cells (r = —0.718,
P < 0.01; Figure 4A). SMAD3 was negatively correlated with
the mRNA levels of IL-1p, an important pro-inflammatory
cytokine (r=—0.859, P < 0.01; Figure 4B).

Over-expression of SMAD3 decreased levels of TNF-a and
IL-1p mRNA in the ischemic region

Twenty-four hours after reperfusion, there was no significant
difference in the levels of tumor necrosis factor-a (TNF-a)
or interleukin-1f3 (IL-1f) mRNA between control and vec-
tor groups (P > 0.05). TNF-a and IL-1p mRNA levels in the
SMAD?3 group were significantly lower compared with those
in the control and vector groups (P < 0.05; Figure 5).

Over-expression of SMAD3 increased Bcl-2 and decreased
Caspase-3 protein levels in the ischemic region
Twenty-four hours after reperfusion, the level of SMAD3
protein in the SMAD3 group (0.98 + 0.24) was significantly
higher than that in the control (0.63 + 0.23, P < 0.05) and
vector groups (0.69  0.35, P < 0.05). The level of Bcl-2 pro-
tein in the SMAD3 group (0.68 £ 0.18) was increased com-
pared with that in the control (0.39 *+ 0.22, P < 0.05) and
vector groups (0.37 £ 0.13, P < 0.01). Levels of Caspase-3
and cleavage Casp3 protein in the SMAD3 group were sig-
nificantly lower than in the control group (P < 0.05 or P <
0.01). There was no significant difference in SMAD3, Bcl-
2 or Caspase-3 protein levels between control and vector
groups (P> 0.05; Figure 6).

Discussion

The TGF-p family consists of over 40 proteins, including
activins, inhibins, Mullerian inhibitor substance, and bone
morphogenetic proteins (Conway and Kaartinen, 2011).
TGF-PBs are important members of the TGF-P family and
four TGF-P subtypes are found in mammals: TGF-p1,
TGF-B2, TGF-B3 and TGF-P1p2 (Brown et al., 1985). Under
physiological conditions, TGF-P1 is expressed in astrocytes
and neurons. A number of studies have shown that brain
TGEF-p levels are up-regulated in both humans and animals
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Figure 2 SMAD2/3 mRNA levels in the penumbra after cerebral ischemia/reperfusion in rats (real-time quantitative PCR).
(A, B) SMAD2/3 mRNA was up-regulated over time after reperfusion. *P < 0.05, vs. controls (one-way analysis of variance followed by Stu-
dent-Newman-Keul test). Data are presented as the mean + SD from at least three independent experiments. h: Hours; d: days.
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Figure 1 Infarct volume in ischemic brain of rats 24 hours after
reperfusion (TTC staining).

In the control, SMAD3 and vector groups, rats were injected via the
tail vein with 100 pL PBS, AAV9-SMAD3 (3 x 10" vg/mL per kg body
weight), and AAV9-SMAD3 control AAV9-GFP (3 x 10" vg/mL per kg
body weight), respectively. (A) Coronal brain sections of control, vector,
and SMAD3 groups (left, middle, right); the pale area is the infarction.
(B) Quantitative results showed that compared with the control and
vector groups, infarct volume was reduced in the SMAD3 group (*P <
0.05; one-way analysis of variance followed by Student-Newman-Keul
test). Data are presented as the mean + SD from at least three indepen-
dent experiments.

with cerebral ischemia and that TGF-B1 is the predominant
subtype among active TGF-s in the brain. Although TGF-p1
has apparent neuroprotective effects against cerebral isch-
emia/reperfusion injury, the expression of its main down-
stream signaling molecules, SMAD2 and SMAD3, after ce-
rebral ischemia/reperfusion and the role of SMAD2/3 in the
neuroprotective mechanism of TGF-p1 remain unclear. In
this study, we determined the dynamic changes of SMAD2/3
mRNA and protein expression in the brain after cerebral
ischemia/reperfusion. The results showed that at 6 hours af-
ter cerebral ischemia/reperfusion, levels of SMAD2/3 mRNA
in the ischemic penumbra were higher than those in normal

[ ] Control [ Vector Y SMAD3

2.0 4

mRNA expression
(relative to GAPDH)

TNF-a

IL-1B

Figure 5 Over-expression of SMAD3 reduced the levels of tumor
necrosis factor-a (TNF-a) and interleukin-1f (IL-1p) mRNA in
ischemic brain of rats 24 hours after reperfusion.

In the control, SMAD3 and vector groups, rats were injected via the
tail vein with 100 uL PBS, AAV9-SMAD3 (3 x 10" vg/mL per kg body
weight), and AAV9-SMAD3 control AAV9-GFP (3 x 10" vg/mL per kg
body weight), respectively. *P < 0.05, **P < 0.01, vs. controls (one-way
analysis of variance followed by Student-Newman-Keul test). Data are
presented as the mean + SD from at least three independent experi-
ments.

brain tissue. These levels then gradually increased, peaked
at 72 hours, and were then decreased after 7 days. Howev-
er, at 6, 24, and 72 hours after ischemia, SMAD2/3 protein
levels in the ischemic penumbra were significantly higher
compared with those in normal tissue only at the time point
of 7 days. Therefore, we speculate that cerebral ischemia/
reperfusion contributes to induce transcriptional activation
of the SMAD2/3 gene. Owing to certain post-transcriptional
regulation factors, SMAD2/3 mRNA cannot be efficiently
translated or translated protein is rapidly degraded, leading
to different levels of the SMAD2/3 mRNA and protein.
Although the level of SMAD?2/3 protein was not significant-
ly changed in the early period following cerebral ischemia/
reperfusion, we found that the level of active p-SMAD2/3 was
consistent with the mRNA level, showing a gradual up-regu-
lation. The TGF-p/SMAD2/3 signaling pathway is mediated
by the phosphorylation of SMAD2/3. First, the binding of
active TGF-B1 with TPRII induces phosphorylation of the
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cerebral ischemia/reperfusion in rats.
(A) Western blot analysis of SMAD2/3
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Figure 4 Scatter plot of the correlation
between cell apoptosis and SMAD3
protein levels or interleukin-1f (IL-1p)
mRNA levels in the penumbra after
cerebral ischemia/reperfusion
(Spearman correlation analysis).
SMAD3 was negatively correlated with
the number of apoptotic cells (r =
—0.718, P < 0.01) and the level of IL-1p
mRNA (r=-0.859, P< 0.01).

020 025 030 035 040 045 0.20 0.25

SMAD3 protein levels

TPRIGS domain. This complex then migrates toward the nu-
cleus under the action of a small GTP enzyme, such as Rab5,
and binds with SARA (Smad anchor for Receptor Activation)
at the cell membrane (Lan, 2011). SARA may bind with the
unactivated SMAD?2/3. The binding of the activated receptor
with SMAD2/3 contributes to SSXS domain phosphorylation
of SMAD?2/3, which decreases the affinities of TBR, SARA and
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SMAD2/3, leading to disintegration of the complex (Javelaud
et al.,, 2011). Activated SMAD2/3 binds with SMAD4 to form
a complex that regulates gene expression within the nucleus.
Therefore, the increased p-SMAD2/3 content caused by isch-
emia and reperfusion may be involved in the neuroprotective
effect of TGE-p.

SMAD?2 and SMAD?3 are highly homologous and both can
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Figure 6 Over-expression of SMAD3 up-regulated Bcl-2 and down-regulated Caspase-3 and cleavage Casp3 proteins in ischemic brain of rats at

24 hours after reperfusion (western blot assay).

In the control, SMAD3 and vector groups, rats were injected via the tail vein with 100 uL PBS, AAV9-SMAD3 (3 x 10" vg/mL per kg body weight),
and AAV9-SMAD3 control AAV9-GFP (3 x 10" vg/mL per kg body weight), respectively. *P < 0.05, **P < 0.01, vs. controls (one-way analysis of
variance followed by Student-Newman-Keul test). Data are presented as the mean + SD from at least three independent experiments.

be simultaneously activated by TGF-p in many tissues and
cells, although accumulating evidence shows that SMAD2
and SMAD3 have some different functions. However, it is
unclear if SMAD2 and SMAD3 have different responses to
nerve damage after cerebral ischemia/reperfusion. Therefore,
we analyzed the correlation between SMAD2/3 protein and
cell apoptosis or inflammation following cerebral ischemia/
reperfusion. The correlation analysis results showed that,
SMAD?2 was not correlated with apoptosis or inflammation,
while SMAD3 had a negative correlation with the inflamma-
tory response and apoptosis. We speculate that, SMAD3 may
have neuroprotective effects and that the effect is mediated
by a major downstream signaling molecule.

Gene vectors are important tools for studies of patho-
genesis and gene therapy, and have been widely applied in
the research of nervous system diseases (Park et al., 2012;
Taniyama et al., 2012; Schlenk et al., 2013). Gene expression
vectors can be divided into viral vectors and non-viral vec-
tors (Humbert and Halary, 2012). Viral vectors have a high
transfection efficiency, produce stable expression and low
immunogenicity, and can effectively infect and integrate into
non-dividing cells such as neurons; therefore, viral vectors
are especially useful in nervous system research (Hester et al.,
2009; Betley and Sternson, 2011; Low and Aebischer, 2012).
The present study aimed to observe the effect of SMAD3
over-expression in neurons after cerebral ischemia/reper-
fusion injury; therefore, we used an adeno-associated virus
carrying the SMAD gene. Western blot analysis showed that,
SMAD?3 levels in the brains of rats after intracerebral injec-
tion of Ad-RSV-SMAD?3 were significantly higher compared
with the empty viral vector and control groups.

The present study showed that SMAD3 levels were neg-
atively correlated with apoptosis and inflammation in the
ischemic region after cerebral ischemia/reperfusion, sug-
gesting that SMAD3 may mediate neuroprotective effects of
TGEF-P. Furthermore, SMAD3 over-expression reduced the
infarct volume. This evidence indicated that SMAD3 ame-
liorated cell apoptosis and brain injury after cerebral isch-
emia/reperfusion. Previous studies showed that the TGF-p/

SMAD2/3 signaling pathway was responsible for the apopto-
sis and growth of a variety of cells (Heldin et al., 2009). Con-
versely, TGF-B/SMAD2/3 signaling protects neurons from
stress-induced apoptosis, and SMAD3 plays a crucial role in
the development, growth and differentiation of nerve cells
(Docagne et al., 2002; Garcia-Campmany and Marti, 2007;
Katsuno et al., 2011; Estaras et al., 2012). However, the pro-
tective effect of SMAD3 on neurons is not fully understood.
In this rat model of cerebral ischemia/reperfusion, SMAD3
over-expression caused the up-regulation of Bcl2 and the
down-regulation of Caspase-3. Apoptosis is the result of a
series of highly regulated Caspase cascades, and Caspase-3
is the most critical apoptotic protease in the downstream
cascade. Bcl-2 can induce a neuroprotective effect and Bcl-2
over-expression contributes to inhibit the apoptosis of nerve
cells caused by a variety of factors. Previous studies demon-
strated that, after removal of trophic factors, TGF-p exerts
a neuroprotective effect through the up-regulation of Bcl2.
Therefore, we speculate that SMAD?3 inhibits neuronal apop-
tosis after cerebral ischemia/reperfusion by increasing Bcl-2
and decreasing Caspase-3 expression.

Like apoptosis, inflammation is another indicator of isch-
emia/reperfusion injury. SMAD3 is closely involved with
inflammation. The TGF-P pathway contributed to reduce in-
flammation and B amyloid deposition in an Alzheimer’s dis-
ease model, through inhibition of NF-kB and MAPK (Flores
and von Bernhardi, 2012). Moreover, SMAD3 mediated a
TGF-P1 inhibition effect on microglial activation, thus re-
ducing inflammation in the central nervous system (Le et al,,
2004; Huang et al., 2010). To date, no study has addressed the
correlation between SMAD3 and inflammation after cerebral
ischemia/reperfusion. The present study demonstrated that
over-expression of SMAD3 triggered the down-regulation of
TNF-a and IL-1 after ischemia/reperfusion. This evidence
indicated that SMAD3 can not only play an anti-apoptotic
role after cerebral ischemia and reperfusion, but that it also
has the potential to inhibit inflammation and reduce acute
brain injury. However, further studies are needed to under-
stand the mechanism associated with the down-regulation of
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TNF-a and IL-1p, as well as interactions with other inflam-
matory signaling pathways after injury.

In summary, our study showed that levels of SMAD2 and
SMAD3 mRNAs, as well as levels of pPSMAD2 and pSMAD3,
were up-regulated in the penumbra after cerebral ischemia.
Furthermore, apoptosis and neuro-inflammation in ischemic
penumbra were negatively correlated with levels of SMAD3
and could be ameliorated by SMAD3 over-expression in a rat
model of cerebral ischemia/reperfusion. Our findings indi-
cate that, SMAD?3 has anti-apoptotic and anti-inflammatory
effects after cerebral ischemia, and is thus a potential drug
target in the clinical treatment of cerebral infarction.
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