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TGF-B by activating several serine/
threonine kinases such as MAPKs
phosphorylates specific residues in the
linker region of Smad2/3.

Some studies have demonstrated
the role of NAD(P)H oxidases (main
ROS producers in the vasculature) and
also ROS in different effects mediated by
TGF-B.

NAD(P)H oxidases have an
important role in the TGF-B-induced
phosphorylation of the Smad2 linker
region. Using ROS scavengers, we
showed the involvement of ROS in this
signaling pathway.

Signal transduction of TGF-f to
the linker region of Smad2 depends on
the ROS-related mechanism in human
vascular smooth muscle cells.
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Background: Transforming growth factor-f (TGF-f) in
addition to the C-terminal region can phosphorylate receptor-
regulated Smads (R-Smads) in their linker region. The aim of
the present study was to evaluate the role of signaling mediators
such as NAD(P)H oxidases (reactive oxygen species [ROS]
generators), ROS, and ROS-sensitive p38 mitogen-activated
protein kinase (p38MAPK) in this signaling pathway in cultured
human vascular smooth muscle cells (VSMCs).

Methods: The present in vitro study was performed on human
VSMCs. Proteins were detected by western blotting utilizing
an anti-phospho-Smad2 (Ser245/250/255) rabbit polyclonal
antibody and a horseradish peroxidase-labeled secondary antibody.
Glyceraldehyde-3-phosphate dehydrogenase was used as a loading
control. The phospho-Smad? linker region (pSmad2L) was detected
in all the experimental groups: a control group (untreated group), a
group treated with TGF-f (2 ng/mL), and a group treated with TGF-3
plus different inhibitors. The data were normalized and presented as
meantSEM. The statistical analyses were performed using SPSS,
version 16.0, and the nonparametric Kruskal-Wallis test. A P value
smaller than 0.05 was considered statistically significant.

Results: The VSMCs treated with TGF-$ (2 ng/mL) showed a
time-dependent increase in the pSmad2L level. The highest level
was observed at 15 minutes (P=0.03). The inhibitors of NAD(P)
H oxidases (diphenyleneiodonium and apocynin) (P=0.04), ROS
scavenger (N-acetylcysteine) (P=0.04), and p38MAPK inhibitor
(SB-202190) (P=0.04) were able to reduce the increased level of
the pSmad2L by TGF-p.

Conclusion: Our results suggested that NAD(P)H oxidases
played an important role in the Smad2L phosphorylation in the
human VSMCs. Furthermore, our results confirmed that ROS
and p38MAPK were involved in this signaling pathway. Thus,
TGF-p via a ROS-dependent mechanism can transmit its signals
to the pSmad2L.

Please cite this article as: Niayesh Mehr R, Kheirollah AR, Seif F, Dayati P,
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Introduction

Transforming growth factor-B (TGF-B) is a pleiotropic growth
factor linked to vascular diseases such as atherosclerosis. TGF-3
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does its biological activities through serine/
threonine kinase cell surface receptors, namely
TGF-B type Il receptor (TBRII) and TGF-B type |
receptor (TBRI), also known as activin-like kinase
5 (AIK5), and affects the regulation of target
genes via Smad transcription factors." Smad
proteins are comprised of 3 distinct regions:
C-terminal, N-terminal, and central linker
region.? TGF-B signaling commences when
the TGF-B dimmer binds to TRRII, which leads
to TBRI phosphorylation and activation. Most
studies on TGF-B signaling have concentrated
on the canonical Smad pathway, whose result is
the direct phosphorylation of 2 serine residues
on the carboxy terminus of receptor-regulated
Smads (R-Smads) (Smad2 and Smad3).
Subsequently, by binding to Smad4 (co-Smad)
and forming the Smad heteromeric complex,
imported to the nucleus, where it regulates
the expression of specific genes. Moreover,
studies have shown that TGF-f indirectly via
phosphorylation and activation of several serine/
threonine kinases, including mitogen-activated
protein kinases (MAPKSs), can phosphorylate
specific serine and threonine residues (in
human Smad2, including Thr 220, Ser 245, Ser
250, and Ser 255) within the linker region of
R-Smads.™® Smad linker-region signaling, also
known as “non-Smad signaling”, is involved
in TGF-B signaling modification and appears
to play an important role in the regulation of a
broad range of cellular events."® It has already
been specified that TGF-f has a pro-atherogenic
property via its effects on the synthesis and
structure of proteoglycans. TGF-B in human
vascular smooth muscle cells (VSMCs) can
induce the expression of proteoglycans and the
elongation of their glycosaminoglycan chain via
both canonical and non-Smad signaling, which
enhances binding to low-density lipoproteins
and traps them in the vessel wall.”®

MAPKSs, including Erk, p38, and Jnk, are a
family of intracellular serine/threonine kinases
that have roles in transmitting extracellular
signals from cell-surface receptors to intracellular
targets and finally affect transcription factors.
MAPKSs can be activated by TGF-3.5 A member
of the MAPK family, p38 is strongly implicated
in the progression of atherosclerosis® and is a
key signaling molecule in cellular responses
to various stress signals such as oxidative
stress.'0!"

Reactive oxygen species (ROS) play
a significant role in the initiation and
development of cardiovascular diseases such as
atherosclerosis.' It has been proven that ROS,
as important second messengers, can influence
cellular signal-transduction pathways.™ Multiple
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enzyme systems are the sources of ROS
generation in the vasculature; these enzymes
include NAD(P)H oxidases (Noxs), xanthine
oxidase, enzymes of the respiratory chain, NO
synthases, lipoxygenases, and cytochrome
p450 monooxygenases. Despite the importance
of other vascular sources of ROS, it has been
shown that Noxs are the main producers of ROS
because the ROS formed by these enzymes
can begin the release of ROS from other
enzymes.'>'* The vascular Nox is a multiprotein
complex with cytosolic and membrane-related
subunits, transferring electrons from NAD(P)H,
as an electron donor, to the oxygen molecule to
produce superoxide radicals.'® Four isoforms of
the Nox enzyme (Nox1, Nox2, Nox4, and Nox5)
are typically expressed in vascular cells.®

It has been previously suggested that ROS
and Nox enzymes mediate many TGF-B-induced
effects.’” However the molecular mechanism of
the phosphorylation of the Smad linker region
(SmadL) is not very clear. Seeking to settle
the long-standing question whether ROS are
involved in the non-Smad signaling pathway, in
the present study we evaluated the effects of
ROS-sensitive p38MAPK, Noxs (main source
of ROS in the vasculature), and ROS by using
their chemical inhibitors in the TGF-B-induced
phosphorylation of the Smad2L. The novelty of
our research is that it seeks to clarify the role of
Nox enzymes and ROS in the phosphorylation
of the Smad2L as the main transcription factor in
TGF-B signaling.

This current in vitro study was conducted in
2016 in the Department of Clinical Biochemistry
of Ahvaz Jundishapur University of Medical
Sciences (Ahvaz, Iran).

Cell Culture

Human aortic VSMCs were purchased from
Pasteur Institute (Iran). The cells were cultured
in Dulbecco’s Modified Eagle’s Medium/F-12
(DMEM/F-12; Invitrogen, Iran), containing 10%
fetal bovine serum (FBS; Gibco, USA) and 1%
antibiotic (Penicillin-Streptomycin; Invitrogen,
Iran) at 37 °C in a 5% CO, incubator. For
experimentations, 5x10° cells were seeded in
3.5-mm culture plates and were maintained until
confluent. Then, the cells were serum starved
so as to synchronize cell growth via culturing in
DMEM/F-12 with 0.5% FBS for 16 to 24 hours
before treatment. Next, the phospho-Smad2
linker region (pSmad2L) was detected by
western blotting in all the experimental groups: a
control group (untreated group), a group treated
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with TGF-B (Cell Signaling Technology, USA),
and a group treated with TGF-B plus different
inhibitors. All the inhibitors, namely SB-431542,
diphenyleneiodonium (DPI), apocynin,
N-acetylcysteine (NAC), and SB-202190, were
purchased from Sigma-Aldrich (MO-USA). First,
the cells were pretreated with specific inhibitors
for certain time periods and then TGF-B was
added to the culture medium (with 0.5% FBS),
with the exception of the control group. For the
purposes of a time-course study in the TGF-B
groups, the human VSMCs were treated with
TGF-B (2 ng/mL) and then harvested at the time
points of 5 minutes, 10 minutes, 15 minutes,
30 minutes, 1 hour, and 2 hours (figure 1). The
effects of the p38 inhibitor on the pSmad2L
were tested by pretreating the cells with 2
concentrations (10 and 20 uM) of SB-202190
for 30 minutes. Thereafter, TGF-f (2 ng/mL)
was added to the TGF- group and the group
treated with TGF-B plus different inhibitors for
15 minutes. Another group was also selected
for SB-202190 (20 uM) alone as a vehicle
(figure 2). The Nox inhibitors were tested on
the pSmad2L via the pre-incubation of the cells
with DPI and apocynin at 10 and 20 uM for 2
hours prior to the addition of TGF-B (2 ng/mL)
to the culture medium. After 15 minutes, the
cells were harvested (figure 3). In the last
experiment, antioxidant NAC was administered
at concentrations of 1 mM, 5 mM, and 10 mM for
1 hour before the addition of TGF-B (2 ng/mL,
15 min) (figure 4). In all the experiments, 1 (SB)
group was pretreated with 10 uM of the TRRI/
AIK5 inhibitor (SB-431542) for 30 minutes prior
to the addition of TGF-B.

Western Blotting

After treatment, the whole cell lysate was
harvested and total concentration protein was
measured using a BCA Protein Quantification
kit (Parstous Biotechnology, Iran). Samples
with equal concentrations of protein (60 pg)
were separated on 10% SDS-PAGE. After
electrophoresis, the proteins on gel were
transferred to a polyvinylidene difluoride
membrane (PVDF membrane; Roche
Diagnostics, Germany). Next, the membrane
was placed in a blocking solution (containing
3% skim milk powder in TBST, Tris-buffered
saline+0.1% tween20) for 1 hour at room
temperature. The membrane was washed with
TBST and incubated with a primary antibody,
anti-pSmad2 (Ser245/250/255) rabbit polyclonal
antibody (Cell Signaling Technology, USA)
(1:1000 dilution with 3% BSA in TBST) at 4°C
overnight. After being washed once again, the
membrane was incubated with an anti-rabbit
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Figure 1: Transforming growth factor-g (TGF-B) stimulated
the phosphorylation of the Smad2 linker region in cultured
human vascular smooth muscle cells (VSMCs). The cells
were treated with TGF-f (2 ng/mL) for a time period ranging|
from 5 minutes to 2 hours. For the (SB) group, the cells were]
pre-incubated with a TBRI inhibitor (SB-431542 [10 uM])
for 30 minutes before adding TGF-B. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a loading
control. The graph represents mean + SEM of 3 independen
blots. *P<0.05 compared with the control.
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Figure 2: The p38 inhibitor (SB-202190) reduced
the transforming growth factor-f (TGF-B)-mediated
phosphorylation of the Smad2 linker region in human
vascular smooth muscle cells (VSMCs). The cells were]

pretreated with SB-202190 at concentrations of 10 and 20
UM and an inhibitor of TRRI activity (SB-431542 [SB]) a
a concentration of 10 uM (both inhibitors for 30 minutes).
Thereafter, TGF-B (2 ng/mL) was added for 15 minutes.
*P<0.05 compared to the control.

IgG horseradish peroxidase (HRP)-labeled
secondary antibody (Sigma-Aldrich, MO-USA)
(1:10000 dilution with 3% skim milk in TBST)
for 1 hour at room temperature, followed by
enhanced chemiluminescence (ECL; Bio-Rad,
USA) detection. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), as internal control,
was used to normalize the results. The stripped
membrane was incubated with an anti-GAPDH
polyclonal antibody (Abcam, USA) (1:5000
dilution with 3% skimmed milk in TBST), followed
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by an HRP-conjugated secondary antibody and
the ECL detection system. Protein bands were
imaged by ChemiDoc (Bio-Rad, USA) and were
quantified via densitometric analysis software,
ImagelJ.

Statistical Analysis

The data were normalized and reported
as meanzstandard error of the mean (SEM)
of 3 independent experiments. The statistical
evaluation of the results to determine
significant differences between the groups was
performed using the nonparametric Kruskal—
Wallis test in SPSS, version 16.0. AP value
smaller than 0.05 was considered statistically
significant.

TGF-B Stimulated the Phosphorylation of the
Smad2L in the Cultured Human VSMCs

The pSmad2L level in the TGF- treated cells
significantly increased at 5 minutes (P=0.037),
10 minutes, and 15 minutes (P=0.034)
compared with the baseline value and reached
a peak (approximately fourfold) at 15 minutes.
In the presence of the TRRI/AIKS inhibitor (SB-
431542), the phosphorylation of the Smad2L
had completely abolished. Accordingly, we used
an incubation time of 15 minutes with TGF-B in
the subsequent experiments.

The p38 Inhibitor (SB-202190) Reduced
the TGF-B-Mediated Phosphorylation of the
Smad2L in the Human VSMCs

The VSMCs treated with TGF-f showed
an increase in the pSmad2L level to almost
2.3-fold (P=0.034) by comparison with the
control cells. SB-202190 at 10 uM reduced the
increased level of the pSmad2L by TGF-B, but
the difference was not significant. At the dose
of 20 uM, SB-202190 significantly inhibited
the increased level of the pSmad2L by TGF-
(P=0.043). The increased level of the pSmad2L,
which was stimulated by TGF-[3, was inhibited in
the cells pretreated with SB-431542. These data
indicated the role of ROS-sensitive p38MAPK
in the TGF-B-mediated linker region of Smad2
signaling.

The Nox Inhibitors (DPI and apocynin) Reduced
the TGF-B-Induced Phosphorylation of the
Smad2L in the Human VSMCs

The cells treated with TGF-f exhibited
a significant increase (nearly fivefold) in
comparison with the control group (P=0.037) in
the phosphorylation residues of the Smad2L.
DPI and apocynin inhibitors at 10 uM could
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Figure 3: NAD(P)H oxidase (Nox)
diphenyleneiodonium [DPI] and apocynin)

the transforming growth factor-B  (TGF-B)-induced
phosphorylation of the Smad2 linker region in human|
vascular smooth muscle cells (VSMCs). The VSMCs were]
pretreated with DPI and apocynin at 2 concentrations off
10 and 20 yM for 2 hours and SB-431542 (SB, 10 uM)
for 30 minutes prior to being incubated with TGF- (2 ng.
mL) for 15 minutes. The graph represents mean + SEM
of 3 independent blots. *P<0.05 compared to the control;
#P<0.05 inhibitors vs. TGF-f.
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Figure 4: Antioxidant N-acetylcysteine (NAC) blocked
the transforming growth factor-B (TGF-B)- induced
phosphorylation of the Smad2 linker region in human|
vascular smooth muscle cells (VSMCs). The cultured VSMCs|

were pre-incubated with NAC at concentrations of 1, 5, and
10 mM for 1 hour and a TBRI antagonist (SB-431542 [SB])
at a concentration of 10 uM for 30 minutes before treatmen
with TGF- (2 ng/mL) for 15 minutes. *P<0.05 compared to|
the control; #P<0.05 inhibitors vs. TGF-B.

not significantly reduce the increased level
of the pSmad2L following TGF-B treatment.
Nonetheless, in the presence of a 20-uM
concentration of DPI and apocynin, the level of
the pSmad2L significantly decreased (P=0.043).
In this experiment, SB-431542 attenuated the
intensity of the pSmad2L band. These data
demonstrated the potential role of Nox enzymes
in the TGF-B-mediated phosphorylation of the
Smad2L.
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Antioxidant NAC Blocked the TGF-(-Stimulated
Phosphorylation of the Smad2L in the Human
VSMCs

As is shown in figure 4, TGF-f caused a nearly
twofold increase (P=0.034) in the pSmad2L
level. It was observed that NAC caused the
inhibition in a concentration-dependent manner.
Two concentrations (5 mM and 10 mM) of NAC
effectively suppressed the TGF--stimulated
pSmad2L levels (P=0.043), while the 1-mM
dose of NAC had no inhibitory effect on the
pSmad2L. SB-431542, as a positive control,
reduced the Smad2L phosphorylation to the
baseline level. Given the inhibition of the Smad2L
phosphorylation in the presence of NAC, it can be
concluded that ROS are involved in this TGF-3-
mediated signaling pathway. The overall schema
of the current study is depicted in figure 5.

The present study was designed to find out
what main components are involved in the
TGF-B-mediated Smad2L signaling pathway.
Our results showed that the TGF-B-induced
phosphorylation of the Smad2L was inhibited
by using Nox inhibitors, ROS scavengers, and
p38MAPK inhibitors in human VSMCs.

TGF- superfamily members transfer signals
via the serine/threonine kinase receptor complex.
SB-431542, as a potent competitive inhibitor, by
attaching to the ATP-binding domain of TRRI/
AIKS5 specifically inhibits Smad2/3 activation and
blocks TGF- signal transduction.'®'® We utilized
the SB-431542 inhibitor as a positive control in
all our experiments: it was able to completely
prevent the phosphorylation of the Smad2L.
This shows that TGF-f via its receptor affects
the Smad2L.

NAD(P)H :idase/—%L_l_
|

1
J -
NAD(P)H /~NaoP)

-
1)
i

™

|
1 S
| P38 MAPK =Y
1> )
15 X
12 S
19 \3
: Iz \%
“ \ 2
i \*
J \
2883 g%
EX33 8 g
Smad2 [ MH1domain PPPP (" mn2domain )

N-terminal C-terminal

Figure 5: A schema of the effects of NAD(P)H oxidases,
ROS, and p38 mitogen-activated protein kinase (MAPK) on|

transforming growth factor- (TGF-B)-induced Smad2 linke
region phosphorylation in human vascular smooth muscle
cells (VSMCs) is shown.
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Previous research shows that p38 is
a member of the MAPK family, and ROS
and TGF-B play a role in the activation of
p38MAPK.52° We examined the effects of
p38MAPK, as a downstream of TBRI activation,
on the phosphorylation of the Smad2L. We
demonstrated in cultured human VSMCs that
SB-202190 (a potent and selective p38 inhibitor)
significantly decreased the pSmad2L, which
was stimulated by TGF-B. This finding chimes
in with the results obtained by Little et al.,
who observed that in human VSMCs, whereas
SB-202190 could not alter the increased band
intensity by TGF-f in the C-terminal of Smad2, it
was able to reduce it in the Smad2L. The same
authors recently demonstrated that by using a
specific antibody against each phosphorylated
residue (Ser 245/250/255 and Thr 220) in the
Smad2Ll, SB-202190 inhibited only the serine
245 phosphorylation level.*

Evidence has shown that ROS can influence
TGF-B signaling via various pathways, including
the Smad pathway, MAPK (such as p38)
pathway, and Rho-GTPase pathway. On the other
hand, studies have demonstrated that TGF-B
contributes to oxidative stress by increasing
ROS production through Nox induction and also
suppresses antioxidant systems such as GSH
(glutathione).?? Noxs constitute a membrane-
related enzymatic complex, which is a major
source of vascular ROS generation.’? Some
studies have indicated the role of Noxs and ROS in
different effects mediated by TGF-B. Groth et al.?
in a study on human pancreatic carcinoma cells
observed that DPI (a pharmacological inhibitor
of Noxs) suppressed TGF-B-induced biglycan
expression and p38 activation. They suggested
that the effects of TGF-3 on biglycan expression
presumably depended on Rac-1(as a subunit of
Noxs required for its enzymatic activity).

In the current investigation, to test whether
vascular Noxs and generally ROS are involved in
TGF-B-induced Smad2L signaling, we assessed
the effects of Nox inhibitors (DPI and apocynin)
and also antioxidant NAC on the pSmad2L in
cultured human VSMCs. Frequently used as
a general inhibitor of flavoenzymes, including
Noxs, DPI is not specific only for the inhibition
of ROS production by Noxs, whereas apocynin
is more specific insofar as it can prevent the
association between the p47r"* subunit and the
membrane-bound heterometric complex of Nox
enzymes.'?* NAC is a nontoxic aminothiol with
strong reductive capacity that is widely used as
potent antioxidant, because it is a precursor of
GSH and also direct ROS scavenging.®

Cheuk et al.?® reported that TGF-B-
induced p38 activation was mediated by
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the Rac1-regulated generation of ROS in
cultured human Kkeratinocytes; nonetheless,
the authors observed that DPI and pyrrolidine
dithiocarbamate (known as an antioxidant)
had no inhibitory effects on the TGF-§ induced
phosphorylation of Smad2. Yuanquan et
al.?” observed the inhibitory effects of ROS
inhibitors (DPl and NAC) on TGF-B-induced
Smad2 phosphorylation in corneal cells. In an
investigation conducted by Rhyu et al.?’ on
renal tubular epithelial cells, it was shown that
TGF-B increased cellular ROS generation and
the use of antioxidants (NAC and catalase)
significantly reduced the TGF-B-induced
p38 and Smad2 phosphorylation levels.
These studies have not mentioned the exact
phosphorylation region (carboxy or linker)
in the Smad2 transcription factor. We have
already observed in our laboratory that Nox
inhibitors (DPI and apocynin) have no inhibitory
effect on the phosphorylation of the Smad2
carboxy terminus (phospho-Ser465/467) for
dissimilar concentrations in TGF-B-stimulated
VSMCs (results not published yet). However,
in the present study, DPI and apocynin
significantly reduced the increased level of
the pSmad2L by TGF-B. In this work, we
also showed that NAC at 2 concentrations
abolished the TGF-B-stimulated pSmad2L in
human VSMCs. Thus, based on these results,
we suggest that vascular Noxs and ROS may
be signaling mediators in the TGF-B-induced
Smad2L pathway but not at canonical TGF-
signaling, which leads to Smad2 carboxy
phosphorylation.

Despite the significance of the mechanism
which we found in our current study, the
final outcome of ROS and Nox inhibition
should also be determined on TGF-B target
genes such as proteoglycans in VSMCs.
Accordingly, in our other project, which is
currently underway, our aim is to examine target
genes such as ChSy-1 and C4ST-1, enzymes
responsible for the synthesis and elongation
of the glycosaminoglycan chain of biglycan
proteoglycan. In the present study, we were only
able to show that Noxs, ROS, and p38MAPK
are signaling molecules in the phosphorylation
of the TGF-B-mediated Smad2L. Consequently,
more research is required to further illustrate this
signaling pathway; for example by investigating
the effects of TGF-f on the expression and
activity of Nox enzymes (especially Nox1
isoform, which is highly expressed in VSMCs)
via measuring ROS produced by these enzymes
and also by probing into the effects of Noxs and
ROS on p38MAPK activation in the presence of
TGF-B by utilizing the phospho-p38 antibody,
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which was not possible for us due to financial
and time constraints.

Conclusion

Our results suggest that Noxs have an important
role in the phosphorylation the Smad2L in
human VSMCs. In addition, by using NAC
(ROS scavenger), we confirmed that ROS also
play a role in this signaling pathway. Based
on the role of the SmadL in the regulation of
TGF-B target genes, including proteoglycans in
VSMCs, and the involvement of proteoglycans
in the subendothelial retention of atherogenic
lipoproteins in the atherosclerosis process,
identification of the factors affecting the TGF-
B-induced SmadL-dependent signaling is
important. Our results indicated that the effects
of TGF-B on the linker region of the Smad2
transcription factor might depend on ROS
(derived from Noxs and other sources) and
ROS-related signaling such as p38MAPK in
human VSMCs.
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