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A B S T R A C T

TGFb1 plays a crucial role in the pathogenesis of vascular fibrotic diseases. Schisandra chinensis (S.

chinensis), which is used as an oriental herbal medicine, is effective in the treatment of vascular injuries

that cause aberrant TGFb1 signaling. In this study, we investigated whether S. chinensis extract and its

active ingredients inhibit TGFb1 signaling in A7r5 vascular smooth muscle cells. We found that S.

chinensis extract suppressed TGFb1 signaling via inhibition of Smad2/3 phosphorylation and nuclear

translocation. Among the active ingredients of S. chinensis extract, schisandrin B (SchB) most potently

inhibited TGFb1 signaling. SchB inhibited sustained phosphorylation and nuclear translocation of

Smad2/3. Moreover, SchB suppressed TGFb1-induced phosphorylation of p38 and JNK, which

contributed to Smad2/3 inactivation. The present study is the first to demonstrate that S. chinensis

extract and SchB inhibit TGFb1 signaling. Our results may help future investigations to understand

vascular fibrosis pathogenesis and to develop novel therapeutic strategies for treatment of vascular

fibrotic diseases.
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1. Introduction

Transforming growth factor b1 (TGFb1) regulates tissue
homeostasis via multiple cellular processes, including cell
proliferation, migration, apoptosis, and extracellular matrix
remodeling [1,2]. Aberrant or inappropriate TGFb1 signaling is
associated with a wide range of human diseases, such as
cardiovascular, autoimmune and fibrotic diseases, and cancers
[3–6]. Particularly, TGFb1 participates in the pathogenesis of
vascular fibrotic diseases, such as hypertension, restenosis, and
atherosclerosis. In vascular fibrotic diseases, TGFb1 acts on
vascular smooth muscle cells at sites of vascular injury to induce
cell switching from a quiescent contractile phenotype to a
proliferative synthetic phenotype [7,8]. Therefore, inhibitors of
TGFb1 signaling have emerged as potential therapies to treat
vascular fibrotic diseases [9–11].
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Upon TGFb1 engagement of the TGFb type II receptor kinase
(TbRII) at the plasma membrane, TbRII recruits and phosphor-
ylates TbRI/ALK5 [12,13]. In turn, ALK5 phosphorylates Smad2 and
Smad3 to promote their binding to Smad4 to form a heteromeric
Smad complex [12,13]. The Smad complex enters the nucleus to
initiate the transcription of extracellular matrix proteins, such as
fibronectin and collagens [14,15]. Conversely, TGFb1 activates
mitogen-activated protein kinase (MAPK) signaling in a Smad2/3-
independent manner [16,17]. Although this activity is not well
characterized, TGFb1-induced MAPK activation contributes to the
transcriptional activity of the Smad complex [16,17].

Schisandra chinensis (S. chinensis) has been used as a traditional
oriental medicine and possesses diverse biological activities [18]. S.

chinensis is effective in the treatment of various diseases, including
hepatitis [19], cancers [20,21] and vascular injury [22,23], where
deregulation of TGFb1 signaling is commonly observed [7,24].
However, the underlying pharmacologic mechanisms of S. chinensis

extract are largely unknown. Furthermore, the effect of S. chinensis

extract on TGFb1 signaling has not been previously studied.
In this study, we discovered that S. chinensis extract inhibited

TGFb1 signaling in A7r5 vascular smooth muscle cells. Among the
active ingredients of S. chinensis extract that were examined,

http://dx.doi.org/10.1016/j.bcp.2011.11.002
mailto:jhjeon2@snu.ac.kr
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2011.11.002


E.-J. Park et al. / Biochemical Pharmacology 83 (2012) 378–384 379
schisandrin B (SchB) was most potently suppressed TGFb1
signaling and inhibited Smad 2/3 and MAPK activities. Our results
provide a basis for future investigations that are aimed at treating
vascular fibrotic diseases.

2. Materials and methods

2.1. Cell culture and reagents

The A7r5 rat aortic smooth muscle cell line was obtained from
ATCC. The cells were cultured according to the supplier’s
recommendations. Prior to treatment with TGFb1 (R&D Systems,
Minneapolis, MN), A7r5 cells were maintained in DMEM contain-
ing 0.2% FBS for 12 h. All cell culture reagents were purchased from
Invitrogen (Carlsbad, CA). All other reagents not specified were
supplied by Sigma (St. Louis, MO).

2.2. Preparation of the extract and ingredients from S. chinensis

S. chinensis and its active ingredients (schisandrol A, schisandrol
B, gomisin N, schisandrin A, schisandrin B, and schisandrin C) were
Fig. 1. Inhibition of TGFb1 signaling by S. chinensis extract in A7r5 cells. The cells were 

TGFb1 (1 ng/ml) and/or S. chinensis extract (SchExt) (20, 100, or 500 mg/ml) for 24 h. 

untreated cells which was set to 100%. The data were expressed as the mean � SEM (n = 4

chinensis extract (100 or 500 mg/ml) for 48 h prior to RT-PCR analysis. GAPDH was used as a l

were treated with S. chinensis extract at the indicated concentrations for 48 h prior to MTT as

untreated cells which was set to 100%. The data were expressed as the mean � SEM (n = 4
prepared as previously described [25]. Briefly, S. chinensis extract
and its active ingredients were purified using open column
chromatography and semi-preparative HPLC. The chemical struc-
tures of the ingredients were confirmed based on 1H NMR and 13C
NMR data. The purity (greater than 95%) of the isolated active
ingredients was determined using HPLC–DAD and 1H NMR spectra.

2.3. Luciferase assay

A7r5 cells were transfected with pGL2-3TP-Luc [26] or pGL3-
SBE-4-Luc [27] reporter gene plasmids [28]. At 24 h after
transfection, the cells were incubated with TGFb1 and/or S.

chinensis extract or its active ingredients for 24 h. The cells were
harvested and assayed for luciferase activity using a commercial
kit (Promega, Madison, WI). The luciferase activity was normalized
to b-galactosidase activity.

2.4. Western blot analysis

The crude extracts were prepared by incubation with RIPA
buffer containing protease and phosphatase inhibitor cocktails
transfected with 3TP-Luc (A) or SBE4-Luc (B) reporter constructs, and treated with

The luciferase activity was expressed as a relative value compared to that of the

). **P < 0.01 and ***P < 0.005. (C) The cells were treated with TGFb1 (1 ng/ml) and/or S.

oading control. The numbers on the left denote sizes of DNA marker bands. (D) The cells

says. Cell viability was expressed as a relative absorbance value compared to that of the

).
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(Calbiochem, La Jolla, CA). The proteins were resolved using 8% or
10% SDS-PAGE and probed with the indicated antibodies.
Antibodies against pSmad2, pSmad3, pp38, pJNK, pERK, Smad2,
Smad3, p38, and ERK were purchased from Cell Signaling
Technology (Danvers, MA). Antibodies against JNK and GAPDH
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
data were representative of at least three independent experi-
ments.

2.5. Confocal microscopy

Cells were grown on glass coverslips in 24-well plates. After
treatment with TGFb1 and/or S. chinensis extract or SchB for 1 h,
the cells were fixed with 4% formaldehyde in PBS for 10 min,
permeabilized with 0.1% Triton X-100 for 5 min, and blocked with
5% normal goat serum in PBS for 5 min. The cells were labeled with
anti-Smad3 antibody overnight and probed with FITC-conjugated
anti-rabbit IgG antibody (Invitrogen) and DAPI (Roche, Mannheim,
Germany). The cells were photographed using the FluoView 1000
confocal microscope (Olympus, Tokyo, Japan).

2.6. RT-PCR

Using RNeasy mini kit (Qiagen, Valencia, CA), total RNA was
isolated from cells that were treated with TGFb1 and/or S. chinensis

extract or SchB for 48 h. Reverse transcription was performed
Fig. 2. Inhibition of TGFb1-induced Smad activation and nuclear translocation by S. ch

extract (20, 100, or 500 mg/ml) for 2 h prior to Western blot analysis. The phosphory

intensities. The data were expressed as the mean � SEM (n = 4). **P < 0.01. (B) The cells w

prior to confocal microscopy. Localization of Smad3 was assessed using anti-Smad3 antibody

cytosolic ratio of Smad3 staining was measured in at least 20 independent fields that were d

***P < 0.005.
using a commercial kit according to the manufacturer’s instruc-
tions (Invitrogen). PCR analysis using fibronectin or GAPDH
primers was performed as previously described [29,30].

2.7. Statistical analysis

The data were expressed as the mean � SEM. Comparison of
mean values among experimental groups was performed using one-
way ANOVA followed by a post hoc test. P < 0.05 was considered
statistically significant.

3. Results

3.1. S. chinensis extract inhibits TGFb1/Smad signaling in A7r5 cells

To assess the effect of S. chinensis extract on TGFb1 signaling,
we first performed luciferase assays using two different reporter
gene constructs containing Smad-binding elements. S. chinensis

extract suppressed TGFb1-mediated luciferase activity in a dose-
dependent manner (Fig. 1A and B), indicating that S. chinensis

extract inhibits TGFb1 signaling. These reporter assay results were
confirmed by RT-PCR analysis. S. chinensis extract suppressed
TGFb1-induced fibronectin transcription (Fig. 1C). Under the
experimental conditions, S. chinensis extract did not exhibit
cytotoxicity (Fig. 1D).
inensis extract. (A) The cells were treated with TGFb1 (1 ng/ml) and/or S. chinensis

lated/total ratio of Smad2/3 was plotted based on the quantification of the band

ere treated with TGFb1 (1 ng/ml) and/or S. chinensis extract (100 or 500 mg/ml) for 2 h

 and FITC-conjugated IgG antibody. DAPI was used to visualize the nucleus. The nuclear/

erived from three separate experiments. The data were expressed as the mean � SEM.



Fig. 3. SchB-mediated inhibition of TGFb1 signaling in A7r5 cells. The cells were transfected with 3TP-Luc (A and C) or SBE4-Luc (D) reporter constructs, and treated with

TGFb1 (1 ng/ml) and/or the indicated ingredients (10 mM each) or SchB (2 or 10 mM) for 24 h. The luciferase activity was expressed as a relative value compared to that of the

untreated cells which was set to 100%. The data were expressed as the mean � SEM (n = 4–6). **P < 0.01; ***P < 0.005. Ingredient 1, schisandrol A; 2, schisandrol B; 3, gomisin N;

4, schisandrin A; 5, schisandrin B; and 6, schisandrin C. (B) The cells were treated with SchB or Gomisin N at the indicated concentrations for 48 h prior to MTT assays. Cell viability

was expressed as a relative absorbance value compared to that of the untreated cells which was set to 100%. The data were expressed as the mean � SEM (n = 4). ***P < 0.005. (E) The

cells were treated with TGFb1 (1 ng/ml) and/or SchB (2 or 10 mM) for 48 h prior to RT-PCR analysis. GAPDH was used as a loading control. Numbers on the left denote sizes of DNA

marker bands.
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To further confirm these results, we examined whether S.

chinensis extract reduces Smad activity. Western blot analysis
showed that S. chinensis extract reduced Smad2/3 phosphoryla-
tion (Fig. 2A). In addition, confocal microscopic analysis revealed
that S. chinensis extract inhibited TGFb1-induced nuclear
translocation of Smad3 (Fig. 2B and Fig. S3A). These data
demonstrated that S. chinensis extract (at concentrations
greater than 100 mg/ml) suppressed TGFb1/Smad signaling
via inhibition of Smad2/3 phosphorylation and nuclear
translocation.

3.2. SchB inhibits TGFb1/Smad signaling in A7r5 cells

To identify the effective components of S. chinensis extract
against TGFb1 signaling, we screened six ingredients (Figs. S1 and
S2) of S. chinensis extract using luciferase assays. Among these
compounds, gomisin N and SchB inhibited TGFb1 signaling
(Fig. 3A). However, gomisin N induced cell death (Fig. 3B), which
prevented the evaluation of its effects on TGFb1 signaling.
Therefore, we chose SchB as an effective ingredient for the
following studies.

The inhibitory effect of SchB on TGFb1 signaling was confirmed
using luciferase assays with two different reporter constructs. SchB
suppressed TGFb1-mediated luciferase activity in a dose-depen-
dent manner (Fig. 3C and D). These reporter assay results were
further verified by RT-PCR analysis. SchB inhibited TGFb1-induced
transcription of fibronectin (Fig. 3E). These data demonstrated that
SchB (at concentrations greater than 2 mM) suppressed TGFb1
signaling.
3.3. SchB inhibits sustained phosphorylation and nuclear

translocation of Smad2/3 in A7r5 cells

To determine the mechanisms of SchB action on TGFb1
signaling, we examined the phosphorylation level of Smad2/3.
Regardless of the presence of SchB, TGFb1 induced Smad2/3
phosphorylation (Fig. 4A) until 1 h of treatment. Following 2 h of
treatment with TGFb1, SchB markedly decreased the level of
phosphorylated Smad2/3 (Fig. 4A), suggesting that SchB stimulat-
ed Smad2/3 dephosphorylation rather than inhibited ALK5
activity. Because PPM1A is a Smad2/3 phosphatase [31], we
questioned whether SchB-induced decrease in Smad2/3 phos-
phorylation is mediated by PPM1A. Knockdown of PPM1A with
siRNA markedly restored Smad2/3 phosphorylation in the
presence of SchB (Figs. S4A and S4B), indicating that SchB
stimulated Smad2/3 dephosphorylation via PPM1A pathways.

To further confirm these results, we examined whether SchB
inhibits TGFb1-induced nuclear translocation of Smad3. As
presented in Fig. 4 and S3B, SchB reduced nuclear Smad3 in
TGFb1-treated cells to the levels that were comparable to that in
untreated cells, which were further corroborated by subcellular
fraction experiments (Fig. S5). Our results demonstrated that SchB
suppresses TGFb1 signaling by inhibiting sustained phosphoryla-
tion and nuclear translocation of Smad2/3.

3.4. SchB inhibits TGFb1-induced MAPK activation in A7r5 cells

Because TGFb1 activates MAPK signaling [16,17], we first
confirmed TGFb1-induced activation of MAPK in A7r5 cells. As



Fig. 4. SchB-mediated inhibition of Smad2/3 in A7r5 cells. (A) The cells were treated with TGFb1 (1 ng/ml) and/or SchB (2 mM) for the indicated times prior to Western blot

analysis. The phosphorylated/total ratio of Smad2/3 was plotted based on the quantification of the band intensities that were obtained after 2 h of treatment. The data were

expressed as the mean � SEM (n = 4). **P < 0.01. (B) The cells were treated with TGFb1 (1 ng/ml) and/or SchB (2 or 10 mM) for 2 h prior to confocal microscopy. The localization of

Smad3 was assessed using anti-Smad3 antibody and FITC-conjugated IgG antibody. DAPI was used to visualize the nucleus. The nuclear/cytosolic ratio of Smad 3 staining was

measured in at least 20 independent fields that were derived from three separate experiments. The data were expressed as the mean � SEM. ***P < 0.005.
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shown in Fig. 5 A, TGFb1 notably increased phosphorylation levels
of p38 and JNK, but not ERK. TGFb1-induced p38 and JNK
activation reached the maximum at the 1 h mark after treatment
with SchB and decreased thereafter. Because the role of MAPK
signaling in TGFb1 signaling in vascular smooth muscle cells has
been little characterized, we performed reporter gene analyses
using ALK5 (as a positive control) and MAPK inhibitors to assess
the effect of MAPK signaling on TGFb1 signaling, Luciferase assays
showed that ALK5, p38, and JNK inhibitors but not the ERK
inhibitor suppressed TGFb1 signaling (Fig. 5B). We ascertained
that these inhibitors were not toxic at the concentrations that
were used in this study (Fig. 5C). Nonetheless, p38 and JNK
inhibitors did not affect the phosphorylation level of Smad2/3
(Fig. 5D). Moreover, p38 and JNK inhibitors did not block the
nuclear translocation of Smad3 (Fig. 5E). These results suggest
that p38 and JNK inhibitors affect Smad2/3 action inside the
nucleus.

We then examined whether SchB inhibits TGFb1-mediated p38
and JNK activation. Fig. 6 shows that SchB suppressed TGFb1-
induced phosphorylation of p38 and JNK. Our results demonstrate
that SchB suppresses TGFb1 signaling via inhibition of Smad2/3
and MAPK (particularly, p38 and JNK) signaling pathways. The
specificity of SchB action on kinase signaling pathways was
assessed by responses to EGF. SchB did not reduce EGF-induced Akt
phosphorylation (Fig. S6).
4. Discussion

TGFb1 plays a crucial role in tissue remodeling in normal or
injured tissues, regulating cell growth, fibrosis, and inflammation
[8]. However, aberrant regulation of TGFb1 leads to pathologic
fibrosis by increased cell proliferation and excessive accumulation
of extracellular matrix proteins [32,33]. Here, our results show that
S. chinensis extract and its active ingredient SchB inhibit TGFb1
signaling via two different mechanisms in A7r5 cells: (1) SchB
inhibits sustained phosphorylation and nuclear translocation of
Smad2/3; and (2) SchB suppresses TGFb1-induced phosphoryla-
tion of p38 and JNK. Therefore, our results suggest that SchB is a
promising compound for developing therapies to treat vascular
fibrotic diseases.

In this study, we provided SchB-mediated mechanisms that
regulate inhibition of TGFb1 signaling in A7r5 cells. Fig. 4A shows
that SchB rapidly terminated TGFb1 responses by inhibiting
sustained phosphorylation of Smad2/3. Moreover, SchB stimulated
Smad2/3 dephosphorylation via PPM1A pathways (Fig. S4).
However, there are still other possibilities: SchB may need time
to penetrate into cells, or may act indirectly via a mechanism that
needs protein synthesis. It also remains to be determined how SchB
regulates PPM1A activity. Further studies with SchB as a useful
chemical tool may assist understanding of the molecular mecha-
nisms underlying termination of TGFb1 responses.



Fig. 5. The effect of MAPK activation on TGFb1 signaling in A7r5 cells. (A) The cells were treated with TGFb1 (1 ng/ml) for the indicated times prior to Western blot analysis.

(B) The cells were transfected with 3TP-Luc reporter construct and treated with TGFb1 (1 ng/ml) and/or the indicated inhibitors. The luciferase activity is expressed as a

relative value compared to that of the untreated cells which is set to 100%. The data were expressed as the mean � SEM (n = 4). ***P < 0.005. SB431542, ALK5 inhibitor;

SB203580, p38 kinase inhibitor; SP600125, JNK inhibitor; and PD98059, ERK inhibitor. (C) The cells were treated with the indicated inhibitors (10 mM) for 48 h prior to MTT assays.

Cell viability was expressed as a relative absorbance value compared to that of the untreated cells which was set to 100%. The data were expressed as the mean � SEM (n = 4). (D) The

cells were treated with TGFb1 (1 ng/ml) and/or the indicated inhibitors for 1 h prior to Western blot analysis. (E) The cells were treated with TGFb1 (1 ng/ml) and/or the indicated

inhibitors for 1 h prior to confocal microscopy.

Fig. 6. SchB-mediated inhibition of TGFb1-induced MAPK activation in A7r5 cells. The cells were treated with TGFb1 (1 ng/ml) and/or SchB (2 or 10 mM) for 1 h prior to

Western blot analysis. The phosphorylated/total ratio of JNK and p38 was plotted based on the quantification of the band intensities that were obtained after 1 h of treatment

with TGFb1 (1 ng/ml) and/or SchB (2 mM). The data were expressed as the mean � SEM (n = 4). ***P < 0.005.
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Our study may provide insight into elucidating the mechanisms
of cross-talk between Smad2/3 and MAPK signaling. Reporter
assays with Smad-binding elements showed that p38 and JNK was
crucial for Smad2/3 transcriptional activity. However, inhibition of
p38 and JNK did not affect the phosphorylation level and nuclear
translocation of Smad2/3 in TGFb1-treated cells (Fig. 5D and E).
These results suggest that p38 and JNK regulates Smad2/3 action
inside the nucleus. Taken together, our data imply that the
inhibitory actions of SchB on TGFb1 signaling are achieved in the
cytoplasm and the nucleus.

TGFb1 induces oxidative stress, which can participate in
fibrotic changes in vascular tissues [8,34]. Conversely, oxidative
stress elevates TGFb1 production [35]. Indeed, fibrosis is closely
associated with chronic inflammation leading to sustained
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production of reactive oxygen species [36,37]. Many studies have
shown that antioxidant activity of S. chinensis extract and SchB
[38–40]. Therefore, SchB-mediated antioxidant activity may be a
possible mechanism of the inhibitory action of SchB on TGFb1
signaling. In summary, the present study demonstrated that SchB
suppresses TGFb1 signaling by inhibiting Smad2/3 and MAPK
pathways. Because SchB is a naturally occurring compound, it may
be advantageous for attaining a balance between therapeutic
outcome and undesirable side effects. Our results provide a basis
for future investigation aiming at treating vascular fibrotic
diseases.
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