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Inhibition of cardiotrophin-1 overexpression is involved
in the anti-fibrotic effect of Astrogaloside IV
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Abstract. Astragaloside IV (AsIV), one of the major active
ingredients in Astragalus membranaceus, has demonstrated
remarkable antifibrotic effects via its antioxidative activity.
Cardiac fibrosis is an important pathological mechanism
during cardiac remodelling associated with heart failure. In
the present study, the mechanism underlying the antifibrotic
effect of AsIV upon isoprenaline (ISO) stimulation was inves-
tigated. AsIV significantly improved cardiac fibrosis in vivo
and dose-dependently inhibited ISO-induced CF proliferation
in vitro. The ISO-triggered elevation in reactive oxygen species
(ROS) levels was remarkably inhibited by AsIV, as well as
ROS scavenger N-acetylcysteine (NAC), and not affected by
cardiotrophin-1 (CT-1) knockdown. In addition, AsIV effec-
tively reversed ISO-induced upregulation of CT-1 expression,
which was blunted by pretreatment with NAC. Cardiac fibro-
blast (CF) proliferation and collagen I overexpression induced
by ISO stimulation were effectively abrogated by AsIV, NAC,
and CT-1 small interfering RNA transfection. Taken together,
these results demonstrated that AsIV was able to effectively
inhibit ISO-induced CF proliferation and collagen production
through negative regulation of ROS-mediated CT-1 upregula-
tion.

Introduction

Cardiac fibrosis can be caused by a variety of cardiovascular
disorders, such as hypertension, ischemic injury, valvular
heart disease (1-3). Cardiac fibrosis, which is characterized
by enhanced cardiac fibroblast (CF) proliferation and excess
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production of extracellular matrix (ECM) such as collagen,
plays a pivotal role in pathological cardiac remodelling and is
an important determinant of many fatal cardiovascular events,
such as heart failure, severe arrhythmias and sudden cardiac
death (4-6). Pathologically, cardiac fibrosis is characterized
by excessive collagen accumulation and fibroblast deposition
in the heart, thereby leading to reduction of cardiac muscle
compliance, filling impairment, and ultimately conges-
tive heart failure (4,7). Therefore, preventing or slowing the
progression of cardiac fibrosis is beneficial for the prognosis
of cardiovascular disorders.

Cardiotrophin-1 (CT-1) is a member of the interleukin 6
superfamily. Although initially, CT-1 was regarded as an adaptive
response factor mediating cell surviving diverse adverse stimiuli,
accumulating in vitro evidences suggest that CT-1 also acts as
a profibrotic cytokine in cardiac fibroblasts (8,9). Meanwhile,
existing in vivo experimental and clinical data also show that
CT-1 is an important pro-fibrotic molecule in the heart (10).
Regarding the molecular regulation of CT-1 expression, a
previous study has shown that reactive oxygen species (ROS)
acts as a pivotal mediator for the upregulation of CT-1 (11).

As an important ‘Qi-invigorating’ medical herb,
A. membranaceus is widely used in traditional Chinese medi-
cine for the treatment of cardiovascular diseases, hepatitis,
kidney disease, and skin diseases (12-14). Astragaloside IV
(AsIV), a cycloartane triterpene saponin, is one of the major
active ingredients of this plant Astragalus membranaceus
(Huang Qi in Chinese). Several lines of evidence suggested
that AsIV has remarkable cardioprotective effects via its
anti-oxidative and anti-inflammatory activities (15,16). AsIV
also improved cardiac function through inhibiting cardio-
myocyte hypertrophy and apoptosis (13,15). In addition,
the anti-fibrotic effect of AsIV was also seen in coxsackie
virus-induced cardiomyopathy and in vitro cultured fibro-
blasts (17,18). Since antioxidation represents as an important
mechanism for the anti-proliferative effect of AsIV on cardiac
fibroblasts (18), it is thus reckoned that CT-1 inhibition may
also be involved in this pocess. Therefore, the aim of this study
was to examine this possibility.

Materials and methods

Animal experiment. A total of 30 male heathy Sprague-Dawley
rats, weighing 180-200 g were provided by the Animal Center,
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Jinzhou Medical University (Jinzhou, China). All rats were
maintained in a temperature-controlled room (25+0.2°C)
with a 12/12 h light/dark cycle. These rats were fed with
standard laboratory food and water. These rats were randomly
divided into 3 groups (n=10): i) Control group, rats received
the same volume of vehicle; ii) isoprenaline (ISO) group, rats
received ISO injection (10 mg/kg day” i.p.) for 4 weeks; and
iii) ISO + AsIV group, rats received AsIV treatment (80 mg/kg
day' i.g.)) 2 weeks before 4-week ISO injection (10 mg/kg
day! i.p.). ISO was dissolved in normal saline and AsIV in
1% sodium carboxymethyl cellulose solution. At the end of the
treatment, left ventricular sections were prepared and stained
with Sirius Red according to the instructions of the commer-
cial kit (Beijing Leagene Biotech Co., Ltd., Beijing, China). All
experimental procedures involving animals were conducted in
accordance with the animal care guidelines of the National
Institutes of Health (NIH) and Jinzhou Medical University. All
efforts were made to minimize animal suffering and reduce
the number of animals used.

CF culture. Primary cardiac fibroblasts (CFs) cultures were
prepared from 1- to 3-day-old SD rats as our previously
described method for culture of cardiomyocytes (12), except
that pre-attached CFs but not cardiac myocytes were used
for experiment. The cells were grown and maintained in
Dulbecco's modified Eagle's medium (DMEM) (Corning Inc.,
Corning, NY, USA) containing 10% fetal bovine serum (FBS;
Hyclone; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
in 5% CO,/95% air at 37°C.

CF proliferation assay. CFs were planted and cultured
in 96-well plates and challenged by ISO (Sigma-Aldrich;
Merck KGaA (Darmstadt, Germany) following pretreatment
with AsI'V (>98% purity; Nanjing Jingzhu Bio-technology Co.,
Ltd., Nanjing, China), N-acetylcysteine (NAC; 10 mM) and
CT-1 siRNA transfection. DMEM (100 ul) with 10 ul CCK-8
(Dojindo Laboratories, Kumamoto, Japan) was included in
each well for additional 4 h at 37°C. The optical density was
measured with an automated ELISA plate reader (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) at 450 nm. Based
on a previous study (4), a 24 h-stimulation by ISO induced a
significant elevation of CF proliferation.

Measurement of intracellular ROS. Intracellular ROS levels
were detected by dihydroethidium (DHE; Molecular Probes,
Eugene, OR, USA). CFs were first incubated in the dark with
10 uM DHE for 1 h at 37°C in an incubator and then washed
3 times with phosphate-buffered saline (PBS). ROS level of
the DHE loaded CFs was examined by an inverted fluores-
cence microscope (Leica, Wetzlar, Germany).

Knockdown of CT-1 by specific siRNA. Transfection was
performed as previously reported (19), using siRNA sense
sequence for CT-1, 5'-CCAAUUGCUGGAGGAAUAUtt-3',
synthesized by GenePharma (Suzhou, China). To allow
incorporation of CT-1 siRNA into CFs, CFs were incubated
in serum-free DMEM for 24 h on the day before transfec-
tion. Transfection solution A containing 2.5 ul (~660 ng)
siRNA and 40 pl Opti-MEMI, and solution B containing 2 ul
Oliogofectamine and 5.5 pl Opti-MEMI was firstly prepared
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and then mixed to form transfection solution C for use. The
culturing medium was exchanged with 200 1 DMEM without
serum, with transfection solution C subsequently added
and cultured at 37°C in a humidified atmosphere of CO,/air
(5:95%) for 8 h. Thereafter, 125 yl DMEM supplemented with
30% serum was added to the cultures. Western blot analysis
was performed to confirm the knockdown effect three days
after transfection.

Quantitative real-time PCR. Total mRNA was extracted by
Trizol agent (Invitrogen, Carlsbad, CA, USA). Reverse tran-
scription was performed using a PrimeScript RT reagent kit
(Takara Bio, Inc., Dalian, China) according to the manufac-
turer's instructions. RNA was then analyzed by Real-Time
PCR using SYBR Premix Ex Taq™ (Takara Bio, Inc). The
sequences of the primers used were as follows: CT-1 forward,
5'-GGAAGTCTGGAAGACCACCA-3' and reverse, 5'-TGC
TGCACATATTCCTCCAG-3'; collagen I forward, 5'-TTC
ACCTACAGCACGCTTGT-3' and reverse, 5-TTGGGATGG
AGGGAGTTTAC-3'; and GAPDH forward, 5"TGGCCTCCA
AGGAGTAAGAAAC-3" and reverse, 5-GGCCTCTCTCTT
GCTCTCAGTATC-3'. GAPDH gene was used as an internal
control. PCR parameters were as follows: 95°C for 10 sec;
35 cycles of 95°C for 5 sec and 60°C for 20 sec. PCR ampli-
fication was performed using the Mx3000P qPCR SYSTEM
(Stratagene, La Jolla, CA, USA) and comparative Ct (AACT)
method was used to determine the fold change in expression.

Western blotting. Total protein content was determined and
equal amounts of protein were subjected to sodium dodecyl
sulfate-polysacrylamide gel electrophoresis and blotted onto
a polyvinylidene fluoride membrane. The membrane was
blocked with 1% BSA for 1 h at room temperature and then
incubated overnight at 4°C with the primary rabbit anti-rat
polyclonal antibodies against collagen I (Col-I, 1:1,000, cat.
no. ab34710; Abcam, Cambridge, MA, USA), B-actin (1:5,000,
cat. no. 40552; Signalway Antibody, College Park, MD, USA)
and mouse anti-rat monoclonal antibodies against CT-1
(1:1,000, cat. no. ab13975; Abcam). Following incubation with
the polyclonal horseradish peroxidase-conjugated secondary
goat anti-rabbit antibodies (1:2,500, cat. no. sc-2004) or goat
anti-mouse antibodies (1:3,500, cat. no. sc-2005) (both from
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), the bands
were detected by an enhanced chemiluminescence reagents
(Thermo Fisher Scientific, Inc.). Quantityone software
(version 4.6.9; Bio-Rad Laboratories, Inc., Hercules, CA,
USA) was used to assess the visualized optical density for
each band.

Statistical analysis. All data are shown as mean + stan-
dard error of mean (SEM) from at least three independent
experiments. The data were subjected to one-way analysis of
variance followed by Turkey's post hoc comparisons. The level
of significance was set at P<0.05.

Results
ISO induced CF proliferation was attenuated by increasing

doses of AsIV. As shown in Fig. 1A, CF proliferation was
significantly increased upon ISO stimulation for 24 h. AsIV
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Figure 1. Effect of astragaloside IV on isoproterenol-induced cardiac fibrosis in in vitro (A) and in vivo (B) model. Data are expressed as mean + standard error

of mean (SEM) for five individual experiments. "P<0.05 vs. control group.
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Figure 2. Effect of astragaloside I'V (AsIV, 100 M), N-acetylcysteine (NAC, 10 mM) and CT-1 siRNA on isoproterenol (ISO, 10 uM)-induced reactive oxygen

species (ROS) level in cardiofibroblasts (CFs).

pretreatment remarkably inhibited ISO triggered CF prolif-
eration in a dose dependent manner. The anti-fibrotic effect
of AsIV was further confirmed by Sirius Red stanning
in vivo (Fig. 1B).

ISO induced ROS generation in CFs was decreased by AslV,
but not by CT-1 siRNA. As shown in Fig. 2, an elevated ROS

production upon 30 min stimulation by ISO, which was
effectively blunted by pretreatment with AsI'V (100 M) or
NAC (10 mM) (20), the typical ROS scavenger. Great reduced
expression of protein of CT-1 was confirmed by western
blot analysis three days after transfection (data not shown).
This transfection, however, failed to produce any effect on
ISO-initiated ROS generation.
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Figure 3. Effect of astragaloside IV (AsIV, 100 M) and N-acetylcysteine
(NAC, 10 mM) on isoproterenol (ISO, 10 yuM)-induced CT-1 overexpression
at mRNA (A) and protein (B) levels. Data are expressed as mean =+ standard
error of mean (SEM) for three individual experiments. ‘P<0.05 vs. other

groups.
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Figure 4. Effect of astragaloside IV (AsIV, 100 uM), N-acetylcysteine (NAC,
10 mM) and CT-1 siRNA on isoproterenol (ISO, 10 yM)-induced cardiac
fibroblasts (CFs) proliferation. Data are expressed as mean + standard error
of mean (SEM) for five individual experiments. "P<0.05 vs. other groups.

AslV and NAC attenuated ISO induced overexpression of
CT-1. As shown in Fig. 3A and B, ISO treatment for 24 h
caused a significant elevation of CT-1 expression, both at
mRNA and protein levels. These overexpressions of CT-1,
however, were singnificantly inhibited by AsIV pretreatment.
In addition, NAC produced similar inhibitory effects as AsIV
on CT-1 overexpression.

CF proliferation and type I collagen synthesis induced by
ISO was attenuated by AslV, NAC and CT-1 siRNA pretreat-
ment. As shown in Fig. 4, CF proliferation was significantly
increased upon ISO stimulation for 24 h. AsI'V, NAC or CT-1
siRNA pretreatment remarkably inhibited ISO triggered CF
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Figure 5. Effect of astragaloside IV (AsIV, 100 uM), N-acetylcysteine (NAC,
10 mM) and CT-1 siRNA on isoproterenol (ISO, 10 zM)-induced collagen
expression at mRNA (A) and protein levels (B) in cardiac fibroblasts. Data
are expressed as mean + standard error of mean (SEM) for three individual
experiments. “P<0.05 vs. other groups.

proliferation. Likewise, ISO-increased mRNA (Fig. 5A) and
protein (Fig. 5B) expressions of collagen I, the most dominant
component of extracellular matrix (21,22), in cultured CFs
were also blunted by application of AsIV,NAC or CT-1 siRNA.

Discussion

Cardiac fibrosis is a pivotal phenomenon and a hallmark in a
variety of cardiovascular diseases (23). Enhanced CF prolifer-
ation and excess production and deposition of ECM represent
the key characteristics of cardiac fibrosis. These pathological
changes would eventually lead to myocardial stiffness,
impaired diastolic function, severe arrhythmias, cardiac
failure and even sudden cardiac death (24,25). Therefore, early
intervention in the fibrosis process would effectively slow
down or prevent the procession of a variety of cardiovascular
diseases.

Oxidative stress is a major pathogenesis mechanism
for diverse cardiac disorders, including cardiac fibrosis,
hypertrophy, apoptosis, inflammation, and resultant heart
failure (26-28). It is evidenced that ROS could insult mito-
chondrial function and cause gene expression alteration
both in cardiomyocytes and cardiofibroblasts (29,30).
Anti-oxidation can prevent the procession of cardiovascular
events (15,31,32). At present, the antioxidant property of AsIV
has been demonstrated by many previous reports (33,34).
Intriguingly, we herein showed besides by NAC, ISO-invoked
ROS overproduction was also blunted by application of
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AslV, thereby suggestive of a possible protection effect of
AsIV on ISO-induced damage of CFs via its anti-oxidation
effect. Indeed, AsI'V and NAC pretreatment also alleviated
ISO-induce CF proliferation and collagen I synthesis. These
data demonstrated an anti-oxidantion activity dependent
anti-fibrotic effect of ASIV. It is unclear regarding how AsIV
caused decreased production of ROS. In spite of that, our recent
study showed that AsIV effectively suppressed the expres-
sion of mitochondrial NADPH oxidase 4 (mito-NOX4), and
enhanced mitochondrial superoxide dismutase (mito-SOD)
and mitochondrial catalase (mito-CAT) activity under ISO
stimulation, both in intact heart tissue and in vitro cultured
HO9C2 cells (15). As such, it is reckoned that AsIV's antioxidant
activity as shown here is probably related to its regulatory
effect on mito-NOX4, mito-SOD, and mito-CAT, which needs
further investigation.

CT-1 is a member belonging to IL-6 superfamily (35). By
interacting with the heterodimer composed of glycoprotein 130
and leukemia inhibitory factor receptor-f, this cytokine exerts
a series of cellular effects (36). Accumulating reports have
delineated a key role for CT-1 in cardiomyocyte survival and
hypertrophy, vascular smooth muscle cell (VSMC) prolif-
eration, hypertrophy and extracellular matrix production. In
addition, CT-1 is also involved in the pathogenesis of cardiac
remodelling (37). Meanwhile, a direct stimulation of CT-1 on
CF proliferation and collagen type I was also confirmed (9,38).
In the present study, a significant increase of CT-1 expression
was seen in CFs upon ISO stimulation, which is in compat-
ible with the statement that CFs are the predominant source
of IL-6 in response to (3-adrenergic receptor stimulation (39).
CT-1 knockdown significantly reduced CF proliferation and
collagen I production, suggesting an indispensible role of
CT-1 in ISO-triggered cardiac fibrosis. As for the relationship
between ROS and CT-1 pathways, our present study indicates
that ISO-induced ROS production is needed for CT-1 over-
expression, but not vice versa. A similar sequence as in the
present study has been observed for effect of proxidant- and
CoCl,-mediated upregulation of CT-1 in mouse embryonic
stem cells (11). Both ROS production and CT-1 overexpres-
sion triggered by ISO were remarkably suppressed by AsIV,
thereby revealing an ROS-CT-1-targeted anti-fibrotic effect
of this natural occurring substance. Since ROS operated
upstream of CT-1 overexpression upon ISO stimulation, and
AsIV would effectively blunted ROS production, it is argued
that AsIV reduce CT-1 overexpression via, at least in part,
its antioxidant activity. But we are still unable to exclude the
possibility that AsI'V may also have direct inhibitory effect on
CT-1 overexpression induced by ISO.

A. membranaceus has been widely used in traditional
Chinese medicine for the treatment of cardiovascular diseases
and AsIV represents one of the major active ingredients
thereof. Previous researches mainly paid more attention to the
cardiomyocytes, such as their hypertrophy or apoptosis, than
cardiofibroblasts (CFs) (15,40). In contrast, our previous study
has confirmed the beneficial effect of AsI'V on in vitro cultured
CFs, including that of anti-oxidation and anti-fibrosis (18).
Our present study herein further revealed that the anti-fibrotic
effect of AsIV may be related to ROS-mediated CT-1 overex-
pression. Although it is unclear regarding how AsIV exerted
its anti-fibrotic effect, 3-receptor inhibition seems not involved
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in this process, as AsIV is also able to prevent cardiac fibrosis
induced by stimuli irrelevant to (3-receptor activation, such
as coxsackievirus (17). This finding, together with other find-
ings, would provide us comprehensive understanding of the
cardioprotective effect of this natural occurring substance.
And also, our present finding suggests that AsIV may serve
as a useful therapeutic treatment in patients with fibrosis- and
remodelling-related cardiovascular disorders, such as chronic
heart failure, diabetic cardiomyopathy, and iron overload
cardiomyopathy (41-43).
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