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Background and purpose: Tetrandrine, a well-known naturally occurring calcium antagonist with anti-inflammatory, anti-
oxidant and anti-fibrogenetic activities, has long been used clinically for treatment of cardiovascular diseases such as
hypertension and arrhythmia. However, little is known about the effect of tetrandrine on cardiac hypertrophy. The aims of the
present study were to determine whether tetrandrine could attenuate cardiac hypertrophy and to clarify the underlying
molecular mechanisms.
Experimental approach: Tetrandrine (50 mg·kg-1·day-1) was administered by oral gavage three times a day for one week and
then the mice were subjected to either chronic pressure overload generated by aortic banding (AB) or sham surgery (control
group). Cardiac function was determined by echocardiography.
Key results: Tetrandrine attenuated the cardiac hypertrophy induced by AB, as assessed by heart weight/body weight and
lung weight/body weight ratios, cardiac dilatation and the expression of genes of hypertrophic markers. Tetrandrine also
inhibited fibrosis and attenuated the inflammatory response. The cardioprotective effects of tetrandrine were mediated by
blocking the increased production of reactive oxygen species and the activation of ERK1/2-dependent nuclear factor-kB and
nuclear factor of activated T cells that occur in response to hypertrophic stimuli.
Conclusions and implications: Taken together, our results suggest that tetrandrine can improve cardiac function and prevent
the development of cardiac hypertrophy by suppressing the reactive oxygen species-dependent ERK1/2 signalling pathway.
British Journal of Pharmacology (2010) 159, 970–981; doi:10.1111/j.1476-5381.2009.00605.x; published online 25
January 2010
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Abbreviations: Ang II, angiogensin II; BrdU, bromodeoxyuridine; BW, body weight; CSA, cardiomyocyte cross-sectional area;
DCFH-DA, 2′,7′-dichlorofluorescein dilacerate; ESR, electron spin resonance; FS, fractional shortening; GAPDH,
glyceraldehydes-3-phosphate dehydrogenase; HR, heart rate; HW, heart weight; HW/BW, heart weight/body
weight; hydroxy-TEMPO, 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl; IKK, IkB kinase; LVEDD, left ven-
tricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVPWD, left ventricular posterior
wall, diastolic; LVSD, left ventricular septum, diastolic; LW, lung weight; LW/BW, lung weight/body weight;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NAC, N-acetylcysteine; NFAT, nuclear
factor of activated T cells; NF-kB, nuclear factor-kB; PWT, posterior wall thickness; ROS, reactive oxygen
species; SBP, systolic blood pressure

Introduction

Cardiovascular disease, such as that caused by myocardial
infarction, obesity or drug abuse promotes cardiac hypertro-
phy and subsequent heart failure, which is one of the leading
causes of mortality in the world and encompasses a wide
spectrum of cardiac pathologies (Barry et al., 2008). When the
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heart experiences extended periods of elevated workload, it
undergoes hypertrophic enlargement in response to the
increased demand. In the case of pathological hypertrophy,
although the increased heart size is initially a compensatory
mechanism, sustained hypertrophy can ultimately lead to a
decline in left ventricular function and thus represents an
independent risk factor for heart failure (Dhalla et al., 2009).
Therefore, it is important to clarify the specific molecular
mechanism and signalling pathways that lead to hypertro-
phy. A number of signalling modulators in the vasculature
milieu are known to regulate heart mass including those that
influence gene expression, apoptosis, cytokine release and
growth factor signalling (Olson, 2004; Jenkins et al., 2009).
Recent evidence, obtained using genetic and cellular models
of cardiac hypertrophy, suggests that pathological hypertro-
phy can be prevented or reversed and has promoted an enor-
mous drive in drug discovery research aiming to identify
novel and specific regulators of hypertrophy (Li et al., 2005;
2006; Cai et al., 2009a).

Tetrandrine is a bisbenzylisoquinoline alkaloid isolated
from the Chinese medicinal herb-root of Stephania tetrandra S
Moore, which was traditionally used as an anti-inflammatory,
antipyretic and analgesic herb in Chinese medicine (Kwan
and Achike, 2002; Yao and Jiang, 2002). The empirical
formula of tetrandrine is C38H42O8N2 with molecular weight
622 Da. The first pharmacological and toxicological study of
tetrandrine was published in 1937; this demonstrated its
hypotensive and cardiodepressant effects. Since the 1950s,
tetrandrine has been used in China as an antihypertensive
agent (Yao and Jiang, 2002). Subsequently, tetrandrine has
been shown to act as a calcium antagonist, inhibiting the ICa-L

and reducing Ca2+ flows into the cytosol in myocyte and
vascular smooth muscle cells (Rao, 2002; Wang et al., 2004).
Recently, it was reported that tetrandrine improved haemo-
dynamic changes during remodelling, especially diastolic
function such as LV compliance and stiffness, increased
cardiac myosin ATPase activity and Na+-K+, Ca2+ ATPase activ-
ity, and normalized vascular reactivity (Chen et al., 2000).
Tetrandrine is also known for its anti-inflammatory and anti-
fibrogenic actions, which make tetrandrine and related com-
pounds potentially useful in the treatment of lung silicosis,
liver cirrhosis and rheumatoid arthritis (Rao, 2002; Wang
et al., 2004). However, the effects of tetrandrine on cardiac
hypertrophy and the related signalling mechanisms have not
been elucidated. The aims of this study were, therefore, to
determine whether tetrandrine, which is recognized to
possess anti-inflammatory, antioxidant, as well as anti-
fibrogenetic activities, can attenuate pressure overload-
induced cardiac hypertrophy in mice, and to identify the
molecular mechanisms responsible for these putative effects.

Methods

Materials and preparation of tetrandrine
The antibodies used to recognize total and phosphorylation
of ERK1/2, p38, JNK1/2, phospho-I k B kinase b (IKKb),
phospho-IkBa and IkBa were purchased from Cell Signaling
Technology. The BCA protein assay kit was purchased from
Pierce and IKK activity kit was obtained from B&D Bioscience.

The antibodies used to recognize tropomyosin and
a-sarcomeric actin were obtained from Abacm. All other anti-
bodies were purchased from Santa Cruz Biotechnology. Fetal
calf serum (FCS) was obtained from Hyclone. Nuclear
factor-kB (NF-kB)- and nuclear factor of activated T cells
(NFAT)-luc report constructs were as described previously (Cai
et al., 2009a,b) Cell culture reagents and all other reagents
were from Sigma. Tetrandrine was obtained from MP Bio-
medicals and dissolved in 0.1 N HCl at a concentration of
25 mg·mL-1 and it was passed through a 0.22 mm filter for
bacteriological sterilization, as described previously (Ho et al.,
2004). The pH was adjusted to 6.8–7 before use.

The LipofectAMINE reagent and TRIzol were from Invitro-
gen; the Advantage RT-for-PCR kit was from BD Biosciences;
SYBR Green PCR Master Mix was from Applied Biosystems;
BCA Protein Assay Reagents were from PIERCE (Rockford, IL,
USA). The electrophoretic mobility shift assays (EMSA) (Gel
Shift Assay System E3300) was obtained from Promega
(Madison, WI, USA) and the CardiaoTACS in situ Apoptosis
Detection Kit from R&D Systems.

Neonatal rat cultured cardiac myocytes
Primary cultures of cardiac myocytes were prepared as
described previously (Li et al., 2005; 2006). Cells from the
hearts of 1- to 2-day-old Sprague-Dawley rats were seeded at a
density of 1 ¥ 106 per well onto six-well culture plates in
plating medium consisting of F10 medium supplemented
with 10% FCS and penicillin/streptomycin. After 48 h, the
culture medium was replaced with F10 medium containing
0.1% FCS and bromodeoxyuridine (BrdU, 100 mM). After 24 h
of serum deprivation, tetrandrine alone or tetrandrine fol-
lowed by angiogensin II (Ang II, 1 mM) were added to the
medium and the cultures were incubated for the indicated
time. Viability was determined by the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. For cell infection, cardiac myocytes or cardiac fibro-
blasts (1 ¥ 106 per well) were cultured in six-well plates and
exposed to 2 ¥ 108 pfu of each virus in 1 mL of serum-free
medium for 24 h. The cells were then washed and incubated
in serum-containing media for 24 h.

Reporter assays, Western blotting and quantitative real-time PCR
Cardiac myocytes were seeded in triplicate in six-well plates.
Cells were transfected with 0.5 mg of luciferase reporter con-
structs NF-kB and NFAT, and internal control plasmid DNA
using 10 mL of LipofectAMINE reagent, according to the
manufacturer’s instructions. After 6 h of exposure to the
DNA-LipofectAMINE complex, cells were cultured in medium
containing 10% serum for 24 h and then incubated with
serum-free medium for 12 h. Cells were pretreated with tet-
randrine for 60 min and then treated with Ang II and har-
vested using passive lysis buffer (Promega) according to the
manufacturer’s protocol. The luciferase activity was normal-
ized by control plasmid. All experiments were done in tripli-
cate and repeated at least three times. For Western blot,
cardiac tissue and cultured cardiac myocytes or fibroblasts
were lysed in RIPA lysis buffer. Fifty micrograms of cell lysate
was used for SDS-PAGE, and proteins were then transferred
to an Immobilon-P membrane (Millipore, Beijing, China).

Tetrandrine inhibits cardiac hypertrophy
D-F Shen et al 971

British Journal of Pharmacology (2010) 159 970–981



Specific protein expression levels were normalized to either
the glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
protein for total cell lysate and cytosolic protein, or the
Lamin-B1 protein for nuclear protein signal on the same
PVDF membrane. For real-time PCR, total RNA was extracted
from frozen, pulverized mouse tissues using TRIzol and syn-
thesized cDNA using oligo (dT) primers with the Advantage
RT-for-PCR kit. We quantified PCR amplifications using SYBR
Green PCR Master Mix and normalized the results against
GAPDH gene expression.

Electrophoretic mobility shift assay and IKK assay
To examine the DNA-binding activities of NF-kB, EMSA were
performed according to the manufacturer’s instructions.
Nuclear proteins were isolated as described previously (Li et al.,
2007a). Protein concentrations were measured by BCA Protein
Assay Reagents using bovine serum albumin as a standard.

Animal models, echocardiography and blood pressure
The protocols for the animal experiments were approved by
our hospital guidelines. All surgery and subsequent analyses
were performed in a blinded fashion for all groups. Adult male
C57/B6 mice (8–10 weeks old) were used in the current study,
which were purchased from Institute of Laboratory Animal
Science, Chinese Academy of Medical Sciences, Beijing, China
and acclimatized for more than one week prior to experimen-
tal use. Aortic banding (AB) was performed as described pre-
viously (Bian et al., 2008; Tang et al., 2009). Tetrandrine
suspension was prepared using 0.5% carboxy methylcellulose
solution for animal experiments. Suspensions were freshly
prepared and administered at a constant volume of
1 mL·100 g-1 body weight (BW) by oral gavage three times a
day. The control group for these animal experiments was
given the same volume of liquid but consisted solely of the
vehicle solution (0.5% carboxy methylcellulose). We admin-
istered tetrandrine (50 mg·kg-1·day-1) by oral gavage three
times a day for one week and then subjected the mice to
either chronic pressure overload generated by AB or sham
surgery as the control group. Mice were randomly assigned
into four groups as tetrandrine + sham, tetrandrine + AB,
vehicle + sham and vehicle + AB. Pretreatment with vehicle or
50 mg·kg-1·day-1 tetrandrine for one week prior to AB surgery
or sham operation allowed for critical evaluation. Doppler
analysis was performed to ensure that physiological constric-
tion of the aorta was induced. The internal diameter and wall
thickness of LV were assessed by echocardiography at the
indicated time after surgery or infusion. After the mice had
been killed, the hearts and lungs were dissected out and
weighed to compare heart weight/body weight (HW/BW,
mg·g-1) and lung weight/body weight (LW/BW, mg·g-1) ratios
in tetrandrine-treated and vehicle-treated mice. Echocardio-
graphy was performed by SONOS 5500 ultrasound (Philips
Electronics, Amsterdam, the Netherlands) with a 15 MHz
linear array ultrasound transducer. The LV was assessed in
both parasternal long-axis and short-axis views at a frame rate
of 120 Hz. End-systole or end-diastole was defined as the
phase in which the smallest or largest area of LV, respectively,
was obtained. Left ventricular end-diastolic diameter (LVEDD)
and left ventricular end-systolic diameter (LVESD) were mea-

sured from the LV M-mode tracing with a sweep speed of
50 mm·s-1 at the mid-papillary muscle level. Blood pressure
was recorded by a microtip catheter transducer (SPR-839,
Millar Instruments, Houston, TX, USA) inserted into the right
carotid artery and advanced into the left ventricle for haemo-
dynamic measurements.

Histological and apoptosis analysis
Hearts were excised, washed with saline solution and placed
in 10% formalin. Hearts were cut transversely close to the
apex to visualize the left and right ventricles. Several sections
of heart (4–5 mm thick) were prepared and stained with hae-
matoxylin and eosin (HE) for histopathology or picrosirius
red for collagen deposition and then visualized by light
microscopy. For myocyte cross-sectional area, sections were
stained HE. A single myocyte was measured with an image
quantitative digital analysis system (Image Pro-Plus 4.5). The
outline of 100 myocytes was traced in each group. Apoptosis
was assessed by the TdT-mediated dUTP nick end labelling
(TUNEL) assay that was performed in sections using the Car-
diaoTACS in situ Apoptosis Detection Kit according to manu-
facturer’s recommendations and was confirmed by detection
of the activation of caspase-3/8/9.

Measurements of reactive oxygen species (ROS) and myofibrillar
protein oxidation
Cardiac myocytes were cultured on coverslips in 35 mm
dishes and then pretreated with tetrandrine and subsequently
stimulated with 1 mM Ang II for the indicated times. Intrac-
ellular generation of ROS was quantified using 2′,7′-
dichlorofluorescein dilacerate (DCFH-DA). The cells were
incubated with 5 mM DCFH-DA in the dark for 60 min and
immunofluorescence was visualized using laser scanning con-
focal microscope (488 nm, 200 mW). ROS in the heart tissue
were quantified using electron spin resonance (ESR) spectros-
copy with 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl
(hydroxy-TEMPO) as described previously (Li et al., 2006).
The procedure for myofibrillar protein extraction was carried
out according to the method described by Canton et al. (2004;
2006) and Barbato et al. (1996). Myofibrillar proteins were
extracted, in the presence of protease and phosphatases
inhibitors, from frozen cardiac tissue of the indicated groups.
After the extraction of the myofilament-enriched fraction had
finished, oxidation of actin and tropomyosin were measured
as protein carbonyl groups by using OxyBlot Protein Oxida-
tion Detection Kit (Millipore, S7150). The detailed procedure
for measuring myofibrillar protein oxidation was following
the method described by Canton et al. (2006) and Duncan
et al. (2005).

Statistical analysis
All the experiments were repeated at least three times with a
similar pattern of results. Results are expressed as mean � SEM
of multiple experiments for in vitro assays and mean � SEM of
n number of animals for in vivo experiments. Student’s t-test
was used to compare two groups and ANOVA (two-tailed
P-value) was used with the Dunnett post hoc test for multiple
groups. A P-value <0.05 was considered significant.
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Results

Tetrandrine attenuates cardiac hypertrophy in vivo
To investigate the effects of tetrandrine on cardiac hypertro-
phy in vivo, we used a chronic pressure overload model to
induce hypertrophy. As expected, all vehicle-treated AB mice
8 weeks post-surgery demonstrated the classical increase in
heart size and dilatation of ventricular chambers as compared
with the sham control group. Tetrandrine treatment of the AB
mice, on the other hand, resulted in a marked reduction in
hypertrophic growth as measured by HW/BW, LW/BW and
cardiomyocyte cross-sectional area as well as systolic blood
pressure. No significant changes were observed in the sham-
operated mice treated with tetrandrine or vehicle (Table 1).
Subsequent assessment of chamber size and wall thickness
using M-mode echocardiography confirmed these findings. In
vehicle-AB mice, decreased fractional shortening (FS) with
dilated posterior wall thickness (PWT), LVEDD, LVESD, left
ventricular septum, diastolic (LVSD), left ventricular posterior
wall thickness, diastolic (LVPWD) were seen compared with
the sham group; this corresponded to cardiac hypertrophy.
However, tetrandrine treatment prevented the development
of the adverse effects due to cardiac remodelling and ventricu-
lar dysfunction, as evidenced by decreased PWT, LVEDD,
LVSD, LVPWD and a higher percent of fractional shortening
(%FS) compared with AB mice treated with vehicle. Sham-
operated animals exhibited no signs of myocardial dysfunc-
tion as assessed by echocardiography (Table 1). Gross hearts,
whole hearts and HE staining of histological sections further
confirmed the inhibitory effect of tetrandrine on cardiac
remodelling in AB hearts (Figure 1A). To determine whether
tetrandrine affected the mRNA expression levels of markers of
cardiac hypertrophy, real-time PCR analysis of atrial natri-
uretic peptide, B-type natriuretic peptide, myosin heavy chain
6 (Myh6) and myosin heavy chain 7 (Myh7) was performed.
The results revealed a significant attenuation of the observed
increase in expression level from the vehicle-treated AB group
when these animals were treated with tetrandrine (Figure 1B).

In addition, similar results were obtained with the protein
expression levels of markers of cardiac hypertrophy, b-MHC,
atrial natriuretic peptide and B-type natriuretic peptide
(Figure 1C,D). These results indicate that tetrandrine inhibits
the expression of cardiac hypertrophy markers in the heart
and this results in an attenuated cardiac hypertrophic
response induced by pressure overload. Taken together, our
findings indicate that tetrandrine prevents the development
of cardiac hypertrophy in vivo.

Tetrandrine blocks fibrosis, but not apoptosis
To investigate the mechanism by which tetrandrine inhibits
cardiac hypertrophy further, we examined the ability of tet-
randrine to inhibit fibrosis. In order to determine the extent
of fibrosis in the heart 8 weeks post-AB, paraffin-embedded
slides were stained with picrosirius red and the LV collagen
volume was scored under a light microscope. Tetrandrine
treatment significantly reduced the LV collagen volume in
contrast to the vehicle-treated AB mice (Figure 2A,B). Subse-
quent analysis of protein and mRNA expression levels of
known mediators of fibrosis including connective tissue
growth factor, TGF-b1, collagen I and III demonstrated a
blunted response following tetrandrine administration com-
pared with the vehicle-treated group (Figure 2C,D). In addi-
tion, tetrandrine has been shown to induce apoptosis in
different cancer cell lines (Chen et al., 2007; McCubrey et al.,
2008). Therefore, we performed TUNEL assay on sections of
cardiac tissues from indicated groups. Our results showed
that the number of apoptotic cells versus total cells was
comparable with or without tetrandrine treatment
(Figure 2E). Further experiments demonstrated that the
amounts of cleaved caspase-3/8/9 as well as the protein
expression of Bax, Bad and Bcl-2 were not different in
tetrandrine- or vehicle-treated mice (Figure 2F). These data
suggest that the decreased cardiac hypertrophy and fibrosis
induced by tetrandrine were not caused by decreased cardi-
omyocyte apoptosis.

Table 1 Echocardiographic data showed the effects of tetrandrine on cardiac hypertrophy induced by aortic banding

Parameter Vehicle-sham Tetrandrine-sham Vehicle-AB Tetrandrine-AB

Number (n) 10 10 8 9
BW (g) 27.5 � 1.5 26.8 � 2.1 26.6 � 1.5 27.5 � 1.2
HW/BW (mg·g-1) 4.66 � 0.14 4.72 � 0.13 8.11 � 0.25* 5.43 � 0.31†
LW/BW (mg·g-1) 4.54 � 0.22 4.63 � 0.12 7.69 � 0.31* 5.34 � 0.15†
CSA (mm2) 272 � 30 269 � 21 447 � 28* 325 � 18†
SBP (mmHg) 110.6 � 1.8 114.5 � 1.4 153.5 � 4.2* 143.2 � 3.1*
HR (beats·min-1) 471 � 25 488 � 25 456 � 34 466 � 30
PWT (mm) 1.23 � 0.01 1.22 � 0.02 2.42 � 0.04* 1.53 � 0.03†
LVEDD (mm) 3.55 � 0.02 3.58 � 0.02 5.54 � 0.03* 4.10 � 0.01†
LVESD (mm) 2.35 � 0.03 2.37 � 0.04 3.47 � 0.02* 2.66 � 0.02†
LVSD (mm) 0.61 � 0.02 0.64 � 0.03 1.51 � 0.04* 0.96 � 0.03†
LVPWD (mm) 0.65 � 0.01 0.64 � 0.06 1.32 � 0.01* 0.87 � 0.05†
FS (%) 52.7 � 2.4 54.5 � 3.1 32.4 � 2.6* 47.5 � 1.5*†

All values are mean � SEM.
*P < 0.01 was obtained for the vehicle-sham values.
†P < 0.05 was obtained for the vehicle-AB values after AB.
AB, aortic banding; BW, body weight; CSA, cardiomyocyte cross-sectional area; FS, fractional shortening; HR, heart rate; HW, heart weight; LVEDD, left ventricular
end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVPWD, left ventricular posterior wall, diastolic; LVSD, left ventricular septum, diastolic; LW,
lung weight; PWT, posterior wall thickness; SBP, systolic blood pressure.
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Figure 1 Tetrandrine attenuated cardiac hypertrophy in vivo. (A) Gross hearts (top), representative whole hearts section (middle) and HE
staining (bottom) at 8 weeks after aortic banding or sham operation(n = 6). (B–D) mRNA and protein expression levels of hypertrophic markers,
ANP, BNP and Myh7, which were evaluated by real-time PCR (n = 3) and western blot (n = 4). *P < 0.01, compared with the vehicle-sham
values. †P < 0.01, compared with the vehicle-AB values after AB. AB, aortic banding; ANP, atrial natriuretic peptide; BNP, B-type natriuretic
peptide; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; HE, haematoxylin and eosin; Myh7, myosin heavy chain 7.
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Figure 2 Tetrandrine blocked fibrosis, but not apoptosis. (A,B) Representative images of PSR staining form indicated groups and quantitative
analysis of left ventricle interstitial collagen volume fraction in indicated groups (n = 6). *P < 0.01, compared with the vehicle-sham values. †P
< 0.01, compared with the vehicle-AB values after AB. (C) Protein expression of CTGF, collagen I and III were tested by western blot analysis.
GAPDH was used as internal control (n = 4). (D) Real-time PCR analysis of TGF-b1, Col1a1, Col1a3 and CTGF mRNA level (n = 4). *P < 0.01,
compared with the vehicle-sham values. †P < 0.01, compared with the vehicle-AB values after AB. (E) TUNEL positive cells from histological
sections of indicated groups were quantified (n = 5). *P < 0.01, compared with the vehicle-sham values. (F) Western blot analysis of cleaved
caspase-3, caspase-8 and caspase-9 as well as the expression of Bcl-2, Bad and Bax proteins in the indicated groups (n = 5). AB, aortic banding;
BW, body weight; CTGF, connective tissue growth factor; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; PSR, picrosirius red; TUNEL,
TdT-mediated dUTP nick end labelling.
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Tetrandrine attenuates the excess production of ROS in vitro
and in vivo
Reactive oxygen species play a critical role in the progression
of cardiac hypertrophy and heart failure (Li et al., 2005; 2006).
In order to measure the level of ROS, we used DCFH-DA.
Cardiac myocytes were pretreated with 10 mM tetrandrine for
30 min and subsequently incubated with 1 mM Ang II for
120 min. The results show that Ang II markedly increased the
levels of ROS and this effect was significantly blocked by
tetrandrine treatment (Figure 3A). To confirm these in vitro
findings, we evaluated the levels of ROS in mouse with or
without tetrandrine treatment. The production of ROS in the
murine hearts was evaluated by ESR spectroscopy with
hydroxy-TEMPO as a spin probe. The intensity of ESR signals
declined more rapidly in aortic-banded mice than controls,
and a linear relation was observed in the semi-logarithmic
plot of peak signal intensity versus time (data not shown).
The rate of signal decay has been shown to reflect the con-
centration of ROS in the reaction mixture, which was signifi-
cantly higher in AB mice than sham groups and this increase
was markedly attenuated by tetrandrine (Figure 3B). Recent
studies have indicated that myofibrillar protein oxidation has
an important impact on ventricular remodelling (Dalla Libera

et al., 2005; Duncan et al., 2005; Machackova et al., 2006).
Therefore, we examined the effects of tetrandrine on the
oxidation of the myofibrillar proteins tropomyosin and
a-sarcomeric actin. The data show that the oxidation of tro-
pomyosin and a-sarcomeric actin were significantly increased
in vehicle-treated AB mice, and this increase was markedly
attenuated by tetrandrine treatment (Figure 3C). These find-
ings indicate that tetrandrine inhibits the excess production
of ROS and the oxidation of myofibrillar proteins.

Tetrandrine blunts the inflammatory response by blocking
NF-kB signalling
An increasing number of studies suggest that inflammation
plays an important role in the development of cardiac and
vascular diseases (Bian et al., 2008; Dorn, 2009). To determine
whether tetrandrine can suppress the inflammatory responses
in the heart, we evaluated NF-kB signalling. Treatment with
tetrandrine abolished the increased activation of NF-kB
observed in the myocardium of vehicle-treated mice 8 weeks
post-AB and myocytes treated with Ang II (Figure 4A,B). To
determine the molecular mechanisms through which tetran-
drine blocks NF-kB activation, we analysed IkBa phosphoryla-
tion and the process of IKK activation. Heart lysates from

Figure 3 Tetrandrine attenuated the excess production of reactive oxygen species (ROS) in vitro and in vivo. (A) The time courses for the effect
of tetrandrine on the generation of ROS induced by angiogensin II (Ang II). Cardiac myocytes were pretreated with 10 mM tetrandrine for
30 min and subsequently incubated with 1 mM Ang II for 120 min. Four parallel experiments were indicated. *P < 0.05, compared with control
(0 Ang II). (B) Tetrandrine inhibited the pressure overload-induced increase of signal decay rate (n = 5). (C) Representative blots for the
oxidation of myofibrillar proteins tropomyosin and a-sarcomeric actin and their quantitative analysis for each indicated group of mice. *P <
0.01, compared with the vehicle-sham values. †P < 0.01, compared with the vehicle-aortic banding (AB) values after AB.
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samples obtained from mice 8 weeks post-AB were prepared
and Western blot analysis was performed. The detection of
IkBa phosphorylation and IkBa degradation in vehicle-treated
AB mice was significantly impaired after treatment with tet-
randrine. Because the phosphorylation of IkBa is mediated
through IKKb, these findings suggested to us that tetrandrine
might have an inhibitory role in IKKb activation. Indeed, we

observed that the activation of IKKb was almost completely
blocked by the administration of tetrandrine (Figure 4C). Fur-
thermore, we examined the expression of inflammatory
mediators IL-6, tumour necrosis factor a (TNF-a) and mono-
cyte chemoattractant protein-1 (MCP-1) in cardiac tissue. Our
results showed that tetrandrine significantly decreased
the mRNA levels of IL-6, TNF-a and MCP-1 compared with

Figure 4 Tetrandrine inhibited the inflammatory response induced by pressure overload. (A) The DNA binding activity of NF-kB evaluated by
EMSA in the hearts from the indicated groups (n = 6). (B) NF-kB activity was determined in cardiomyocytes treated with Ang II for the indicated
times (n = 6). The concentration of tetrandrine was 10 mM. (C) Representative blots of IkBa degradation, and IkBa and IKKb phosphorylation
in the myocardium obtained from the indicated groups (n = 4). (D) Quantification of IL-6, TNF-a and MCP-1 mRNA levels by use of real-time
PCR (n = 4). *P < 0.01, compared with the vehicle-sham values. †P < 0.01, compared with the vehicle-AB values after AB. AB, aortic banding;
Ang II, angiogensin II; EMSA, electrophoretic mobility shift assays; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; IKK, IkB kinase;
MCP-1, monocyte chemoattractant protein-1; NF-kB, nuclear factor-kB; TNF-a, tumour necrosis factor a.
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vehicle-treated AB mice (Figure 4D). These results indicate that
tetrandrine inhibits inflammation by blocking NF-kB signal-
ling in response to chronic pressure overload.

Tetrandrine inhibits calcineurin/NFAT signalling in response to
hypertrophic stimuli
In the heart, the calcineurin/NFAT pathway has been shown
to be a key signalling cascade that promotes cardiac hyper-
trophy (Vega et al., 2003; Clerk et al., 2007). Thus, we mea-
sured the activity and nuclear translocation of NFAT to
investigate whether tetrandrine can regulate the calcineurin/
NFAT signalling. The activity of NFAT in Ang II-treated myo-
cytes was significantly impaired after treatment with 10 mM
tetrandrine (Figure 5A). Also the increased nuclear levels of
NFATc4 in the myocytes induced by Ang II in vitro or AB
in vivo were obviously reduced after treatment with tetran-
drine (Figure 5B,C).

Tetrandrine inhibits ROS-dependent ERK1/2 signalling
To explore the molecular mechanisms through which tetran-
drine impairs the cardiac hypertrophic response further, we
examined the effects of tetrandrine on the mitogen-activated

protein kinase (MAPK) signalling pathway. We exposed neo-
natal rat cultured cardiac myocytes to 1 mM Ang II with or
without 10 mM tetrandrine. Ang II induced a significant
increase in the phosphorylated levels of ERK1/2, p38 and
JNK1/2; however, tetrandrine treatment markedly blocked the
activation of ERK1/2 and this effect was sustained for all the
time points tested, whereas p38 and JNK1/2 were not signifi-
cantly affected (Figure 6A). In line with the in vitro findings,
we found that ERK1/2, p38 and JNK1/2 were also significantly
phosphorylated in AB mice. However, only the phosphoryla-
tion of ERK1/2 was almost completely blocked by tetrandrine,
not that of p38 or JNK1/2 (Figure 6B). Further experiments
demonstrated that N-acetylcysteine (NAC, 10 mM), a typical
antioxidant, markedly inhibited the activation of ERK1/2,
NF-kB and NFAT mediated by Ang II treatment (Figure 6C,D),
suggesting that the activation of ERK1/2 signalling is depen-
dent on the generation of ROS. Blocking the ERK1/2 signal-
ling with the MEK inhibitor U0126 significantly attenuated
the Ang II-induced increase in NF-kB and NFAT activity
(Figure 6D), indicating that the activation of NF-kB and NFAT
are dependent on ERK1/2 signalling. These findings suggest
that tetrandrine inhibits the ROS-dependent ERK1/2 signal-
ling that occurs in response to hypertrophic stimuli.

Figure 5 Tetrandrine inhibited the calcineurin/NFAT signalling in response to hypertrophic stimuli. (A) NFAT activity was determined in
cardiomyocytes treated with Ang II for the indicated times (n = 6). (B,C) Expression of the nuclear protein NFATc4 in the myocytes induced
by Ang II in vitro and AB in vivo (n = 4). The concentration of tetrandrine used for in vitro experiments was 10 mM. *P < 0.01, compared with
the vehicle-sham values. †P < 0.01, compared with the vehicle-AB values after AB. AB, aortic banding; Ang II, angiogensin II; NFAT, nuclear
factor of activated T cells.
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Discussion

The results from our current study demonstrate that tetran-
drine protects against hypertrophic growth of cardiomyocytes
in vitro and in vivo. The protective role of tetrandrine on
cardiac hypertrophy is mediated by interruption of ROS-
dependent ERK1/2 signalling. This results in the protection of
the host from the combined deleterious effects of cardiac
hypertrophy, inflammation and fibrosis. These findings
support the concept that tetrandrine could be a preventive
and therapeutic candidate for use in cardiac hypertrophy and
heart failure.

In the current study, we have demonstrated that tetran-
drine not only attenuated cardiac hypertrophy in vivo in
response to hypertrophic stimuli, but also improved cardiac
performance and reduced chamber dimensions. These
findings are consistent with those from previous studies
showing that tetrandrine decreases the severity of ventricular
hypertrophy in spontaneously hypertensive rats and
deoxycorticosterone-acetate-salt hypertensive rats (Chen
et al., 1993; Xu and Rao, 1995). Although tetrandrine has

been shown to reduce blood pressure in these studies, we did
not observe a hypotensive effect of tetrandrine in aortic-
banded mice. The reason for this discrepancy is not clear at
this point. However, several factors may account for this
apparent contradiction, including animal species, animal
models and treatment time points. We used C57 mice and the
AB model to induce cardiac hypertrophy, whereas Xu and Rao
(1995) used deoxycorticosterone-acetate-salt hypertensive
rats and Chen et al. (1993) used spontaneously hypertensive
rats subjected to acute coronary artery occlusion in their
studies.

Fibrosis is another classical feature of pathological hyper-
trophy; it is characterized by the expansion of the extracel-
lular matrix by the accumulation of collagen. Tetrandrine
has been shown to possess anti-fibrotic effects in hepatic
cirrhosis, silicotic fibrosis and renal interstitial fibrosis (Hsu
et al., 2006; Yin et al., 2007). Therefore, we investigated
whether tetrandrine exerts an anti-fibrotic property in the
hypertrophic hearts. Our study demonstrated that tetran-
drine attenuates cardiac fibrosis and inhibits the expression
of several fibrotic mediators induced by pressure overload.

Figure 6 The effects of tetrandrine on MAPKs signalling in response to hypertrophic stimuli. (A) Time course of phosphorylated and total
ERK1/2, p38, JNK1/2, and the effects of tetrandrine (10 mM) on them, in cardiomyocytes treated with Ang II (n = 4). (B) Representative blots
of ERK1/2, p38 and JNK1/2 phosphorylation and their total protein expression in the indicated groups of mice (n = 4). (C) The effect of NAC
on ERK1/2 activation induced by Ang II in cultured myocytes. Cardiac myocytes were pretreated with 10 mM NAC for 30 min and incubated
with Ang II for 120 min. (D) Luciferase assay of the effects of U0126 and NAC on the activities of NF-kB and NFAT (n = 6). Cells were incubated
with 1 mM Ang II for up to 48 h. The luciferase assay was performed as described in the Methods. The results were reproducible in three separate
experiments. *P < 0.05 versus corresponding control. Ang II, angiogensin II; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; MAPK,
mitogen-activated protein kinase; NAC, N-acetylcysteine; NFAT, nuclear factor of activated T cells; NF-kB, nuclear factor-kB.
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This study is the first to report inhibition of cardiac fibrosis
by tetrandrine.

The mechanism by which tetrandrine mediates its anti-
hypertrophic and anti-fibrotic effects remains largely unclear.
Mounting evidence has suggested that several DNA-binding
transcription factors are implicated in cardiac hypertrophy,
including NF-kB and nuclear factors of activated T cells (NFATs)
(Molkentin, 2004; Schulz and Yutzey, 2004; Hall et al., 2006; Li
et al., 2007b). Therefore, the inhibitory mechanisms of tetran-
drine on cardiac hypertrophy were examined by investigating
its effect on NF-kB and NFAT activation. Our results show that
tetrandrine significantly abrogated NF-kB activation by dis-
rupting DNA-binding and transcriptional activity. It did this by
blocking the phosphorylation and degradation of IkBa, IKKb
activation as well as inhibiting the expression of inflammatory
mediators (IL-6, TNF-a and MCP-1). In accordance with our
findings, three recent reports also found that tetrandrine sup-
pressed NF-kB signalling (Ho et al., 2004; Feng et al., 2008; Liou
et al., 2008). Ho et al. (2004) demonstrated that tetrandrine
blocked IkBa degradation by inhibiting IKKa and IKKb activi-
ties and then inhibited NF-kB activation. Inflammation plays a
key role in the development of cardiac hypertrophy and heart
failure. By blocking NF-kB signalling, tetrandrine inhibited the
early steps of inflammation and modulated the amplification
of multiple cytokine signalling cascades, which partly contrib-
utes to the cardioprotective effects of tetrandrine. In addition,
a similar profile was observed with respect to NFAT signalling.
Our data clearly revealed that tetrandrine blocked NFATc4
activation induced by Ang II or pressure overload. Because
NFATs are probably the best-known of the DNA-binding tran-
scription factors in relation to cardiac hypertrophy, our results
implicate tetrandrine as an inhibitor of NFATc4 and suggest
that such an effect may be related to the cardioprotective effect
of tetrandrine against cardiac hypertrophy. The exact mecha-
nisms for the inhibitory effect of tetrandrine on NFAT activa-
tion remain unclear. Because tetrandrine is a calcium
antagonist in cardiac myocytes and vascular smooth cells, we
speculate that tetrandrine blocks NFAT signalling by affecting
the calcium concentration.

Increasing evidence shows that MAPKs signalling partici-
pates in the activation of transcription factors, including
NF-kB and NFAT (Molkentin, 2004; Li et al., 2006). Therefore,
we examined the effects of tetrandrine on MAPKs signalling
and further explored the role of MAPKs in hypertrophic
stimuli-induced NF-kB and NFAT activation. In line with
results from previous studies (Li et al., 2005; 2006), we
observed a significant increase in the phosphorylated levels of
ERK1/2, JNK1/2 and p38 both in Ang II-treated cardiac myo-
cytes and in the hypertrophic hearts of AB mice. When tet-
randrine was administered, the phosphorylation of ERK1/2
was markedly blocked. However, the activation of JNK1/2 and
p38 was not significantly affected by tetrandrine treatment.
Consistent with our findings, Fang et al. (2004) reported that
tetrandrine inhibits the proliferation of aortic smooth muscle
cells by inhibiting the activation of ERK1/2. More impor-
tantly, we found that U0126, an ERK1/2 inhibitor, signifi-
cantly attenuated Ang II-induced NF-kB and NFAT activation,
indicating that NF-kB and NFAT activation are dependent on
ERK1/2 signalling. Recent studies showed that ROS play an
important role in the cardiac hypertrophy induced by Ang II

or pressure overload, and increased ROS generation leads to
the activation of the downstream signalling pathways and
transcription factors including NF-kB and NFAT (Luo et al.,
2001; Yoshioka et al., 2007; Ago et al., 2008; Akki et al., 2009).
Because tetrandrine is an antioxidant, we examined the
effects of tetrandrine on the production of ROS in response to
hypertrophic stress. In agreement with previous reports, in
the present study, we demonstrated that both Ang II and
pressure overload increased the production of ROS and this
effect was abolished by tetrandrine treatment. Our results
further showed that tetrandrine attenuated the oxidation of
the myofibrillar proteins tropomyosin and a-sarcomeric
actin. Collectively, these data suggest, for the first time, that
tetrandrine suppresses cardiac hypertrophy by blocking the
excessive generation of ROS and oxidation of myofibrillar
proteins, and then disrupting the activation of ERK1/2-
dependent NF-kB and NFAT.

In summary, our present work demonstrates that tetrandrine
inhibits cardiac hyertrophy in mice. We have shown that
tetrandrine can prevent the development of cardiac hypertro-
phy by blocking ROS generation and ERK1/2-dependent NF-kB
and calcineurin/NFAT signallings. This study is highly relevant
to the understanding of the inhibitory effect of tetrandrine on
cardiac hypertrophy and related molecular mechanisms. It
also serves to elucidate the dominant signalling pathways
leading to cardiac hypertrophy, inflammation and fibrosis in
response to hypertrophic stimuli.
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