
Themed Section: Chinese Innovation in Cardiovascular Drug Discovery

RESEARCH PAPER

A metabolite of Danshen
formulae attenuates cardiac
fibrosis induced by
isoprenaline, via a
NOX2/ROS/p38 pathway
Qian Yin1,2*, Haiyan Lu1,3*, Yajun Bai3, Aiju Tian1, Qiuxiang Yang1,3,
Jimin Wu1, Chengzhi Yang1, Tai-Ping Fan4, Youyi Zhang1,
Xiaohui Zheng3, Xiaopu Zheng2 and Zijian Li1

1Institute of Vascular Medicine, Key Laboratory of Cardiovascular Molecular Biology and

Regulatory Peptides, Ministry of Health, Key Laboratory of Molecular Cardiovascular Sciences,

Ministry of Education and Beijing Key Laboratory of Cardiovascular Receptors Research, Peking

University Third Hospital, Beijing, China, 2Department of Cardiovascular Medicine, The First

Affiliated Hospital of Xi’an Jiaotong University Health Science Center, Xi’an, China, 3Key

Laboratory of Resource Biology and Biotechnology in Western China, Ministry of Education,

College of Life Sciences, Northwest University, Xi’an, China, and 4Angiogenesis and Chinese

Medicine Laboratory, Department of Pharmacology, University of Cambridge, Cambridge, UK

Correspondence
Zijian Li, Institute of Vascular
Medicine, Peking University
Third Hospital, No. 49, Huayuan
Bei Road, Haidian District,
Beijing 100191, China. E-mail:
lizijian@bjmu.edu.cn; or Xiaopu
Zheng, Department of
Cardiovascular Medicine, the
First Affiliated Hospital of Xi’an
Jiaotong University Health
Science Center, No. 277, Yanta
West Road, Xi’an, Shaanxi
Province 710061, China. E-mail:
zhengxp001@163.com
----------------------------------------------------------------

*These authors contributed
equally to this work.
----------------------------------------------------------------

Received
10 September 2014
Revised
4 March 2015
Accepted
5 March 2015

BACKGROUND AND PURPOSE
Cardiac fibrosis is a common feature of advanced coronary heart disease and is characteristic of heart disease. However,
currently available drugs against cardiac fibrosis are still very limited. Here, we have assessed the role of isopropyl
3-(3,4-dihydroxyphenyl)-2-hydroxylpropanoate (IDHP), a new metabolite of Danshen Dripping Pills, in cardiac fibrosis
mediated by the β-adrenoceptor agonist, isoprenaline, and its underlying mechanisms.

EXPERIMENTAL APPROACH
Identification of IDHP was identified by mass spectrometry, and proton and carbon nuclear magnetic resonance spectra.
Myocardial collagen was quantitatively assessed with Picrosirius Red staining. Expression of mRNA for collagen was evaluated
with real-time PCR. Phosphorylated and total p38 MAPK, NADPH oxidase (NOX) and superoxide dismutase (SOD) were
analysed by Western blot. Generation of reactive oxygen species (ROS) generation was evaluated by dihydroethidium (DHE)
fluorescent staining. NOX2 was knocked down using specific siRNA.

KEY RESULTS
IDHP attenuated β-adrenoceptor mediated cardiac fibrosis in vivo and inhibited isoprenaline-induced proliferation of neonatal rat
cardiac fibroblasts (NRCFs) and collagen I synthesis in vitro. Phosphorylation of p38 MAPK, which is an important mediator in
the pathogenesis of isoprenaline-induced cardiac fibrosis, was inhibited by IDHP. This inhibition of phospho-p38 by IDHP was
dependent on decreased generation of ROS. These effects of IDHP were abolished in NRCFs treated with siRNA for NOX2.

CONCLUSIONS AND IMPLICATIONS
IDHP attenuated the cardiac fibrosis induced by isoprenaline through a NOX2/ROS/p38 pathway. These novel findings suggest
that IDHP is a potential pharmacological candidate for the treatment of cardiac fibrosis, induced by β-adrenoceptor agonists.

LINKED ARTICLES
This article is part of a themed section on Chinese Innovation in Cardiovascular Drug Discovery. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2015.172.issue-23
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Abbreviations
CCK-8, Cell Counting Kit-8; DHE, dihydroethidium; ECM, extracellular matrix; IDHP, isopropyl
3-(3,4-dihydroxyphenyl)-2-hydroxylpropanoate; NAC, N-acetylcysteine; NOX, NADPH oxidase; NRCFs, neonatal rat
cardiac fibroblasts; ROS, reactive oxygen species; SOD, superoxide dismutase

Introduction

Cardiac fibrosis is the common feature of advanced coronary
heart disease, hypertension and cardiomyopathy (Zeisberg
et al., 2007) and results in serious complications including
heart failure, ventricular arrhythmia and sudden death (St
John Sutton et al., 2003). At present, cardiac fibrosis is the key
therapeutic target to prevent these serious complications (Du
et al., 2009).

The excessive activation of the sympathetic nervous
system with increased plasma catecholamine level is involved
in the process of cardiac fibrosis caused by various factors,
such as pressure overload, ischaemia and cardiomyopathy
(Cohn, 1990). Sustained activation of β-adrenoceptors leads
to pathological cardiac fibrosis and the synthetic β-
adrenoceptor agonist, isoprenaline, has been widely used to
induce models of cardiac fibrosis (Teerlink et al., 1994; Kiriazis
et al., 2008). Cardiac fibrosis induced by β-adrenoceptor
stimulation involves many mechanisms including inflamma-
tory activation (Feng et al., 2009), oxidative stress (Zhang
et al., 2005a) and MMP activation (Hori et al., 2011). Oxida-
tive stress caused by the accumulation of reactive oxygen
species (ROS) (Krifka et al., 2013) is the main mechanism of
cardiac fibrosis (Engberding et al., 2004) through activating
intracellular signal pathways. A critical signalling pathway
induced by isoprenaline is that involving ROS and p38
MAPK, which contributes to the development of cardiac
fibrosis (Zhang et al., 2005b; Xu et al., 2011).

Salvia miltiorrhiza (Danshen) is a valued Chinese tradi-
tional herb for the treatment of cardiovascular diseases (Ge
et al., 2014; Lu et al., 2014) by increasing blood flow (Gao
et al., 2005). Compound Danshen Formulae consisting of
Danshen and other traditional Chinese medicines have
been used in myocardial infarction (Jun et al., 2014), myo-
cardial ischaemia/reperfusion injury (Wang et al., 2014) and
heart failure (H Li et al., 2011a). We have also found that
Danshensu can inhibit proliferation of cardiac fibroblasts
(Lu et al., 2014). However, the mechanisms underlying
the action of compound Danshen formulae in the

regulation of fibrosis during pathological remodelling is still
unclear.

In a previous study, we identified a new metabolite of
Danshen Dripping Pills, isopropyl 3-(3,4-dihydroxyphenyl)-
2-hydroxylpropanoate (IDHP), using metabolomic tech-
niques (Xiaohui et al., 2007). Here, we have found that IDHP
attenuated cardiac fibrosis induced by a β-adrenoceptor
agonist. The anti-fibrosis effect of IDHP was dependent on
NADPH oxidase (NOX)2 and the ROS/p38 pathway.

Methods

Animals and treatment
All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of
Peking University Health Science Center. Rats were housed in
a temperature- and humidity-controlled room on a 12 h
light/dark cycle and given free access to water and food. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 32 animals were used in the experiments described here.

Male Sprague-Dawley rats, 6–8 weeks old and weighing
280–320 g, were obtained from the Animal Department of
Peking University Health Science Center (Beijing, China).
The cardiac fibrosis model was established by s.c. injection of
isoprenaline (0.25 mg·kg−1·d−1, dissolved in saline, Sigma–
Aldrich, St. Louis, MO, USA) once daily for 7 consecutive
days. Rats were randomly divided into four groups: (i) control
group, daily s.c. injection with physiological saline as nega-
tive control; (ii) ISO group, after three days pretreatment with
physiological saline, isoprenaline (0.25 mg·kg−1·d−1) was
injected s.c. for 7 consecutive days; (iii) IDHP + ISO group,
after 3 days of pretreatment with IDHP (50 mg·kg−1·d−1),
isoprenaline (0.25 mg·kg−1·d−1) and IDHP (50 mg·kg−1·d−1)
were injected s.c. for seven consecutive days; (iv) IDHP
(50 mg·kg−1·d−1) was injected s.c. for ten consecutive days.
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Culture of neonatal rat cardiac
fibroblasts (NRCFs)
Primary NRCFs were harvested from ventricles of 1–3-day-old
rats as previously described (Jiang et al., 2013). Ventricles
were minced and digested with trypsin (0.1%) and colla-
genase II (50 U·mL−1) (Life Technologies, Grand Island, NY,
USA). Cells were collected and plated for 2 h at 37°C. Cardio-
myocytes, the unattached cells, were removed and the
remaining cardiac fibroblasts were cultured in DMEM (Life
Technologies) with 10% FBS (HyClone, Logan, UT, USA),
100 U·mL−1 penicillin, 100 μg·mL−1 streptomycin at 37°C with
5% CO2. Subconfluent (>90% confluency) NRCFs at the
second to third passage were used in the experiments.

Histological analysis
Heart tissues were fixed with 4% paraformaldehyde solution
(pH 7.4), embedded in paraffin, sectioned into 5 μm slices,
and stained with Picrosirius Red. The ratio of stained fibrotic
area to total ventricular area were calculated and used as
the collagen volume fraction. Ten randomly selected fields
from each section were collected to evaluate left ventricular
fibrosis.

Real-time PCR
Total RNA was extracted from left ventricular tissues of rat
hearts, using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and quantified by measuring the absorbance at 260 nm. One
microgram of total RNA was used for the preparation of cDNA
by reverse transcription. The expression of rat type I and III
collagen mRNA was determined with real-time PCR (Eppen-
dorf Mastercycler ep realplex, Eppendorf, Hamburg,
Germany). The reaction conditions included denaturation at
95°C for 15 s, annealing at 60°C for 30 s, and extension at
72°C for 30 s. The primer sequences used in this study were as
follows: type I collagen, forward 5′-ATCAGCCCAAACCCC
AAGGAGA-3′, reverse 5′-CG CAGGAAGGTCAGCTGGATAG-
3′; type III collagen, forward 5′-CGAGGA CCTA
AAGATAACCGGC-3′, reverse 5′-GTTGCAGCTGAGATCGA
GCCAC-3′; GADPH, forward 5′-TCCCTCAAGG
TTGTCAGCAA-3′; reverse 5′-AGATCCACAACGGAT ACAT
T-3′. The gene expression level was calculated by 2−(ΔCT).

ELISA for type I collagen
The amount of collagen type I in NRCF cytoplasm was evalu-
ated by ELISA (EIAAB, Wuhan, China) according to the manu-
facturer’s instructions. Absorbances were read at 450 nm
(Microplate Reader Model 550, Bio-Rad, Hercules, CA, USA).
All samples were assayed in triplicate.

Cell Counting Kit-8 (CCK)-8 for proliferation
of NRCFs
The proliferation of NRCFs was evaluated using the CCK-8
(Dojindo, Kumamoto, Japan). NRCFs were cultured in 96-well
plates. After incubation in serum-free medium for 24 h,
NRCFs were treated for 24 h. The supernatant was removed,
10 μL CCK-8 was added to each well containing 100 μL of
serum-free medium, and the plate was incubated at 37°C for
3–4 h. The optical density was read at 450 nm (Microplate
Reader Model 550, Bio-Rad).

BrdU ELISA for NRCFs proliferation
NRCFs were seeded in 96-well plates at a density of 1.5 ×
104 cells·mL−1. When they had reached 50–60% confluence,
cells were incubated with serum-free medium for 24 h, and
then with 10 μL BrdU per well (10 μmol·L−1, final concentra-
tion) for 8–10 h before sample collection. Samples were col-
lected and measured with Proliferation ELISA BrdU kit (Roche,
Basel, Switzerland).

Western blot
The expressions of phospho-p38, p38, NOX2, NOX4, SOD1
and SOD2 (antibodies from Santa Cruz Biotechnology, Dallas,
TX, USA) were examined by Western blot. All cell samples
were lysed in lysis buffer. The protein concentration was
assessed by BCA protein assay kit (Life Technologies). Proteins
(40 mg) were separated by electrophoresis on 10% SDS poly-
acrylamide gel and transferred to PVDF membranes. The
membranes were analysed with antibodies according to the
supplier’s protocol, and immunolabelled bands were visual-
ized by use of the Pierce ECL Western blotting substrate
(Thermo Fisher Scientific, San Jose, CA, USA).

Detection of intracellular ROS
Intracellular ROS generation was estimated using dihydro-
ethidium (DHE) (Molecular Probes, Eugene, OR, USA) fluores-
cent staining. Cells were loaded with 10 μM DHE at 37°C for
30 min and washed with HBSS. After treatment, cells were
washed twice with HBSS. The intensity of DHE fluorescence
was measured using an inverted fluorescence microscope
(Leica, Solms, Germany), to assay intracellular ROS generation.

Detection of NOX activity
The activity of NOX was determined by chemiluminescence
assay as described previously (Hsieh et al., 2012). After incu-
bation, the cells were scraped and centrifuged at 300× g for
5 min at 4°C. The cell pellet was resuspended in a volume
(100 μL per well) of ice-cold lysis buffer and the cell suspen-
sion was kept on ice for 30 min, and then centrifuged at
16000× g for 5 min at 4°C. The suspension was used to detect
NOX activity using a chemiluminescence assay (Qiagen,
Hilden, Germany).

Assessment of NOX2 knockdown
The specific siRNAs targeting rat NOX2 were synthesized with
the sequence 5′-GCC UGA AUU UCA ACU GCA UTT-3′. The
scrambled sequences were synthesized with the sequence
5′-UUC UCC GAA CGU GUC ACG UTT-3′. The day before
transfection, cells were seeded in 6 well plate in 10% FBS/
DMEM without antibiotics and grown overnight. On the
day of transfection, ScreenFect™ A (Incella, Eggenstein-
Leopoldshafen, Germany) – siRNA complexes were prepared
in dilution buffer according to the manufacturer’s protocol.
Cells were infected with either 60 pmol NOX2 siRNAs or
scrambled siRNA complexes for 24 h in opti-MEM I (Life
Technologies). NOX2 expression was assessed by Western blot.

Data analysis
All data are expressed as mean ± SEM and were analysed with
Graph Pad Prism 5 (GraphPad Software, La Jolla, CA, USA).
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The data were from eight rats per group in the in vivo experi-
ments and from at least five independent experiments in
vitro. Statistical significance was tested using one-way ANOVA

with Tukey’s post hoc test, Kruskal–Wallis test with Dunn’s
post hoc test and two way ANOVA. P < 0.05 was considered as
statistically significant.

Materials
IDHP was synthesized by us, using the method described by
Bai et al., 2014. SB202190 was supplied by Sigma-Aldrich.

Results

Identification of IDHP
The chemical structure of IDHP is shown in Figure 1A. We
applied MS, 1H NMR and 13C NMR methods to ensure the
identity and purity of the IDHP synthesized. The result of MS
showed that the peak of molecular ion of IDHP was in m/z
239.0965 (Figure 1B) and data from 1H NMR and 13C NMR
showed the synthetic compound was IDHP (Figure 1C and
1D). We also evaluated the purity of IDHP. The chemical
purity of the sample of IDHP used in these experiments was
96.4%, estimated by the area normalization method.and the
main impurity was methanol. The optical purity of IDHP was
99.5%.

IDHP inhibited cardiac fibrosis induced
by ISO
Cardiac fibrosis in rats was quantitatively determined with
two different methods, which offered robust morphological
and biochemical data. The distribution of collagen fibres in
hearts was visualized by staining with Picrosirius Red. IDHP
clearly inhibited the extent of isoprenaline-induced cardiac
fibrosis (Figure 2A and 2B).

Cardiac fibrosis resulted from the increased synthesis and
decreased degradation of extracellular matrix (ECM), which is
mainly composed of type I collagen (85%) and type III col-
lagen (11%) (Van der Heiden et al., 2010; Chen et al., 2012).
The mRNA levels of types I and III collagen were measured by
real-time PCR. IDHP pretreatment significantly reduced the
expression of mRNA for types I and III collagen, compared
with that after isoprenaline administration (Figure 2C
and 2D).

IDHP attenuated isoprenaline-induced NRCFs
proliferation and collagen synthesis
Cardiac fibroblasts are critical in the accumulation of ECM ,as
these cells proliferate, are transformed into myofibroblasts
and secrete collagen, following ischaemia and injury (Porter
and Turner, 2009). Pretreatment with IDHP (0.1–10 μM) dose-
dependently inhibited isoprenaline-induced proliferation of
NRCFs, as measuered by either the CCK8 kit (Figure 3A) or

Figure 1
Identification of IDHP. (A) Structural formulas of IDHP. (B) The MS of IDHP. (C) 1H NMR spectra of IDHP. (D) 13C-NMR spectra of IDHP.
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Figure 2
IDHP inhibited isoprenaline (ISO)-induced cardiac fibrosis. (A) Images show Picrosirius Red-stained collagen in cardiac interstitium (bar = 2 mm).
(B) Collagen volume fraction (%) was quantified from stained sections. (C, D) Expression of mRNA for collagen I and III were detected by real-time
PCR in cardiac tissue. Data are representative of eight samples per group. *P < 0.05, significantly different as indicated.

Figure 3
IDHP inhibited isoprenaline (ISO)-induced proliferation of NRCFs and collagen synthesis. (A) NRCF proliferation was measured with CCK8 assay
or (B) by BrdU ELISA Kit. (C) The content of collagen type I in the cytoplasm of NRCFs was measured by elisa. After incubation in serum-free medium
for 24 h, NRCFs were pre-treated with IDHP (0.1–10 μM) for 30 min, then stimulated by isoprenaline (10 μM) for 24 h. Data are representative
of five independent experiments.*P < 0.05, significantly different as indicated.
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BrdU assays (Figure 3B). Collagen I ELISA assay showed that
pretreatment with IDHP (0.1–10 μM) reduced isoprenaline-
induced collagen I generation in a dose-dependent manner
(Figure 3C). In addition, we assessed the effect of IDHP treat-
ment given after isoprenaline on cardiac fibrosis and found it
to inhibit isoprenaline-induced proliferation of NRCFs (Sup-
porting Information Fig. S1A and S1B).

IDHP decreased isoprenaline-induced
phosphorylation of p38 MAPK
p38 MAPK plays an important role in the proliferation of
NRCFs (Akiyama-Uchida et al., 2002; Kim et al., 2007). In
our study, NRCF proliferation induced by isoprenaline
was abolished by SB202190, an inhibitor of p38 MAPK
(either CCK8; Figure 4A or BrdU assay; Figure 4B). In the
presence of SB202190, isoprenaline-induced cell prolifera-
tion was not further inhibited by IDHP pretreatment
(Figure 4A and 4B), which suggested that the effects of IDHP
on the proliferation of NRCFs were exerted mainly by
decreasing p38 activation induced by isoprenaline. In addi-

tion, we showed, by Western blotting, that IDHP pretreat-
ment decreased the levels of phospho-p38 MAPK, induced
by isoprenaline (Figure 4C and 4D), with no effect of IDHP
alone, on phospho-p38 MAPK (Supporting Information
Fig. S2A).

IDHP inhibited isoprenaline-induced
ROS generation
ROS is an important endogenous regulator of fibroblast pro-
liferation in the heart (Kim et al., 2001; Wedgwood et al.,
2001; Lijnen et al., 2006). In the present study, we con-
firmed the mediation by ROS of the isoprenaline-induced
proliferation of NRCFs, using N-acetylcysteine (NAC) to
scavenge ROS, with CCK8 (Figure 5A) and BrdU incorpora-
tion assays (Figure 5B). Pretreatment with IDHP did not
further inhibit isoprenaline-induced cell proliferation in the
presence of NAC (Figure 5A and 5B), suggesting that the
effects of IDHP were mainly exerted through blocking ROS
production. Direct assays of ROS generation showed that
IDHP did inhibit isoprenaline-induced ROS production

Figure 4
IDHP inhibited NRCFs proliferation by decreasing phosphorylation of p38. (A) NRCFs proliferation was measured with CCK8 assay or (B) by BrdU
ELISA Kit. Following pretreatment with SB202190 (SB; 10 μM) and/or IDHP (100 μM), NRCFs were stimulated by isoprenaline (ISO; 10 μM) for
24 h. Data summarise six independent experiments. (C) Following pretreatment with IDHP (1–100 μM) for 30 min, NRCFs were stimulated by
isoprenaline (10 μM) for 15 min. Western blot analyses were performed using antibodies against phospho-p38 MAPK, p38 MAPK, eif-5
respectively. Panel (D) shows summary data from five independent experiments. *P < 0.05, significantly different as indicated.
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(Figure 5C and 5D) but did not affect ROS levels in the
absence of isoprenaline (Supporting Information Fig. S2B).
In accordance with the results from the in vitro study, pre-
treatment with IDHP inhibited ROS generation induced by
isoprenaline in vivo (Figure 5E and 5F).

ROS-mediated isoprenaline-induced p38
MAPK activation
The results shown earlier suggested that IDHP inhibited
phospho-p38 MAPK and ROS production to attenuate

Figure 5
IDHP inhibited NRCFs proliferation through decreasing ROS levels. (A) NRCFs proliferation was measured with CCK8 assay or (B) by BrdU ELISA Kit.
Following pretreatment with NAC (10 μM) and/or IDHP (100 μM), NRCFs were stimulated by isoprenaline (ISO; 10 μM) for 24 h. Data summarise
five independent experiments. (C) Staining of NRCFs for oxidative status with the fluorescent marker DHE . NRCFs were loaded with DHE for
30 min. Following pretreatment with IDHP (1–100 μM) for 30 min, NRCFs were stimulated by isoprenaline (ISO; 10 μM) for 30 min. (D)
Densitometric analysis of DHE fluorescence. Data summarise five independent experiments. (E) Representative DHE staining of LV sections. (F)
Densitometric analysis of DHE fluorescence from eight independent samples per group. *P < 0.05, significantly different as indicated.
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isoprenaline-induced proliferation of NRCFs. However, the
relationship between ROS generation and p38 MAPK in
response to isoprenaline stimulation was still unclear.
Our results showed that the scavenging of ROS by NAC inhib-
ited isoprenaline-induced phosphorylation of p38 MAPK
(Figure 6A and 6B). However, inhibition of this phosphoryla-
tion with SB202190 did not abolish ROS production induced
by isoprenaline (Figure 6C and 6D). These data indicated that
IDHP inhibited proliferation of NRCFs via a signalling
pathway involving ROS and then p38 phosphorylation.

IDHP attenuated isoprenaline-induced NRCF
proliferation by blocking ROS generation
via NOX2
NOX is the major source of ROS production (Lambeth, 2004)
and in our experiemtns, IDHP clearly inhibited isoprenaline-
induced NOX activity (Figure 7A). NOX2 and NOX4 are the
two main isoforms of NOX expressed in cardiac tissue and,
here, Western blot analyses of NRCFs showed IDHP attenu-
ated isoprenaline-induced expression of NOX2 (Figure 7B),
but not that of NOX4 (Figure 7C).

To confirm whether IDHP attenuated isoprenaline-
induced proliferation of NRCFs was dependent on ROS gen-

erated by NOX2, we used NOX2-specific siRNA to silence
expression of this enzyme (Figure 7D). Isoprenaline-induced
ROS generation was inhibited significantly in the NOX2
knockdown cells and pretreatment with IDHP did not further
decrease ROS generation in cells with knockdown of NOX2
(Figure 7E). Similar results were obtained in terms of prolif-
eration, with IDHP pretreatment of NOX2-deficient cells
showing no further attenuation of isoprenaline-induced pro-
liferation (Figure 7F). Taken together, our results showed that
the attenuation of isoprenaline-induced NRCF proliferation
by IDHP was dependent on a NOX2/ROS pathway.

In addition, IDHP may also inhibit ROS accumulation
through increasing ROS elimination. Superoxide dismutase
(SOD) is a critical enzyme in the scavenging of ROS and SOD1
and SOD2 are intracellular components in cardiac tissue
(Borgstahl et al., 1996; Chen et al., 2006; Cao et al., 2008).
Our results indicated that expression of neither SOD1 nor
SOD2 was regulated by IDHP (Figure 7G and 7H).

Discussion and conclusions

Compound Danshen Formulae have been shonw to inhibit
fibrosis in several organs. Danshen attenuated hepatic fibrosis

Figure 6
ROS generation mediated the phosphorylation of p38 induced by isoprenaline. (A) NRCFs were stimulated by isoprenaline (ISO; 10 μM) after NAC
(10 μM) pretreatment. Cell lysates were immunoblotted with antibody against phospho-p38 MAPK, p38 MAPK, eif-5 respectively. (B) Quantifi-
cation of phospho-p38/p38 is shown. (C) DHE staining of NRCFs. After treatment with SB202190 (SB; 10 μM) for 30 min, NRCFs were stimulated
with isoprenaline (10 μM) for 30 min. (D) The data shows analysis of DHE fluorescence. Data shown summarise five independent experiments.
*P < 0.05, significantly different as indicated.
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by inhibiting proliferation of vascular smooth muscle cells and
collagen synthesis (Liu et al., 2009; Zhang et al., 2013).
Danshen Compound Dripping Pill (Dantonic, Tasly Pharma-
ceuticals, Tianjin, China) reversed cardiac fibrosis through
reducing expressions of TGF-β1, p-Smad3, Smad4, MMP-9 and
α-SMA (Wei et al., 2013). However, Compound Danshen For-

mulae comprise many components, so that their pharmaco-
logical mechanisms are still poorly understood. In recent
years, more and more research in traditional Chinese medicine
has been focused on the effects of active ingredients from
formulae. IDHP, a novel bioactive metabolite of Compound
Danshen Formulae, was discovered by metabonomic tech-

Figure 7
IDHP attenuation of isoprenaline-induced proliferation of NRCFs was dependent on a NOX2/ROS pathway. (A) NOX activity was detected by
chemiluminescence assay. (B) NOX2 or (C) NOX4 expression was detected by Western blot. NRCFs were stimulated by isoprenaline (ISO; 10 μM)
after treatment with IDHP (10 μM). (D) Effect of NOX2 siRNA on NOX2 protein levels. NRCFs were transfected with NOX2 and scrambled siRNA
for 48 h. Cell lysates were immunoblotted with NOX2, eif5 antibody. (E) Representative DHE staining of NRCFs. At 48 h post transfection, NRCFs
were loaded with DHE for 30 min. Following pretreatment with IDHP (100 μM), NRCFs were stimulated by isoprenaline (10 μM) for 30 min. (F)
NRCF proliferation was measured with the CCK8 assay. At 24 h post transfection in 6-well plates, NRCFs were subcultured in 96-well plate. At 48 h
post transfection, NRCFs were incubated with isoprenaline (10 μM) for 24 h with IDHP (0.1–10 μM) pretreatment. The expression of (G) SOD1
and (H) SOD2 were investigated by Western blot. NRCFs were stimulated by isoprenaline (10 μM) after pretreatment with IDHP (10 μM). Data
shown summarise five independent experiments. *P < 0.05, #P < 0.05, significantly different as indicated.
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niques in a previous study. Here, we have demonstrated IDHP
to block the cardiac fibrosis induced by a β-adrenoceptor
agonist, through the inhibition of a NOX2/ROS/p38 pathway
(Figure 8).

In the mammalian heart, cardiomyocytes and cardiac
fibroblasts account for 90% of the cells in the myocardium.
Cardiac fibroblasts, accounting for 60–70% of the total popu-
lation, are key cells not only in the maintenance of cardiac
structure, but also in the synthesis of a range of bioactive
molecules and of the ECM. Isoprenaline stimulated IL-6
secretion by cardiac fibroblasts through p38 MAPK with acti-
vation of β-adrenoceptors (Chen et al., 2012). Activation of
these receptors by isoprenaline increased the synthesis and
secretion of fibrillar collagen types I and III (Brooks and
Conrad, 2009). Proliferation of NRCFs and fibrillar collagen
synthesis are important features of cardiac fibrosis. Here, we
found that IDHP attenuated cardiac fibrosis mediated by a
β-adrenoceptor agonist in vivo and inhibited isoprenaline-
induced proliferation of NRCFs and collagen I synthesis
in vitro.

p38 MAPK regulates cellular response to growth, apopto-
sis and stress signals (Griendling et al., 2000) and is involved
in fibrosis in several organs. Recent results with Ask1-deficient

(Ask1−/−) mice, suggested that ASK1/p38 signalling mediated
renal fibrosis (Ma et al., 2014). In the mechanisms of hepatic
fibrosis, theioacetamide-induced activation of p38 increased
proliferation and migration of hepatic stellate cells (Tsukada
et al., 2005). In addition, p38 MAPK not only increased the
expression of α1(I) collagen, but also increased stability of
α1(I) collagen mRNA induced by TGF-β treatment (Tsukada
et al., 2005). IN the present context of cardiac fibrosis, p38
MAPK mediated the cardiac fibrosis induced by angiotensin
II, through regulating cAMP-response element binding
protein (CREB) (L Li et al., 2011b).We have also found that
p38 MAPK was crucially involved in isoprenaline-induced
cardiac fibrosis (Lu et al., 2014). In the present study, IDHP
attenuated isoprenaline-induced cardiac fibrosis through
inhibiting the activation of p38 MAPK.

Oxidative stress plays a critical role in cardiac fibrosis with
the burst of ROS production (Purnomo et al., 2013). Trans-
genic β2-adrenoceptor activation enhanced ROS production
in the processes of interstitial fibrosis (Xu et al., 2011).
Isoprenaline-induced ROS generation can activate p38 MAPK
(Zhang et al., 2005b). Here, our study also showed that
isoprenaline-induced p38 activation was regulated by ROS
production. ROS accumulation is due to an imbalance
between ROS production and elimination (Grieve et al.,
2004). ROS is generated from mitochondria, xanthine
oxidase and NOX during the progression of cardiac diseases.
NOX is the critical determinant of the redox state of the
myocardium (Griendling et al., 2000). Among five subtypes
of NOX, only NOX2 and NOX4 are expressed in cardiac
myocytes and fibroblasts. NOX2 is known to be involved in
angiotensin II induced cardiac fibrosis, as knockdown of
NOX2 suppressed ROS generation and expression of procol-
lagen I and III (Johar et al., 2006). NOX was the major source
of ROS in a transgenic model with excessive activation of
β2–adrenoceptors (Xu et al., 2011). In the present study, we
demonstrated that NOX2 was critical in the isoprenaline-
induced proliferation of NRCFs, using siRNA to silence
NOX2. Furthermore, IDHP inhibited isoprenaline-induced
NRCFs proliferation, an effect similarly dependent on a
NOX2/ROS pathway.

Compound Danshen Tablet, a herbal preparation, pro-
tected the myocardium against ischaemia-reperfusion injury
through increasing Bcl-2 expression, and decreasing Bax and
caspase-3 expression, by activating the Akt signalling
pathway (Ren-an et al., 2014). Danshen decreased serum
levels of IL-8, IL-10 and TNF-α in cerebral ischaemia-
reperfusion injury in an ischaemic stroke model (Liang et al.,
2013). Meanwhile, expression of other pro-inflammatory
cytokines such as IL-6 and CCL2 in HUVECs was significantly
reduced by Danshen (Stumpf et al., 2013). These pro-
inflammatory cytokines enhance migration, proliferation
and collagen secretion by cardiac myofibroblasts, which
accelerate the process of remodelling (Porter and Turner,
2009). p38 MAPK mediates the production of pro-
inflammatory cytokines, induced by β-adrenoceptor activa-
tion (Yin et al., 2006), and was also involved in apoptosis of
cardiomyocytes induced by chronic isoprenaline stimulation
(Jiao et al., 2007). IDHP exerted anti-inflammatory activity by
abolishing TNF-α and IL-1β secretion from BV-2 mouse
microglial cells stimulated by LPS (Wang et al., 2012). There-
fore, the cardioprotective effects of IDHP would involve

Figure 8
Summary scheme of the mechanisms underlying the inhibition by
IDHP of isoprenaline-induced cardiac fibrosis. IDHP inhibits the
expression of NOX2, thus blocking the signalling pathway of NOX2/
ROS/p38, by which isoprenaline induced fibrosis in rat heart.
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mechanisms other than the anti-oxidative pathway (NOX2/
ROS/p38) demonstrated here. Such other mechanisms of
IDHP in attenuating cardiac remodelling need to be assessed
in further studies.

In conclusion, our study indicated that IDHP prevented
isoprenaline-induced cardiac fibrosis through inhibiting a
NOX2/ROS/p38 pathway. These findings suggest IDHP could
be a potential candidate drug against cardiac fibrosis and
have identified potential drug targets for the treatment of
heart diseases.
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Figure S1 Post-treatment with IDHP inhibited isoprenaline-
induced NRCF proliferation. (A) NRCF proliferation was
measured with CCK8 assay. NRCFs were stimulated by isopre-
naline (10 μM) for 6 h, then were treated with IDHP (0.1–
10 μM) for 18 h. Data shown are from five independent
experiments. (B) NRCF proliferation was assayed with CCK8.
NRCFs were stimulated by isoprenaline (10 μM) for 12 h,
then were incubated with IDHP (0.1–10 μM) for 12 h. Data
shown are from three independent experiments.*P < 0.05.
Figure S2 No significant effect of IDHP alone on phospho-
p38 and ROS production. (A) NRCFs were treated with IDHP
(0.1–10 μM) and cell lysates were immunoblotted with anti-
body against phospho-p38 MAPK, p38 MAPK, eif-5 respec-
tively. (B)Representative DHE staining of NRCFs. NRCFs were
treated with IDHP (0.1–10 μM), or with isoprenaline (10 μM)
as the positive control.
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