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Abstract. Excessive proliferation and myofibroblasts 
transformation of cardiac fibroblasts play a critical role 
in the process of cardiac fibrosis. Atorvastatin (ATV), a 
3‑hydroxy‑3‑methyl‑glutaryl‑coenzyme A reductase inhibitor, 
is commonly used to treat hypercholesterolemia. It has previ-
ously been shown that ATV has potential anti‑fibrotic effects. 
However, the underlying mechanisms of ATV against cardiac 
fibrosis remain to be fully elucidated, and to the best of our 
knowledge, there are no reports focusing on the effects of ATV 
on transforming growth factor‑β1 (TGF‑β1)‑induced human 
ventricular fibroblasts (hVFs) activation. In the present study, 
hVFs were stimulated with TGF‑β1 with or without pretreat-
ment with ATV. Subsequently, hVF proliferation, cytotoxicity, 
myofibroblast differentiation and pro‑fibrotic gene expres-
sion were assessed. Canonical and non‑canonical signaling 
downstream of TGF‑β1, such as Smad3 and mitogen‑activated 
protein kinase (MAPK) signaling, were investigated by 
evaluating the phosphorylation levels of Smad3, extracellular 

signal‑regulated kinase 1/2, p38 MAPK and c‑Jun N‑terminal 
kinase. The results indicated that ATV significantly prevented 
TGF‑β1‑induced cell proliferation, myofibroblast differentia-
tion and production of extracellular matrix proteins, such as 
matrix metalloproteinase‑2, collagen I and collagen III, in 
hVFs. Furthermore, ATV effectively inhibited TGF‑β1‑induced 
activation of Smad3 and MAPK signaling in hVFs. In conclu-
sion, the present results demonstrated that ATV prevented 
TGF‑β1‑induced fibrogenesis in hVFs, at least in part by inhib-
iting the Smad3 and MAPK signaling pathways. Therefore, 
these results imply that ATV may be a promising agent to treat 
myocardial fibrosis.

Introduction

Myocardial fibrosis is a common pathological feature 
of multiple end‑stage cardiovascular diseases, including 
hypertension, advanced coronary heart disease and cardio-
myopathy  (1). Fibrosis is defined by overproliferation and 
activation of cardiac fibroblasts (CFs), and accumulation of 
extracellular matrix (ECM) components secreted by activated 
fibroblasts (2,3). Therefore, prevention of CF proliferation and 
abrogation of CF trans‑differentiation into myofibroblasts may 
become an effective strategy for treating cardiac fibrosis.

Transforming growth factor‑β1 (TGF‑β1) is a major 
pro‑fibrotic factor (2,4). It can stimulate the proliferation of 
CFs and the differentiation of CFs into myofibroblasts, which 
are characterized by the upregulation of α‑smooth muscle actin 
(α‑SMA) and the secretion of ECM proteins, such as collagen I 
and collagen III  (5,6). TGF‑β1 ligand initiates a signaling 
cascade through cell‑surface receptors and intracellular Smad 
signal proteins, such as the canonical signal transducer‑Smad2/3 
protein, whose activation is associated with the transcription of 
numerous pro‑fibrotic genes (7,8). Furthermore, TGF‑β1 can 
induce other non‑canonical signaling cascades independently 
of Smads, such as mitogen‑activated protein kinase (MAPK) 
signaling pathways, including extracellular signal‑regulated 
kinase 1/2 (ERK1/2), p38 MAPK and c‑Jun N‑terminal kinase 
(JNK)  (9). Accumulating evidence has demonstrated that 
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MAPK signaling plays a critical role in ECM synthesis and in 
the proliferation of CFs (10,11). Thus, pharmacological inter-
ventions in these signaling pathways could be considered as a 
promising therapeutic strategy against cardiac fibrosis.

Statins, which are inhibitors of the 3‑hydroxy‑3‑methyl‑​
glutaryl‑coenzyme A reductase, have been extensively applied 
to treat patients with hypercholesterolemia in the past decade 
due to their lipid‑reducing effects (12). Furthermore, statins 
have also been reported to possess pleiotropic cardiovascular 
effects, including reduced oxidative stress and inflammation, 
decreased platelet adhesion, improved endothelial function 
and enhanced atherosclerotic plaque stability (13‑15). In addi-
tion, previous studies have shown that atorvastatin (ATV), a 
member of the statin family, exerts potential anti‑myocardial 
fibrotic properties (16‑20). Nevertheless, to the best of our 
knowledge, the molecular mechanism involved in the effect 
of ATV on cardiac fibrosis remains to be clarified, and limited 
information is available concerning the possible impact of 
ATV on TGF‑β1‑induced human ventricular fibroblast (hVF) 
proliferation and myofibroblast differentiation. Thus, the aim 
of the present study was to investigate the impact of ATV on 
TGF‑β1‑stimulated fibrogenesis and its underlying molecular 
mechanism in hVFs. The findings indicated that ATV prevents 
TGF‑β1‑induced fibrogenesis in hVFs, at least in part, by 
inhibiting the Smad3 and MAPK signaling pathways.

Materials and methods

Cells, chemicals and reagents. Adult hVFs (cat. no. 6310) 
and complete medium for their culture (fibroblast medium‑2; 
FM‑2; cat. no. 2331) were obtained from ScienCell Research 
Laboratories, Inc. Antibodies against α‑SMA, matrix metal-
loproteinase‑2 (MMP‑2), collagen I and collagen III were 
purchased from ProteinTech Group, Inc. Antibodies against 
phosphorylated (p)‑Smad3, total (t)‑Smad3, p‑ERK1/2, 
t‑ERK1/2, p‑JNK, t‑JNK, p‑p38 and t‑p38 were purchased 
from Cell Signaling Technology, Inc. Anti‑GAPDH antibody 
and Cell Counting Kit‑8 (CCK‑8) were purchased from 
Beyotime Institute of Biotechnology. ATV was obtained from 
Sigma‑Aldrich (Merck KGaA). Recombinant human TGF‑β1 
cytokine was purchased from PeproTech, Inc.

Cell culture. hVFs were maintained in FM‑2 supplemented 
with 5% fetal bovine serum (cat. no. 0025; ScienCell Research 
Laboratories, Inc.) and 1% penicillin‑streptomycin in a humidi-
fied atmosphere with 5% CO2 at 37˚C. The cells were passaged 
≤8 times and were cultured for 16 h in serum‑free medium 
before treatment. In the present study, an in vitro cardiac 
fibrosis model was established by treatment of hVFs with 
TGF‑β1 (5 ng/ml) for 24 h at 37˚C in a humidified atmosphere 
with 5% CO2, according to the previous literature (3,21).

Cell viability assays. The survival rate of the cells was deter-
mined by CCK‑8 assay according to the manufacturer's protocol. 
In brief, fibroblasts (1x104 cells/well) were seeded into 96‑well 
plates until ~90% confluence. Subsequently, cells were subjected 
to serum starvation for 16 h, followed by treatment with ATV 
(0, 2, 5, 10, 20 and 30 µM) for 24 h at 37˚C. Following treat-
ment, the cells were washed with PBS, and then 10 µl CCK‑8 was 
added to each well and incubated for an additional 4 h at 37˚C. 

Next, the absorbance of each well at 450 nm was examined using 
an automatic microplate reader (TECAN M200; Tecan Group, 
Ltd.). The results were expressed as percentages of the control 
group (cells were treated with an equal amount of DMSO).

Cell proliferation assay. hVFs were seeded into 96‑well plates 
at 2x103 cells/well and cultured overnight. Cells were deprived 
of serum for 16 h before being pretreated with ATV (2, 5 
and 10 µM) or DMSO for 3 h, followed by stimulation with 
TGF‑β1 (5 ng/ml) for 24 h in a humidified atmosphere with 
5% CO2 at 37˚C. Subsequently, the medium was removed from 
each well, and CCK‑8 solution (10 µl/well) was added into the 
wells, followed by incubation for an additional 4 h at 37˚C. 
Finally, the optical density of each well was detected at an 
absorbance wavelength of 450 nm using the aforementioned 
microplate reader.

Western blotting. hVFs (5x105 cells/well) were plated into 
6‑well plates, cultured to ~80% confluence and starved of 
serum for 16 h. Then, the cells were pretreated for 3 h with 
ATV (10  µM) or DMSO before treatment with 5  ng/ml 
TGF‑β1 for 24 h at 37˚C. Subsequently, the cells were washed 
twice with cold PBS and lysed in RIPA lysis buffer (Beyotime 
Institute of Biotechnology) at 4˚C. Lysates were centrifuged at 
13,000 x g for 15 min at 4˚C, and protein concentrations were 
determined by BCA assay (cat. no. 23227; Pierce; Thermo 
Fisher Scientific, Inc.). Cell lysates (30 µg) were separated 
by 8‑10% SDS‑PAGE and transferred onto a polyvinylidene 
difluoride membrane (Merck KGaA). The membranes were 
blocked with blocking buffer (5% nonfat dry milk in TBS 
plus 0.1% Tween‑20) for 1 h at room temperature and incu-
bated with primary antibodies overnight at 4˚C, including 
antibodies against α‑SMA (1:1,000; cat. no.  14395‑1‑AP), 
MMP‑2 (1:1,000; cat. no. 10373‑2‑AP), collagen I (1:2,000; cat. 
no. 14695‑1‑AP), collagen III (1:1,000; cat. no. 22734‑1‑AP), 
p‑Smad3 (1:1,000; cat. no.  9520), t‑Smad3 (1:1,000; cat. 
no.  9523), p‑ERK1/2 (1:1,000; cat. no.  9101), t‑ERK1/2 
(1:1,000; cat. no. 9102), p‑JNK (1:1,000; cat. no. 4671), t‑JNK 
(1:1,000; cat. no. 9252), p‑p38 (1:1,000; cat. no. 4511), t‑p38 
(1:1,000; cat. no. 9212) and GAPDH (1:5,000; cat. no. AG019). 
Following washing three times with washing buffer (TBS 
containing 0.1% Tween‑20), the membranes were incubated 
with horseradish peroxidase (HRP)‑conjugated secondary 
antibodies [HRP‑conjugated goat anti‑rabbit IgG, 1:2,000, cat. 
no. D110058; HRP‑conjugated goat anti‑mouse IgG, 1:2,000, 
cat. no. D110087; all from Sangon Biotech (Shanghai) Co., 
Ltd.] for 1 h at 25˚C. The protein signals were detected using 
Immobilon ECL HRP Substrate (Merck KGaA), and images 
were acquired using Chemidoc XRS (Bio‑Rad Laboratories, 
Inc.). Image Pro‑Plus 6.0 software (Media Cybernetics, Inc.) 
was used to quantify the density of the bands.

Immunofluorescence staining. In order to detect the effect of 
ATV on the trans‑differentiation of hVFs into activated myofi-
broblasts, cells were stained with the fibroblast activation marker 
α‑SMA. The fibroblasts (1x104 cells/well) were cultured on 
coverslips in the plate and were subjected to different treatments 
as follows: i) Control group (DMSO treatment); ii) TGF‑β1 
group; iii) ATV group; and iv) TGF‑β1 combined with ATV 
group. Following treatment, cells were washed three times 
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with cold PBS, treated with 4% paraformaldehyde for 20 min 
at room temperature and permeabilized with 0.2% Triton‑X 
100 for 15 min at room temperature. Following blocking with 
5% bovine serum albumin [cat. no. A602449; Sangon Biotech 
(Shanghai) Co., Ltd.] in PBS for 1 h at room temperature, the 
slides were stained with the aforementioned primary antibody 
against α‑SMA (1:100) overnight at 4˚C. Subsequently, an 
Alexa Fluor 488‑conjugated secondary antibody (1:400; cat. 
no. A11008; Invitrogen; Thermo Fisher Scientific, Inc.) was 
used to probe the primary antibody, and the nuclei were stained 
with DAPI at room temperature for 5 min. Lastly, the cells were 
covered with antifade mounting medium (cat. no. MM1401; 
Shanghai Maokang Biotechnology Co., Ltd.), and images were 
captured using an Olympus fluorescence microscope (Olympus 
Corporation; magnification, x200).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells using NucleoZOL reagent (cat. 
no. 740404.200; Macherey‑Nagel GmbH) and was reverse 
transcribed into cDNA with PrimeScript™ RT Master mix (cat. 
no. RR036A; Takara Biotechnology Co., Ltd.) according to the 
manufacturer's protocol. Firstly, ordinary PCR was performed 
using Rapid Taq Master mix (cat. no. P222; Vazyme Biotech Co., 
Ltd), according to the manufacturer's protocol, to ensure that 
the PCR product of each primer pair was specific. The temper-
ature conditions were 95˚C for 3 min, followed by 30 cycles 
of 95˚C for 15 sec, 60˚C for 15 sec and 72˚C for 15 sec, and a 
final extension at 72˚C for 5 min. Then, qPCR was performed 
on a Bio‑Rad CFX Connect Real‑Time PCR Detection system 
(Bio‑Rad Laboratories, Inc.) using SYBR Green Supermix (cat. 
no. RR820A; Takara Biotechnology Co., Ltd.). The thermocy-
cling conditions for qPCR were as follows: Initial denaturation 
at 95˚C for 30 sec; followed by 40 cycles of 95˚C for 5 sec, 60˚C 
for 30 sec and 72˚C for 1 min. GAPDH was used as a reference 
gene for normalization. The relative gene expressions were 
calculated using the 2‑ΔΔCq method (22). The primer sequences 
are presented in Table I.

Statistical analysis. All experiments were performed indepen-
dently a minimum of three times. The data are presented as 
the mean ± standard error of mean. Statistical analysis was 
performed using GraphPad Prism 7.0 software (GraphPad 
Software, Inc.). Statistical differences were assessed using 
one‑way analysis of variance followed by Tukey's post hoc test 
for multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

ATV suppresses TGF‑β1‑induced proliferation of hVFs. Firstly, 
to investigate the cytotoxic effect of ATV on hVFs, cells were 
incubated with ATV for 24 h at different concentrations (0, 2, 
5, 10, 20 and 30 µM), and then cell viability was detected using 
a CCK‑8 assay. As presented in Fig. 1A, ATV did not induce 

Figure 1. Effect of ATV on TGF‑β1‑induced proliferation of hVFs. (A) Cells 
were exposed to different concentrations of ATV, and then the viability of 
the cells was assessed using a CCK‑8 assay. (B) hVFs were pretreated with 
various concentrations of ATV (0, 2, 5 and 10 µM) for 3 h, and then exposed 
to 5 ng/ml TGF‑β1 for 24 h. The proliferation of hVFs was then assessed by 
CCK‑8 assay. All data are presented as the mean ± standard error of mean of 
three independent experiments and described as a percentage of the control 
group. *P<0.05, **P<0.01 vs. untreated control group. #P<0.05 vs. TGF‑β1 
only‑treated group. hVFs, human ventricular fibroblasts; ATV, atorvastatin; 
TGF‑β1, transforming growth factor‑β1; NS, not significant; CCK‑8, Cell 
Counting Kit‑8.

Table I. Sequences of primers used for reverse transcription‑quantitative PCR.

Gene	 Forward sequence (5'‑3')	 Reverse sequence (5'‑3')

α‑SMA	C TATGAGGGCTATGCCTTGCC	 GCTCAGCAGTAGTAACGAAGGA
MMP‑2	 GATACCCCTTTGACGGTAAGGA	CC TTCTCCCAAGGTCCATAGC
COL‑I	 GAGGGCCAAGACGAAGACATC	C AGATCACGTCATCGCACAAC
COL‑III	 GCCAAATATGTGTCTGTGACTCA	 GGGCGAGTAGGAGCAGTTG
GAPDH	 GGAGCGAGATCCCTCCAAAAT	 GGCTGTTGTCATACTTCTCATGG

α‑SMA, α‑smooth muscle actin; MMP‑2, matrix metalloproteinase‑2; COL‑I, type I collagen; COL‑III, type III collagen.
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cytotoxicity at concentrations ≤10 µM. Subsequently, to assess 
the effect of ATV on the TGF‑β1‑stimulated proliferation of 
hVFs, cells were exposed to 5 ng/ml TGF‑β1 for 24 h after 
pre‑incubation with ATV (0, 2, 5 and 10 µM) for 3 h. The rate 
of proliferation was then detected using the CCK‑8 assay and 
compared with that of the control group. The results demon-
strated that TGF‑β1 significantly increased the proliferation 
of hVFs. However, pre‑incubation with ATV (10 µM) signifi-
cantly attenuated the increase in cell proliferation induced 
by TGF‑β1 (Fig. 1B). Therefore, 10 µM was selected as the 
concentration of ATV for the following experiments.

ATV treatment prevents the trans‑differentiation of hVFs 
into myofibroblasts. Several studies have demonstrated that 
the differentiation of CFs into myofibroblasts plays a central 
role in the development of cardiac fibrosis (23,24). The marker 
of fibroblast activation is the overexpression of α‑SMA (25). 
Therefore, the effect of ATV on TGF‑β1‑induced α‑SMA 
expression in hVFs was assessed. Firstly, α‑SMA expression 
was detected by immunofluorescence staining. As presented 
in Fig. 2A, in comparison with that of the control group, treat-
ment with TGF‑β1 alone for 24 h increased the expression 
level of α‑SMA in hVFs. However, pre‑incubation with ATV 
markedly inhibited the TGF‑β1‑induced α‑SMA expression 
in hVFs. To confirm the immunostaining results, α‑SMA 

expression levels were further detected using RT‑qPCR and 
western blotting. Consistently, the significant upregulation 
of α‑SMA in hVFs exposed to TGF‑β1 was significantly 
attenuated by pre‑incubation with ATV at both the mRNA and 
protein levels (Fig. 2B‑D).

ATV inhibits TGF‑β1‑induced ECM production in hVFs. It has 
been reported that ECM deposition plays an important role in 
the pathogenesis of myocardial fibrosis (26). Thus, the effects 
of ATV on TGF‑β1‑stimulated ECM expression in hVFs 
were further investigated. Both RT‑qPCR and immunoblot-
ting assays revealed that TGF‑β1 significantly increased the 
expression levels of MMP‑2, collagen I and collagen III in 
hVFs. Whereas, pretreatment of hVFs with ATV significantly 
attenuated the TGF‑β1‑induced increases in the expression 
levels of these ECM components (Fig. 3A‑C).

ATV inhibits TGF‑β1‑induced activation of the Smad3 
and MAPK signaling pathways in hVFs. To investigate the 
signaling pathways that are involved in the ATV‑suppressed 
fibrotic response in TGF‑β1‑treated hVFs, the effect of ATV on 
the activation of Smad3, ERK1/2, p38 and JNK signaling was 
detected. As presented in Fig. 4A‑D, the western blot results 
indicated that the phosphorylation of Smad3, ERK1/2, JNK 
and p38 was significantly increased in TGF‑β1‑induced hVFs. 

Figure 2. ATV inhibits the trans‑differentiation of hVFs into myofibroblasts. Cells were exposed to ATV (10 µM) for 3 h and then co‑treated with 5 ng/ml 
TGF‑β1 for a further 24 h. (A) Cells were then immunostained with anti‑α‑SMA antibody (green) and stained with DAPI (nuclei; blue). Magnification, x200. 
(B) The α‑SMA mRNA level was assessed by reverse transcription‑quantitative PCR assay. (C) The protein expression of α‑SMA was measured by western 
blotting. (D) Quantitative analysis of α‑SMA protein level in hVFs. The relative value was normalized to GAPDH expression. The data are presented as the 
mean ± standard error of mean of three independent experiments. **P<0.01, ***P<0.001 vs. untreated control group. #P<0.05 vs. TGF‑β1 only‑treated group. 
ATV, atorvastatin; TGF‑β1, transforming growth factor‑β1; hVFs, human ventricular fibroblasts; α‑SMA, α‑smooth muscle actin.
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However, the TGF‑β1‑induced activation of these signaling 
molecules was significantly suppressed by ATV. These data 
demonstrated that the ATV‑decreased fibrotic response in 
hVFs treated by TGF‑β1 was likely associated with suppression 
of Smad3 and MAPK signaling (Fig. 5).

Discussion

To date, several specific anti‑fibrotic therapies have been 
evaluated for use, with unsatisfactory results (27). Therefore, 
identifying a novel and effective strategy for the treatment of 
cardiac fibrosis is urgently required. To the best of our knowl-
edge, the present data indicated for the first time that ATV 
prevents TGF‑β1‑stimulated myofibroblast differentiation and 
ECM protein production in hVFs, and the underlying mecha-
nism may be, at least in part, due to the suppression of Smad3 
and MAPK signaling activation.

CFs account for ~2/3 of the total cell number in the adult 
human heart, and contribute to the maintenance of cardiac 
structure, function and ECM homeostasis in the normal state, 
and the regulation of structural integrity and scar formation 
following myocardial injury (28,29). Abnormal proliferation of 

CFs is the major cellular pathological basis of cardiac fibrosis. 
Increasing evidence suggests that TGF‑β1, a key pro‑fibrotic 
cytokine, can promote CF proliferation (30,31), which was 
confirmed in the present study. Furthermore, TGF‑β1 has been 
demonstrated to be markedly and consistently activated in 
various cardiovascular diseases, including myocardial hyper-
trophy and myocardial infarction (32,33). The findings of the 
present study indicated that ATV effectively decreased cell 
proliferation in TGF‑β1‑stimulated hVFs. The results revealed 
that ATV can exert protective effects against myocardial 
fibrosis through suppressing hVF proliferation.

The trans‑differentiation of CFs into myofibroblasts 
has been shown to play a vital role in the progress of 
cardiac fibrosis (34). Myofibroblasts are defined by exces-
sive α‑SMA expression and ECM protein secretion (5,25). 
The present study demonstrated that TGF‑β1 significantly 
promoted fibroblast differentiation and ECM protein expres-
sion, which is in accordance with the findings reported by 
previous studies  (30,31,35). However, pre‑incubation with 
ATV inhibited the TGF‑β1‑stimulated fibrotic response in 
hVFs. The results were in agreement with earlier studies, 
which reported that ATV prevents advanced glycation end 

Figure 3. ATV inhibits TGF‑β1‑stimulated ECM production in hVFs. Fibroblasts were pretreated with ATV (10 µM) for 3 h and then co‑stimulated with 
5 ng/ml TGF‑β1 for a further 24 h. (A) The mRNA levels of MMP‑2, type I collagen and type III collagen were assessed by reverse transcription‑quantitative 
PCR. (B) The protein expression levels of MMP‑2, collagen I and collagen III were detected by western blotting. (C) Quantitative analysis of the western 
blot results was performed by evaluating the protein band densities with Image Pro‑Plus version 6.0 software. The relative value was normalized to GAPDH 
expression. All data are expressed as the mean ± standard error of mean of three independent experiments. **P<0.01, ***P<0.001 vs. untreated control group. 
#P<0.05 vs. TGF‑β1 only‑treated group. ATV, atorvastatin; TGF‑β1, transforming growth factor‑β1; ECM, extracellular matrix; hVFs, human ventricular 
fibroblasts; MMP‑2, matrix metalloproteinase‑2.
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products‑, angiotensin  II‑, hypertension‑, aldosterone‑ and 
doxorubicin‑induced cardiac fibrosis (16‑20).

TGF‑β1 canonically activates downstream Smad pathways, 
and TGF‑β1/Smad signaling plays a crucial role in the devel-
opment of myocardial fibrosis (36‑38). During fibrogenesis, 
Smad3, a major downstream mediator of TGF‑β1, is phos-
phorylated by activated TGF‑β type I receptor kinase (39‑41). 
p‑Smad3 protein then interacts with Smad4 to form a complex 
and translocates to the cell nucleus, where it functions as a 
transcriptional factor and induces the transcriptional activa-
tion of numerous fibrotic genes, including α‑SMA, MMP‑2 
and collagens  (7,8). In addition to the Smad‑mediated 
pathways, TGF‑β1 can also act through non‑canonical 
signaling pathways, such as the MAPK signaling pathway (9). 
Accumulating evidence has reported that ERK/JNK/p38 
MAPK signaling is involved in regulating multiple cellular 
processes, including cell proliferation, differentiation and 
survival (42,43). In addition, MAPK signaling pathways have 

Figure 4. ATV inhibits TGF‑β1‑induced Smad3 and MAPK signaling activation in hVFs. Fibroblasts were pre‑incubated with ATV (10 µM) for 3 h and then 
co‑treated with 5 ng/ml TGF‑β1 for 30 min. The protein levels of (A) p‑Smad3 and t‑Smad3, (B) p‑ERK1/2 and t‑ERK1/2, (C) p‑p38 and t‑p38, and (D) p‑JNK 
and t‑JNK were detected using western blotting. The relative density was expressed as the ratio of p‑protein to the corresponding t‑protein. Values represent 
the mean ± standard error of mean of three independent experiments. **P<0.01, ***P<0.001 vs. untreated control group. #P<0.05 vs. TGF‑β1 only‑treated group. 
ATV, atorvastatin; TGF‑β1, transforming growth factor‑β1; MAPK, mitogen‑activated protein kinase; hVFs, human ventricular fibroblasts; p‑, phosphorylated; 
t‑, total; ERK1/2, extracellular signal‑regulated kinase 1/2; JNK, c‑Jun N‑terminal kinase.

Figure 5. Schematic diagram demonstrating how atorvastatin inhibits 
TGF‑β1‑induced fibrogenesis in hVFs. TGF‑β1 treatment can induce activa-
tion of the Smad3 and MAPK signaling pathways, cause an increase in ECM 
synthesis and promote the fibrogenesis in hVFs. Atorvastatin plays a protective 
role and can prevent TGF‑β1‑induced cardiac fibrosis by inhibiting the activation 
of Smad3 and MAPK signaling pathways in hVFs. MAPK, mitogen‑activated 
protein kinase; hVFs, human ventricular fibroblasts; ECM, extracellular matrix; 
p‑, phosphorylated; ERK1/2, extracellular signal‑regulated kinase 1/2; JNK, 
c‑Jun N‑terminal kinase; TGF‑β1, transforming growth factor‑β1.
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also been shown to play an essential role in the progression 
of cardiac fibrosis. For example, ERK1/2 has been reported 
to play an important signaling role in driving CF prolifera-
tion (44), and it is required for TGF‑β1‑induced pro‑fibrotic 
phenotypes (3). Molkentin et al (11) reported that transgenic 
mice with fibroblast‑specific activation of p38 MAPK devel-
oped interstitial and perivascular fibrosis in the heart. Thus, 
inhibiting these signaling pathways may imply a promising 
therapeutic strategy against cardiac fibrosis. The present study 
evaluated the importance of Smad3 and MAPK signaling 
in TGF‑β1‑induced cardiac fibrosis in hVFs. The results 
indicated that TGF‑β1 significantly activated both Smad3 
and MAPK signaling in hVFs. However, ATV pretreatment 
significantly decreased the TGF‑β1‑induced phosphorylation 
levels of Smad3, ERK1/2, JNK and p38 MAPK in hVFs. This 
suggested that ATV inhibited TGF‑β1‑induced fibrogenesis 
in hVFs at least in part through inhibition of the Smad3 and 
MAPK signaling pathways.

There are also some limitations in the present study. 
Firstly, the results were obtained only from a series of in vitro 
experiments, and were not validated in vivo. Secondly, the 
exact targets of ATV in cardiac fibrosis remain unclear. 
Further investigations need to be performed to resolve these 
limitations.

Taken together, the results of the present study report 
a protective role of ATV on TGF‑β1‑induced fibrogenesis 
in hVFs and the potential mechanism involved. The results 
demonstrated that ATV prevented TGF‑β1‑induced fibrogen-
esis in hVFs at least in part by inhibiting Smad3 and MAPK 
signaling activation. These novel findings suggest a potential 
therapeutic effect of ATV against fibrotic disease in clinical 
practice.
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