
EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  224,  2021

Abstract. The mevalonate (MVA) pathway serves an important 
role in ventricular remodeling. Targeting the MVA pathway 
has protective effects against myocardial fibrosis. The present 
study aimed to investigate the mechanism behind these effects. 
Primary cultured cardiac fibroblasts from C57BL/6 mice were 
treated in vitro in 5 groups: i) negative control; ii) angiotensin II 
(Ang II) model (1x10‑5 mol/l); iii) Ang II + rosuvastatin (ROS); 
iv) Ang  II  +  alendronate (ALE); and v) Ang  II  +  fasudil 
(FAS). Collagen and crystal violet staining were used to 
assess morphological changes in cardiac fibroblasts. Reverse 
transcription quantitative PCR and western blotting were used 
to analyze the expression of key signaling molecules involved 
in the MVA pathway. Collagen staining in the ALE, FAS, and 
ROS groups was weak compared with the Ang II group, while 
the rate of cell proliferation in the ROS, ALE, and FAS groups 
was slower compared with that in the Ang II group. In addition, 
the expression of key signaling molecules in the MVA pathway, 
including transforming growth factor‑β1 (TGF‑β1), heat shock 
protein 47 (HSP47), collagen type I α1 (COL1A1), vascular 
endothelial growth factor 2 (VEGF2) and fibroblast growth 
factor 2 (FGF2), was decreased in the FAS and ROS groups 
compared with the Ang II model. Compared with the Ang II 
group, 3‑Hydroxy‑3‑Methylglutaryl‑CoA reductase (HMGCR) 
gene expression was significantly lowered in the drug interven‑
tion groups, whereas farnesyl pyrophosphate synthase (FDPS) 
expression was downregulated in the ALE group, but elevated 
in the FAS and ROS groups. Compared with that in the Ang II 
group, ras homolog family member A (RhoA) expression was 
downregulated in the FAS and ROS groups, whilst mevalonate 
kinase expression was reduced in the ROS group. Protein 
expression of TGF‑β1, COL1A1 and HSP47 were decreased 
following intervention with each of the three drugs compared 

with the Ang II group. Overall, rosuvastatin, aledronate and 
fasudil decreased the proliferation of myocardial fibroblasts 
and inhibited collagen synthesis. Rosuvastatin had the strongest 
protective effects against myocardial fibrosis compared with 
the other drugs tested, suggesting this to be a potential agent for 
the clinical treatment of cardiovascular disease.

Introduction

The mevalonate (MVA) pathway is indispensable for 
de novo synthesis of cholesterol as well as other molecules 
essential for various cellular functions, including cell prolif‑
eration and apoptosis  (1). MVA is irreversibly synthesized 
from 3‑hydroxy‑3‑methylglutaryl‑coenzyme A (HMG‑CoA), 
and further metabolized into farnesyl diphosphate, which is 
also called farnesyl pyrophosphate (FPP), and geranylgeranyl 
pyrophosphate  (2). These isoprenoids are precursors for a 
number of important metabolites, including sterols, dolichols, 
ubiquinones (also known as coenzyme Q) and carotenoids (3).

HMG‑CoA reductase (HMGCR) is the rate‑limiting 
enzyme in cholesterol biosynthesis, which catalyzes the 
conversion of HMG‑CoA to MVA (1). Statin drugs are capable 
of inhibiting the synthesis of endogenous cholesterol by 
competitive inhibition of HMGCR (4). Statins were originally 
used to treat hypercholesterolemia (5), but have since been 
found to exert many pleiotropic effects (6), including immu‑
nomodulatory, anti‑inflammatory (7), and neuroprotective (8) 
effects. Clinical studies have demonstrated that statins can be 
used to treat diseases that are not clearly related to low‑density 
lipoprotein cholesterol (LDL‑C) or cholesterol (9,10). This 
may be due to the inhibitory effect of statins on the produc‑
tion of isoprenoid intermediates in the cholesterol biosynthesis 
pathway  (9,11). Post‑translational prenylation of small 
guanosine triphosphate binding proteins, such as Rho and 
Rac, and their downstream effectors, such as Rho kinase and 
nicotinamide adenine dinucleotide phosphate oxidase, is also 
inhibited by statins (6). However, the use of statins in the treat‑
ment of heart failure remains controversial (12‑14).

In a previous study, it was demonstrated that rats given a 
high‑salt diet developed high blood pressure, diastolic heart 
dysfunction and increased rates of myocardial fibrosis  (15). 
Transcriptome analysis demonstrated that the MVA pathway 
served an important role in the pathophysiology of myocardial 
fibrosis (15,16). Other studies have also indicated the relevance of 
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key enzymes and downstream GTPases, including Rho and Ras, 
in the MVA pathway to myocardial fibrosis (17,18). Inhibition 
of Rho and Ras can reduce myocardial hypertrophy and 
fibrosis (17). The present study used multiple drugs, including 
rosuvastatin, alendronate, and fasudil, which regulate the MVA 
pathway at different points. Rosuvastatin, one of the most 
commonly used drugs in secondary prevention of cardiovascular 
disease, is a potent, effective, and safe HMGCR inhibitor (19,20). 
Alendronate is a farnesyl pyrophosphate synthase (FDPS) inhib‑
itor that improved vascular endothelial function in a hypertensive 
rat model (21,22). Fasudil is a clinically used Rho/Rho associated 
coiled‑coil containing protein kinase (ROCK) inhibitor that has 
a good therapeutic effect in cardiovascular diseases including 
angina, hypertension, and coronary spasms (23,24). By observing 
the effects of these drugs on myocardial fibroblasts, the present 
study explored the mechanism by which the MVA pathway is 
involved in myocardial fibrosis. The present study could provide 
new directions and theoretical basis for the development of novel 
targeted drugs, as well as for the clinical treatment and preven‑
tion of diastolic heart failure and myocardial fibrosis.

Materials and methods

Isolation and primary culture of cardiac fibroblasts. A total 
of 10 C57BL/6 male mice (6 weeks; weight, 20±2 g) were 
obtained from the Shanghai Experimental Animal Center of the 
Chinese Academy of Sciences and kept in a climate‑controlled 
room (temperature, 25±1˚C; relative humidity, 50‑60%; free 
access to food and water; and 12‑h light/dark cycle.) for 1 week 
of acclimatization. All experimental protocols involving live 
animals were reviewed and approved by the Institutional 
Animal Care and Use Committee of the Tongji Hospital of 
Tongji University (approval no. 2019‑DW‑008) (Shanghai, 
China). Murine cardiac fibroblasts were isolated as previously 
described (25,26). In short, C57BL/6 mice were anaesthetized 
with 3% isoflurane until loss of limb reflexes.

Hear ts were isolated from C57 mice at room 
temperature (RT) and subjected to 5  min perfusion with 
DMEM/F12 supplemented with 1% penicillin, 1% strepto‑
mycin, and 1% amphotericin B solution (all Gibco; Thermo 
Fisher Scientific, Inc.) at RT. The hearts were perfused with 
collagenase type II (Gibco; Thermo Fisher Scientific, Inc.) at 
37˚C for 20 min before dissociation of the tissue at RT and 
incubation with dilute collagenase (0.05% w/v) at 37˚C for 
10 min. The collagenase was neutralized by adding 2X the 
existing volume of DMEM/F12 complete medium supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.). 
The cell suspension was then passed through a 40‑μm sterile 
cell strainer to remove undigested tissue. The filtered suspen‑
sion was collected and centrifuged at 500 x g for 10 min at 
room temperature. After centrifugation, the supernatant was 
discarded and the cell pellet was resuspended in 10 ml growth 
medium (DMEM/F12 with 10% FBS) and then diluted to a 
final volume of 30 ml. Cells were seeded in cell culture dishes 
and allowed to adhere for 2 h in 5% CO2 at 37˚C. The cell 
cultures were moved into T‑25 flasks (4 ml cell suspension) and 
incubated overnight at 37˚C. The following day, the cultures 
were washed twice with phosphate‑buffered saline (PBS) and 
the growth medium was replaced. The culture medium was 
replaced once per day in this way until harvesting after 3 days.

Flow cytometry. Third‑generation cardiac fibroblasts were 
prepared into a single cell suspension with 0.25% trypsin and the 
cell density was adjusted to 1x106 cells/ml. The cells were fixed 
and permeabilized with FIX & PERM Cell Permeabilization 
Kit (cat. no. GAS003; Thermo Fisher Scientific, Inc.) at 37˚C 
for 30 min. The cells were then incubated at 37˚C for 30 min 
with PBS and anti‑vimentin antibody (1:100, cat. no. ab92547; 
Abcam), before being incubated with FITC‑labeled secondary 
antibody (1:1000, cat. no. ab6717) at 37˚C for 30 min. Cells were 
then analyzed using a BD FACSCanto™ II flow cytometer (BD 
Biosciences) with FlowJo software (Version 7.6, BD Biosciences).

Drug intervention experiment and cell staining. A total of five 
treatment groups were established for the fibroblasts: i) negative 
control (NC); ii) angiotensin II (Ang II) model, iii) Ang II + rosu‑
vastatin (ROS); iv)  Ang  II  +  alendronate (ALE), and 
v) Ang II + fasudil (FAS). The drug concentrations were based 
on preliminary experiments: Ang II, 1x10‑5 mol/l; rosuvastatin, 
1x10‑5 mol/l; alendronate, 1x10‑6 mol/l and fasudil, 10 µg/ml. 
The fibroblasts were treated with the drugs for 48 h at 37˚C. No 
drugs were added to the NC group. For crystal violet staining, the 
medium was discarded and the cells were fixed with 10% meth‑
anol for 30 sec at RT, followed by staining with 0.5% crystal violet 
staining solution for 20 min at RT. Cell morphology was observed 
by light microscopy (magnification, x100).

For collagen staining, the medium was discarded following 
drug intervention and the cells were fixed with 4% parafor‑
maldehyde for 30 min at RT, and stained using Masson's 
Trichrome Stain Kit according to the manufacturer's instruc‑
tions (cat. no. G1340, Beijing Solarbio Science & Technology 
Co., Ltd.). Cell collagen staining was observed by light 
microscopy (magnification, x100).

Cell proliferation assay. Cell proliferation was assessed 
using the Cell Counting Kit‑8 (CCK‑8) (Dojindo Molecular 
Technologies Inc.). Briefly, cells were seeded in 96‑well plates 
at 1x104 cells/well and treated with drugs for 0, 24 and 48 h. 
CCK‑8 solution (5 µl) was added to each well and incubated 
at 37˚C for an additional 2 h. Optical density (OD) was deter‑
mined at 450 nm.

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
of cells was extracted with TRIzol® (Invitrogen; Thermo 
Fisher Scientific Inc.). cDNA synthesis was carried out using 
a TOYOBO ReverTra Ace qPCR RT kit (Toyobo Life Science) 
and qPCR was performed using the SYBR Supermix PCR kit 
(Kapa Biosystems; Roche Diagnostics), according to the manu‑
facturer's protocols. Primers were obtained from Sangon Biotech 
Co., Ltd. and the sequences are listed in Table I. The reverse 
transcription reaction step as follows: 37˚C for 15 min and 95˚C 
for 5 min. The thermocycling conditions were as follows: Initial 
denaturation at 95˚C for 5 min, followed by 40 cycles of 95˚C 
for 30 sec, 61˚C for 30 sec and 72˚C for 30 sec. Gene expression 
levels were measured using cycle threshold (CQ) values and the 
2‑ΔΔCq calculation (27) and normalized to GAPDH.

Western blotting. RIPA buffer (cat. no. 9806; Cell Signaling 
Technologies Inc.) was used for cells protein extraction and 
protein concentration was determined using bicinchoninic 
acid protein assay reagent (cat. no.  7780; Cell Signaling 
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Technologies Inc.). A total of 50‑100 µg protein/lane were 
subjected to SDS‑PAGE (10% gel) and transferred onto a 
PVDF membrane. The membrane was blocked by 5% non‑fat 
milk powder for 1 h at room temperature before incubation 
with the following primary antibodies: TGF‑β1 (1:1,000; cat. 
no. ab92486; Abcam), collagen I (1:1,000; cat. no. ab34710; 
Abcam), heat shock protein  47 (HSP47; 1:1,000; cat. 
no. ab109117; Abcam) or GAPDH (1:4,000; cat. no. E12‑042; 
EnoGene Biotech Co., Ltd.) at 4˚C overnight. Goat‑anti‑rabbit 
antibody (1:2,000; cat. no. ab205718; Abcam) was used as the 
secondary antibody at RT for 1 h. Chemiluminescent visu‑
alization was performed using ECL reagent (cat. no. 32106; 
Pierce; Thermo Fisher Scientific Inc.). The protein loading 
control was GAPDH. Optical density analysis was performed 
by ImageJ software (version 1.8, National Institutes of Health).

Statistical analysis. GraphPad Prism v.7.0 (Graph Pad Inc.) 
was used for statistical analysis. The data is expressed as the 
means ± SD from experimental repeats. The comparison of 
multiple groups was performed using one‑way analysis of 
variance followed by the post hoc Tukey's test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Fibroblast cell identification. We performed primary cultures of 
cardiac fibroblasts and identified by flow staining. Microscopically, 

the fibroblast cell bodies were large and spindle‑shaped or stellate 
and flat with multiple spindles (Fig. 1A). DAPI staining shows 
regular oval nuclei (Fig. 1B). Anti‑vimentin FITC was detected on 
the surface of 98.7% of cultured cells (Fig. 1C and D).

Drug therapy alleviate the process of Ang II‑promoted cell 
fibrosis. Cells were large and mostly spindle‑shaped in the NC 
group (Fig. 2A). Cells were proliferative and growth was dense 
and radial in the Ang II group (Fig. 2A). There was no signifi‑
cant difference in cell morphology between the ALE and Ang II 
groups (Fig. 2A). The FAS and ROS groups had fewer cells, 
more cytoplasm, and some cells were round compared with 
those in the Ang II group (Fig. 2A). Collagen fiber staining in 
the Ang II group was significantly more intense compared with 
that in the NC group (Fig. 2A). Collagen staining in the ALE, 
FAS, and ROS groups was weak compared with the Ang II 
group (Fig. 2A). These results suggested that drug intervention 
can significantly inhibit the Ang II‑induced increase in collagen 
level in myocardial cells. Ang II can significantly promote 
proliferation compared with that in the NC group, whilst the 
rates of proliferation in the ROS, ALE and FAS treatment 
groups were lower compared with those in the Ang II group at 
both 24 and 48 h (Fig. 2B). This indicated that drug therapy can 
alleviate the process of Ang II‑promoted cell fibrosis.

mRNA expression levels of MVA pathway and fibrosis‑related 
genes under different drug interventions. Subsequently, 

Table I. Primer sequences used for reverse transcription‑quantitative polymerase chain reaction.

Gene name	 Primer sequence (5' to 3')	 Amplicon size (bp)

GAPDH	 F: GCAAGTTCAACGGCACAGTCA
	 R: ACGACATACTCAGCACCAGCAT	 127
HMGCR	 F: CTTGACGCTCTGGTGGAATG
	 R: GTTGGCAAGCACGGACATAC	 105
FDPS	 F: AGCAGAATTTCATCCAGCACT
	 R: GTCAGACCCCGATTGTACT	 148
RhoA	 F: ATGTGGCAGATATTGAAGTGGA
	 R: GTGTCTGGGTAGGAGAGAGG	 106
FGF‑2	 F: ACCCACACGTCAAACTACAG
	 R: GGCGTTCAAAGAAGAAACACTC	 150
TGF‑β1	 F: CCTGAGTGGCTGTCTTTTGA
	 R: CGTGGAGTACATTATCTTTGCTG	 124
VEGF	 F: ACTGGACCCTGGCTTTACT
	 R: ATTGGACGGCAATAGCTGC	 136
COL1A1	 F: GACGCATGGCCAAGAAGAC
	 R: ACTTCTGCGTCTGGTGATAC	 234
HSP47	 F: GTCCATCAACGAGTGGGC
	 R: CAGTGCGGCTTAAAGAACATG	 117
MVD	 F: GTCAACATCGCGGTTATCAA
	 R: CCTCTGTGAAGTCCTTGCTAA	 142
MVK	 F: CCAAACGTCGGTATTAAGCA
	 R: GCCTTCGTTGCCTACACA	 159

HSP47, heat shock protein 47; COL1A1, collagen type I α1; HMGCR, HMG‑CoA reductase; FDPS, farnesyl pyrophosphate synthase; MVD, 
mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; FGF‑2, fibroblast growth factor‑2; VEGF, vascular endothelial growth 
factor.
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effects of rosuvastatin, fasudil and alendronate on gene 
expression in cultured primary cardiac fibroblasts were inves‑
tigated by RT‑qPCR. After 72 h treatment with the different 
drug interventions, relative mRNA abundance of genes 
including TGF‑β1, HSP47, collagen type  I α1 (COL1A1), 

HMGCR, FDPS, ras homolog family member  A (RhoA), 
mevalonate diphosphate decarboxylase (MVD), mevalonate 
kinase (MVK), fibroblast growth factor‑2 (FGF‑2), and 
vascular endothelial growth factor (VEGF) was examined. 
TGF‑β1, HSP47, COL1A1, VEGF and FGF2 expression was 

Figure 2. ALE, FAS and ROS therapy alleviate the process of Ang II‑promoted cell fibrosis and viability of cardiac fibroblasts. (A) Crystal violet staining 
(magnification, x200) shows cells were proliferative and growth was dense in the Ang II group. There was no difference in cell morphology between the ALE 
and Ang II groups. The FAS and ROS groups had fewer cells, more cytoplasm, and some cells were round compared with those in Ang II group. Collagen 
staining (magnification, x200) in the Ang II group was more intense compared with that in the NC group. ALE, FAS, and ROS groups was weak compared 
with the Ang II group. (B) Cell proliferation assay shows Ang II significantly promote proliferation compared with NC group, whilst the rates of proliferation 
in the ROS, ALE, and FAS treatment groups were lower compared Ang II group at both 24 and 48 h. **P<0.01 and ***P<0.001. NC, negative control; Ang II, 
angiotensin II; ROS, Ang II + rosuvastatin; ALE, Ang II + alendronate; FAS, Ang II + fasudil.

Figure 1. Primary cultures and identification of cardiac fibroblasts. (A) Crystal violet staining shows cell bodies were large and spindle‑shaped or stellate and 
flat with multiple spindles (as shown by the arrows). Magnification, x200. (B) DAPI staining shows regular cell nuclei (as shown by the arrows). Magnification, 
x100. (C) Anti‑vimentin‑FITC was detected, (D) where vimentin was detected on the surface of 98.7% of the cultured cells by flow cytometry. Magnification, 
x100.
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significantly reduced in the FAS and ROS groups compared 
with the Ang  II group (Fig.  3). HMGCR expression was 
significantly lower in the drug intervention groups compared 
with that in the Ang II group. FDPS expression was down‑
regulated in the ALE group and elevated in the FAS and 
ROS groups compared with the Ang II group (Fig. 3). RhoA 
expression was downregulated in the FAS and ROS groups 
compared with the Ang II group and the expression of MVK 
was decreased in the ROS group compared with the other 
groups (Fig. 3). The results indicated rosuvastatin, fasudil 
and alendronate can target different target genes that regu‑
late the MVA pathway and interfere with the expression of 
fibrosis‑related genes.

Fibrosis‑related protein expression. Western blotting was 
used to analyze expression of key signaling molecules involved 
in myocardial fibrosis, including TGF‑β1, collagen  I and 
HSP47. Ang II stimulation resulted in a significant increase in 
collagen I and HSP47 expression (Fig. 4). Protein expression 
of TGF‑β1, collagen I and HSP47 all decreased following drug 
treatment compared with the Ang II group (Fig. 4).

Discussion

Statins have been used for several decades to prevent hyper‑
cholesterolemia and cardiovascular diseases, including 
hyperlipidemia and atherosclerosis  (19,20). The primary 

Figure 3. Reverse transcription‑quantitative polymerase chain reaction analysis of the genetic regulatory effects of drug treatment. *P<0.05, **P<0.01, ***P<0.001. 
NC, negative control; ROS, Ang II + rosuvastatin; ALE, Ang II + alendronate; FAS, Ang II + fasudil; HSP47, heat shock protein 47; COL1A1, collagen 
type I α1; HMGCR, HMG‑CoA reductase; FDPS, farnesyl pyrophosphate synthase; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; 
Ang II, angiotensin II; FGF‑2, fibroblast growth factor‑2; VEGF, vascular endothelial growth factor.

Figure 4. Fibrosis‑related protein expression after drug treatment. Western blotting assay (A) and densitometric analysis (B) of the effects of drug treatment 
on protein expression in cultured myocardial fibroblasts. Data are presented relative to GAPDH. Protein expression of TGF‑β1, collagen I and HSP47 were 
decreased following drug treatment compared with the Ang II group. (*P<0.05, **P<0.01 and ***P<0.001). NC, negative control; Ang II, angiotensin II; HSP47, 
heat shock protein 47; ROS, Ang II + rosuvastatin; ALE, Ang II + alendronate; FAS, Ang II + fasudil.
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mechanism of action of statin drugs is the lowering of serum 
cholesterol (28). However, statins may exert cardiovascular 
protective effects that are independent of LDL‑C lowering, 
such as pleiotropic effects  (29). The mechanism of these 
effects may be related to suppression of the MVA pathway and 
downstream GTPase activity (30,31).

Some cell culture and animal studies have suggested that 
statins can prevent the development of cardiac hypertrophy 
and fibrosis (32‑35), which may reduce ventricular compliance 
and is a major cause of cardiac diastolic dysfunction (36). A 
meta‑analysis of 11 eligible studies, including 17,985 patients 
with heart failure with a preserved ejection fraction demon‑
strated that statin therapy may be associated with improved 
survival rates in these patients (37). However, 2 large‑scale 
randomized controlled studies of patients with chronic heart 
failure (the CORONA and GISSI‑HF trials) demonstrated that 
the majority of patients exhibited heart failure with a reduced 
ejection fraction. The aforementioned studies demonstrated 
that compared with the control groups, the use of statins did 
not reduce the primary outcome (death from any cause) (12,14).

The present study demonstrated that rosuvastatin can 
inhibit the increased collagen levels in myocardial fibroblasts 
caused by Ang  II, reduce the proliferation of myocardial 
fibroblasts induced by Ang II, and significantly decrease the 
gene expression of FGF‑2, TGF‑β1, VEGF and COL1A1, 
and the protein expression of TGF‑β1, collagen I, and HSP47. 
HSP47 is a collagen‑specific molecular chaperone residing 
in the endoplasmic reticulum  (38). HSP47 is essential for 
collagen synthesis in vertebrates (39). Previous studies have 
shown that inhibition of HSP47 can improve the phenotype of 
collagen‑related diseases, such as pulmonary artery fibrosis, 
peritoneal fibrosis, and liver fibrosis  (40‑42). In addition, 
HSP47 has been found to be associated with fibrosis level after 
myocardial infarction (43). Another study suggested that the 
beneficial effect of atorvastatin on cardiac fibrosis may be due 
to lowered HSP47 levels (34). The results of the present study 
are consistent with the aforementioned studies, with statins 
having the strongest effect among the tested drugs. The results 
of the present study suggested that statins have antimyocardial 
fibrosis effects and may have clinical therapeutic potency for 
the treatment of diastolic heart failure.

FDPS is a key enzyme in the MVA pathway  (44). This 
chain‑elongation enzyme catalyzes head‑to‑tail condensation 
of 2 molecules of isopentenyl diphosphate with dimethylallyl 
diphosphate to form FPP (45). FPP is an important interme‑
diate in cholesterol and sterol biosynthesis, a substrate for 
protein farnesylation and geranylgeranylation and a ligand 
for certain hormone receptors and growth receptors, such as 
thyroid hormone nuclear receptor‑β (TR‑β) and farnesoid X 
receptor (46). Prenylation of small GTP‑binding proteins by 
FPP is critical for enabling such proteins to be incorporated into 
membranes, hence determining their localization and function, 
and serving a crucial role in signal transduction (47). Previous 
studies have demonstrated that compared with Wistar Kyoto 
rats, the expression of FDPS is significantly increased in aortic 
smooth muscle cells and in the left ventricles of spontaneously 
hypertensive rats (SHR) (48). Upregulation of FDPS has also 
been detected in the heart and abdominal aorta in rat models of 
overload‑induced cardiac hypertrophy and associated diastolic 
dysfunction (49). Additionally, cardiac‑specific overexpression 

of FDPS has been demonstrated to induce cardiac hypertrophy, 
fibrosis, and heart failure (18). These pathological changes were 
associated with the activation of RhoA and other known kinases, 
including ERK1/2 and p38 MAPK in the hypertrophic signaling 
pathway (18). FDPS inhibitors, namely nitrogen‑containing 
bisphosphonate (N‑BP), are commonly used to treat osteopo‑
rosis and osteolytic bone lesions (50). Previous studies have 
demonstrated that N‑BP may have effects on the cardiovas‑
cular system (21,22,51). Ibandronate, a potent N‑BP has been 
demonstrated to reduce reactive oxygen species production in 
the vascular smooth muscle of SHR rats (21), improve vascular 
endothelial function (21) and prevent noradrenaline‑induced 
fibrosis of vascular smooth muscle (22). Another previous study 
also suggested that chronic treatment with alendronate can 
reduce myocardial hypertrophy and fibrosis whilst improving 
aortic remodeling through a pathway involving inhibition of the 
geranylgeranylation and activation of RhoA (52).

The present study demonstrated that alendronate reversed 
the proliferation of myocardial fibroblasts induced by Ang II. 
Collagen staining suggested that aledronate can inhibit the 
increase of collagen levels of myocardial fibroblasts induced 
by Ang  II. However, alendronate had the weakest effect 
among the three chosen drugs in the present study. In addi‑
tion, alendronate did not decrease the mRNA expression of 
TGF‑β1, COL1A1, VEGF or FGF‑2 in the present study, which 
suggested that alendronate has limited preventative effects in 
myocardial fibrosis and collagen synthesis. This result is incon‑
sistent with those of previous studies (21,22,53). This may be 
because the doses of N‑BP were much larger in the animal 
models used (50‑100 times the doses used in humans) (53). The 
effect in these previous studies was positively associated with 
the duration of drug administration (21,22,53). The present 
study was an in vitro one in which the optimal concentration 
and duration of alendronate treatment remain to be identified. 
There are 2 types of signaling pathways involved in Ang II 
activation: G protein‑dependent and ‑independent pathways. 
Alendronate only affects the G protein‑dependent pathway 
allowing Ang  II to continue to promote fibrosis via other 
pathways, including the epidermal growth factor receptor and 
insulin receptor signaling pathways (21,22).

The small GTPase, RhoA, belongs to the Rho GTPase 
family, part of the Ras‑like GTP‑binding protein superfamily, 
whose members serve important roles in the regulation of 
cytoskeletal dynamics, cell adhesion and migration (54). RhoA 
controls actin stress fiber formation and acto‑myosin contrac‑
tion at the rear of the cell (54). The RhoA/ROCK signaling 
pathway is closely associated with a number of cardiovas‑
cular and cerebrovascular diseases, including coronary 
atherosclerotic heart disease, stroke, and pulmonary vascular 
disease (55‑57). Evidence has suggested that RhoA is intri‑
cately involved in the pathophysiology of cardiac diseases (58). 
Constitutive overexpression of RhoA in cardiomyocytes leads 
to the spontaneous development of dilated cardiomyopathy, 
heart failure, and bradycardia (59). RhoA/ROCK activation 
is required for the development of fibrosis in animal models 
of cardiac fibrosis as well as fibrosis of other organs, such as 
the lung, liver, and kidney (60). Fasudil is a clinically applied 
Rho‑kinase‑inhibitor, which has demonstrated therapeutic 
effects against cerebral vasospasm after subarachnoid hemor‑
rhage (61). Fasudil has also been demonstrated to have various 
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biological roles in the cardiovascular system and cardioprotec‑
tive functions in myocardial ischemia/reperfusion (I/R) injury 
animal models. These examples include improvements in coro‑
nary vasodilation, inhibition of apoptosis and oxidative stress, 
relieving inflammation and reduction in endoplasmic reticulum 
stress and metabolism (24). However, the mechanism of fasudil 
action remains unclear. In the present study, fasudil increased 
collagen levels of myocardial fibroblasts induced by Ang II, 
prevented their proliferation, significantly reduced the mRNA 
expression of FGF‑2, TGF‑β1, VEGF, COL1A1, and HSP47, 
and the protein expression of TGF‑β1, HSP47, and collagen I. 
The efficacy of fasudil was similar to that of rosuvastatin and 
slightly lower compared with that of the statin. Considering 
that statins act on HMGCR, the rate‑limiting enzyme of the 
MVA pathway (4), while fasudil acts on downstream small 
GTPases (23), it is speculated that the antimyocardial fibrosis 
effect induced by inhibition of the MVA pathway is largely due 
to the inhibition of small GTPases.

The findings of the present study suggested that 3 drugs 
acting at different points in the MVA pathway (rosuvastatin, 
aledronate, and fasudil) can all inhibit the proliferation and 
collagen synthesis of myocardial fibroblasts induced by 
Ang II, with the strongest effect induced by rosuvastatin and 
the weakest by aledronate. Results from the present study 
could provide new directions and theoretical basis for the 
clinical treatment and prevention of diastolic heart failure and 
the regulation of myocardial fibrosis.
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