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Effect of testosterone on the proliferation and collagen synthesis of cardiac
fibroblasts induced by angiotensin II in neonatal rat
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ABSTRACT
The objective is to explore the effect of testosterone on the proliferation and collagen synthesis of
neonatal rat cardiac fibroblasts (CF) induced by Angiotensin II (Ang II) and the underlying
mechanisms. Derived from neonatal rats, the CFs were divided into 4 groups: the control group,
Ang II group, testosterone group, and testosterone C Ang II group in vitro. Cell cycle distribution,
collagen counts, and phosphorylated extracellular signal-regulated kinase (ERK1/2) (p - ERK1/2)
expression were assessed by flow cytometry, VG staining, and immunocytochemistry, respectively.
The Ang II group had a much higher proportion of cells in the S-phase, higher collagen contents,
and a higher p - ERK1/2 expression level than either the control or testosterone group. However,
these factors were significantly reduced in the testosterone C Ang II group as compared to the Ang
II group. In terms of cells in the S-phase and the collagen contents, there was not a significant
difference between the testosterone group and the control. However, the protein expression of p-
ERK1/2 was significantly increased in the testosterone group as compared to the control.
Testosterone inhibits the proliferation and collagen synthesis of CF induced by Ang II. The
underlying mechanism may involve the ERK1/2 signaling pathway.
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Introduction

Cardiac fibroblasts (CF) play an important role in
maintaining the structure and function of the heart.1,2

Some pathogenic factors can greatly increase the num-
ber of CFs and the synthesis of collagen, which even-
tually leads to myocardial fibrosis.3 Furthermore,
cardiac fibrosis plays a pivotal role in the progression
of hypertension, coronary heart disease, heart failure
and other cardiovascular diseases, and it initiates myo-
cardial remodeling.3 As an important biological effec-
tor in the Renin-angiotensin system (RAS), Ang II
contributes to collagen synthesis and CF proliferation,
which plays an important role in myocardial fibrosis
hypertension.4,5

Testosterone regulates numerous physiological pro-
cesses, and evidence suggests that it plays a critical role
in myocardial fibrosis. However, it is undetermined
whether testosterone positively or negatively affects
myocardial fibrosis,6,7,8, and the underlying mechanism
remains unclear. In this study, we observed the effects

of testosterone on the cell cycle, collagen synthesis, and
phosphorylation ERK1/2 protein expression with or
without Ang II-induced rats cardiac fibrosis. The goal
of the present study is to provide experimental evidence
for testosterone application in myocardial fibrosis.

Materials and methods

The main reagent and instrument

The following reagents were used in this study: Dul-
becco’s modified Eagle’s medium (DMEM) medium
(Hyclone Company, US), newborn fetal serum (NFS)
(Hyclone Company, US), angiotensin II, propyl iodide
(PI), RNA enzymes, testosterone (Sigma Company,
US), p-ERK1/2 (4370s, CST), Goat Anti-Mouse IgG
antibody (Cell Signaling Company, US), trypsin
(Difco Company, US), collagenase (Invitrogen Com-
pany, US), VG staining kits (Amresco Company, US),
immunohistochemical kit, rat against vimentin mono-
clonal antibodies, the amino benzidine (Amresco
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Company, US), and some other reagents for pure mar-
ket analysis. The following instruments were used in
this study: flow cytometry instrument (Epics-XP-MCL
Company, US), CO2 incubator (Scientific Company,
US), inverted phase contrast microscope (Olympus
company, CK2 type, Japan), and high-speed centrifuge
at low temperature (Heraeus Company, Biofuge28 RS
type, Germany).

Extraction, subculture, and identification of CF

Neonatal Sprague-Dawley rats (1–2 d old) were pur-
chased from the Experimental Animal Center of
Zhengzhou University (clean level, No:0008508). All
experimental protocols were approved by Zhengzhou
University’s Review Committee for the Use of Animal
Subjects.

Primary and passaged cultured CF

After being dissociated from the heart tissue by tryp-
sin and collagenase, the cells were pre-plated into cul-
ture flacons at 37�C for 2 h in order to remove the
suspended cells. The majority of the adherent cells
were fibroblasts. CFs were routinely cultured in
DMEM supplemented with 10% NCS, 100 U/ml peni-
cillin, and 100 mg/ml streptomycin. Cell culture was

achieved in a humidified 5% CO2 thermostatic incuba-
tor (Scientific) at 37�C with media replenishment
every 3 d. When the cells became confluent, they were
harvested with 0.25% trypsin/ethylenediaminetetra-
acetic acid and replated (passaged) with a split of 1:3.
The medium was changed every 2 d. Cells in passage 3
or 4 were used in all of the experiments. The CF purity
was assessed by morphological observation under an
inverted phase contrast microscope and immunocyto-
chemistry using antibody for vimentin.

As shown in Figure 1, the cardiac fibroblasts were
identified by immunocytochemistry, at SPx400. The CFs
were long spindle-shaped cells, and more than 98% of
the cells contained brown particles, indicating that more
than 98% of the cells were CFs. Therefore, the cellular
density fits the requirement of the subsequent test.

Cell group

After 24 hours of starvation with serum-free DMEM,
the cells were divided into 4 groups: the control group
(the cells were cultured in serum-free DMEM), the
Ang II group (the cells were cultured in serum-free
DMEM containing 10¡6 mol/L Ang II), the testoster-
one group (the cells were cultured in serum-free
DMEM containing 30 nmol/L testosterone), and the
testosterone and Ang II co-incubation group (the cells

Figure 1. Cardiac fibroblasts were identified by immunocytochemistry. (SP £ 400).
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were cultured in serum-free DMEM containing
30 nmol/L testosterone and 10¡6 mol/L Ang II).

Cell cycle assay

The CFs were incubated for 24 hours. After which,
they were harvested, washed in cold PBS (pH 7.4),
and fixed with 70% (v/v) ethanol at ¡20�C for
30 min. After the ethanol was removed, the cells were
incubated with PBS containing RNase at 37�C for
30 min, and then, they were stained for 30 min with
0.005% PtdIns. Fluorescence was measured with flow
cytometry. The results represented a minimum of
3000 cells assayed for each determination. The experi-
ment was performed 6 times.

Collagen synthesis detection

The cells were cultured on sheet glasses in 6-well flat-
bottomed microtiter plates. After becoming confluent,
the cells were incubated for 24 h. The medium was
removed, and the glasses were washed. Afterwards,
the cells were stained with hematoxylin and washed.
Then, the cells were processed with VG staining, dif-
ferentiated by absolute ethyl alcohol, dehydrated by
gradient alcohol, transparentized by xylol, and finally
sealed by object slides.

The slides were observed, and pictures were taken
with an Olympus CK2 microscope. The extracellular
optical density of collagen was measured (Integral
Optical Density) by Biosins Digital Imaging Systems.

p-ERK1/2 protein expression

The cells were cultured on sheet glasses in 6-well flat-
bottomed microtiter plates in the same method as
described above. After becoming confluent, the cells
were incubated for 30 min. After the medium was
removed, the cells were washed with cold PBS and then
immobilized by paraformaldehyde. Next, they were
incubated in 3% H2O2, sealed by normal goat serum,
and then exposed to p-ERK 1/2 solution for 3 h. They
were then incubated with the biotinylated second anti-
body at room temperature, incubated with HRP-Strep-
tavidin at room temperature, stained by DAB, and
washed exhaustively. They were then re-stained by
hematoxylin, dehydrated by gradient alcohol, transpar-
entized by xylol, and finally sealed by object slides.

The slides were observed, and pictures were taken
with an Olympus CK2 microscope. The extracellular

optical density of p-ERK1/2 was measured (Integral
Optical Density) by Biosins Digital Imaging Systems.

Statistical analysis

Data were analyzed using the statistical package
SPSS17.0. All results were expressed as the mean and
standard deviation (mean § SD). The difference was
analyzed for significance by factorial analysis. A value
of P < 0.05 was considered statistically significant.

Results

S-phase distributions in different groups

As shown in Table 1, there were significantly increased
S-phase (DNA synthesis phase) distributions in the
Ang II group as compared to the control (P < 0.01).
However, there was no significant difference between
the testosterone group and the control group (P >

0.05). Finally, the testosterone and Ang II co-incuba-
tion group had significantly reduced S-phase distribu-
tions as compared to the Ang II group (P < 0.01).

Collagen content

Figure 2 details the collagen content in the 4 groups. As
shown in Table 2, after 24 h incubation with Ang II, the
collagen of CF was significantly increased as compared to
the control (P< 0.01). However, no significant difference
was detected between the testosterone group and the con-
trol group (P> 0.05). Finally, the collagen was decreased
in the testosterone and Ang II co-incubation group as
compared with the Ang II group (P< 0.01)

p-ERK1/2 protein expression

Figure 3 shows the p-ERK1/2 expression in the 4 groups.
As shown in Table 3, the protein expression of p-ERK1/2
was significantly increased in the Ang II group (P< 0.01)
and testosterone group (P< 0.05) as compared with the
control group. However, the testosterone and Ang II co-

Table 1. S phase distributions in different groups (n D 6).

AngII group

Testosteron ¡ C
¡ 15.14 § 1.14 32.57 § 4.66
C 18.43 § 0.68 22.73 § 0.31

F AngII groupD30.403, P (vs the control) D 0.001, F Testosterone group
D 5.812, P (vs the control)> 0.05, F co-incubation groupD 18.073, P (vs AngII
group) D 0.003.
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incubation group had reduced p-ERK1/2 protein expres-
sion as compared with the Ang II group (P< 0.01).

Discussion

Myocardial fibrosis is primarily characterized as CF
proliferation, collagen I and II deposition, and an
extracellular matrix protein concentration.9

Additionally, it represents an important pathogenesis
of various heart diseases, including heart failure,
arrhythmia, sudden cardiac death, and other serious
complications.10 Several investigations have previously
demonstrated that Ang II, through cell receptors, pro-
motes the growth of CFs and the expression of extra-
cellular matrix protein. These factors converge to play
an important role in myocardial remodeling, which is
considered to be through the coupling reaction of
intracellular signal transduction pathways.4

Testosterone is a steroid hormone and is one of the
most important androgens in men. It plays a significant
role in immune function and inmaintainingmale sexual-
ity. Furthermore, it has been reported since 1990 that tes-
tosterone plays a role in the cardiovascular system, and
additional investigations on this topic have been

Figure 2. Collagen content in 4 groups (VG staining £200) (A) Control group, (B) AngII group, (C) Testostorone group, (D) Co-incubation
group.

Table 2. Collagen content in different groups (n D 6).

AngII

Testosteron ¡ C
¡ 120.68 § 4.43 150.74 § 3.8
C 118.44 § 3.9 119.5 § 6.93

F AngII groupD 10.365, P (vs the control) D 0.002, F Testosterone group D
4.533, P (vs the control) > 0.05, F co-incubation group D 42.049, P (vs AngII
group) < 0.001.
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conducted. However, the results from different study
groups vary greatly. Existing studies have confirmed that
a low serum testosterone level positively correlates with
the incidence of cardiovascular events.10,11 Moreover,
exogenous testosterone is associated with adverse cardio-
vascular events.12 In addition, studieshave also found that

testosterone has a protective effect on the cardiovascular
system, such as possessing anti-inflammatory properties,
regulating blood lipids, reducing atherosclerosis, dilating
blood vessels, converting Ang II-induced vascular
remodeling, and so on.13-15

The mitogen-activated protein kinase (MAPK) sys-
tem is the focal point and common pathway for the
transmission from extracellular signals to an intracel-
lular signal, and it is involved in the biological effect of
Ang II. Furthermore, ERK1/2 and its active form p-
ERK1/2 represent one of the key downstream signal
MAPKs.16 Generally, immunoprecipitation can be
used to accurately detect ERK activation levels but not
the intracellular distribution of ERK during the activa-
tion process. In fact, there is a nuclear transfer process
during ERK activation. To assess the level of activated

Figure 3. The expression of p-ERK1/2 in 4 groups (SP £200) (A) Control group, (B) AngII group, (C) Testostorone group, (D) Co-incuba-
tion group.

Table 3. The expression of p-ERK1/2 in different groups (n D 6).

AngII group

Testosteron ¡ C
¡ 115.12 § 7.25 130.53 § 10.15s
C 121.85 § 4.35 116.8 § 4.93

F AngII groupD174.762, P (vs the control) < 0.001, F Testosterone group D
184.828, P (vs the control) < 0.001, F co-incubation group D 152.240, P (vs
AngII group) < 0.001.
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ERK, immunohistochemistry has been used in many
studies to detect the p-ERK level, which is the acti-
vated form of ERK; however, the intracellular distribu-
tion can be clearly detected.

In our study, it was observed that 10¡6 mol/L Ang
II can obviously increase the proportion of CFs in the
S-phase (DNA synthesis) and collagen synthesis. At
the same time, it can obviously enhance p-ERK1/2
protein expression, thereby indicating that Ang II can
promote CF proliferation through ERK1/2 pathways,
which is consistent with previous investigations.3,4,17

Additionally, the testosterone and Ang II co-incuba-
tion group experienced a more significant reduction
of CFs in the S-phase proportion, collagen synthesis,
and p-ERK1/2 expression than did the Ang II group
alone. This result indicates that testosterone might
suppress Ang II-induced CF proliferation and collagen
synthesis, and its potential mechanism might be
related to ERK1/2 inhibition.

There was no statistical difference for either the
proportion of CFs in the S-phase or the collagen syn-
thesis between the testosterone group and the control
group; however, the protein expression of p-ERK1/2
was increased in the testosterone group as compared
to the control. These results demonstrate that testos-
terone as a growth hormone exerts a growth-promot-
ing effect on myocardial cells, the mechanism of
which is involved in the p-ERK signaling pathway.
However, testosterone in physiological doses is suffi-
cient to cause biological effects that arise after ERK
activation, such as an increase in CFs in the S-phase
and excessive collagen synthesis.

It should be noted, however, that a very interesting
phenomenon occurs when there is an excessive stimu-
lation of Ang II. In that case, testosterone will have an
antagonistic biological effect on Ang II, which is due
to the interference of ERKs. This is why the testoster-
one receptor antagonist group was not included in
this study. Here, the aim was to observe the effects of
testosterone on Ang II-mediated biological effects,
rather than testosterone on CFs.

Of course, some studies have reported that testoster-
one has a negative effect on the cardiovascular system.
These studies ignored the differences between in vivo
and in vitro culture. Testosterone in vivo cells enact a
positive effect on the cardiovascular system through the
conversion of testosterone to estradiol, whereas testoster-
one in vitro cells negatively impact the cardiovascular
system due to the inability to convert testosterone to

estrogen. In addition, varying doses of testosterone
impact the cardiovascular system in different ways.18,19

Conclusion

In conclusion, testosterone might suppress Ang II-
induced CF proliferation and collagen synthesis in
vitro, thus potentially playing an important role in
cardiac fibrosis inhibition. Additionally, the underly-
ing mechanism might be related to the inhibition of
ERK1/2 signaling pathways.
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