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Abstract. The present study aimed to investigate the role 
and mode of action of urotensin II (U II) in the occurrence 
and progression of cardiac fibrosis in a pressure‑overload rat 
model. Coarctation of the abdominal aorta was used to estab-
lish an animal model, and postoperative echocardiography, 
hemodynamic detection, hematoxylin and eosin staining, 
Masson staining and immunohistochemistry were performed 
to assess the changes in cardiac function and pathology. The 
expression levels of U II, G-protein-coupled receptor 14 
and collagen (Col) I and Col III in the myocardial tissues 
were also analyzed. Neonatal rat fibroblasts were isolated, 
cultured and subsequently, generations 3‑5 were randomly 
divided into different groups for the detection of Col I and 
Col III levels by enzyme‑linked immunosorbent assay and 
western blotting. The protein expression levels were markedly 
increased in the model group, and this increase correlated 
with an increase in myocardial fibrosis. In cultured neonatal 
rat fibroblast cells, 10-8 mol/l U II significantly stimulated the 
synthesis of Col I and Col III (P<0.01) compared with the 
control group. Compared with the U II group, the administra-
tion of KT5720 (1 mol/l) or SB-611812 (1 mol/l) significantly 
reduced the synthesis and expression levels of Col I and Col III 
(P<0.05). U II may exert an important role in the process of 
myocardial fibrosis in chronic pressure‑overload rats, and the 
cyclic adenosine monophosphate‑protein kinase A signaling 
pathway may be partly involved in this process.

Introduction

Urotensin II (U II) is an effective vasoconstrictor present 
in different types of mammals, including humans, which 
has been demonstrated to be associated with a variety of 
cardiovascular diseases in previous years (1). U II is the 
most powerful vasoconstrictor known in the human body (2). 
The isolated human G-protein-coupled receptor 14 (UT) is 
the specific receptor for U II (2), and it is predominantly 
expressed in the brain, heart, kidney, adrenal gland and 
placenta (3,4). The binding of U II to UT results in a range 
of biological effects (4,5), specifically various cardiovascular 
effects, including promoting the growth of endothelial cells 
and vascular smooth muscle cells, cardiac fibrocyte prolifera-
tion, the constriction of vessels and lowering of the heart rate.

Previous studies demonstrated that in the aortic 
coarctation-induced pressure-overload rat model, plasma 
U II levels were markedly increased, and this was involved 
in the pressure overload-induced myocardial remodeling 
process (6). In addition, U II not only directly contributed 
to cardiac hypertrophy (7), but also promoted myocardial 
fibrosis by stimulating the proliferation of cardiac fibro-
blasts (8) and collagen synthesis (9). These results suggested 
that, in addition to affecting hemodynamics, U II may also 
be involved in myocardial fibrosis by increasing collagen 
synthesis (10). The administration of the UT antagonist, 
SB‑611812, markedly improves the cardiac function of the 
experimental animals and markedly reduces myocardial 
remodeling (11). However, whether or not U II is involved in 
the occurrence and progression of myocardial fibrosis in the 
pressure-overload rat model, and the potential mechanism of 
action, remains to be elucidated. The present study aimed to 
investigate the association between myocardial fibrosis and 
systematic changes in the expression levels of U II and UT 
in a chronic pressure‑overload rat model induced by coarcta-
tion of the abdominal aorta (CAA). The effect of changes in 
the expression levels of collagen (Col) I and Col III was also 
investigated. Simultaneously, a primary neonatal rat cardiac 
fibroblast cultivation model was established in order to 
investigate the effect of U II receptor antagonists and protein 
kinase A (PKA)‑specific inhibitors on myocardial fibrosis. 
The effect of systematic changes in the expression levels of 
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U II, UT, Col I and Col III was also investigated to assess the 
role of U II in myocardial fibrosis, and its association with 
the cyclic adenosine monophosphate (cAMP)-PKA signal 
transduction pathway in the chronic pressure‑overload rat 
model.

Materials and methods

Materials. U II (rat) and KT‑5720 were purchased from 
Tocris Bioscience (Bristol, UK); goat anti-rat U II polyclonal 
antibody (cat no. sc-21098) was purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA); rabbit anti‑rat 
anti-Col I  (cat no. ab34710) and III (cat no. ab7778) polyclonal 
antibodies were purchased from Abcam (Cambridge, UK); goat 
anti‑rabbit immunoglobulin G (IgG) PV‑6000 working fluid 
was purchased from Xingsheng Biotech Co., Ltd. (Nanjing, 
China); Dulbecco's modified Eagle's medium, fetal bovine 
serum, collagenase and trypsin were purchased from Invitrogen 
Life Technologies (Carlsbad, CA, USA).

Animals. A total of 45 Sprague‑Dawley rats weighing 200‑220 g 
were supplied by the Experimental Animal Center of Shanxi 
Medical University (Shanxi, China) and were fed a regular diet. 
Animals were kept at 20 ± 2˚C and a relative humidity of 40-55% 
with a 12-h light/dark cycle. The experimental animal license 
number was SYXK:2006‑0015. The animal experiments were 
performed according to the guidelines on experimental animal 
care and use, issued by the American National Institutes of 
Health (NIH Publication, 8th Edition, 2011) (12). The present 
study was performed strictly in accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The animal use 
instructions were reviewed and approved by the Institutional 
Animal Care and Use Committee of Shanxi Medical University.

Establishment of the CAA model. Following skin prepara-
tion, the rats were anesthetized by intraperitoneal injection of 
10% chloral hydrate (3 ml/kg; Chengdu Kelong Chemical Co., 
Ltd., Chengdu, China). An incision was made in the middle 
of sub‑xiphisternal abdomen, and the abdominal cavity was 
opened layer by layer. The vagina vasorum of the abdominal 
aorta was stripped at the top of the left and right renal arteries, 
and the abdominal aorta was isolated. A tip‑blunt no. 7 needle 
(Northwest Medical Devices Co., Ltd., Chengdu, China) was 
placed inside the aorta along the direction of the blood vessel, 
and a no. 4 surgical thread was used to ligate the abdominal 
aorta around the needle. The needle was slowly withdrawn to 
achieve partial stenosis of the abdominal aorta and the abdomen 
was subsequently closed layer by layer. In the sham group of 
animals, the surgical thread was only wound around the 
abdominal aorta following the opening of the abdomen; it was 
not used to ligate the abdominal aorta (13). On postoperative 
day 3, 100,000 units of penicillin (North China Pharmaceutical 
Co., Ltd., Shijiazhuang, China) were intraperitoneally injected to 
prevent infection. All animals were placed in the feeding room 
at a temperature of 24±3˚C with artificial lighting (light and 
dark cycles of 12 h each). The animals were fed a standard rat 
diet and had free access to water. Group I consisted of control, 
sham‑operated animals (n=15); Group II consisted of 4 week 
post‑surgery CAA rats (n=10); Group III consisted of 8 week 

post‑surgery CAA rats (n=10); Group IV consisted of 12 week 
post-surgery CAA rats (n=10).

Throughout the course of the experiment, all 15 sham-oper-
ated rats survived and the survival rate was 100%. In the CAA 
group animals, 9 rats were alive 4 weeks following surgery 
(mortality rate 10%), at 8 weeks post‑surgery, 8 rats survived 
(mortality rate of 20%) and at 12 weeks post‑surgery, 6 rats 
survived (mortality rate of 40%).

Echocardiographic examination. A General Electric 
Vivid 7 echocardiographic machine (GE Healthcare, Pittsburgh, 
PA, USA) was used to perform the echocardiography 4, 8 and 
12 weeks following surgery. The rats were anesthetized using 
10% chloral hydrate (3 ml/kg), their chest hair was removed 
and echocardiography was subsequently performed using a 
10S probe (the probe frequency was 11.0 MHz). Motion‑mode 
ultrasound was used to record the curves of the left ventricle, the 
interventricular septum and the left ventricular (LV) posterior 
wall, using the parasternal long axis view. The end‑diastolic 
interventricular septal thickness (IVSTd), end‑diastolic LV 
posterior wall thickness (LVPWTd), end‑diastolic LV diameter 
(LVDd, all measured in mm) and LV ejection fraction (EF, 
recorded as a percentage), were measured. Each parameter was 
measured three times and the average was calculated.

Detection of the hemodynamic response. Following the induc-
tion of anesthesia, the rats were fixed on the operating table. 
A longitudinal incision (1.5‑2 cm) was made in the neck skin 
and the right common carotid artery was separated. The 
common carotid artery at the distal end of heart was ligated and 
the proximal end was gripped with an artery clamp. A small 
opening was made in the common carotid artery and a 1 mm 
polyethylene catheter (American Health & Medical Supply 
International Corp, Scarsdale, NY, USA), pre‑filled with heparin 
saline, was inserted. A RM6240B‑type biological‑function 
experimental system (Chengdu Instrument Company, Chengdu, 
China) was used to record the LV systolic pressure (LVSP), the 
LV end-diastolic pressure (LVEDP) and the maximum increases 
and decreases in the LV pressures (±dP/dtmax).

Myocardial histological examination. Following the comple-
tion of the observation period (12 weeks), the rats were weighed 
and anesthetized, and a sample of ~3 ml abdominal aorta blood 
was obtained. The blood sample was subsequently centrifuged 
at 574 xg for 15 min to separate the serum. The serum was 
subsequently cryopreserved at ‑20˚C for future experiments. 
The heart was rapidly removed and lavaged with pre‑chilled 
saline. The surrounding tissues were dissected and the liquid on 
the surface, and inside the cardiac chambers was removed using 
filter paper (Sangon Biotech, Shanghai, China). The partial LV 
free‑wall was subsequently cut and placed into 4% paraformal-
dehyde fixative prior to examination under a light microscope 
(CME; Leica Microsystems, Wetzlar, Germany). The myocar-
dial tissue was paraffin‑embedded prior to morphological 
examination of the myocardial cells, including hematoxylin and 
eosin (HE), and Masson staining.

Immunohistochemistry. Immunohistochemical staining was 
performed to determine the expression levels of U II, UT, 
Col I and Col III in the cardiac tissues. Conventional paraffin 
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sections were cut 2.0 µm thick and washed with phosphate 
buffered saline (PBS) three times for 5 min. Antigen retrieval 
was performed for 2 min in high‑pressure hot citrate solu-
tion (Zhongshan Golden Bridge Biotechnology Co., Ltd., 
Beijing, China). The tissue sections were subsequently cooled 
to room temperature and washed three times for 2 min with 
PBS. The primary antibodies, anti‑U II (1:150), anti‑UT 
(1:200), anti‑Col I (1:150) and anti‑Col III (1:150) were applied 
dropwise, and incubated for 1 h at 37˚C. The tissue sections 
were cooled to room temperature for 60 min prior to washing 
three times for 2 min with PBS. The secondary antibody 
(goat anti‑rabbit IgG) PV‑6000 working solution (Zhongshan 
Golden Bridge Biotechnology Co., Ltd.) was subsequently 
added dropwise, and the tissue sections were incubated at 37˚C 
for 20 min, prior to washing three times for 2 min with PBS. 
The proteins were detected using diaminobenzidine staining, 
and were subsequently counterstained with hematoxylin prior 
to dehydration and mounting with neutral gum. The Aperio 
scanscope scanning system (Aperio, Buffalo Grove, IL, USA) 
was used for digital pathological scanning.

Determination of the cAMP content. The double‑antibody 
sandwich ABC‑ELISA kit (Senxiong Biotechnology Co., Ltd., 
Shanghai, China) was used to measure the plasma cAMP 
levels in the CAA model rats at 4, 8 and 12 weeks, according 
to the manufacturer's instructions.

Cultivation of neonatal rat fibroblasts. A thoracotomy was 
performed on 1 to 3‑day‑old Sprague Dawley rats under 
aseptic conditions to obtain the hearts. Following digestion 
with collagenase (0.04%) and trypsin (0.08%) (Invitrogen Life 
Technologies), 10% serum‑containing medium was added 
to form a cell suspension. In accordance with the different 
wall‑adherence durations of fibroblasts and cardiomyocytes, 
differential adhesion was performed for 1.5 h in order to 
obtain the cardiac fibroblasts. The passaged fibroblasts were 
subsequently confirmed using an anti‑vimentin monoclonal 
antibody (1:100; cat no. ab8978; Abcam, Cambridge, UK) 
and immunocytochemistry; the purity was 95%.

Grouping. Generations 3‑5 of the cells were used in the 
present study. The cells were grouped as follows: i) Control 
group with no stimulation; ii) U II group, where the cells 

were stimulated with 10 -8 mol/l U II; iii) U II+KT-5720 
group, where the cells were stimulated with 10-8 mol/l U II 
+ 1 mol/l KT‑5720; and iv) U II+SB‑611812 group, where the 
cells were stimulated with 10-8 mol/l U II + 1 mol/l SB-6118
12. The changes in corresponding indexes of each group were 
observed at the specified time points.

The protein concentrations of Col I and Col III in 
the cell supernatants were determined using an ELISA 
[Rat Collagen Type I,III (Col I,III) ELISA kit; Tong Wei 
Biological Technology Co., Ltd., Shanghai, China] according 
to the manufacturer's instructions. The cells were seeded 
into 48‑well plates using the above‑mentioned method and 
were incubated with serum‑free medium for 24 h prior to the 
application of the various stimuli for 48 h. The supernatant 
was subsequently collected and the protein concentrations 
of Col I and Col III were determined by ELISA. The ELISA 
procedure was performed, according to the manufacturer's 
instructions, and each experiment was performed three times.

Western blotting. Following stimulation, the cell lysates 
were prepared using radioimmunoprecipitation assay buffer 
(Beyotime Institute of Biotechnology, Shanghai, China). 
The samples were mixed with 5X sample buffer, boiled 
for 5 min and centrifuged (13,225 xg, 15 min, 4˚C). The 
protein concentration in the supernatant was determined 
using a bicinchoninic acid (BCA) protein quantitative kit 
(Wuhan Boster Biological Technology Co., Ltd.) according 
to the manufacturer's instructions. 10% SDS-PAGE (Sangon 
Biotech) was performed using 50 µg total protein from the 
cell lysates. Following electrophoresis, the proteins were 
transferred onto nitrocellulose membranes (Wuhan Boster 
Biological Technology, Co., Ltd.) and blocked with bovine 
serum albumin (Wuhan Boster Biological Technology 
Co., Ltd., Hubei, China) for 1 h at room temperature. The 
membranes were subsequently incubated with primary 
antibodies against Col I (1:5,000) and Col III (1:7,500) over-
night at 4˚C. Following the washing of the membranes, the 
secondary antibodies were applied and the membranes were 
incubated for 1 h, followed by enhanced chemiluminescence 
(ECL) detection using an ECL kit (Applygen Technologies 
Inc, Beijing, China). Band Scan Imaging software (Glyko, 
Novato, CA, USA) was used to analyze the intensity of the 
bands.

Table I. Comparison of IVSTd, LVPWTd, LVDd and EF between the two groups.

Group N Time (weeks) IVSTd (mm) LVPWTd (mm) LVDd (mm) EF (%)

Sham 5 4 1.72±0.14 1.74±0.12 4.81±0.25 72.32±5.68
 5 8 1.85±0.11 1.75±0.45 4.85±0.16 73.12±5.11
 5 12 1.75±0.12 1.76±0.13 4.86±0.13 74.15±5.16
Model 6 4 2.34±0.11a  1.84±0.25 4.91±0.48 70.70±5.94
 6 8 2.40±0.03a 2.52±0.24a 6.83±0.28a 63.15±5.23a

 6 12 1.72±0.17b 2.87±0.35b 7.05±0.14b 45.16±4.21b

Values are expressed as the mean ± standard deviation. aP<0.05 and bP<0.01, compared with the sham group. EF, ejection fraction; LV, left 
ventricular; IVSTd, end‑diastolic interventricular septal thickness; LVDd, end‑diastolic left ventricular diameter; LVPWTd, end‑diastolic left 
ventricular posterior wall thickness; N, number.
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Statistical analysis. SPSS 13.0 software (SPSS, Inc., Chicago, 
IL, USA) was used for statistical analysis. The quantitative data 
are expressed as the mean ± standard deviation. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Echocardiography results. As shown in Table 1, at 4 weeks 
following surgery, the IVSTd of the model group had 
increased to a greater extent compared with the sham group, 
and the LVPWTd exhibited a non‑significant thickening trend 
(P>0.05). The LVDd and EF were not significantly altered. The 
IVSTd, LVPWTd and LVDd of the model group were signifi-
cantly increased relative to the sham group 8 weeks following 
surgery (P<0.05), and the EF was decreased (P<0.05). This 
trend continued for 12 weeks following surgery: The IVSTd, 
LVPWTd and LVDd of the model group were significantly 
increased relative to the sham group (P<0.01), and the EF was 
decreased (P<0.01).

Changes in the hemodynamic parameters. As shown in 
Fig. 1, compared with the sham group, the levels of LVSP, 
+dP/dtmax, - dP/dtmax and LVEDP were not significantly 
altered in the model group 4 weeks following surgery. The 
+dP/dtmax and − dP/dtmax levels were significantly decreased 
at 8 weeks following surgery (P<0.05), whereas the LVEDP 
was significantly increased (P<0.05). These changes were 
more pronounced at 12 weeks following surgery (P<0.01). The 
LVSP level temporarily increased 8 weeks following surgery 
(P<0.05) and significantly decreased 12 weeks following 
surgery (P<0.01).

Morphological examination of the myocardial tissue biopsies. 
HE staining revealed that, compared with the sham group, 

the diameter of the myocardial cells in the model group was 
increased. The cells in the model group were arranged irregu-
larly with disorganized muscle fibers; the muscular fibers were 
loose and exhibited edema, with increased gaps between them, 
and the fibrous connective tissues around the partial muscle 
bundles exhibited hyperplasia (Fig. 2). Masson staining high-
lighted the collagen fibers with a blue coloration, whereas the 
muscle fibers and cellulose were colored red. Compared with 
the sham group, the expression of collagen fibers in the model 
group cardiac tissues gradually increased, particularly by the 
week 12 (Fig. 2).

Immunohistochemical staining results. Fig. 3 demonstrated 
the expression of U II in the rat myocardial tissues. The darker 
areas indicated U II expression inside the myocardial intersti-
tium. Compared with the sham group, U II expression in the 
model group gradually increased over time. The quantitative 
analysis revealed that the increased U II expression in the 
model group was time‑dependent (P<0.05).

Fig. 4 demonstrated the expression of UT in the rat 
myocardial tissues; the darker areas of staining indicate UT 
expression in the cytoplasm of the myocardial cells. There was 
a low expression level of UT in the cytoplasm of the sham 
group myocardial cells. Compared with the sham group, the 
expression of UT in the model group gradually increased over 
time. The quantitative analysis revealed that the increased 
expression of UT in the model group was time‑dependent 
(P<0.05).

Figs. 5 and 6 revealed the expression levels of Col I and 
Col III in the rat myocardial tissues; the darker areas of 
staining indicated the expression of Col I and Col III in the 
myocardial interstitial tissues. There was a small quantity of 
Col I and Col III expression in the sham group. Compared with 
the sham group, the expression levels of Col I and Col III in the 

  A   B

  C   D

Figure 1. Changes in the hemodynamic parameters of each group. The data are shown for (A) LVSP, (B) +dP/dtmax, (C) LVEDP and (D) -dP/dtmax. *P<0.05 and 
**P<0.01, compared with the control (sham) group (n=6). LV, left ventricular; LVSP , LV systolic pressure; LVEDP, LV end‑diastolic pressure; +dP/dtmax, the 
maximum increase in the LV pressure; -dP/dtmax, the maximum decrease in the LV pressure.
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  A   B

  C   D

Figure 4. Changes in the expression of GPR14 in the rat myocardial tissues. The darker areas indicate the positive expression as before. The tissue shown in 
each panel represents the (A) sham group; (B) 4, (C) 8 and (D) 12 weeks following surgery model groups. (E) The bar chart illustrates the quantification of the 
expression of GPR14 (mol/l). *P<0.05, data compared with the pseudo‑operation group. GPR14, G‑protein‑coupled receptor 14. 

Figure 2. Photomicrographs of hematoxylin and eosin staining for the (A) sham group, (B) 4, (C) 8 and (D) 12 weeks following surgery model groups, and 
Masson staining for the (E) sham group, (F) 4 weeks, (G) 8 weeks, and (H) 12 weeks following surgery model groups. Magnification, x400. Arrows indicate a 
single typical cardiomyocyte (magnification, x800). 

 A   B   C   D

 E   F   G   H

Figure 3. Changes in the expression of U Ⅱ in the rat myocardial tissue. The darker areas indicate positive expression (magnification, x400; scale bar, 50 µm). 
The tissue in each panel represents the (A) sham group, (B) 4, (C) 8 and (D) 12 weeks following surgery model groups. (E) The bar chart illustrates the 
quantification of the expression of U II (mol/l). *P<0.05, data compared with the pseudo‑operation group. U II, urotensin II.

  D  C

  B  A   E

  E
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model group gradually increased over time. The quantitative 
analysis revealed that the increased expression of Col I and 
Col III in the model group was time‑dependent (P<0.05). 

cAMP concentration determination using the ABC‑ELISA 
method. As shown in Fig. 7, the plasma cAMP concentration in 
the model group was higher compared with the sham group at 
week 4 (P<0.05). At weeks 8 and 12, the plasma cAMP concen-
trations exhibited a time‑dependent increase, which was more 
significant compared with that observed in week 4 (P<0.01).

Determination of Col I and Col III concentration using the ELISA 
method. As shown in Fig. 8, stimulation with 10-8 mol/l U II 
significantly stimulated the accumulation of Col I and Col III 
protein in the fibroblasts. This difference was statistically 
significant when compared with the control group (P<0.01). The 

Figure 7. Changes in the plasma cAMP concentration of the model group mea-
sured at different time points. *P<0.05 and **P<0.01, the model group compared 
with the control group (n=6). cAMP, cyclic adenosine monophosphate.

  A   B

  C   D

Figure 6. Changes in the expression of Col III in the rat myocardial tissues. The darker areas indicate the positive expression as before. The tissue shown in 
each panel represents the (A) sham group, (B) 4, (C) 8 and (D) 12 weeks following surgery model groups. (E) The bar chart illustrates the quantification of the 
expression of Col II (mol/l). *P<0.05, data compared with the pseudo‑operation group. Col III, collagen III.

  A   B

  C   D

Figure 5. Changes in the expression of Col I in the rat myocardial tissues. The darker areas indicate the positive expression as before. The tissue shown in 
each panel represents the (A) sham group, (B) 4, (C) 8 and (D) 12 weeks following surgery model groups. (E) The bar chart illustrates the quantification of the 
expression of Col I (mol/l). *P<0.05, data compared with the pseudo‑operation group. Col I, collagen I.

  E

  E
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administration of 10-8 mol/l U II and either the U II receptor 
antagonist, SB‑611812, or the PKA‑specific inhibitor, KT‑5720, 
resulted in a significant decrease in Col I and Col III levels 
compared with the U II treatment group (P<0.05). These results 
indicated that the U II-stimulated synthesis of Col I and Col III 
in fibroblasts may be achieved through the PKA pathway.

Protein expression levels of Col I and Col III in fibroblasts. As 
shown in Fig. 9, there was a small quantity of Col I and Col III 
expression in the fibroblasts from the control group. Following 
stimulation with 10-8mol/l U II, the expression of Col I and 
Col III increased significantly (P<0.01). The administration 
of 10-8 mol/l U II and either the U II receptor antagonist, 
SB‑611812, or the PKA‑specific inhibitor, KT5720, resulted 

in a significant decrease in Col I and Col III levels compared 
with the U II treatment group (P<0.05). These results indicated 
that the PKA pathway may be involved in the U II‑stimulated 
synthesis of Col I and Col III in the fibroblasts. 

Discussion

Heart failure is an important condition, which endangers 
human lives and chronic pressure-overload is an important 
cause of heart failure. LV pressure overload can induce cardiac 
hypertrophy, fibrosis and systolic dysfunction (14‑16). As the 
duration of LV pressure overload increases, LV hypertrophy can 
gradually develop, eventually leading to heart failure (14,15). 
CAA has been demonstrated to successfully replicate chronic 

  A   B

Figure 8. Quantity of (A) Col I and (B) Col Ⅲ measured in the cellular supernatant of each group (the control group, or following treatment with the U II 
receptor antagonist, SB-611812, or the protein kinase A‑specific inhibitor, KT‑5720. **P<0.01, compared with the control group; #P<0.05 and ##P<0.05, com-
pared with the U II group. Col, collagen; U II, urotensin II.

  A   B

  C   D

Figure 9. Expression of (A) Col I and (B) Col Ⅲ in the fibroblasts of each group, when treated with U II alone or in combination with the U II receptor antagonist, 
SB‑611812, or the protein kinase A‑specific inhibitor, KT‑5720. (C and D) *P<0.01, compared with the control group; #P<0.05 and ##P<0.05, compared with the 
U II group. Col, collagen; U II, urotensin II.
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pressure-overload heart failure and provides an appropriate 
experimental model (17).

U II was identified as a type of vasoactive peptide 
in mammals. Previous studies revealed that U II serum 
levels were markedly higher in patients with clinical heart 
failure (18,19), and were also higher in the cardiac tissues 
of patients with end‑stage heart failure (2). Similarly, animal 
experiments revealed that, in the coronary artery liga-
tion-induced myocardial infarction heart failure rat model, 
the expression of ventricular U II and its receptor UT revealed 
a gradual time-dependent increase in concentration (7). 
The chronic perfusion of U II into rats can induce diastolic 
dysfunction and stimulate collagen synthesis (20). U II can 
also induce the mRNA expression levels of Col I and Col III in 
neonatal cardiac fibroblasts through the transforming growth 
factor β1 signaling pathway (21,22). These previous studies 
indicated that U II exerts an important role in heart failure 
and myocardial fibrosis. A study performed previously on the 
role and signal transduction mechanisms of U II have princi-
pally concentrated on blood vessel regulation (23). However, 
whether U II is involved in the development of chronic pressure 
in overload‑induced rat myocardial fibrosis, and the possible 
mechanisms of this involvement, remain to be elucidated. In 
the present study, CAA was used to establish a rat model, and 
echocardiography and hemodynamic detection indicated that, 
with a prolonged modeling time, the systolic and diastolic 
functions of the model group rats decreased, confirming the 
use of the chronic pressure-overload heart failure model.

Furthermore, HE and Masson staining confirmed that the 
CAA‑established chronic pressure‑overload heart failure rat 
model exhibited clear myocardial fibrosis. Additionally, the 
degree of fibrosis gradually increased as the modeling time 
increased. Immunohistochemical staining revealed that the 
protein expression levels of U II, UT, Col I and Col III in the 
myocardial tissues of the model group markedly increased. 
As myocardial fibrosis progressed, the levels of these proteins 
exhibited a time‑dependent increase, suggesting that U II and 
its receptor, UT, may be involved in the occurrence and devel-
opment of myocardial fibrosis in the pressure‑overload rats.

Contemporary studies have demonstrated that, in addi-
tion to its effects on hemodynamics, U II may be involved in 
myocardial fibrosis by increasing collagen synthesis (10). The 
UT antagonist, SB‑611812, markedly reduced cardiac remod-
eling (11). The mechanism of U II-induced collagen synthesis 
may involve the PKC, mitogen‑activated protein kinase or calci-
neurin (24) pathways, although the precise mode of U II action 
in myocardial cells remains to be fully elucidated (25‑27). The 
cAMP‑PKA pathway is a major pathway of cellular signal 
transduction, which regulates multiple protein activities, the 
expression of numerous genes and diverse cellular functions. 
The specific action of cAMP in cells is considered to be regu-
lated via the activation of the cAMP-dependent PKA signaling 
pathway (28). Our previous study used the Langendorff rat 
isolated‑heart model and observed that different concentrations 
of U II (EC50 10-8 mol/l) produced a dose‑dependent inhibi-
tion of cardiac function; a more marked inhibitory effect was 
observed in the CAA‑induced heart failure rat model (29). The 
PKA‑specific inhibitor, KT5720, inhibits the U II‑mediated 
heart function inhibition in normal and heart failure model 
rats, and at the cellular level, KT5720 was observed to inhibit 

the U II‑stimulated inhibition of L‑type Ca2+ currents in rat 
cardiomyocytes. Therefore, U II may inhibit cardiac L‑type 
Ca2+ currents through the PKA pathway and this may account 
for the inhibitory effect of U II on cardiac functions (30). In 
order to further investigate the mechanism(s) of U II in myocar-
dial fibrosis and the association with the cAMP‑PKA pathway, 
an in vitro neonatal rat fibroblast experiment was performed. 
The administration of U II and the antagonists, KT5720 
and SB-611812, indicated that 10-8 mol/l U II significantly 
stimulated the synthesis of Col I and Col III in fibroblasts, 
and that KT5720 and SB-611812 significantly reduced 
the U II-stimulated synthesis and expression of Col I and 
Col III. These results indicated that KT5720 and SB-611812 
significantly inhibited U II‑induced Col synthesis in cardiac 
fibroblasts. Taken together with the in vivo experiments, which 
deomonstrated that plasma cAMP concentrations in the model 
group gradually increased with the severity of myocardial 
fibrosis, the results suggested that the cAMP-PKA signaling 
pathway may regulate U II‑promoted collagen synthesis in 
cardiac fibroblasts, and therefore is involved in the process of 
pressure overload‑induced myocardial fibrosis in rats.

 In conclusion, in the CAA-induced chronic pressure-over-
load rat model, the extent of heart failure and myocardial 
fibrosis gradually increased with time. Similarly, the expres-
sion levels of U II, UT, Col I and Col III in myocardial tissues 
significantly increased with time, suggesting that U II may 
exert an important role in the myocardial fibrosis process in 
the pressure-overload rat model. The in vitro experiments 
revealed that the cAMP‑PKA signaling pathway regulated the 
effects of U II on Col synthesis in cardiac fibroblasts, and that 
this effect was mediated by UT and antagonized by UT inhibi-
tion. Therefore a novel signaling pathway associating U II and 
myocardial fibrosis was putatively been identified, although 
further studies are required in animal models.
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