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Abstract 
Angiotensin II (Ang II) is known to elicit cardiac fibrosis by activating the 
AT1 receptor and CD44 expression in the in vivo model. However, the cellu-
lar/molecular mechanisms underlying cardiac fibrosis are still not well un-
derstood. This study examines the roles of the AT1 receptor and CD44 gene 
expression in collagen synthesis through Ang II stimulated cardiac fibrob-
lasts. Fibroblasts were isolated from the neonatal rat hearts; the activation of 
fibroblasts was evaluated using the assays of cell viability and migration, and 
silencing of CD44 gene expression was conducted with small interfering RNA 
(siRNA). Results showed that Ang II significantly increases the cell prolifera-
tion and migration in a dose-dependent manner. Upon activation, the protein 
levels of TGF-β1, Smad2, Smad4 and collagen I were significantly increased 
(all p < 0.05 vs. unstimulated cells), but these changes were significantly down-
regulated by the AT1 receptor blocker, telmisartan (all p < 0.05 vs. Ang II ac-
tivated cells). Furthermore, mRNA and protein level of CD44 were upregu-
lated, and there was a linear correlation between CD44 and TGF-β1 as dem-
onstrated by Pearson correlation analysis (r = 0.955, p < 0.01). Gene transfec-
tion of fibroblasts with Ad-CD44 siRNA, as evidenced by low levels of CD44 
mRNA and protein, significantly reduced the production of collagen I. In 
summary, these results indicate that the proliferation, migration and collagen 
production from Ang II activated cardiac fibroblasts are potentially mediated 
by the AT1 receptor and CD44. Such a signaling mechanism could be crucial 
for the production of collagen and the development of tissue fibrosis in the 
heart. 
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1. Introduction 

Cardiac fibroblasts, defined as cells of the non-cardiomyocytes in the heart, are 
usually spindle-shaped cells with a large oval/flat pleomorphic nucleus, which 
can be found in the interstitial spaces of myocardium [1]. In the normal condi-
tions, cardiac fibroblasts provide a structural scaffold for cardiomyocytes by 
producing fibrillar collagens as the predominant components of extracellular 
matrix proteins to maintain the structural integrity of the heart [2] [3]. Upon 
mechanical or chemical injury to the myocardium, the population of cardiac fi-
broblasts increases through the replication of resident fibroblasts, transforma-
tion of endothelial cells or migration of bone marrow cells. Excessive production 
and deposition of extracellular matrix proteins from cardiac fibroblasts lead to 
the development of cardiac fibrosis with adverse effects on myocardial structure 
and function [4] [5] [6].  

The CD44 antigen is a transmembrane glycoprotein, which is primarily ex-
pressed in a large number of mammalian cell types such as inflammatory and 
vascular cells, and involved in cellular adhesion and migration [7]. The principal 
ligand of CD44 is hyaluronan, a major glycosaminoglycan constituent of extra-
cellular matrix that is upregulated within the interstitium of myocardium along 
with activation of cardiac fibroblasts. Cell surface CD44 on cardiac fibroblasts is 
an adhesion receptor for hyaluronic acid, and facilitates the proliferation and 
migration of fibroblasts into fibrin matrices. Activated cardiac fibroblasts, in 
turn, produce excessive fibrotic extracellular matrix, and cause cardiac fibrosis 
and cardiomyocyte hypertrophy [8].   

In the rat model of angiotensin II (Ang II) infusion, we have previously re-
ported that the blockade of Ang II AT1 receptor with a selective AT1 receptor 
blocker telmisartan reduces myocardial fibrosis, which is primarily mediated by 
inhibiting differentiation of fibroblasts to myofibroblasts via downregulating the 
expression of transforming growth factor-β1 (TGF-β1) released from the infil-
trated macrophages. In coincidence with this blockade of the AT1 receptor, 
CD44 protein expression in the myocardium was downregulated [9]. Further-
more, CD44 deficiency reduced Ang II-induced myocardial fibrosis through in-
hibiting inflammatory cytokines and oxidative stress [10]. It is well known that 
fibroblasts play a key role in mediating fibrotic cascade after the fibroblasts are 
differentiated to myofibroblasts in response to TGF-β1 stimulation [9]. Howev-
er, in the majority of previous observations including our studies, the blockade 
of the AT1 receptor was examined using homogenized tissue blocks from the 
whole heart, and the expression of CD44 on the microvessels and myocardium 
was identified using immunohistochemical staining [9] [10] [11] [12] [13]. Fur-
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thermore, although much research has been performed examining the fibroblast 
activation by Ang II in various organs, at the present time, we do not know 
whether Ang II stimulation or upregulation of CD44 gene expression has direct 
positive effect on activation, proliferation and migration of cardiac fibroblasts. 
Therefore, using isolated cardiac fibroblasts from the neonatal heart, we ex-
amined whether migration/differentiation of cardiac fibroblasts stimulated by 
Ang II could be blocked by the AT1 receptor blocker, telmisartan, and whether 
silencing of CD44 gene expression could inhibit the activation of cardiac fibrob-
lasts. Examination of this phenomenon in cultured fibroblasts may provide the 
experimental evidence to facilitate the exploration of anti-fibrosis therapy in 
which the inhibition of cardiac fibroblast activation is proposed as a main target.  

2. Materials and Methods 
2.1. Antibodies 

Primary antibodies against cardiac troponin I (ab47003), Vimentin (ab8978), 
TGF-β1 (ab25121), collagen I (ab90395) were purchased from Abcam (England). 
Primary antibodies against DDR2 (N-20) (sc7555), von Willebrand Factor (vWF) 
(sc27649) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). 
Primary antibodies against p-Smad2 (No. 3108) and Smad4 (No. 9515) were 
purchased from Cell Signaling Technology (Boston, MA, USA). Primary anti-
body against CD44 (bs2507R) was purchased from Bioss Technology (Beijing, 
China). Donkey anti-Mouse IgG, Alexa Fluor 488 (A21202) and Donkey an-
ti-Goat IgG, Alexa Fluor 594 (A11058) were purchased from Life Technologies 
(Waltham, MA, USA). Goat anti-Rabbit IgG (CW0103) and Goat anti-Mouse 
IgG (CW0102) were purchased from ComWin Biotch Co. (Beijing, China). Type 
II collagenase (17101-015) and angiotensin II (A9525) were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA) and Sigma-Aldrich (St. Louis, 
MO, USA) respectively. 

2.2. Isolation and Culture of Neonatal Rat Cardiac Fibroblasts 

All procedures were performed in compliance with “The Guide for the Care of 
Use of Laboratory Animals” published by the US National Institute of Health 
(8th edition) and revised in 2011. The experimental protocol was approved by 
the Experimental Animal Management Committee of Shanxi Medical Universi-
ty, Taiyuan, China (Approval NO. 2015-0001).  

One to three-day old Sprague-Dawley rats were obtained from the Animal 
Laboratory Center of Shanxi Medical University. Cardiac fibroblasts were iso-
lated from rats using a modified version of the differential attachment method as 
described previously [13]. In brief, the intact hearts were rapidly removed into 
the cold phosphate buffered saline to wash and rinse out the blood for 3-4 times. 
After excluding the connective tissue and atrium, the ventricles were minced in-
to 1 cubic mm tissue blocks and digested with mixed enzyme solution that con-
tains 0.08% trypsin and 0.04% type II collagenase through a 6 min-period of 8 - 
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10 cycles at 37˚C. The minced tissue solution was filtered through a 70 µm-cell 
strainer and centrifuged at 800 g for 10 min at room temperature. The cells col-
lected were plated in the wells with moderate DMEM medium supplemented 
with 10% FBS, and then incubated at 95% O2 and 5% CO2 under 37˚C. Two 
hours later, unattached cells were discarded and the attached cells were plated in 
fresh DMEM medium containing 10% FBS at 37˚C. When the degree of cell fu-
sion reached to about 80%, the cells were digested with trypsin EDTA and pas-
saged. Subsequent experiments were performed using cells at 2 - 4 passages. Be-
fore each assay, isolated cardiac fibroblasts were incubated and synchronized 
with serum-free DMEM medium for 24 h. In the following observations, the 
cells were exposed to a fresh medium solution (control), Ang II activation (10 
nM to 1 µM) or Ang II (50 nM) plus telmisartan (100 nM). The selection of tel-
misartan dose was based on its inhibition on collagen secretion and production 
from Ang II stimulated cardiac fibroblasts [14].  

2.3. Immunofluorescence Staining  

Immunofluorescence staining with vimentin and DDR2 (N-20) for fibroblasts, 
vWF for endothelial cells and cardiac troponin I for cardiomyocytes were se-
lected to identify whether isolated cells are cardiac fibroblasts, but not endotheli-
al cells and cardiomyocytes. In brief, the cells were plated at a density of 1 × 104 
per well in 96-well plates, fixed with 4% paraformaldehyde, and then washed 
with 0.5% Triton X-100. Immunofluorescence staining was performed on incu-
bated cells with vimentin (dilution at 1:50), DDR2 (N-20), vWF and cardiac 
troponin I (all dilution at 1:100), respectively, at 4˚C overnight. The secondary 
antibodies including Donkey anti-mouse IgG, Alexa Fluor 488 or Donkey an-
ti-goat IgG, Alexa Fluor 594 were then applied for 90 min at room temperature 
correspondingly. The nuclei were stained with DAPI for 10 min. Finally, the 
morphology of the cells were observed and the photos were taken under the flu-
orescence microscopy using a digital camera (Olympus, Japan)  

2.4. Cell Proliferation Assay  

Cell proliferation assay was assessed by a Cell Counting Kit-8 (CCK-8, Dojindo, 
kumamoto, Japan) according to the manufacturer’s protocol. Cardiac fibroblasts 
were seeded into 96-well plates at a density of 7 × 103 cell per well, and treated 
with Ang II at different concentrations for 24 h. CCK-8 reagents were then add-
ed into the culture medium at a ratio of 1:10 at 37˚C for 2 h to identify the cell 
proliferation based on manufacture’s instruction (Dojindo, Shanghai, China). 
The absorbance at 450 nm was measured using a microplate reader (Molecular 
Devices Corp, San Jose, CA, USA) to estimate cell proliferation. 

2.5. Transwell Migration Assay  

The transwell migration assay is a commonly used test to study the migratory 
response of the cells to oxidative stress stimulation. In brief, the cell suspension 
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before assay was prepared at the density about 1 × 106/ml. After adding 500 μl 
serum free medium into 24-well plates, the transwell chambers (No. 3422, 
CORNING, NY, USA) were placed; 200 μl of cell suspension was pipetted into 
the upper chamber and cultured at 37˚C for 12 h without touching the mem-
brane or introducing air bubbles. Following an incubation period (24 h), the 
migrated cells through membrane were fixed using 4% paraformaldehyde at 
room temperature for 30 min. After washing with PBS twice, the membranes 
were stained by 0.1% crystal violet solution for 20 min. To count the cell mi-
gration, the transwell chamber was viewed using an inverted microscope 
(Olympus, Japan), and the numbers of migrated cells were counted from eight 
high-powered fields (HPF, 400× magnification) to get an average sum of the 
cells.  

2.6. Real-Time Polymerase Chain Reaction (RT-PCR) 

The level of CD44 mRNA detected from the cells was measured by real-time 
PCR. Briefly, 0.5 μg of total RNA isolated from the cells using RNAiso plus (9108, 
TaKaRa, Shiga, Japan) was reverse-transcribed into cDNA by the Prime Script 
RT Master Mix (DRR036A, TaKaRa, Shiga, Japan). SYBR Premix Ex TaqTM II 
(rr820A, TaKaRa, Shiga, Japan) was selected to test CD44 mRNA expression. 
The thermal profile for SYBR Green PCR was 95˚C for 30 s, followed by 40 
cycles of denaturation at 95˚C for 5 s and annealing at 60˚C for 20 s. The primer 
sequences were as follows: 

CD44 (Gen-Bank accession number, NM_012924.2), forward:  
5’-CTCAAGTGGGAATCAAGACAGTGG-3’ and reverse:  
5’-TGCAGACGGCAAGAATCAGAG-3’, GAPDH (Gen-Bank ID NM_017008.3), 
forward: 5’-GGCACAGTCAAGGCTGAGAATG-3’ and reverse:  
5’-ATGGTGGTGAAGACGCCAGTA-3’. The amplification was normalized to 
GAPDH and the expression of CD44 mRNA was quantified by the relative 
quantitative 2−ΔΔCt method. 

2.7. Western Blot Analysis 

Isolated cells from different groups were washed with PBS and lysed with lysates 
buffer (P0013, Beyotime, Shanghai, China) containing protease inhibitors (R0100, 
Solarbio, Beijing, China) and phosphatase inhibitor (AR1183, Solarbio, Beijing, 
China) for 30 min on ice. The supernatant was collected after centrifugation at 
14,000 rpm for 15 min at 4˚C and the protein concentration was determined us-
ing BCA Protein Assay kit (23225, Thermo Fisher Scientific, Waltham, MA, 
USA). The protein sample (50 μg) was loaded, separated using SDS-PAGE, 
transferred to PVDF membranes at 15 eV for 15 min, and blocked with 5% 
non-fat milk for 1 h at room temperature. The membranes were then incubated 
with primary antibodies (i.e. CD44, pSmad2, Smad4, TGF-β1, Collagen I) over-
night at 4˚C. After washing 3 times, the membranes were incubated with horse-
radish peroxidase conjugated secondary antibodies (i.e. goat anti-Rabbit IgG and 
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goat anti-Mouse IgG). Finally, the bands were detected with Bio-Rad imaging 
system assisting with ECL reagent kit according to the manufacturer’s instruc-
tions. The gray-scale values of straps were analyzed via ImageJ software, and the 
relative expression of proteins was normalized on β-actin or GADPH. 

2.8. Adenovirus Infection  

CD44 on the cells was silenced using small interfering RNA (siRNA). The cells 
in the log phase of growth were separately transfected with adenovirus targeting 
rat CD44 (Ad-CD44 shRNA1, Ad-CD44 shRNA2 and Ad-CD44 shRNA3) accord-
ing to the manufacturer’s recommendations, which were designed by HANBIO 
Company (Shanghai, China). A similar adenoviral vector encoding the GFP gene 
(Ad-GFP NC) was used as a control. After adenovirus were co-incubated with cells 
for 4 h, the fresh medium was changed and the cells were continually cultured 
for another 32 h. Target cells showing green fluorescent protein (GFP)-positive 
were observed under a fluorescence microscope. The virus that induces the most 
significant decrease in CD44 expression was selected for ongoing experiments. 
All procedures involving virus operation were performed in a biosafety cabi-
net. 

2.9. Statistical Analysis 

SPSS 21.0 software served as the statistical analysis tool. Data from six individual 
experiments were averaged as mean ± standard deviation and analyzed by 
one-way ANOVA. Pearson correlation test was used as correlation analysis. A p 
value of less than 0.05 was considered to be statistically significant. 

3. Results 
3.1. Identification of Primary Cultured Neonatal Rat Cardiac  

Fibroblasts 

The first passage of neonatal rat cardiac fibroblasts grew rapidly on day 1. The 
cell passaging or splitting of fibroblasts on day 2 displayed their typical spread 
morphology to form a confluent monolayer culture. Inactive fibroblasts were 
smaller, spindle or polygonal-shaped, and irregularly branched cytoplasm with a 
large ovoid nucleus, clear boundaries and good refraction (Figure 1(A)). The 
purity of isolated cardiac fibroblasts during cell preparations was evaluated using 
immunofluorescence staining. As shown in Figure 1(B), the majority of the cells 
were stained positively with vimentin and discoid in domain receptor-2 (DDR2), 
the markers of fibroblasts. Absence of staining in these cells with cardiac tropo-
nin I or von Willebrand Factor indicated that the cells isolated are not cardi-
omyocytes and endothelial cells. To identify whether cardiac fibroblasts attach to 
the plates during the culture period, DAPI (4’,6-Diamidino-2-Phenylindole, Di-
hydrochloride), a cell-permeable fluorescent DNA-binding dye, was applied. In-
tensity of fluorescence staining showed the smaller, more intensely stained nuc-
lei, suggesting that cardiac fibroblasts equally distribute well (Figure 1(B)).  
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Figure 1. Characterization of cultured cardiac fibroblasts. (A) Cells were isolated from 
the neonatal rat heart and morphology of second passage of cardiac fibroblasts was iden-
tified from the bright-field images taken at 100× magnification under perspective condi-
tion of plane (top panel) and stereoscopic visual condition (bottom panel), respectively. 
(B) Cultured cardiac fibroblasts were characterized using specific fibroblast markers, vi-
mentin (Vim, green) and discoid in domain receptor-2 (DDR2, red). Cardiomyocytes and 
endothelial cells were stained using cardiac troponin I (cTnI) and von Willebrand Factor 
(vWF) to identify the purity of fibroblast isolation. Cellular nuclei were stained using 4’, 
6-Diamidino-2-Phenylindole (DAPI, blue). Absence of immunofluorescent cTnI and 
vWF indicated that the cells isolated are cardiac fibroblasts. Scale bar represented 100 µm. 

3.2. Ang II Enhanced Proliferation and Migration of Cardiac  
Fibroblasts 

After fibroblasts were originally plated at equal density on day 2, the dose-response 
effect of Ang II on the proliferative capacity of cardiac fibroblasts was assessed. 
Compared with non-treated cells (control), stimulation of cardiac fibroblasts 
with extracellular Ang II for 24 h significantly increased fibroblast proliferation 
(0.9 ± 0.04 in 50 nM vs 0.6 ± 0.07 in control, p < 0.05, Figure 2(A)). The max-
imal enhancement was seen at a dose range between 50 - 100 nM. Although a 
higher dose of 300 nM or 1 μM also induced fibroblast proliferation, the proli-
ferative degree of fibroblasts started to decline (Figure 2(B)). The calculated 
values from the control, it was shown that Ang II at different concentrations in-
creased fibroblast proliferation by 1.31, 1.45, 1.43, 1.19 and 1.16 times, respec-
tively. Based on these results, 50 nM of Ang II was selected for subsequent ob-
servations. 

Transwell migration assay was used to verify the migration of Ang II stimu-
lated cardiac fibroblasts. The cells were seeded in the top compartment of the 
transwell chamber and the number of migrated cells at the bottom medium 
through a permeable polycarbonate film was identified. As shown in Figure 
2(C), the population of purple-stained cells was significantly increased compared  
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Figure 2. Effect of angiotensin II on proliferation and migration of cardiac fibroblasts. 
(A) Fibroblast morphology was observed after exposed to concentration of 50 or 300 nM 
of angiotensin II (Ang II) for 24 h by a phase-contrast microscopy. (B) Dose response of 
Ang II on cell viability was evaluated by the CCK-8 assay and the maximal effect was con-
firmed at 50 nM. (C) Cell migration was assessed by Transwell assay after 24 h of incuba-
tion without Ang II (control), Ang II (50 nM) and Ang II plus AT1 receptor blocker, tel-
misartan (Telmi, 100 nM). (D) Ang II stimulated cell migration was significantly blocked 
by Telmi. Values are means ± SEM of three independent experiments. The cell prolifera-
tion without intervention was taken as 100%. Scale bar is 100 μm.  
 
with the control after treated with Ang II at 50 nM. Addition of Ang II AT1 re-
ceptor blocker, telmisartan at a dose of 100 nM before Ang II stimulation signif-
icantly reduced the number of migrated cells (Figure 2(D)), suggesting an in-
volvement of the AT1 receptor in cell migration. 

3.3. Blockade of Ang II AT1 Receptor Inhibited Expression of  
TGF-β1, Smads and Collagen I  

Stimulation of cardiac fibroblasts by Ang II was accompanied with change in the 
expression of TGF-β1 [9]. Along with enhanced proliferation and migration of 
cardiac fibroblasts, the protein level of TGF-β1 was increased by 1.57 time after 
50 nM of Ang II was added (Figure 3(A)), which was significantly blocked by 
telmisartan, suggesting that the release of TGF-β1 from activated fibroblasts is 
mediated by the AT1 receptor. Consistent with modulation in the production of 
TGF-β1 from fibroblasts by Ang II, the protein levels of pSmad2, Smad4 and 
collagen I were simultaneously upregulated by Ang II. Compared with the con-
trol, the protein levels of pSmad2, Smad4 and collagen I were increased by 1.49, 
2.21 and 1.97 times, respectively, which all were blocked by telmisartan treat-
ment (Figures 3(B)-(D)). 
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Figure 3. Effect of angiotensin II on the expression of TGFβ1, pSmad2, Smad4, and collagen I in cardiac 
fibroblasts. The protein levels were analyzed using Western blot assay in the absence of Ang II (control), 
Ang II stimulation (50 nM) and Ang II plus AT1 receptor blocker, telmisartan (Telmi, 100 nM). These 
protein levels upregulated by Ang II were significantly blocked by Telmi (A)-(D). Results were expressed 
as a percentage of the control. Data are presented as the means ± SEM of three independent experiments. 
*p < 0.05 Ang II vs. Control, #p < 0.05 Telmi vs. Ang II. 

3.4. Blockade of Ang II AT1 Receptor Downregulated Expression  
of CD44 mRNA and Protein  

To study whether stimulation of Ang II AT1 receptor is associated with upregu-
lation in the expression of CD44 mRNA and protein, RT-PCR using primers de-
signed to recognize the fibroblast CD44 gene was performed on day 2 to obtain 
control baseline values for the cell transcriptional activity. Contrary to the ex-
pected basal expression of gene transcripts in control, RT-PCR amplified signif-
icant detectable amounts of CD44 mRNA in fibroblasts after the cells were ex-
posed to 50 nM of Ang II, when compared to controls (Figure 4(A)). The quan-
titation of CD44 mRNA expression from a control level revealed that Ang II in-
creases CD44 mRNA by 80.9% ± 4%. Consistent with upregulation of CD44 
mRNA, the expression in CD44 protein was also enhanced by 37.9% ± 2%, as 
shown by Western blot analysis (Figure 4(B)). Addition of the AT1 receptor 
blocker, telmisartan at a concentration of 100 nM significantly reduced CD44 
transcriptional activity (47.0% ± 3%) and protein level (26.2% ± 1%) relative to  
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Figure 4. Effects of Ang II on the expression of CD44 in cardiac fibroblasts. The levels of CD44 mRNA and protein were ana-
lyzed using RT-PCR and Western blot assay in the absence of Ang II (control), Ang II stimulation (50 nM) and Ang II plus AT1 
receptor blocker, telmisartan (Telmi, 100 nM). Ang II at a dose of 50 nM increased CD44 mRNA (A) and CD44 protein level (B) 
significantly. Both changes were blocked by Telmi. Pearson correlation test was used as a correlation analysis. There was a posi-
tive lineal relationship between TGFβ1 and CD44 protein (C). Results were expressed as a percentage of the control. Data are 
presented as the means ± SEM of three independent experiments. *p < 0.05 Ang II vs. Control, #p < 0.05 Telmi vs. Ang II.  

 
Ang II stimulation, respectively, (all p < 0.05, Figure 4). Furthermore, Pearson 
correlation analysis showed that there is a linear positive correlation between 
CD44 and TGFβ1, suggesting a role of CD44 in the promotion of TGFβ1 upre-
gulation (Figure 4(C)).  

3.5. Silencing of CD44 on Cardiac Fibroblasts Abrogated  
Upregulation of Collagen I Expression  

CD44 was silenced by Ad-CD44 shRNA (siCD44) to further confirm whether 
CD44 is involved in the activation of cardiac fibroblasts. To validate the effect of 
siCD44 on the suppression of CD44 in cardiac fibroblasts, RT-PCR and Western 
blot were carried out. As expected, as negative control, a fluorescent specific shRNA 
negative (Ad-GFP NC) showed the green fluorescent protein (GFP)-positive 
cells (Figure 5(A)), which was further confirmed by CD44 mRNA level (Figure 
5(B)) and protein expression (Figure 5(C)). Out of the three shRNA constructs, 
shRNA1 presented the highest efficiency in silencing CD44 expression on car-
diac fibroblasts, with a reduction of approximately 29.3% ± 1%, whereas in the 
other two, Ad-GFP shRNA2 and Ad-GFP shRNA3 did not show significant ef-
fects on the number of green fluorescent protein (GFP)-positive cells, when they 
are compared with the non-silencing control (Ad-GFP NC) (Figure 5(B)). Thus, 
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Figure 5. Effect of CD44 silencing on CD44 mRNA, CD44 protein and collagen I in cardiac fibroblasts. The cells were fluores-
cently labeled by transfecting cardiac fibroblasts with adenovirus not targeting CD44 (Ad-GFP NC) or with adenovirus target-
ing CD44 (Ad-CD44 shRNA1, Ad-CD44 shRNA2 and Ad-CD44 shRNA3), respectively (A). The reduction in CD44 mRNA 
(B) and CD44 protein level (C) confirmed an efficacy of CD44 silencing. No increase in the release of collagen I in the presence 
of Ang II was found when the cells were silenced with Ad-GFP shRNA1 (D). Results are expressed as a percentage of the con-
trol level (% of control). Data are presented as the means ± SEM of three independent experiments. *p < 0.05, Ang II vs. Con-
trol, #p < 0.05 Ad-GFP shRNA1 plus Ang II vs. Ang II. 

 
Ad-shRNA1 was chosen for sequential establishment of CD44-knockdown on 
cardiac fibroblasts. Consistent with the results of CD44 silencing, CD44 protein 
level was also significantly downregulated with Ad-shRNA1 (Figure 5(C)). 

Collagen I was selected as a parameter to demonstrate the effect of CD44 
knockdown on activation of cardiac fibroblasts. As shown in Figure 5(D), quan-
tification of total collagen I with a computer-assisted densitometric analysis showed 
a significant increase in collagen I expression after Ang II treatment at 50 nM 
when compared with control, which was not altered by Ad-GFP NC. However, 
no significant change in the expression of collagen I was seen when CD44 was si-
lenced with Ad-GFP shRNA1 even after Ang II was re-added, further supporting 
the role of CD44 in Ang II stimulated cardiac fibroblasts. Based on data demon-
strated in this study, we proposed the signaling pathways of Ang II AT1 recep-
tor/CD44 upregulation in mediating the production of collagen (Figure 6).  
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Figure 6. Signaling pathways proposed in the regulation of Ang II AT1 receptor and 
CD44 receptor mediated collagen production. Direct stimulation of the AT1 receptor in-
creases proliferation and migration of fibroblasts. There is a potential reciprocal interac-
tion between release of TGFβ1 and activation of CD44 receptor, leading to augmentation 
in the expression of Smad2/3 and synthesis of collagen from fibroblasts. Cascades under-
lying Ang II stimulated fibroblasts can be blocked either with the AT1 receptor antagonist 
or through silencing CD44 receptor. 

4. Discussion 

The goal of this study was to determine whether Ang II has a direct effect on fi-
broblast proliferation/migration, and how this signaling pathway is transmitted. 
The key findings of the present study were: 1) the data indicate that Ang II 
dose-dependently enhances the proliferation/migration of cardiac fibroblasts; 2) 
the blockade of Ang II AT1 receptor downregulates mRNA and protein levels of 
CD44, TGF-β1, Smad2 and Smad4, suggesting the AT1 receptor interaction with 
CD44 in signaling cardiac fibroblast stimulation; 3) silencing of CD44 receptor 
reduces the synthesis of collagen I, indicating an involvement of CD44 in the ac-
tivation of cardiac fibroblasts.  

Resident cardiac fibroblasts are thought to be predominantly derived from the 
epithelial cells of the proepicardium undergoing a process termed epitheli-
al-mesenchymal transition during development with approximately 70% non- 
myocytes and 30% cardiac myocytes, and represent the most abundant non- 
myocyte cell population in the heart. Other cell types, including endothelial and 
vascular smooth muscle cells, make up a small percentage of cell populations in 
the myocardium [3] [15]. Fibroblasts are distributed throughout the intermyo-
cardium to mediate a variety of cell functions, such as development, differentia-
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tion, migration and morphological changes [16]. In cardiovascular diseases, fi-
broblasts participate in the development of cardiac remodeling process through 
cell migration/proliferation and production/secretion of collagens from prolife-
rated fibroblasts, i.e. myofibroblasts [16] [17]. In the in vivo rat model of Ang II 
infusion, we have previously reported that Ang II elicited fibrotic process is me-
diated by stimulating the upstream AT1 receptor, primarily located in the blood 
vessels and myocytes [9]. In the present study, identification of cardiac fibrob-
lasts was based on immunofluorescent staining with vimentin, located in the fi-
broblast’s intermediate filaments, and the collagen receptor Discoidin Domain 
Receptor 2 (DDR2). DDR2 is the more specific for cardiac fibroblasts because it 
is not found in cardiac myocytes and endothelial cells. The purity of isolated 
cardiac fibroblasts was more than 95% when assayed by this method. Further-
more, these freshly isolated cardiac fibroblasts were not stained by troponin I 
and Von Willebrand Factor, confirming that cells isolated are not cardiac myo-
cytes and endothelial cells. Data showed clearly that Ang II is capable of stimu-
lating fibroblasts, which is blocked by Ang II AT1 receptor antagonist, telmisar-
tan, providing the direct in vitro evidence to show an involvement of the AT1 
receptor in the activation of isolated fibroblasts.  

TGF-β1 has been shown to be the most influential pro-fibrogenic factor through 
participating the proliferation, transformation and secretory function of cardiac 
fibroblasts [18] [19]. In previous in vivo study, we proposed that excessive proli-
feration/transformation of fibroblasts to myofibroblasts in the extracellular ma-
trix of myocardium is primarily induced by TGF-β1, which is released from in-
filtrated macrophages deriving from the blood circulation [9]. In the present 
study, in cultured rat heart fibroblasts, TGF-β1 expression following Ang II sti-
mulation was upregulated, suggesting that activated fibroblasts also produce 
TGF-β1. In consistent with TGFβ-1 overexpression, Smad2 is phosphorylated 
and Smad4 expression is upregulated. Binding of Smad2 to the common Smad4 
forms Smad complex, which then translocate into the nucleus to regulate the 
collagen synthesis, as evidenced by upregulated collagen I expression in the 
present study. In this regard, the conditionally deprived of Smad2 has shown an 
inhibition of collagen release and reduction of cardiac fibrosis following TGFβ-1 
stimulation [20].  

The CD44 antigen is a cell-surface glycoprotein and a receptor for glycosami-
noglycan hyaluronan (HA), a major component of extracellular matrices. CD44-HA 
interaction is involved in the production of cardiac fibrosis through cell adhe-
sion, proliferation and migration [7]. In previous in vivo studies, it has been 
shown that CD44 overexpression plays a critical role in the migration of fibrob-
lasts to sites of injury and differentiation of fibroblasts to myofibroblasts, mainly 
depending upon Ang II activated TGF-β1 signaling pathway [7] [13] [21]. To 
determine whether CD44 is directly involved in the proliferation of fibroblasts to 
myofibroblasts, leading to cardiac fibrosis, we selected the in vivo CD44 knock-
out mouse model to demonstrate that knockout of CD44 expression is associated 
with the reduction in the upregulation of TGF-β1, proliferation of fibroblasts to 
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myofibroblasts, synthesis of collagens and formation of cardiac fibrosis [10]. In 
the present study, we isolated fibroblasts from the neonatal rat heart to deter-
mine the relationship between Ang II AT1 receptor and CD44 expression in re-
sponsible to fibroblast activation in the absence of HA. We found that Ang II 
upregulated CD44 expression can be blocked by the AT1 receptor blocker, tel-
misartan, suggesting that the AT1 receptor is also presented in fibroblasts. Sti-
mulation of the AT1 receptor on fibroblasts may further enhance CD44 expres-
sion, and produce TGF-β1, as evidenced by a positive linear relationship be-
tween CD44 activation and TGF-β1 expression. These data indicate that local 
effect of TGF-β1 may depend on the activity of CD44 to control fibroblast proli-
feration/migration, and to initiate the collagen synthesis. Therefore, CD44 
upregulation on fibroblasts may further amplify stimulating effect of Ang II 
through the AT1 receptor to elicit the cell-cell interactions. To confirm this hy-
pothesis, we determined whether collagen synthesis after Ang II stimulation is 
directly related with CD44 activation, and silenced CD44 receptor to check the 
knockout effect on collagen synthesis. Data clearly showed that Ang II promoted 
collagen secretion is effectively inhibited when CD44 expression is silenced with 
Ad-GFP shRNA, providing direct evidence showing a role of CD44 in the regu-
lation of collagen synthesis on cardiac fibroblasts. These data were consistent 
with previous reports showing that CD44 participates in the activation of 
TGF-β1 and migration of fibroblasts [9] [10].  

Study limitations: Angiotensin II stimulates fibroblasts through macrophag-
es-derived TGF-β to initiate Smads-mediated collagen production [9]. However, 
it has been also reported that phosphorylation of Smads depends on p38 mito-
gen-activated protein kinase (p38MAPK) activity, which can be blocked by 
p38MAPK inhibitor, suggesting a TGF-β stimulation independent pathway [22]. 
Therefore, more studies are needed to further test whether pharmacologic or 
siRNA intervention could interfere collagen production without activating 
TGF-β in a cellular level. Moreover, stimulation of the AT1 receptor by angi-
otensin II is associated with fibroblast activation [9]. It is unknown whether 
pharmacologic blockade of the AT1 receptor or knockout of the AT1 receptor 
could modulate p38MAPK signaling, and reduce collagen production. Founda-
tional studies in cultured fibroblasts are necessary to demonstrate potential effi-
cacy of the AT1 receptor blocker relative to the p38MAPK inhibitor in attenua-
tion of collagen production.  

5. Conclusion 

In summary, upregulation of the AT1 receptor and over expression of CD44 oc-
cur on cardiac fibroblasts when these cells are stimulated by Ang II, leading to 
the recruitment of multiple signaling pathways in the production of collagen. 
Either blockade of the AT1 receptor or silencing of CD44 expression reduces 
TGF-β1/Smads-mediated collagen synthesis. These data provide cellular and 
molecular evidence that, in addition to Ang II induced cardiac fibrosis through 
stimulating multiple cell types including endothelial cells, macrophages and car-
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diomyocytes, Ang II also directly stimulates fibroblasts. Therefore, therapeutic 
advance to attenuate Ang II induced myocardial injury could be achieved by 
specifically targeting anti-fibroblast activation [23].  
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