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Abstract: Objective: The traditional Chinese medicinal berberine has long been used to treat cardiovascular dis-
eases; however, the mechanism underlying its effects remains unclear. Here, this study would to investigate the 
effects of berberine on proliferation, collagen synthesis and cytokine secretion of cardiac fibroblasts. Methods: We 
assessed proliferation, collagen synthesis and cytokine secretion in cardiac fibroblasts subjected to angiotensin II 
(Ang II) subsequent to the consumption of berberine or a control treatment. And then we detected the role of AMPK/
mTOR signaling pathway in berberine treatment of cardiac fibroblasts. Results: In the present study, the cellular 
behaviors of cardiac fibroblasts induced by Ang II were significantly activated including proliferation, transformation 
into myofibroblasts and collagen synthesis. Additionally, the ability of cytokine secretion was enhanced obviously. It 
was demonstrated that treatment of cardiac fibroblasts with berberine resulted in deceased proliferation, and at-
tenuated fibroblast α-smooth muscle actin expression and collagen synthesis. And the protein secretion of TGFβ1 
was inhibited; however, the protein secretion of IL-10 was increased in cardiac fibroblasts with berberine treatment. 
Mechanistically, the phosphorylation level of AMPK was increased; and the phosphorylation levels of mTOR and 
p70S6K were decreased in berberine treatment group. Conclusion: These results illustrated that the protective ef-
fects of berberine on cellular behaviors of cardiac fibroblasts were at least in part due to activate AMPK signaling 
pathway and downregulate mTOR/p70S6K signaling pathway. Berberine might become a new strategy for treating 
cardiac fibrosis in the future.
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Introduction

In normal heart, there are cardiomyocytes and 
non-myocardial cells including cardiac fibro-
blasts (CFs), endothelial cells and smooth mus-
cle cells within vessels [1, 2]. Although cardio-
myocytes account on the weight for 70% to 
80% of the normal heart, only take up 20% to 
30% of the total cell number of the whole heart. 
However, the CFs make up from 40 to over 60% 
of the total cell population. Cardiac fibroblasts 
are the major composition of myocardial inter-
stitial cell, which are important for supporting 
the structure and interacting with cardiomyo-
cytes [3-5]. Additionally, collagen and some cel-

lular active substances are primarily produced 
by cardiac fibroblasts [6]. In response to stress, 
profibrotic cytokines are released leading to 
cardiac fibroblast proliferation and transforma-
tion into myofibroblasts which are responsible 
for the excessive accumulation of extracellular 
matrix [7-9]. Therefore, abrogation of cardiac 
fibroblasts transformation into myofibroblasts 
is one strategy for suppressing cardiac fibrotic 
remodeling which can lead to heart failure [10]. 
Berberine is a kind of isoquinoline alkaloid, the 
extract of rhizoma coptidis, cortex phellodendri 
and other plant, which is often used in the treat-
ment of diarrhea and digestive tract infections 
[11-13]. In recent years, there are more and 
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more studies that have found berberine and its 
homologue show positive therapeutic effects 
on anti-arrhythmia, lowering blood pressure, 
regulating blood cholesterol and triglycerides, 
lowering blood glucose and improving the 
action such as insulin resistance [14-17]. 
However, the mechanism underlying its effects 
remains unclear. Hence, in this study we would 
to investigate the effects of berberine on the 
proliferation, collagen synthesis and cellular 
active substance of cardiac fibroblasts induced 
by angiotensin II (Ang II) from the cellular level 
to explore the mechanism of berberine against 
cardiac fibrosis.

Materials and methods

Materials

Rabbit anti-a-smooth muscle actin (a-SMA) 
monoclonal antibody (A5228) was purchased 
from Sigma (St. Louis, MO, USA). Anti-p-Thr389 
p70 S6 kinase α (p70S6Kα) antibody (sc-
11759), mTOR antibody (sc-8319), p-mTOR 
antibody (sc-101738) were from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). Primary 
antibodies including Anti-AMPK antibody 
(#5831), anti-phospho-Thr172 AMPK antibody 
(#2535), and anti-p70S6K (#2708) antibody 
were from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (MB001) was 
purchased from Bioworld Technology (St. Louis 
Park, MN, USA). Berberine (PHR1502) and were 
Ang II (A9525) purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA). Cell Counting Kit-8 
(CK04-11) was purchased from Dojindo 
Molecular Technologies, Inc. (Rockville, Mary- 
land, USA). IL-10 (Interleukin-10) Rat ELISA Kit 
(ab108872) and TGF beta 1 Rat ELISA Kit 
(ab119558) were from Abcam (Cambridge, MA, 
USA). The bicinchoninic acid (BCA) protein 
assay kit (#23227) was purchased from Thermo 
Scientific Pierce Biotechnology, Inc. (Rockford, 
IL, USA). TRIzol® Reagent (#15596018) was 
bought from Invitrogen Life Technologies 
(Carlsbad, CA, USA). Transcriptor First Strand 
cDNA Synthesis Kit (04896866001) was pur-
chased from Roche (Basel, Switzerland).

Cultured neonatal rat cardiac fibroblasts

This study was approved by the ethics commit-
tee of the Central Hospital of Wuhan, Tongji 
Medical College, Huazhong University of 

Science and Technology (Hubei, China). Primary 
culture of neonatal rat cardiac fibroblasts was 
prepared from ventricles of 1-3 day-old SD rats 
by the differential attachment method [18]. In 
brief, hearts were removed from thorax and 
immediately placed in cold phosphate buffered 
saline (PBS), and ventricles were minced, 
pooled, digested with 0.125% trypsin and 
0.08% collagenase type II. The digestion was 
repeated five times. However, the first digestion 
solution was thrown away for reducing cell frag-
ments and blood. The cells of last four times 
was collected, attached in Dulbecco’s Modified 
Eagle Media/Nutrient Mixture F-12 (DMEM/
F12) medium supplemented with 10% fetal 
bovine serum (FBS) and incubated with 95% O2 
+5% CO2. After one hour, weakly attached or 
unattached cells were rinsed free and discard-
ed, attached cardiac fibroblasts continued to 
grow in fresh DMEM/F12 supplemented with 
10% FBS. When the confluence of CFS in cul-
ture wells was up to 80%, the cells were digest-
ed by 0.25% trypsin and then passaged at 1:2 
dilutions. And Passages 2-4 were used for the 
subsequent experiments.

Cell proliferation assay

Cell proliferation assay was performed accord-
ing to the manufacturer’s instructions of cell 
counting kit-8 (CCK8). Firstly, cell suspension 
was inoculated in a 96-well plate and then pre-
incubated. After treated with berberine, each 
well was carefully added with the CCK8 solu-
tion. After two hours kept in the incubator, the 
plate was taken to measure the absorbance at 
450 nm by using a microplate reader.

Immunofluorescence staining

Briefly, cardiac fibroblasts cultured on sterile 
glass were stimulated with Ang II and treated 
with different concentrations of berberine. The 
cells were washed with PBS for three times and 
then fixed with 3.7% formaldehyde in PBS for 
15 min at room temperature, permeabilized 
with 0.1% Triton X-100 in PBS for 20 min. The 
cells were blocked with 5% bovine serum albu-
min (BSA) in PBS for 30 min at room tempera-
ture and then incubated with α-SMA primary 
antibody at a dilution of 1:100 overnight at 4°C. 
The cells were incubated with secondary anti-
body in 1% BSA in PBS at a dilution of 1:2,000 
for 30 min and then counterstained with DAPI 
for 8 min at room temperature in the dark. 
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Finally, all cells were covered with mounting 
medium and kept at 4°C.

Enzyme-linked immunosorbent assay (ELISA)

According to the manufacturer’s instructions, 
firstly, each standard solution and cell suspen-
sion was added into appropriate wells. And 
then, covered the plate and incubated for two 
hours at room temperature. After discarded the 
solution and washed 4 times with wash solu-
tion, biotinylated detection antibodies (TGFβ1 
and IL-10) were respectively added into each 
well and incubated for one hour at room tem-
perature with gentle shaking. After discarded 
the solution and washed as above, horse red-
dish peroxidase (HRP)-streptavidin solution 
was added to each well and then incubated for 
45 min at room temperature with gentle shak-
ing; tetramethylbenzidine (TMB) one-step sub-
strate reagent was added to each well and incu-
bated for 30 minutes at room temperature in 
the dark with gentle shaking. When finished the 
above procedures, stop solution was added to 
each well and then read at 450 nm 
immediately.

Western blot analysis

Proteins extracted from cardiac fibroblasts 
which were lysed in radioimmunoprecipitation 
assay lysis buffer were used for SDS-PAGE. The 
proteins were subsequently transferred to poly-
vinyl difluoride (PVDF) transfer membranes at 
4°C and blocked with 5% BSA in Tris-buffered 
saline with Tween 20 (TBST; Cell Signaling 
Technology, Inc.) for 90 min at room tempera-
ture. Membranes were probed with various pri-
mary antibodies including AMPK, p-AMPK, 
mTOR, p-mTOR, 70S6K and p-70S6K overnight 
at 4°C with gentle shaking. The membranes 
were washed 3 times with 1 × TBST, incubated 
respectively for 60 min with secondary antibod-
ies in 1% BSA in TBST for one hour at room tem-
perature with sharking. Following four washes 
of the membranes, images were captured on 
films, which were placed in LumiGLO® solution 
(Cell Signaling Technology, Inc.) for one minute. 
Following development, the images were placed 
into an automatic image analyzer (Bio-Rad 
Laboratories, Hercules, CA, USA) to determine 
the expression levels of the proteins as well as 
the reference grayscale values. A monoclonal 

Figure 1. Appropriate concentration and treatment time of berberine in cardiac fibroblasts induced by Ang II. A. The 
mRNA levels of α-SMA in cardiac fibroblasts stimulated with 0, 0.01, 0.1, 1, and 10 μM Ang II for 48 hours,*P<0.05 
vs. 0 μM, #P<0.05 vs. 0.01 μM, &P<0.05 vs. 0.1 μM. B. The mRNA levels of α-SMA in cardiac fibroblasts stimulated 
with 1 μM Ang II for 0, 12, 24, 48, and 72 hours, *P<0.05 vs. 0 h, #P<0.05 vs. 12 h, &P<0.05 vs. 24 h. C. The mRNA 
levels of α-SMA in cardiac fibroblasts treated with 0, 10, 20 and 30 μM berberine and stimulated with 1 μM Ang II 
for 48 hours,*P<0.05 vs. 0 μM, #P<0.05 vs. 10 μM. D. The mRNA levels of α-SMA in cardiac fibroblasts treated with 
20 μM berberine and stimulated with 1 μM Ang II for 0, 12, 24, 48, and 72 hours, *P<0.05 vs. 0 h, #P<0.05 vs. 12 
h, &P<0.05 vs. 24 h. Three independent experiments were performed.
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GAPDH antibody was used as a loading 
control.

Real-time polymerase chain reaction (PCR) 
analysis

Total mRNA was extracted from cardiac fibro-
blasts using TRIZol reagent according to the 
manufacturer’s instructions and cDNA was syn-

thesized using oligo (dT) primers with the 
Transcriptor First Strand cDNA Synthesis Kit. 
Selected gene differences were confirmed by 
quantitative real-time PCR using SYBR green 
and normalized results against GAPDH gene 
expression. The sequences of primers used in 
the present study were displayed as follows: 
ki67: 5’-TAGAGGATCTGCCTGGCTTC-3’ and 5’-TG- 
TCCTTGGTTGGTTCCTCC-3’; PCNA: 5’-CAACTT- 

Figure 2. Berberine inhibited the transformation and proliferation of cardiac fibroblasts. A. Representative immuno-
fluorescent stained images of α-SMA in cardiac fibroblasts treated with or without berberine (green: α-SMA; blue: 
nuclear). B. The CCK8 assays results revealed that the proliferation of cardiac fibroblasts stimulated with Ang II was 
inhibited by berberine. C. The mRNA levels of PCNA and Ki67 in cardiac fibroblasts of the indicated groups. *P<0.05 
vs. PBS+DMSO, #P<0.05 vs. Ang II+DMSO. Three independent experiments were performed.

Figure 3. Berberine inhibited the collagen synthesis of cardiac fibroblasts. The relative mRNA levels of collagen I 
(A) and collagen III (B) in cardiac fibroblasts of the indicated groups. *P<0.05 vs. PBS+DMSO, #P<0.05 vs. Ang 
II+DMSO. Three independent experiments were performed.
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GGAATCCCAGAACAGGAG-3’ and 5’-TAAGGT- 
CCCGGCATATACGTGC-3’; Collagen I: 5’-GAGCG- 
GAGAGTACTGGATCGA-3’ and 5’-CTGACCTGTCT- 
CCATGTTGCA-3’; Collagen III: 5’-TGCCATTGCTGG- 
AGTTGGA-3’ and 5’-GAAGACATGATCTCCTCAGT- 
GTTGA-3’; GAPDH: 5’-GGGTGATGCTGGTGCTGA- 
GTATGT-3’ and 5’-CAGTGGATGCAGGGATGATGT- 
TCT-3’ [18].

Statistical analysis

Values are expressed as the mean ± standard 
error of the mean. Comparisons between the 
groups were performed using one-way analysis 
of variance using SPSS version 13.0 software 
(SPSS, Inc., Chicago, IL, USA). P<0.05 was con-
sidered to indicate a statistically significant dif-
ference between values.

Results

Appropriate concentration and treatment time 
of berberine in cardiac fibroblasts induced by 
Ang II

Firstly, to detect appropriate concentration and 
stimulation time of Ang II in inducing cardiac 
fibroblasts transformation into myofibroblasts, 
we measured the mRNA level of a-SMA which is 
the mark for myofibroblasts [19, 20]. We found 
that 1 μM Ang II with 48 h of stimulation could 
maximally induce cardiac fibroblasts transfor-
mation (Figure 1A and 1B). And to investigate 
the appropriate concentration and treatment 
time of berberine, we first measured the effects 
of several concentrations berberine on a-SMA 
mRNA level after 48 h. It found that induction of 
α-SMA expression was significantly inhibited 
when berberine was added at a concentration 
of 20 μM (Figure 1C). And also it found that ber-
berine inhibited α-SMA expression in cultured 
CFs in a time-dependent manner. Compared 
with 12 h and 24 h of incubation, minimum 
expression of α-SMA was showed at the time 
point of 48 h and 72 h (Figure 1D). Therefore, 
we chose 20 μM berberine with 48 h of incuba-
tion in subsequent experiments in this study. 

Effect of berberine on transformation and pro-
liferation of cardiac fibroblasts

Transformation of cardiac fibroblasts was 
detected by the method of immunofluores-
cence staining; we found that the expression of 
a-SMA was significantly inhibited in berberine 
treatment group (Figure 2A). Cardiac fibro-
blasts proliferation was firstly determined by 

Figure 4. Berberine inhibited cytokine secretion of cardiac fibroblasts. TGFβ1 and IL-10 protein secretion from the 
supernatants of cultured cardiac fibroblasts of the indicated groups investigated by ELISA. *P<0.05 vs. PBS+DMSO, 
#P<0.05 vs. Ang II+DMSO. Three independent experiments were performed.

Figure 5. Berberine activated AMPK and inhibited 
mTOR and p70S6K signaling pathway. Representa-
tive western blot of the phosphorylation and total 
protein levels of AMPK, mTOR and p70S6K in car-
diac fibroblasts of the indicated groups. Three inde-
pendent experiments were performed.
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CCK8 assay. Notably, berberine did inhibit the 
proliferation of cardiac fibroblasts compared 
with Ang II group (Figure 2B). We also further 
assessed the effect of berberine on prolifera-
tion of cardiac fibroblasts by investigating the 
mRNA levels of Ki67 and PCNA. The results 
showed that compared with Ang II group, the 
mRNA levels of Ki67 and PCNA were signifi-
cantly decreased in cardiac fibroblasts after 
treated with berberine (Figure 2C).

Effect of berberine on collagen synthesis of 
cardiac fibroblasts

Elevated ability of collagen synthesis of myofi-
broblasts is perceived to be greatly important 
in the development of cardiac fibrosis [21, 22]. 
Therefore, we further investigated the effect of 
berberine on collagen synthesis of cardiac 
fibroblasts by detecting the mRNA levels of col-
lagen I and collagen III. The results revealed 
that berberine markedly decreased the levels 
of collagen I and collagen III in CFs induced by 
Ang II (Figure 3).

Effect of berberine on cytokine secretion of 
cardiac fibroblasts

To determine the effect of berberine on cyto-
kine secretion of cardiac fibroblasts, the secre-
tion of TGFβ1 and IL-10 from the supernatants 
of CFs culture was tested. Berberine not only 
resulted in decreasing the secretion of TGFβ1 
and increasing the secretion of IL-10 in CFs, but 
also played an important role in decreasing the 
secretion of TGFβ1 in Ang II-induced CFs (Figure 
4).

Mechanism of berberine on cellular behavior 
of cardiac fibroblasts induced by Ang II

To insight into the molecular mechanism under-
lying the negative role of berberine on the cel-
lular function of cardiac fibroblasts we observed 
in vitro in the present study, we investigated 
that compared with Ang II group, the phosphor-
ylation of AMPK was enhanced and the phos-
phorylation levels of mTOR and p70S6K were 
decreased in cardiac fibroblasts treated with 
berberine after Ang II stimulated (Figure 5). 
However, there was no difference in total 
expressions of AMPK, mTOR and p70S6K 
(Figure 5). Collectively, these data indicated 
that berberine positively regulates the AMPK-
mTOR-p70S6K signaling pathway to inhibit cel-

lular behaviors of cardiac fibroblasts in 
response to Ang II stimuli.

Discussion

In this study, we observed the effects and the 
probable mechanism of berberine on the car-
diac fibroblasts stimulated with Ang II in vitro 
which were important in the development of 
cardiac fibrosis. We investigated that: (1) ber-
berine inhibited the proliferation of CFs; (2) ber-
berine inhibited CFs transformation into the 
cardiac myofibroblasts; (3) berberine inhibited 
the synthesis of Collagen I and Collagen III in 
CFs stimulated with Ang II; (4) berberine inhib-
ited the secretion of TGFβ1 and enhanced the 
secretion of IL-10 in CFs; (5) berberine activat-
ed the phosphorylation of AMPK and downregu-
lated the phosphorylation levels of mTOR and 
p70S6K in CFs after Ang II stimulation.

In the present study, we revealed that berber-
ine could inhibit CFs proliferation, which was 
determined by decreased the mRNA levels of 
proliferation markers such as Ki67 and PCNA. 
Additionally, the transformation of cardiac fibro-
blasts into cardiac myofibroblasts is well known 
to be an important event in the development of 
cardiac fibrosis, which could promote patho-
logical hypertrophy and fibrosis and then result 
in cardiac remodeling and cardiac dysfunction 
[23, 24]. Hence, it is an effective way to sup-
press myofibroblasts transformation for inhibit-
ing cardiac remodeling and improving cardiac 
function. The results in this study showed that 
berberine could inhibit myofibroblasts transfor-
mation by decreased expression of α-SMA. 
Elevated ability of collagen synthesis of cardiac 
myofibroblasts is perceived to be greatly impor-
tant in the development of cardiac fibrosis [21, 
22]. In the present study, we demonstrated 
that berberine could inhibit the synthesis of 
massive collagen proteins such as collagen I 
and collagen III in CFs with Ang II stimuli. In 
addition, we also investigated that berberine 
could affect cytokine secretion of cardiac fibro-
blasts by decreasing the secretion of TGFβ1 
and enhancing the secretion of IL-10 from the 
supernatants of CFs culture.

Underlying the molecular mechanism of berber-
ine in the cardiovascular diseases, in recent 
years, many studies reported that berberine 
could improve glucose uptake, insulin resis-
tance, and renal function via activating AMPK 
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signaling pathway in type II diabetes mellitus 
and obesity, which indicated that berberine 
played important role in the cardiovascular dis-
eases as the activator of AMPK [25-27]. 
Therefore, we hypothesized that berberine 
could affect the cellular function of cardiac 
fibroblasts by the activation of AMPK signaling 
pathway. Exhilaratingly, the most significant 
finding in this study was berberine could posi-
tively activate the phosphorylation of AMPK 
and downregulate the phosphorylation levels of 
mTOR and p70S6K in cardiac fibroblasts with 
Ang II stimuli. Therefore, we firstly demonstrat-
ed that the protective effects of berberine on 
cellular behavior of cardiac fibroblasts with Ang 
II stimuli were at least in part due to activate 
AMPK signaling pathway and downregulated 
mTOR/p70S6K signal pathway.

In conclusion, the results of our study indicated 
that berberine could be able to become a new 
strategy as its anti-fibrotic effect in cardiac 
fibroblasts in a manner by regulating prolifera-
tion, transformation, collagen synthesis and 
cytokine secretion of CFs in response to patho-
logical stress. The underlying mechanism is 
that berberine could positively upregulate the 
phosphorylation of AMPK and downregulate 
the phosphorylation levels of mTOR and 
p70S6K in cardiac fibroblasts with Ang II stimu-
li. However, the detailed mechanism of berber-
ine regulates cardiac remodeling remains to be 
demonstrated in animal models. Additionally, 
detailed regulatory mechanism of AMPK-mTOR-
p70S6K or other signaling pathways involved in 
the process of berberine affects cardiac fibro-
sis or cardiac remodeling.
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