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Abstract: To investigate the effect of berberine (BBR) on non-alcoholic fatty liver disease (NAFLD), a cellular model 
of NAFLD based on HepG2 cells induced by oleic acid (OA) was used. The fat overload and triglyceride (TG) content 
quantities of the cellular model were documented by oil red O staining. The expression of the genes involved in 
lipogenesis, including farnesoid X receptor (FXR), sterol regulatory element-binding proteins-1c (SREBP-1c) and 
Fatty acid synthase (FAS) was assayed by real time PCR (RT-PCR) and Western-blot (WB). Results showed that BBR 
exerted no cytotoxicity on HepG2 cells, and BBR can significantly decrease the fat overload and TG content in OA-
induced HepG2 cells. BBR increased the mRNA of FXR, but decreased the mRNA of SREBP-1c and FAS in a dose-
dependent manner. In addition, BBR increased the protein level of FXR but decreased the SREBP-1c and FAS. Thus 
BBR exerted a possible therapeutic effect on lipid metabolism disorder in the OA-induced NAFLD cellular model by 
regulating the FXR/SREBP-1c/FAS pathway.

Keywords: Non-alcoholic fatty liver disease (NAFLD), berberine (BBR), HepG2 cell, farnesoid X receptor (FXR), ste-
rol regulatory element-binding proteins-1c (SREBP-1c), fatty acid synthase (FAS)

Introduction

Non-Alcoholic Fatty Liver Disease (NAFLD)  
has been recognized as a major health issue 
which is currently a leading cause of chronic 
liver diseases. NAFLD is characterized by 
hepatic fat accumulation, insulin resistance 
and commonly impaired glucose and lipid 
metabolism [1, 2]. Patients with obesity and 
high plasma insulin levels exhibit an increase  
in the accumulation of non-esterified fatty 
acids (NEFA) in the liver. Consequently, fatty 
liver aggravates insulin resistance, glucose 
metabolic disorders, and other pathological 
conditions [3]. NAFLD has been regarded as a 
significant health problem affecting 20% to 
30% of the general population, among which 
5% to 20% develop liver cirrhosis during a 
10-year period [4]. Several pharmacologic 
interventions have been attempted to treat 
NAFLD, but none of these strategies have 
shown an excellent curative effect [5, 6]. Many 
research efforts have focused on the develop-
ment of drugs from natural products because 
of the serious adverse effects and limited 
effectiveness of currently available pharmaco-
logical therapies for “metabolic syndrome”.

Berberine (BBR), an active ingredient from  
natural plants, is the major pharmacological 
component of the Chinese herb Coptis chinen-
sis. Recently, many clinical [7, 8] and labora- 
tory [9, 10] studies reported that BBR exerts 
antidiabetic and antihyperlipidemic effects. 
Additionally, BBR has demonstrated biological 
activities and pharmacological effects in meta-
bolic diseases such as NAFLD [11]. The pro-
posed mechanisms of BBR include the inhibi-
tion of gluconeogenesis [12], as well as the 
stimulation of glycolysis [13]. However, the 
mechanisms underlying the effects of BBR on 
NAFLD remain elusive.

In the present study, we investigated the effi-
cacy and safety of BBR on an oleic acid (OA)-
induced NAFLD cellular model of HepG2 cells 
and explored the mechanisms of BBR’s effect 
against this model. CCK8 assay showed that 
BBR exerted no significant cytotoxicity on 
HepG2 cells. BBR significantly decreased the 
fat overload and triglyceride (TG) content in the 
cytoplasm of OA-induced HepG2 cellular model, 
which implied a good effect of BBR on NAFLD. 
Real time PCR (RT-PCR) and Western-blot (WB) 
analyses showed that BBR increased the 
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expression of farnesoid X receptor (FXR), but 
decreased the expression of Sterol regulatory 
element-binding proteins-1c (SREBP-1c) and 
Fatty acid synthase (FAS). These results sug-
gest that BBR can regulate the FXR/SREBP-1c/
FAS pathway in the NAFLD model.

Materials and methods

Materials

BBR (Sigma-Aldrich, St Louis, MO, USA), oleic 
acid (Sigma-Aldrich, St Louis, MO, USA), qPCR 
mix (Promega, Madison, WI), and Cell Counting 
Kit 8 (Dojindo Co., Kumamoto, Japan), as well 
as anti-FXR antibody (Abcam, Cat#ab51970), 
anti-SREBP-1c antibody (Abcam, Cat#ab3259), 
and anti-FAS antibody (Abcam, Cat#ab15285) 
were used in this study. 

Cell culture

The HepG2 cell line was provided by Prof. 
Nanping Wang of Beijing Medical University. 
HepG2 cells were cultured with DMEM contain-

ing 10% FBS, 1% antibiotic-anti-
mycotic solution, and 3.7 g/L 
sodium bicarbonate under an 
atmosphere of 5% CO2 at 37°C 
with 95% humidity.

Protein extract and Western blot 
analysis

Table 1. Gene-specific primers used for Real-time RT-PCR
Gene Forward Reverse
FAS 5’-ctggctcagcacctctatcc-3’ 5’-caggttgtccctgtgatcct-3’
FXR 5’-atcaaaggggatgagctgtg-3’ 5’-tcccatctctttgcatttcc-3’
SREBP-1c 5’-aggtggaggacacactgacc-3’ 5’-caggacaggcagaggaagac-3’
GAPDH 5’-gtcagtggtggacctgacct-3’ 5’-tgctgtagccaaattcgttg-3’

Cells were rinsed twice with ice-cold PBS, 
scraped with lysis buffer (50 mM Tris-HCl, pH 
7.4, 1% NP-40, 0.25% sodium deoxycholate, 
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM 
sodium orthovanadate, 1 mM NaF, 1 μg/ml pro-
tinin, 1 μg/ml leupeptin, and 1 μg/ml pep-
statin), and subjected to WB analysis.

Oil red O staining

Cells in the different groups were pre-incubat-
ed with DMEM containing 10% BSA for 24 h. 
Cells were exposed to 1 mM Oleic acid for 24 h. 
Subsequently, cells were fixed with 4% parafor-
maldehyde after being washed by PBS twice for 
30 min at room temperature (RT). The cells 
were stained with oil red O buffer (0.5% oil-red 
buffer of isopropanol and ddH2O, 1:1) for 30 
min. Up to 60% isopropanol was used as wash 
buffer to reduce the background staining.

To quantify the oil red O content, isopropanol 
was added to each sample, which was shaken 
at room temperature for 5 min. The optical den-
sity of each 100 μL of isopropanol-extracted 
sample was read using a spectrophotometer at 
510 nm.

Real-time reverse transcription-polymerase 
chain reaction (RT-PCR)

Total RNA was extracted with Trizol Reagent 
(Invitrogen, Carlsbad, USA), in accordance with 
the manufacturer’s instructions. Total RNA (1 
μg) was reverse transcribed using an oligo (dT) 
16 primer to generate cDNA. Real-time PCR 
was used to measure the mRNA expression lev-
els of FAS, SREBP-1c, FXR and GAPDH. For real-
time PCR, the cDNA and primers were prepared 
using a SYBR Green qPCR SuperMix Kit 
(Invitrogen), as described in the instruction 
manual. The sequences of the primers are list-
ed in Table 1. The amplification conditions were 
described as follows: 95°C for 5 min for initial 
denaturation, followed by 40 amplification 
cycles of denaturation at 95°C for 15 s and 

Figure 1. Effect of berberine (BBR) on HepG2 cells. 
CCK8 assay was used to detect the cytotoxicity of 
BBR after incubation for 24 h. Three groups of BBR 
with different concentrations: 0.01, 0.1 and 1 μM. 
The values are expressed as means ± standard devi-
ation (n = 5). No significant difference was observed 
in all five groups.
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combined annealing and extension at 60°C  
for 30 s. Real-time quantitative PCR was  
performed on ABI PRISM® 7500 Sequence 
Detection System (Applied Biosystems).

Statistical analysis

All values are expressed as mean ± S.E. 
Comparison between two mean values was 
evaluated by an unpaired Student’s two-tailed 
t-test, whereas that between three or more 
groups was evaluated by one-way analysis of 
variance followed by Bonferroni’s post hoc 
analysis. Statistical significance was accepted 
at P<0.05.

Results

BBR exerts no cytotoxicity on HepG2 cells

To ensure the safety of BBR on HepG2 cells, we 
performed CCK8 assay to detect whether BBR 
exerted cytotoxicity on HepG2 cells. BBR was 
diluted in DMSO, and DMSO was used as con-
trol to exclude the function of DMSO in HepG2 
cells. Figure 1 shows that no significant differ-
ence existed between the DMSO group and the 
three BBR groups. We used three different BBR 
concentrations in the experiments and no cyto-

toxicity effect was detected, even in the highest 
concentration group.

BBR decreased the fat overload and TG content 
in the HepG2 cellular model.

OA was used to induce fat and TG in the cyto-
plasm of the HepG2 cellular model via oil red O 
staining. Figure 2A and 2B show that the 
HepG2 cellular model was successfully estab-
lished because more positive staining was 
observed in Figure 2B than in Figure 2A. Figure 
2C-E present the staining lipid of HepG2 cells 
incubated with different BBR concentrations. 
These results indicated that the staining area 
in the 1 μM group is significantly smaller than 
that in the 0.01 μM group.

To illustrate the effect of BBR on lipid quantity, 
the positive staining on cells was quantified by 
a spectrophotometer, as shown in Figure 2F. 
These data showed a significant increase in the 
OA group, which is similar to that of Figure 2A 
and Figure 2B. Furthermore, the quantities of 
fat overload and TG content of the 1 μM BBR 
group were less than those of the 0.1 μM and 
0.01 μM groups, showing the same tendency in 
Figure 2. These results suggested that BBR 
can decrease the fat and TG content in the 

Figure 2. Oil red O staining of oleic acid (OA)-induced HepG2 cells incubated with BBR. A. Control cells without OA 
and BBR. B. OA-induced HepG2 cells incubated with DMSO. C. OA-induced HepG2 cells incubated with 1 μM BBR. 
D. OA-induced HepG2 cells incubated with 0.1 μM BBR. E. OA-induced HepG2 cells incubated with 0.01 μM BBR. 
BBR incubated for 24 h. These pictures depict one of the three representative results. F. Quantification of positive 
oil red O staining. The values are expressed as means ± standard deviation (n = 3). *P<0.01, comparison between 
the two groups.
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cytoplasm, and this ingredient may be consid-
ered an efficient drug to treat NAFLD.

BBR regulates the FXR/SREBP-1c/FAS path-
way to attenuate NAFLD

To understand the BBR mechanisms involved 
in the pathogenesis of NAFLD, we investigated 

the transcriptional factors, farnesoid X receptor 
(FXR) and lipogenic genes, Fatty acid synthase 
(FAS), which played important roles in NAFLD 
[14, 15]. The mRNA levels of both FXR and FAS 
were first detected, as shown in Figure 3A. The 
relative expression of FXR in the OA group sig-
nificantly decreased, suggesting that FXR can 
inhibit the lipogenesis which is also reported 
[16]. In the three other groups with different 
BBR concentrations, the high concentration of 
BBR resulted in increased expression of FXR; 
therefore, BBR can regulate the mRNA level of 
FXR. Figure 3B and 3C show the relative expres-
sion of SREBP-1c and FAS, the mRNA level of 
the OA group was higher than that of the con-
trol, and the high BBR concentration decreased 
the expression of SREBP-1c and FAS, hence 
suggesting that BBR can inhibit the SREBP-1c 
and FAS expression. Moreover, both SREBP-1c 
and FAS were higher in NAFLD than in normal 
cells, which showed a similar tendency with our 
results [17].

WB was used to detect the protein levels of 
FXR, SREBP-1c, and FAS as shown in Figure 4. 
The tendency of FXR, SREBP-1c, and FAS was 
similar to that in Figure 3, which is a good evi-
dence to illustrate the mechanisms of BBR in 
the pathogenesis of NAFLD. FAS can be regu-
lated by SREBP-1c, and SREBP-1c can be regu-
lated by FXR. FXR activation can inhibit the 
expression of SREBP-1c and FAS. These results 
suggested that BBR can regulate the FXR/
SREBP-1c/FAS pathway to attenuate NAFLD.

Discussion

This study showed the effect of BBR on liver 
cells with fatty degeneration and HepG2 cells 
induced by oleic acid. First, BBR exerted no 
cytotoxicity on HepG2 cells at the concentra-
tion of 1 μM. BBR can also decrease the fat 
overload and TG content in the cytoplasm of 
HepG2 cells. This finding suggests that BBR is 
an efficient drug to treat NAFLD. To illustrate 
the mechanisms underlying this phenomenon, 
FXR and FAS, which are important in NAFLD, 
were detected at the mRNA and protein levels. 
Our results showed that BBR can promote the 
FXR expression but inhibit the FAS expression. 
FAS can be regulated by FXR, and our results 
suggest that FXR is a target of BBR in NAFLD.

FXR had shown a considerable effect on lipo-
genesis. Hepatic lipogenesis is mainly regulat-

Figure 3. Effect of BBR on mRNA of FXR, SREBP-1c 
and FAS. A. Relative expression of FXR. B. Relative 
expression of SREBP-1c. C. Relative expression of 
FAS. Three groups of BBR with different concentra-
tions: 0.01, 0.1 and 1 μM. The values are expressed 
as means ± standard deviation (n = 3). *P<0.01, 
comparison between the two groups.
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ed by sterol regulatory element binding protein 
1c (SREBP-1c), which is known as the master 
regulator of both the lipid biosynthesis and the 
expression of several genes involved in lipo-
genesis [18]. FXR activation can inhibit the 
expression of SREBP-1c and its target enzymes, 
including FAS [19]. In the present study, FXR 
decreased in the HepG2 model but increased 
after BBR was added. In addition, the expres-
sion level of FXR changed along with the BBR 
concentration. An increase in the BBR concen-
tration also increased the expression of FXR. 
These results suggest that FXR is a target of 
BBR in attenuating NAFLD.

Sterol regulatory element-binding proteins-1c 
(SREBP-1c) is responsible for the synthesis and 
uptake of fatty acids, cholesterol, and TG. As a 
transcription factor, SREBP-1c directly acti-
vates the expression of more than 30 genes, 
including FAS, which catalyzes the formation of 
long-chain fatty acids from acetyl-CoA, malo-
nyl-CoA, and NADPH [20]. SREBP-1c increases 

lipogenesis at the transcriptional level, and its 
expression is upregulated by FXR. Moreover, 
the role of SREBP-1c in de novo lipogenesis and 
NAFLD pathogenesis is well acknowledged and 
has been suggested as a potential therapeutic 
target [21]. Thus, the FXR/SREBP-1c/FAS sig-
naling may contribute to the development of 
NAFLD [22, 23]. Our results exhibited that BBR 
dose-dependently decreased SREBP-1c and its 
downstream key gene FAS, as well as the cor-
responding mRNA and protein expression in 
the NAFLD model.

In conclusion, our study provides evidence of 
the BBR mechanisms in the NAFLD model 
based on OA-induced HepG2 cells. BBR can 
significantly decrease the fat overload and TG 
content in the OA-induced HepG2 cells, and 
this activity is important in NAFLD. The underly-
ing mechanism for the beneficial effects of BBR 
was illustrated by RT-PCR and WB. BBR can 
regulate the FXR/SREBP-1c/FAS pathway, pro-
mote the expression of FXR and inhibit the 

Figure 4. Effect of BBR on the protein levels of FXR, SREBP-1c and FAS. A. WB results of FXR, SREBP-1c, and FAS. 
B. Ratio of gray scanning of FXR/β-actin. C. Ratio of gray scanning of SREBP-1c/β-actin. D. Ratio of gray scanning 
of FAS/β-actin. Three groups of BBR with different concentrations: 0.01, 0.1 and 1 μM as shown in A, which is one 
of the three representative results. The values are expressed as means ± standard deviation (n = 3). *P<0.01, 
comparison between the two groups.
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expression of SREBP-1c and FAS. Therefore, 
BBR would be an efficient drug in patients with 
NAFLD in the future.
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