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Hepatocellular carcinoma (HCC) is highly resistant to traditional chemotherapeutic approaches, which causes
difficulty in the development of effective drugs for the treatment of HCC. Berberine, a major ingredient of
Rhizoma coptidis, is a natural alkaloid used in traditional Chinese medicine. Berberine exhibits potent anti-
tumor activity against HCC due to its high efficiency and low toxicity. In the present study, we found that ber-
berine sensitized HepG cells to NF-kB-mediated apoptosis. Berberine exhibited a significant antiproliferation
effect on the HepG2 cells and promoted apoptosis. Both qRT-PCR and immunofluorescence staining revealed
that berberine reduced the NF-kB p65 levels in HepG2 cells. Moreover, p65 overexpression rescued berberine-
induced cell proliferation and prevented HepG2 cells from undergoing apoptosis. These results suggest that
berberine inhibits the growth of HepG2 cells by promoting apoptosis through the NF-kB p65 pathway.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most
prevalent cancers in the world, with more than 600,000
people being diagnosed every year'. For HCC patients
with a well-preserved hepatic function and long-term
survival, hepatic resection or transplantation is typically
the first-line option. However, surgical therapies have
limitations, and advanced tumors might recur even after
complete surgical resection. Once the tumor size is more
than 5 cm or has advanced, patient prognosis is poor,
yielding a 5-year survival rate of 30%—40%'. Currently,
chemotherapy remains an effective way to treat HCC.
Therefore, there is a need for potential new agents, with
minimal off-target effects and tolerance, to be developed
for patients with unresectable HCC.

Berberine (Fig. 1), a natural alkaloid isolated from the
Chinese herb Rhizoma coptidis, has been widely used
in traditional Chinese medicine for centuries. Multiple
pharmaceutical effects of berberine on several diseases
have been reported. For example, berberine acts as an
immunoregulator by suppressing the expression of the
proinflammatory genes, tumor necrosis factor-o. (TNF-o)
and interleukin-6 (IL-6), in macrophages’. Berberine also
induces a significant reduction in triglycerides and plasma

cholesterol in diabetic patients, improves lipid and glu-
cose profiles, and decreases body mass index in subjects
with metabolic syndrome*. Increasing evidence supports
the inhibitory effect of berberine in various human can-
cer cells such as breast™, colorectal”®, lymphoma’, and
hepatoma'®"". Berberine suppresses cancer cell growth
and proliferation by inducing cell cycle arrest, stimulating
caspase-dependent apoptosis, and inhibiting metastasis
by suppressing matrix metalloproteinases'’. These find-
ings suggest that berberine acts on different tumor cell
types through several potential mechanisms. However,
the precise molecular mechanisms of berberine-induced
apoptosis are not clear.

Apoptosis is the major modality of programmed cell
death, and dysregulation of apoptosis results in patho-
logical conditions including cancer, autoimmune, and
neurodegenerative diseases". Recent studies showed that
nuclear factor kB (NF-xB) plays an important role in
the regulation of cell inflammation'*, oncogenesis'’, and
apoptosis'®. Classical chemotherapeutic agents in combi-
nation with NF-«B inhibitors are considered a new treat-
ment strategy for cancer patients'"'®.

Moreover, NF-kB levels were found to be higher in
HCC tumor tissue compared with normal tissue. It is
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Figure 1. Chemical structure of berberine.

possible that constitutive activation of NF-xB accom-
panied by dysregulation of IxBa may play a role in
hepatocarcinogenesis'’. However, whether physiological
function can be adjusted by berberine treatment through
NF-kB or its downstream pathway is not clear yet. To
explore the mechanism of the inhibition of berberine in
the proliferation of the HepG2 cells, we need to assess
the expression levels of NF-xB in berberine-treated
HepG2 cells and investigate the molecular mechanism
of berberine-induced apoptosis in these cells. Findings
from our study suggest that berberine induces apo-
ptosis in hepatocellular carcinoma cells primarily in an
NF-xB-dependent manner, providing a new mechanism
for berberine-induced apoptosis.

MATERIALS AND METHODS
Materials

Berberine and propidium iodide (PI) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-
NF-kB p65 and rabbit anti-caspase 8 antibodies were
purchased from Abcam (Cambridge, MA, USA). Rabbit
anti-GAPDH antibody and Alexa Fluor® 488-labeled
goat anti-rabbit IgG were purchased from Cell Signaling
Technology (Danvers, MA, USA). All other chemicals were
of analytical grade unless indicated otherwise. The NF-xB
p65 expression vector pCMV4-p65 (plasmid #21966;
Addgene) and empty vector (pCMV4-3HA; plasmid
#24165; Addgene) were a gift from Dr. Warner Greene.

Cell Culture

The HepG2 cell line was obtained from the Shanghai
Institute of Cell Biology, Chinese Academy of Sciences.
HepG?2 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf
serum (Gibco, USA), 2 mM glutamine, 1% nonessential
amino acids (NEAAs), and 1% antibiotics (100 U/ml of
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penicillin and 100 pg/ml of streptomycin) in a humidified
atmosphere containing 5% CO, at 37°C.

Cell Transfection

HepG2 cells were seeded in a six-well plate at a den-
sity of 2x 10’ cells/well in DMEM containing 10% FBS
and 1% penicillin—streptomycin. After a 24-h incubation
period, cells were transfected with expression constructs
encoding p65 (pCMV4-p65) or empty control vector
(pCMV4-3HA) using Lipofectamine LTX (Invitrogen)
according to the manufacturer’s instructions, respectively.
Cells were incubated for 4 h in transfection solution and
were then cultivated with complete culture medium. After
a further 48 h of incubation, the cells were harvested for
assay analysis.

Cell Viability Assay

Cell viability was determined with cell counting kit-8
(CCK-8; Dojindo Laboratories, Japan) as previously
reported”. Briefly, 3x10° HepG2 cells were plated on
96-well plates in 100 ul of DMEM and incubated with
berberine (0, 10, 50, and 100 uM) for 72 h. In certain
groups, they were also treated with NF-xB activator
simultaneously. CCK-8 solution (10 pl) was then added
to each well, and the cells were incubated for another
1 h at 37°C. Optical density at 450 nm was read as
cell viability.

RNA Extraction, Assay for mRNA Levels

The HepG2 cells were treated with 50 puM of ber-
berine for 0, 24, 48, or 72 h, and total RNA was extracted
with TRIzol reagent (Invitrogen) and purified using the
Qiagen RNeasy Mini Kit (Qiagen) as described previ-
ously”. Total RNA samples were reverse transcribed
with High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher). qRT-PCR was performed on a ther-
mocycler (Applied Biosystems® 7500 Real-Time PCR
Systems; Thermo Fisher) for 40 cycles. The GAPDH
gene was used as a reference control. Relative mRNA
level data were analyzed using the 27 method". The
primer sequences used for qRT-PCR were as follows:
p65, 5-CCCCACGAGCTTGTAGGAAAG-3’ (forward)
and 5-CCAGGTTCTGGAAACTGTGGAT-3" (reverse);
GAPDH, 5-CAGCCTCAAGATCATCAGCA-3’ (forward)
and 5'-ACAGTCTTCTGGGTGGCAGT-3’ (reverse).

Western Blotting

Cells were washed twice with precold PBS and then
lysed with RIPA buffer with protease inhibitor cocktail.
After 30 min of bath sonication at 4°C, the mixtures were
centrifuged (12,000 g) for 20 min, and the supernatants
were collected for total protein concentration determina-
tion using the BCA Assay Kit (Pierce, USA). Whole-cell
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protein (20 pg) samples were separated by SDS-PAGE
(8%—15%) and transferred onto PVDF membranes using a
wet transfer system (Bio-Rad). Membranes were blocked
with 5% nonfat milk and then incubated with the respec-
tive primary antibodies. After washing membranes with
TBST, they were incubated with the respective secondary
antibodies labeled with HRP. GAPDH antibody was used
as a protein-loading control. Membranes were detected
by Pierce ECL Western Blotting Kit (Pierce) and autora-
diography using X-ray film.

Flow Cytometric Assay

Berberine-induced HepG2 cell apoptosis was quanti-
fied by flow cytometry, as described previously™. Briefly,
HepG2 cells were treated with berberine (50 uM) for
48 h. Cells were then harvested by trypsinization, washed
twice with PBS, and resuspended in binding buffer, fol-
lowed by incubation with annexin V-conjugated Alexa
Fluor 488 and PI for 15 min in the dark at room tempera-
ture. The stained cells were analyzed by a FACSCalibur
instrument (BD Biosciences, USA). Data were analyzed
by FlowJo software.

Hoechst Staining Assay

HepG?2 cells were treated with berberine (50 pM) for
48 and then harvested by trypsinization, washed twice
with PBS, and resuspended in binding buffer, and then
the cells were cultured at 37°C for 24 h and stained with
0.1 pg/ml Hoechst 33342 (Sigma-Aldrich). Fluorescence
microscopy (Olympus IX71; Olympus Corporation,
Tokyo, Japan) with a filter for Hoechst 33342 (365 nm)
was used to detect any change in nuclear morphology.

Immunofluorescence Analysis

HepG2 cells treated with or without berberine were
fixed in 4.0% polyformaldehyde for 15 min, washed
with PBS, and then treated with permeabilization solu-
tion (PBS, 0.25% Triton X-100) for 10 min. After the
cells were washed with PBS, they were blocked with 3%
bovine serum albumin in PBS for 1 h at room tempera-
ture. Cells were stained with anti-caspase 8 antibody or
anti-NF-kB antibody overnight at 4°C, followed by incu-
bation with an Alexa Fluor® 488-labeled goat anti-rabbit
IgG (Cell Signaling Technology) antibody at room tem-
perature for 1 h. Cells were then incubated with 2 pug/ml
of DAPI (Invitrogen) in PBS for 5 min. Coverslips were
mounted, and images were acquired with fluorescence
microscopy (Olympus IX71). Alexa Fluorl pt 488 and
DAPI images were taken from the same field.

Statistical Analysis

Data used for statistical analysis are shown as mean*
SD of three independent experiments. The results from

235

treated and untreated control cells were analyzed using
Student’s #-test or one-way ANOVA by GraphPad
Prism 6.0 (GraphPad Software, San Diego, CA, USA)
program, and a value of p<0.05 was considered as
statistically significant.

RESULTS

Effects of Berberine on HepG2 Proliferation
and Apoptosis

The growth of HepG2 cells incubated with berberine
at concentrations of 10, 50, and 100 pg/ml was moni-
tored within 24, 48, and 72 h of cultivation. The survival
columns show that berberine had a significant reduction
effect on the viability of HepG2 cells. The inhibition rates
of 50 and 100 puM of berberine were 21.0% to 26.9%
(p<0.01) after 24 h, 21.5% to 45.9% after 48 h, and
26.8% to 47.0% after 72 h of treatment, whereas HepG2
cells treated with 10 uM of berberine induced significant
inhibition of cell survival only after 48 and 72 h (Fig. 2A).
After cells were treated for 48 h with 10, 50, or 100 uM
of berberine, the percentage of cell apoptosis increased in
a dose-dependent manner (Fig. 2B and C). Furthermore,
the Hoechst staining assay also indicated that berberine
significantly induced HepG2 apoptosis (Fig. 2D).

Downregulation of p65 by Berberine In Vitro

To determine the relationship between NF-xB signal-
ing and the apoptotic effect of berberine in HepG2 cells,
we investigated the concentration of cellular NF-kB p65
in cells treated with 50 uM of berberine. Data from qRT-
PCR showed that the NF-xB p65 level was significantly
lower than that in the control group in a dose-dependent
manner (Fig. 3A). Immunofluorescence staining demon-
strated that NF-xB p65 was suppressed by berberine in
HepG?2 cells (Fig. 3B). Subsequently, a 50-uM concen-
tration of berberine was selected for all further assays to
explore the mechanism in cell viability of HepG?2 cells.

Overexpression of NF-kB p65 Reduced the Function
of Berberine on HepG?2 Cells

Berberine has been shown to inhibit NF-kB levels in
HepG2 cells. To determine whether the effects of ber-
berine on cell proliferation were reversible with activated
NF-xB, HepG2 cells were transfected with the pCMV4-
p65 plasmid for 48 h before treatment with berberine.
When cells were treated with 50 pM of berberine for 48
h, the expression of NF-kB p65 was increased in p65-
overexpressed cells (Fig. 4), and the proliferation was sig-
nificantly rescued in p65-overexpressed cells (Fig. SA).
Furthermore, in these cells, the berberine-induced apo-
ptosis was reduced significantly: 28.0% (berberine), 26.9%
(berberine + vehicle), and 15.6% (berberine+pCMV4-
p65) at 48 h (Fig. 5B and C). The Hoechst staining assay
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Figure 2. Berberine induced the inhibition of human hepatocellular carcinoma HepG2 cells and promoted apoptosis. Cell viability (A)
and apoptosis (B, C) were analyzed in the HepG2 cell line by treatment with varying concentrations of berberine (0, 10, 50, and
100 uM). (D) Hoechst staining assay. Data are presented as means+SD of the percentage of untreated controls (0.1% DMSO). #p <0.01
versus control; *p <0.05 versus control; ***p<0.001 versus control.
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Figure 3. Effects of berberine on expression of NF-kB p65 proteins and mRNA levels in HepG2 cells. (A) NF-kB p65 mRNA expres-
sion levels. (B) NF-xB p65 was examined by immunofluorescence staining. *p<0.05 versus control; ***p<0.001 versus control.

also indicated that the berberine-induced apoptosis was
reduced (Fig. 5D).

Taken together, these results indicate that berberine-
induced apoptosis in HepG2 cells is mediated through the
NF-xB p65 Pathway.

DISCUSSION

Effective and well-tolerated compounds are desired in
order to treat HCC. Natural products are excellent sources
of novel compounds for the treatment of various diseases,
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with nonsynthetic antitumor agents comprising approxi-
mately 60% of the approved anticancer drug candidates
developed in the last 30 years™. The low cytotoxicity of
natural products has an advantage over chemotherapeu-
tic drugs. Berberine, a natural alkaloid, is an attractive
candidate for its antitumor effect on different cancer cell
lines'. In this study, we examined the effect of berberine
on HepG2 cancer cell viability and apoptosis.

Apoptosis is an essential process for the purging of
useless cells in various biological systems and is a key

Berberine Berberine
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Figure 4. HepG2 cells were transfected with p65, and the protein levels of p65 were determined. (A) Western blotting assay.

(B) Immunofluorescence staining.
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Figure 5. Moderation of berberine-induced HepG?2 cell proliferation and apoptosis. (A) CCK-8 assay. (B, C) Apoptosis of HepG2
cells. (D) Hoechst staining assay. Data are presented as means*SD of three independent experiments. *p <0.05 versus control.

mechanism of chemotherapy™. Recently, inhibition of
NF-xB has been shown to enhance the anticancer effect
of HepG2 cells”. This suggested that the NF-kB signal-
ing cascade may be involved in the anticancer activity
of berberine.

The exact molecular mechanisms of the action of
apoptosis, and understanding the subsequent interaction

of berberine on apoptosis signaling pathways, are still not
known. A variety of factors may account for berberine-
induced apoptosis, including receptors, cytokines, and
their downstream signaling cascades. Apoptosis induced
by different stimulation, such as death ligands, drugs, or
ionizing irradiation, leads to the activation of caspase 11.
It is well established that inhibition of NF-xB induces
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apoptosis in hepatocellular carcinoma cells**. This indi-
cates that NF-xB may be an important molecular target
for chemopreventive compounds. To delineate the effect
of NF-kB on HepG?2 cells, further studies were designed
to determine the effect of berberine on NF-xB and cas-
pase expression in HepG2 cells. We treated HepG2
cells with berberine and a p65 overexpression plasmid
(pCMV4-p65) and observed that the expression of NF-xB
was increased. This present study demonstrated that p65
overexpression rescued HepG2 cell proliferation from
the effects of berberine (50 uM) treatment and prevented
HepG?2 cells from undergoing apoptosis.

In conclusion, we showed that cytotoxicity of ber-
berine is due to the induction of apoptosis through the
suppression of NF-kB expression. Furthermore, our data
support the hypothesis that NF-kB may be involved in
the antitumor effect of berberine. These results suggest
that berberine appears to have anticancer potential in
hepatocellular carcinoma.
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