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Berberine-induced anticancer activities in FaDu head
and neck squamous cell carcinoma cells
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Abstract. In the present study, we investigated berbe-
rine-induced apoptosis and the signaling pathways underlying
its activity in FaDu head and neck squamous cell carcinoma
cells. Berberine did not affect the viability of primary
human normal oral keratinocytes. In contrast, the cytotox-
icity of berberine was significantly increased in FaDu cells
stimulated with berberine for 24 h. Furthermore, berberine
increased nuclear condensation and apoptosis rates in FaDu
cells than those in untreated control cells. Berberine also
induced the upregulation of apoptotic ligands, such as FasL
and TNF-related apoptosis-inducing ligand, and triggered the
activation of caspase-8, -7 and -3, and poly(ADP ribose) poly-
merase, characteristic of death receptor-dependent extrinsic
apoptosis. Moreover, berberine activated the mitochon-
dria-dependent apoptotic signaling pathway by upregulating
pro-apoptotic factors, such as Bax, Bad, Apaf-1, and the active
form of caspase-9, and downregulating anti-apoptotic factors,
such as Bcl-2 and Bcl-xL. In addition, berberine increased
the expression of the tumor suppressor p5S3 in FaDu cells.
The pan-caspase inhibitor Z-VAD-fmk suppressed the activa-
tion of caspase-3 and prevented cytotoxicity in FaDu cells
treated with berberine. Interestingly, berberine suppressed
cell migration through downregulation of vascular endothelial
growth factor (VEGF), matrix metalloproteinase (MMP)-2,
and MMP-9. Moreover, the phosphorylation of extracellular
signal-regulated kinase (ERK1/2) and p38, components of the
mitogen-activated protein kinase pathway that are associated
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with the expression of MMP and VEGF, was suppressed in
FaDu cells treated with berberine for 24 h. Therefore, these
data suggested that berberine exerted anticancer effects in
FaDu cells through induction of apoptosis and suppression
of migration. Berberine may have potential applications as a
chemotherapeutic agent for the management of head and neck
squamous carcinoma.

Introduction

Head and neck squamous carcinoma (HNSCC) is a common
cancer associated with high mortality, accounting for ~3-5%
of all human malignancies. Owing to the increasing consump-
tion of alcohol (1,2), tobacco (2,3), and betel nut chewing (4)
and increased rates of opportunistic infection with human
papilloma virus (5), ~640,000 cases of HNSCC are reported
worldwide each year (6,7). Despite improvements in clinical
interventions, including surgery, radiotherapy, chemotherapy,
and chemoradiotherapy, the 5-year survival rate in patients with
HNSCC has not improved within the last several decades (8).
Additionally, survival and morbidity rates in patients with
HNSCC have not improved significantly in the last 30 years.
While chemotherapy is thought to be one of the primary
clinical management strategies for HNSCC, the efficacy and
safety of clinical chemotherapeutic agents are not sufficient.
Therefore, recent strategies for developing chemotherapeutic
agents have focused on achieving cancer cell-specific apop-
tosis without affecting normal cells (9).

Apoptosis, a process involving programmed cell death, is
an essential physiological process required for normal tissue
development and homeostasis (10). Recently, induction of
apoptosis through induction of DNA damage in cancer cells
has been considered as an effective anticancer strategy (11).
Furthermore, based on our understanding of apoptotic
signaling pathways associated with cancer cell-specific death,
molecules targeting apoptotic pathways have been tested in
preclinical and clinical studies (11). However, currently avail-
able chemotherapeutic agents that target molecules associated
with apoptosis have several clinical limitations, such as low
efficacy in cancer cells, high cytotoxicity in normal cells, and
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induction of chemoresistance (12). Therefore, recent studies
associated with the development of chemotherapeutic agents
for cancer therapy have explored the efficacy and safety of
natural compounds from herbal plants.

Berberine (C,,H sNO,) is a type of isoquinoline alkaloid
purified from Rhizoma coptidis and Cortex phellodendri.
Recent pharmacological studies of berberine have demon-
strated that this molecule alleviates diabetic nephropathy (13),
rheumatoid arthritis (14), and inflammation (15). Moreover,
berberine has antioxidant effects (16,17), prevents obesity (18),
and has anticancer activities in breast (19), prostate (20),
cervical (21), gastric (22),oral (23,24), and ovarian cancers (25).
Although these anticancer effects of berberine and associated
cell signaling pathways have been reported in various cancers,
the effects of berberine on apoptosis have not been reported
in HNSCC.

Therefore, the aim of this study is to determine whether
berberine could function as a chemotherapeutic agent in
HNSCC. Furthermore, we evaluated the effects of berberine
on apoptotic signaling pathway in HNSCC.

Materials and methods

Cell culture. FaDu cells, a human pharyngeal squamous
carcinoma cell line, were obtained from the American Type
Culture Collection (ATCC) and cultured according to the
instructions provided by the ATCC. Briefly, FaDu cells were
maintained in minimum essential medium (Life Technologies,
Grand Island, NY, USA) containing 10% fetal bovine serum
(FBS). Cells were grown in a humidified incubator at 37°C in
an atmosphere containing 5% CO,.

Cell cytotoxicity. The cells were cultured at a density of
1x10° cells/ml in 96-well culture plates for 24 h in a humidi-
fied incubator at 37°C in an atmosphere containing 5% CO,.
Cultured FaDu cells were treated with 12.5 or 25 uM berberine
for 24 h. Thereafter, 20 ul of 5 mg/ml 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added
to the cultured FaDu cells in the presence of berberine. After
4 h, the supernatant was removed, and the formazan crystals
formed from reaction with MTT were dissolved in dimethyl
sulfoxide (200 ul/well). Finally, the optical density was
measured at 570 nm using a spectrometer. Experiments were
performed at least three times.

Cell survival assay. Cell survival was measured as previ-
ously described (26), using Green calcein-AM and ethidium
homodimer-1 (Life Technologies) to stain viable and dead cells,
respectively. To evaluate cell survival, FaDu cells were plated
on chamber slides and treated with 12.5 or 25 uM berberine
for 24 h. Thereafter, cell survival assays were performed
according to the manufacturer's protocol. Cells were then
examined and imaged using a fluorescence microscope
(Eclipse TE200; Nikon Instruments, Melville, NY, USA).

4',6-Diamidino-2-phenylindole (DAPI) staining. To observe
nuclear condensation associated with apoptosis, FaDu cells
treated with 12.5 or 25 uM berberine for 24 h were fixed
with 4% paraformaldehyde prior to washing with phos-
phate-buffered saline (PBS). The cells were then stained with
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1 mg/ml DAPI (Life Technologies) for 20 min in the dark.
Nuclear condensation was observed by fluorescence micros-
copy (Eclipse TE200; Nikon Instruments).

Quantification of apoptosis using flow cytometric analysis.
Flow cytometric analysis was performed in cells co-stained
with Annexin V and propidium iodide (PI; Cell Signaling
Technology, Danvers, MA, USA) to detect apoptosis. First,
FaDu cells were plated at 5x10° cells/ml in 6-well plates
and incubated for 24 h in a humidified incubator at 37°C
with 5% CO,. Thereafter, the cells were treated with 25 yM
berberine for 24 h. Both floating and attached cells were then
collected, washed twice with ice-cold PBS, and resuspended
in 500 pl of 1X binding buffer (BD Biosciences, San Diego,
CA, USA). Annexin V and PI were added to the cells, and
cells were incubated for 15 min at 37°C in the dark. The
population of Annexin V-positive cells and the cell cycle
distribution were analyzed using a BD CellQuest version 3.3
instrument (Becton-Dickinson, San Jose, CA, USA) and
WinMDI version 2.9 software (The Scripps Research Institute,
San Diego, CA, USA).

Western blot analysis. FaDu cells were plated at a density
of 5x109 cells/ml in culture dishes and incubated for 24 h
in a humidified incubator at 37°C with 5% CO,. Cultured
FaDu cells were treated with 12.5 or 25 uM berberine for
24 h. Thereafter, cells were harvested, lysed using cell lysis
buffer (Cell Signaling Technology) containing protease and
phosphatase inhibitor cocktails, and incubated for 1 h at 4°C.
Lysates were centrifuged at 14,000 x g for 10 min at 4°C. The
supernatant was used as the cytosolic fraction. Total protein
concentrations of the cell lysates were determined by bicin-
choninic acid protein assays (Thermo Scientific, Rockford,
IL, USA). Next, 5X loading buffer was added to equal
amounts of protein, and the mixtures were boiled at 90°C for
10 min. Total proteins were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. After blocking for
2 h with 5% bovine serum albumin in Tris-buffered saline
containing Tween-20 at room temperature, membranes were
incubated with primary antibodies at 4°C overnight and then
incubated with horseradish peroxidase-conjugated secondary
antibodies. The following antibodies (purchased from Cell
Signaling Technology) were used to verify the apoptotic
signaling pathways: anti-Fas ligand (FasL; 48 kDa), antitumor
necrosis factor-related apoptosis-inducing ligand (TRAIL;
28 kDa), anti-cleaved caspase-3 (17 and 19 kDa), anti-
cleaved caspase-7 (18 kDa), anti-cleaved caspase-8 (18 kDa),
anti-cleaved caspase-9 (37 kDa), anti-poly(ADP ribose)
polymerase (PARP; full-length form, 116 kDa, cleaved form,
85 kDa), anti-p53 (53 kDa), anti-B-cell lymphoma 2 (Bcl-2;
26 kDa), anti-Bcl extra-large (Bcl-xL; 26 kDa), anti-Bcl-
2-associated X protein (Bax; 21 kDa), anti-Bcl-2-associated
death promoter (Bad; 23 kDa), and anti-apoptotic protease-
activating factor 1 (Apaf-1; 13 kDa). Furthermore, antibodies
associated with mitogen-activated protein kinase (MAPK)
signaling (Cell Signaling Technology) were used as follows:
anti-phospho-extracellular signal-regulated kinase (ERK)1/2
(42 and 44 kDa), anti-ERK1/2 (42 and 44 kDa), anti-phospho-
p38 (38 kDa), anti-p38 (38 kDa), anti-phospho-c-Jun N
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terminal kinase (JNK; 46 and 54 kDa), anti-JNK (46 and
54 kDa), anti-phospho-Akt (60 kDa), anti-Akt (60 kDa), and
anti-B-actin (42 kDa). Antibodies against matrix metallopro-
teinase (MMP)-2 (63 kDa), MMP-9 (92 kDa), and vascular
endothelial growth factor (VEGF; 21 kDa), from Santa Cruz
Biotechnology (Dallas, TX, USA), were used to evaluate
the suppression of FaDu cell migration in the presence of
berberine. The immunoreactive bands were visualized using
the ECL system (Amersham Biosciences, Piscataway, NJ,
USA) and exposure to radiographic film.

Caspase-3/-7 activity assay. The apoptotic activities of
executioner caspases-3 and -7 were determined using the
cell-permeable fluorogenic substrate PhiPhiLux-G,D,
(Oncolmmunin Inc., Gaithersburg, MD, USA), according to
the manufacturer's instructions.

Gelatin zymography. Equal volumes of cell culture superna-
tants were mixed with non-reducing sample buffer [4% SDS,
0.15 M Tris (pH 6.8), and 20% glycerol containing 0.05%
bromophenol blue] and resolved on 10% polyacrylamide gels
containing copolymerized 0.2% (1 mg/ml) swine skin gelatin
(Sigma-Aldrich, St. Louis, MO, USA). After electrophoresis
of the conditioned medium supernatant samples, gels were
washed twice for 15 min each with 2.5% Triton X-100.
Digestion was carried out by incubating the gel in gelatinase
buffer [SO mM Tris-HCI (pH 7.6), 10 mM CaCl,, 50 mM
NacCl, and 0.05% Brij-35] at 37°C for 24 h. The gel was stained
with 0.1% Coomassie Brilliant Blue R-250 (GE Healthcare,
Piscataway, NJ, USA), and the locations of gelatinolytic activity
were revealed as clear bands on a background of uniform light
blue staining.

Migration assay. To perform migration assays, FaDu cells were
cultured on culture inserts (2x0.22 ¢m?; Ibidi, Regensburg,
Germany) at 1x10* cells/well. Wounds were introduced by
removing the culture inserts after 24 h of incubation. The
width of the wound was measured using images obtained with
an inverted microscope.

Quantitative polymerase chain reaction (qPCR). FaDu cells
were plated at a density of 5x10° cells/ml on culture dishes and
incubated for 24 h at 37°C in an atmosphere containing 5%
CO,. Cultured FaDu cells were treated with 12.5 or 25 uM
berberine for 24 h. Thereafter, total RNA was isolated using
TRIzol reagent (Life Technologies) according to the manufac-
turer's instructions. Total RNA (1 ug) was reverse transcribed
into first-strand cDNA using the ThermoScript RT-PCR
system (Life Technologies). For gPCR, cDNA was amplified
using a SureCycler 8800 (Agilent Technologies, Santa Clara,
CA, USA) and 2X TOPsimple DyeMIX-nTaq (Enzynomics,
Seoul, Korea), according to the instructions of the manufac-
turers. Gene expression was determined by agarose gel
electrophoresis. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the internal control for normalization.
The following primers were used for gPCR: MMP-2 forward,
5'-GGACAAGAACCAGATCACATACA-3' and reverse,
5'-CATACTTCACACGGACCACTT-3' (human MMP-2; PCR
product size: 320 bp; NCBI accession no. NM_001302510.1);
MMP-9 forward, 5'-GAGAACCAATCTCACCGACAG-3' and
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reverse, 5'-GACACCAAACTGGATGACGA-3' (human
MMP-9; PCR product size, 412 bp; NCBI accession no.
NM_004994.2); and GAPDH forward,5'-CTTTGGTATCGTG
GAAGGACTC-3' and reverse, 5'-CCTGCTTCACCACCTT
CTT-3' (human GAPDH; PCR product size, 293 bp; NCBI
accession no. NM_001289746.1). After PCR, amplified PCR
products were visualized by DNA agarose gel electrophoresis.
The differences in expression levels are presented as histo-
grams after densitometry analysis using a VersaDoc imaging
system (Bio-Rad, Hercules, CA, USA).

Caspase-dependent cell survival assay. The cells were plated
at a density of 1x10° cells/ml in 96-well plates and allowed to
attach overnight. After incubation, cultured cells were treated
with 12.5 or 25 uM berberine in the presence or absence of
50 uM Z-VAD-fmk [N-benzyloxycarbonyl-Val-Ala-Asp
(O-Me) fluoromethyl ketone], a caspase-3 inhibitor
(Sigma-Aldrich) and were incubated for 24 h at 37°C. The
cytotoxicity of berberine was then measured by MTT assay.

Statistical analysis. Data are reported as the mean = SD of
three individual experiments performed in triplicate. Statistical
analysis was carried out using Student's t-tests, and differences
with p-values of <0.05 were considered statistically significant.

Results

Berberine exhibited cytotoxicity in FaDu cells. To determine
whether berberine was cytotoxic to HNSCC cells, the viability
of FaDu cells was measured by MTT assay at 24 h after treat-
ment with 12.5 or 25 uM berberine. As shown in Fig. 1A,
the viability of FaDu cells was decreased by ~37% (p<0.01)
and 45% (p<0.01) by 12.5 and 25 uM berberine, respectively,
compared with that in untreated control cells. Furthermore,
to confirm the viability of FaDu cells in presence of 12.5 or
25 uM berberine, we performed assays for viable and dead
using cell-permeable Green calcein-AM to stain live cells
(green fluorescence) and ethidium homodimer-1 to stain dead
cells (red fluorescence). As shown in Fig. 1B, the density of
FaDu cells treated with 12.5 or 25 uM berberine for 24 h was
reduced compare with that in untreated control cells. Moreover,
the number of dead cells stained with ethidium homodimer-1
was increased in FaDu cells treated with berberine. Therefore,
these data suggested that berberine was cytotoxic to FaDu
cells in a concentration-dependent manner.

Berberine-induced FaDu cell death was associated with
apoptosis. To determine whether the apoptotic pathway was
involved in the observed berberine-induced FaDu cell death,
FaDu cells were treated with 12.5 or 25 M berberine for 24 h,
and nuclear staining with DAPI was performed to visualize
nucleus condensation, a typical feature of cells undergoing
apoptosis. As shown in Fig. 1C, berberine treatment caused
a decrease in the density of FaDu cells compared with that
in untreated control cells, consistent with the results of the
viable and dead cell assay. Furthermore, the number of FaDu
cells with condensed nuclei was increased by berberine treat-
ment in a concentration-dependent manner. Next, to further
verify the effects of berberine on apoptosis in FaDu cells, we
performed FACS analysis using PI and Annexin V staining.
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Figure 1. Berberine increased FaDu cell death through apoptosis. (A) Berberine increased FaDu cell death in a concentration-dependent manner. (B) The
population of dead cells was gradually increased in FaDu cells treated with berberine in a concentration-dependent manner. (C) Berberine induced chromatin
condensation in FaDu cells. (D) The apoptotic population was increased in FaDu cells treated with berberine.

As shown in Fig. 1D, the population of apoptotic cells was
significantly increased by ~54.29% in FaDu cells treated with
25 uM berberine for 24 h compared with that in untreated
control cells. Taken together, these data further supported
that berberine induced cytotoxic effects through an apoptotic
pathway in FaDu cells.

Both death receptor-dependent extrinsic and mitochon-
dria-dependent intrinsic apoptotic signaling pathways were
involved in berberine-induced apoptosis in FaDu cells.
Next, to elucidate the apoptotic signaling pathways involved
in berberine-induced apoptosis in FaDu cells, we measured
the expression of death receptor ligands, such as FasL and
TRAIL, by western blotting in FaDu cells treated with 12.5 or
25 uM berberine for 24 h. As shown in Fig. 2A, berberine
significantly increased the expression of FasL and TRAIL in
FaDu cells. Subsequently, both cleaved caspase-8 and cleaved
caspase-7 were significantly increased in FaDu cells treated
with berberine in a concentration-dependent manner. These
data clearly suggested that the death receptor-dependent
extrinsic apoptotic signaling pathway was involved in
berberine-induced apoptosis in FaDu cells. Furthermore, the
expression levels of anti-apoptotic factors Bcl-2 and Bcel-xL
were significantly decreased in FaDu cells treated with
berberine in a concentration-dependent manner, as shown in
Fig. 2B. Conversely, the expression levels of pro-apoptotic
factors Bax, Bad, Apaf-1, and cleaved caspase-9 were
significantly increased by berberine in FaDu cells. These data
indicated that the mitochondria-dependent intrinsic apoptotic
signaling pathway was triggered by cleaved caspase-8 and

was involved in berberine-induced apoptosis in FaDu cells.
However, caspase-3 is a target molecule of both death receptor-
dependent extrinsic and mitochondria-dependent intrinsic
apoptosis. Therefore, we determined the expression of cleaved
caspase-3 and its downstream target molecule PARP. As
shown in Fig. 2C, cleaved caspase-3 was significantly upregu-
lated in FaDu cells treated with berberine. Subsequently, levels
of both the pro-form and cleaved form of PARP, which func-
tions downstream of caspase-3, were significantly increased
by berberine treatment in FaDu cells. To further confirm the
activation of caspase-3 in FaDu cells treated with berberine,
we performed PhiphiLux-caspase-3/-7 assays. As shown in
Fig. 2D, the population of FaDu cells stained with green,
representing cleaved caspase-3/-7, was increased following
berberine treatment in a concentration-dependent manner.
Taken together, these data indicated that berberine-induced
apoptosis in FaDu cells was mediated by the activation of
caspase-3 through both the death receptor-dependent extrinsic
pathway and the mitochondria-dependent intrinsic apoptotic
signaling pathway.

Berberine-induced apoptosis in FaDu cells was regulated by
caspase activation. Apoptotic signaling pathways are medi-
ated by the activation of the caspase cascade, a hallmark of
apoptosis. Therefore, to determine whether berberine-induced
apoptosis in FaDu cells was dependent on the activation of
caspases, FaDu cells were pretreated for 30 min with 50 M
Z-VAD-fmk, a pan-caspase inhibitor, prior to treatment with
25 uM berberine. MTT assays were then performed to measure
cell viability, and western blotting was used to observe changes
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Figure 2. Berberine-induced apoptosis in FaDu cells was mediated by both death receptor-dependent extrinsic and mitochondria-dependent intrinsic apoptotic
signaling pathways. (A) Berberine triggered the death receptor-dependent extrinsic apoptotic signaling pathway through the upregulation of death receptor
ligands in FaDu cells. (B) Berberine-induced apoptosis in FaDu cells was involved in the mitochondria-dependent intrinsic apoptotic signaling pathway.
(C) Activation of caspase-3 and PARP via berberine-induced death receptor-dependent extrinsic and mitochondria-dependent intrinsic apoptotic signaling
pathways. (D) PhiPhiLux-caspase-3/-7 substrate was cleaved in FaDu cells treated with berberine.
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induced cell death in FaDu cells. (B) Activation of caspase-3 and PARP in FaDu cells treated with berberine was inhibited in the presence of Z-VAD-fmk.
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Figure 4. Berberine inhibits migration through the downregulation of MMP-2, MMP-9, and VEGF and through suppression of the phosphorylation of MAPK
and PI3K/Akt signaling pathways in FaDu cells. (A) Berberine inhibited the migration of FaDu cells. (B and C) Berberine suppressed the expression and
activation of MMPs associated with migration in FaDu cells. (D) The expression of VEGF was suppressed in FaDu cells treated with berberine. (E) The
phosphorylation of MAPK and PI3K/Akt was suppressed in FaDu cells treated with berberine for 24 h.

in the expression of caspase-3 and PARP. As shown in Fig. 3A,
25 uM berberine decreased the viability of FaDu cells by
~45% compared with that in untreated control cells. However,
the viability of FaDu cells was partially recovered (by ~74%)
in the presence of Z-VAD-fmk and berberine. Furthermore,
the berberine-induced upregulation of cleaved caspase-3
was decreased by Z-VAD-fmk in FaDu cells. Subsequently,
Z-VAD-fmk significantly suppressed berberine-induced
cleavage of the pro-form of PARP in FaDu cells (Fig. 3B).
Therefore, these data indicated that berberine-induced apop-
tosis in FaDu cells was regulated by the activation of caspases.

Berberine suppressed the migration of FaDu cells through the
expression and activation of MMP-2 and MM P-9. Suppression
of metastasis is a critical anticancer effect that should be
considered during the development of chemotherapeutic
agents. Therefore, we measured the migration of FaDu cells
following treatment with berberine for 24 and 48 h. As shown
in Fig. 4A, migration was significantly inhibited in FaDu
cells treated with 12.5 uM berberine compared with that in

untreated control cells. Furthermore, the protein and mRNA
expression levels of MMP-2 and MMP-9, which are known to
be associated with cancer cell migration, were decreased in
FaDu cells treated with berberine in a concentration-depen-
dent manner (Fig. 4B). Therefore, to verify the activation
of MMPs secreted from berberine-treated FaDu cells into
the conditioned medium, we performed the gelatin zymog-
raphy assays. As shown in Fig. 4C, the clear bands formed
by the digestion of gelatin, which is a substrate of MMP-2
and MMP-9, were less visible in FaDu cells treated with
berberine in a concentration-dependent manner. Interestingly,
the mRNA and protein expression levels of VEGF were
significantly downregulated by berberine treatment in FaDu
cells (Fig. 4D).

Berberine suppressed the phosphorylation of MAPK in FaDu
cells. The expression of MMPs is closely associated with the
activation of the MAPK signaling pathway in various types of
cancer cells. Therefore, we investigated whether the activation
of the MAPK signaling pathway was altered in FaDu cells



ONCOLOGY REPORTS 34: 3025-3034, 2015

treated with berberine. As shown in Fig. 4E, the phosphoryla-
tion of ERK1/2, p38, and JNK was significantly reduced in
FaDu cells treated with 25 M berberine for 24 h.

Discussion

Recent studies have shown that cancers of the oral cavity
and pharynx have collectively become the six most common
type of cancer worldwide, representing a global public health
problem (27). Although clinical interventions for the manage-
ment of oral cancer have improved, the 5-year survival rate for
patients with oral cancer is only ~50% (28).

Surgery is used to treat oral cancer and usually involves
the removal of malignant and adjacent normal tissue in the
oral cavity. However, such surgery may have various clinical
side effects, including changes in the appearance and func-
tion of the oral cavity; this may in turn cause more severe
emotional disturbance than that observed with other types
of cancer (29). To reduce the clinical side effects caused by
surgical approaches, chemotherapeutic approaches have
become increasingly important in oral cancer. However, such
chemotherapeutic approaches may have low efficacy and may
cause additional adverse side effects, thereby restricting the
use of many potential chemotherapeutic agents. Recent studies
have focused on biologically active materials purified from
medicinal herbs that are traditionally used in folk medicine
and are considered biologically safe in order to develop
chemotherapeutic agents with high efficacy and fewer side
effects. According to the previously described prerequisites for
chemotherapeutic agents, we reported that berberine did not
affect the viability of normal human primary oral keratino-
cytes (23). Furthermore, berberine exhibited cytotoxic effects
in KB oral cancer cells derived from an epidermal carcinoma
of the oral cavity and caused significant cytotoxicity in FaDu
cells, as shown in Fig. 1A and B. These data suggested that
berberine may have fewer side effects by causing cell death
specifically in cancer cells without affecting normal cells.
However, the IC;, value of berberine in FaDu cells was
~25 uM, which was 8-fold higher than that in KB cells, U937
human leukemic monocyte lymphoma cells, and B16 mouse
melanoma cells (23,30). Moreover, the ICs, value of berberine
in SNU-5 human gastric carcinoma cells is 48 xM, which is
~2-fold higher than that in FaDu cells. Therefore, the ICj,
value of berberine may exhibit tissue-type specificity.

Chromatin condensation caused by DNA fragmenta-
tion is a typical feature of apoptotic cells (31). In the present
study, although we did not observe DNA fragmentation in
FaDu cells treated with berberine, chromatin condensation
was observed, as shown in Fig. 1C. Furthermore, FACS
analysis using Annexin V and PI showed that the popula-
tion of Annexin V-positive FaDu cells was significantly
upregulated following treatment with berberine. Annexin V,
a Ca’*-dependent phospholipid-binding protein, has high
affinity for membrane phosphatidylserine translocated to the
cell surface from the inner plasma membrane at early stage
of apoptosis. However, apoptosis or necrosis occurring at
the late stage of cell death is caused by the translocation of
membrane phosphatidylserine, which precedes the loss of
membrane integrity. Therefore, PI staining was performed to
stain the membranes of dead and damaged cells to identify
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apoptotic cells in early and late stages. As shown in Fig. 1D,
the apoptotic population was significantly increased by 55.21%
in FaDu cells treated with 25 uM berberine compared with
that in untreated control cells. Interestingly, in FaDu cells
treated with berberine for 24 h, early-stage apoptotic cells
accounted for ~54.49% of the population, while the percentage
of late-stage apoptotic cells was much lower. Taken together,
these data showed that apoptotic cell death was involved in
berberine-induced FaDu cell death.

However, apoptosis (programmed cell death), is tightly
regulated by the death receptor-mediated extrinsic pathway
and the mitochondria-dependent intrinsic pathway (32).
Furthermore, the selective modulation of both apoptotic
signaling pathways could provide important insights into the
targeting of apoptosis during the development of novel chemo-
therapeutic agents (11). Therefore, to examine the involvement
of berberine-induced apoptotic signaling pathways in FaDu
cells, we observed changes in the expression and activation
of pro- and anti-apoptotic factors associated with death
receptor-dependent extrinsic and mitochondria-dependent
intrinsic apoptotic signaling pathways. In the death receptor-
mediated extrinsic pathway, death receptor-specific ligands,
such as FasL and TRAIL, trigger the sequential activation
of pro-apoptotic factors, such as caspase-8, caspase-3,
and PARP, thereby inducing cell death (33). Furthermore,
activated caspase-8 induces cleavage of cytosolic BH3 inter-
acting-domain death agonist (BID) to truncated BID (tBID),
resulting in loss of mitochondrial transmembrane potential
through the insertion of Bax into the outer mitochondrial
membrane; this triggers the mitochondria-dependent intrinsic
apoptotic signaling pathway (34). Sequentially, the upregula-
tion of Bad expression and the activation of caspase-9 activate
downstream pro-apoptotic factors, such as caspase-3 and
PARP, thereby inducing cell death. Moreover, the down-
regulation of anti-apoptotic factors, such as Bcl-2 and Bcel-xL,
accelerate mitochondria-dependent intrinsic apoptotic cell
death (35,36).

Therefore, we measured changes in the expression levels
of death receptor ligands, such as FasL and TRAIL, which
initiate not only the death receptor-dependent extrinsic apop-
totic signaling pathway, but also the mitochondria-dependent
intrinsic apoptotic signaling pathway through the activation
of its downstream target caspase-8. As shown in Fig. 2A, the
expression of death receptor ligands FasL. and TRAIL was
significantly upregulated in FaDu cells treated with berberine
in a concentration-dependent manner. Subsequently, the upreg-
ulated death receptor ligands (i.e., FasL and TRAIL) initiated
activation of the caspase cascade through the caspase-8/PARP
axis, defined as the death receptor-dependent extrinsic apop-
totic signaling pathway. Moreover, the activated caspase-8
triggered the mitochondria-dependent intrinsic apoptotic
signaling pathway, which involves upregulation or activation of
pro-apoptotic factors, such as Bax, Bad, Apaf-1, and caspase-9,
and downregulation of anti-apoptotic factors, such as Bcl-2 and
Bcl-xL, as shown in Fig. 2B. Taken together, these data clearly
demonstrated that berberine-induced apoptosis in FaDu cells
was mediated by both the death receptor-dependent extrinsic
and mitochondria-dependent intrinsic apoptotic signaling
pathways. Similar to the our results in present study, Kim ez a/
(24) reported that the berberine-induced apoptosis in KB oral
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cancer cells was mediated by both death receptor-dependent
extrinsic and mitochondria-dependent intrinsic apoptotic
signaling pathways triggered by the upregulation of the death
ligand FasL.

However, the end stage of both apoptotic signaling pathways
is mediated by activation of caspase-3 and PARP (Fig. 2C).
Consistent with this, we observed activation of caspase-3 using
the cell-permeable fluorogenic caspase substrate PhiPhiLux
caspase-3/-7 in FaDu cells treated with berberine, as shown
in Fig. 2D. These data suggested that berberine-induced apop-
tosis in FaDu cells may depend on activation of the caspase
cascade, a critical early step in apoptosis. As shown in Fig. 3A,
the cytotoxic effects of berberine in FaDu cells were partially
decreased in the presence of Z-VAD-fmk, a pan-caspase
inhibitor. Furthermore, the activation of caspase-9 and its
downstream target PARP was significantly decreased in FaDu
cells co-treated with berberine and Z-VAD-fmk (Fig. 3B).
These data further supported that berberine-induced apoptosis
in FaDu cells was dependent on activation of the caspase
cascade.

Interestingly, the expression of the tumor suppressor p53
was increased in berberine-treated FaDu cells in a concentra-
tion-dependent manner, as shown in Fig. 2B. Upregulation and
activation of p53 lead to Gl phase cell cycle arrest (37) and
cause initiation of apoptosis through induction of Bax (38) and
p53 upregulated modulator of apoptosis (PUMA) expression in
the context of DNA damage (39). Recent studies have reported
that berberine-induced upregulation of the tumor suppressor
p53 promotes cell cycle arrest in hepatocellular carcinoma
cells (40) and prostate cancer cells (41). Therefore, although
we did not observe berberine-induced cell cycle arrest in FaDu
cells in the present study, cell cycle arrest may be induced in
FaDu cells treated with berberine. Further studies are required
to examine these additional potential anticancer effects of
berberine.

In addition, recent studies have suggested that p53 may
contribute to the regulation of cell invasion and migration (42);
indeed, p53 mutations cause loss of cell growth suppression
and increase cell migration and invasion (43-45). Therefore,
we measured the migration of FaDu cells in the presence
of berberine. As shown in Fig. 4A, berberine significantly
suppressed the migration of FaDu cells compared with that in
untreated control. Furthermore, the expression and activation
of MMPs, such as MMP-2 and MMP-9, which are associated
with cancer cell migration, were significantly suppressed in
FaDu cells treated with berberine in a concentration-dependent
manner, as shown in Fig. 4B and C. Signals from tumor cells
can promote the expression and activation of MMPs, which
degrade the extracellular membrane, thereby initiating cancer
cell migration. In particular, the expression levels of MMP-2
and MMP-9 are closely associated with the development and
progression of cancer (46). Therefore, MMP expression has
interesting implications in the potential use of MMP inhibitors
as chemotherapeutic agents. In the present study, our results
clearly suggested that berberine inhibited the migration of
FaDu cells through suppression of MMP expression and acti-
vation.

In the present study, we showed the berberine reduced the
mRNA and protein levels of VEGF, a representative growth
factor associated with angiogenesis, as shown in Fig. 4D.
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Angiogenesis plays a crucial role in the development of many
types of cancer (47). In particular, the upregulation of VEGF
not only promotes endothelial cell proliferation and migration,
but also increases tumor size by promoting the formation of
new blood vessels and increasing the permeability of existing
blood vessels (47). Therefore, anti-angiogenesis therapy may be
a promising strategy in the development of chemotherapeutic
agents. Moreover, although we did not observe the biological
relationship between p53 and the expression of VEGF in the
present study, others have reported that pS3 indirectly down-
regulates VEGF expression (48,49). Previously, we showed that
berberine induced upregulation of p53 in FaDu cells, as shown
in Fig. 2B. Therefore, berberine-induced p53 expression may
be associated with changes in the expression of VEGF in FaDu
cells, representing one of the anticancer effects of berberine.

Next, to verify the cellular signaling pathways associated
with the anticancer activities of berberine, we measured
changes in the expression and activation of MAPK and
PI3K/Akt signaling pathway components in FaDu cells
treated with berberine. Phorbol 12-myristate (PMA) has
been shown to induce MMP expression (50) through activa-
tion of the PI3K/Akt and MAPK signaling pathways (51).
Recently, Im et al reported that inhibition of MAPK activa-
tion suppresses PMA-induced MMP-9 expression in MCF-7
human breast cancer cells (53). Furthermore, Lin ef al showed
that resveratrol suppresses 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced MMP-9 expression through
inhibition of the MAPK pathway in oral cancer cells (54).
Although the signaling pathways that lead to upregulation
of MMP expression are still incompletely understood, recent
studies have suggested that the MAPK signaling pathway may
regulate the expression of MMPs associated with cancer cell
migration. Thus, the regulation of MMP expression using
specific chemical inhibitors or natural compounds targeting
cellular signaling pathways, such as the PI3K/Akt and MAPK
pathways, could be used as potential chemotherapeutic
agents. In the present study, we showed that the phosphoryla-
tion of MAPKSs, such as ERK1/2 and p38, as well as that of
PI3K/Akt was significantly suppressed in FaDu cells treated
with berberine for 24 h; interestingly, the phosphorylation of
JNK was not inhibited, as shown in Fig. 4E. Therefore, these
data suggested that berberine suppressed the expression of
MMPs through inhibition of MAPK and PI3K/Akt signaling
pathways in FaDu cells.

In addition, recent studies have reported the suppression
of angiogenesis by targeting VEGF through the PI3K/Akt and
MAPK signaling pathways in various types of cancer (54,55).
Therefore, the PI3K/Akt and MAPK signaling pathways are
closely associated with the regulation of VEGF expression in
cancer. Furthermore, the inhibition of PI3K/Akt and MAPK
signaling pathways may suppress tumor growth by inhibition
of angiogenesis through the downregulation of VEGF expres-
sion (56).

In conclusion, we demonstrated the anticancer effects of
berberine in FaDu cells. In particular, berberine induced apop-
tosis, suppressed migration through the downregulation of
MMP expression, and exerted anti-angiogenic effects through
the downregulation of VEGF expression. Taken together, these
findings suggested that berberine may be a promising candi-
date chemotherapeutic agent for the treatment of HNSCC.
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