
Abstract. Berberine, an alkaloid, has anti-tumor properties
in some cancer cells, but action mechanisms are not clear
yet. We here investigated the anticancer activity of berberine
and possible mechanisms in human neuroblastoma SK-N-SH
and SK-N-MC cells. The p53-expressing cells, SK-N-SH
(IC50=37 μM) were more susceptible to berberine than the
p53-deficient cells, SK-N-MC (IC50≥100 μM) without
cytotoxic effect on the cortical neuronal cells. Berberine
caused cell cycle arrest in G0/G1 phase and apoptotic cell
death, and these effects were much greater in SK-N-SH cells
than those in SK-N-MC cells. Berberine much greatly
decreased G0/G1 phase-associated cyclin and cyclin-
dependent kinase (cyclin D1, cyclin E, Cdk2, and Cdk4)
expression, and increased apoptotic gene expression and
activation of caspase-3 in SK-N-SH cells. Exploration of p53
siRNA or pifithrin-α (PFT-α), a p53 inhibitor, in the SK-N-
SH cells resulted in increase of IC50 values for cell viability,
and decreased apoptotic cell death, expression of p53 and
activation of caspase-3. Therefore, these results showed that
berberine causes p53-dependent apoptotic death of
neuroblastoma cells, and suggested that berberine may be
useful as an anticancer agent for neuroblastoma.

Berberine is an isoquinoline alkaloid that has been isolated
from Hydrastis canadensis (goldenseal), Coptis chinensis
(Coptis or goldenthread), Berberis aquifolium (Oregon
grape), Berberis vulgaris (barberry), and Berberis aristata
(tree turmeric). Berberine possesses a wide range of
biochemical and pharmacological activities such as anti-

diarrheal (1), anti-arrhythmic (2), and anti-inflammatory (3)
activities. Berberine has been examined for anticancer
activity in several types of cancer cells (4-13). Several
possible mechanisms of anticancer effects of berberine have
been also suggested. Berberine inhibits human colon cancer
cell growth effectively by inhibiting cyclooxygenase-2
transcriptional activity and arylamine N-acetyltransferase
activity (14, 15). Berberine also inhibits DNA topoisomerase
I and II in biochemical systems (7). Because berberine
interacts with DNA, it is not surprising that berberine could
act anticancer drug as an intercalating agent (7, 8).
Activation of caspase-3 as a possible anticancer mechanism
of bereberine was also suggested in many types of cancer
cells (8-13). However, the anticancer effect of berberine on
neuroblastoma and possible mechanisms of anticancer
activity have not been studied.

Being a key partner in the cellular response to stress, p53,
a tumor suppressor protein, serves as the major obstruction
for carcinogenesis. Indeed, approximately 50% of human
cancers bear p53 gene mutations (16). p53 is activated as a
transcription factor in response to e.g. oncogene activation,
hypoxia and DNA damage, resulting in growth arrest and/or
apoptosis by stimulating the expression of various p53 target
genes such as p21Waf1/Cip1, Bax, Puma, Noxa, Apaf-1, Fas,
and DR5 (17-18). p53 can also transcriptionally repress the
expression of anti-apoptotic proteins, e.g. Bcl-2, Bcl-XL or
survivin (19). Bax gene product dimerizes with Bcl-2 and
prevents the activity of Bcl-2 from blocking apoptosis (20).
The Bax protein controls cell death through activation of
caspases 9 and 3 (21). Several natural compounds such as
curcumin (22), resveratrol (23), (–)-epigallocatechin-3-
gallate (EGCG) (24), capsaicin (25) and glycolic acid (26)
have been reported to induce p53-dependent apoptosis in
human ovarian, liver, prostate, leukemic and keratinocyte
cancer cells contributing to the cancer cell growth inhibition.
Previously, our preliminary study showed that berberine
inhibited prostate cancer cell growth through a p53-dependent
induction of apoptotic cell death (unpublished data).
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In the present study, we investigated whether berberine
inhibits human neuroblastoma cell growth via an apoptotic
cell death. We also investigated whether berberine-induced
apoptosis is p53 dependent, causing a different growth
inhibitory effect between human neuroblastoma SK-N-SH
(p53-expressing) and SK-N-MC (p53-deficient) cells.

Materials and Methods

Cell culture and treatment. Human neuroblastoma cell lines SK-N-
SH, p53-positive cells, and SK-N-MC, p53-negative cells, were
purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA). The neuroblastoma cell lines were cultured as
monolayer in DMEM high glucose supplemented with 10% heat
inactivated fetal bovine serum (FBS), 100 mg/ml penicillin-
streptomycin (Invitrogen, Carlsbad, CA, USA), and maintained in
an incubator with humidified atmosphere air 5% CO2 at 37˚C. The
cortical neuronal stem cells were prepared and cultured as previously
described (27). In brief, embryonic neuronal stem cells were isolated
from Sprague-Dawley pregnant rats sacrificed by cervical dislocation
and whose embryos were removed on gestation days 14, 16 and 18.
They were cultured in DMEM and Ham’s F12 mixture media (1:1
mixture, Sigma, MO) with 10% NuSerum (NuSerum contains 25%
newborn calf serum; Becton Dickinson, MA), 100 mg/ml penicillin-
streptomycin and maintained in an incubator with a humidified
atmosphere of 95% air and 5% CO2 at 37˚C. Berberine chloride was
purchased from Sigma Aldrich (St. Louis, MO, USA). In all
treatments, berberine was dissolved in a small amount of dimethyl
sulfoxide (DMSO) and made up to a maximum final concentration
of 0.05% (v/v) in the complete cell culture medium.

p53 siRNA transfection. Oligonucleotides of p53 siRNA were
purchased from Samchully Pharm. Co. (Seoul, Korea). The sequence
of the p53 oligonucleotide was: sense 5’ (CUACUUCC
UGAAAACAACG)d(TT)3’ and anti-sense 5’(CGUUGUUUUCA
GGAAG UAG)d(TT)3’. siRNA oligonucleotides were transfected
using the siPORT™ NeoFX™ (Ambion, Cambridgeshire, United
Kingdom). In preliminary studies, cells were treated with 10-200 nM
of p53 siRNA according to the manufacturer’s instruction in order to
determine the optimum concentration to down-regulate the target
genes. In later studies, cells were transfected with 10, 50 or 100 nM
siRNA for 4 h, and then the cells were grown for a further 48 h in
normal medium. The effect of siRNA treatment on sensitivity to
apoptosis was assessed by flow cytometry 48 h after berberine
treatment. The effect on cell viability of p53 siRNA treatment was
determined by cell viability test 24 and 48 h after berberine treatment.
Treatment of cells with the selective p53 inhibitor, pifithrin-α
(Calbiochem, CA, USA), was performed by pretreatment of the cells
with the inhibitor 24 h prior addition of berberine.

Cell viability assay. Cell viability assay was performed as described
previously (27). Cells were plated in 96-well plates, and
subconfluent cells were subsequently treated with berberine (0, 5,
10, 20, and 50 μM) for 24, 48, and 72 h. After treatment, cell
viability was measured by Cell Counting Kit-8 (CCK-8) system
(Dojindo, Kumamoto, Japan) using Dojindo’s tetrazolium salt,
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt), which produces
a water-soluble formazan dye upon bioreduction.

Cell cycle analysis by flow cytometry. Subconfluent cells were
treated with berberine (0, 5, 10, 20, and 50 μM) in culture medium
for 48 h and 50 μM concentration of berberine in complete medium
for 0, 6, 12, 24, 48, and 72 h. Flow cytometric analysis was carried
out as previously described (27). The cell cycle distribution was
determined using a FACSCalibur instrument (BD Biosciences, San
Jose, CA, USA).

Apoptosis evaluation. Apoptosis assays were performed in the
berberine treated cells by using flow cytometric analysis and by
fluorescence microscopy after the terminal nucleotidyl transferase-
mediated nick-end labeling (TUNEL) with the in situ Cell Death
Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer’s instructions. The cells were then
observed through a fluorescence microscope (magnification ×400,
Leica Microsystems AG, Wetzlar, Germany). TUNEL staining assay
was carried out as previously described (27).

Immunofluorescence staining. Immunofluorescence staining was
performed as described previously (27). The cells were cultured
with medium containing berberine (10 and 50 μM) or vehicle for
48 h. Primary polyclonal antibodies for p53 (1:400 dilution) and
anti-rabbit-biotinylated secondary antibodies Alexa Fluor 568
(Molecular Probes Inc., Eugene, OR, USA) (1:200 dilution) were
used. Upon nuclear stain and mounting in antifade medium with
DAPI (Vector Laboratories, Inc.), immunofluorescence images were
acquired using a confocal laser scanning microscope (TCS SP2;
Leica Microsystems AG, Wetzlar, Germany) equipped with a 630 ×
oil immersion objective.

Western blot analysis. Western blot analysis was carried out as
described previously (27). The cells were harvested and
homogenized in lysis buffer Pro-Prep (iNtRON Biotechnology Co.,
GyeongGi-do, Korea). The membrane was incubated with specific
antibody for p53 (1:500), CDK4 (1:1000), CDK2 (1:1000), cyclin
D1 (1:1000), cyclin E (1:1000), p21 (1:500), Bcl-2 (1:1000), Bax
(1:500), PARP (1:1000), and cleaved caspase-3 (1:1000) antibodies
and horseradish peroxidase-conjugated IgG secondary antibody
(Santa Cruz Biotech, Santa Cruz, CA). Immunoreactive proteins
were detected with the ECL Western blotting detection system. The
relative density of the protein bands was scanned by densitometry
using MyImage (SLB, Seoul, Korea) and quantified by Labworks
4.0 software (UVP Inc., Upland, CA, USA).

Statistics. Data were analyzed using one-way analysis of variance
(ANOVA) followed by post hoc Dunnet’s test. A p-value of less
than 0.05 was considered to be statistically significant.

Results

Effect of berberine on cell growth in neuroblastoma cells.
Berberine (Figure 1A) was studied to assess its effect on the
growth of human neuroblastoma SK-N-SH and SK-N-MC
cells and cortical neuronal cells. The cells were treated with
different concentrations of berberine (0, 5, 10, 20, 50 and 100
μM) for 24, 48 and 72 h (Figure 1B). Berberine inhibited cell
proliferation of neuroblastoma cells at a concentration between
5 to 100 μM. However, the p53-expressing cell line SK-N-SH
was more susceptible to berberine (IC50=37 μM) than were
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Figure 1. Effect of berberine on cell viability in human neuroblastoma cells. A) Chemical structure of berberine. B) Concentration- and time-
dependence of berberine effect on the cell viability. As detailed in Materials and Methods, the cells were treated with berberine (5-100 μM) for 24,
48, and 72 h. After 24 h of berberine treatment, the morphology cells was observed under phases contrast microscope (magnification, ×200). Results
are the mean of three experiments in duplicate. *Significantly different from untreated control group (p<0.05).

Figure 2. Effect of berberine on cell cycle progression and expression of cell cycle regulatory proteins of human neuroblastoma cells. A)
Concentration-dependent cell cycle progression. Cells were treated with 0, 5, 10, 20, and 50 μM of berberine in complete medium. After 48 h of
treatment, cells were harvested and digested with RNase A. Cellular DNA was stained with propidium iodide (PI) and flow cytometric analysis was
performed to analyze the cell cycle distribution, as detailed in the Materials and Methods. B) Time-dependent cell cycle progression. The cells were
treated with 50 μM concentration of berberine in complete medium for 0, 6, 12, 24, 48, and 72 h. The cells were harvested and analyzed for DNA
content by PI staining. Similar results were obtained from three independent experiments. C) Effect of berberine on the levels of expression of cell-
cycle-related proteins (cyclins, Cdks, and p21) determined using Western blot analysis. The cells were treated with or without berberine for 24 h.
Total cell lysates were processed for Western blot analysis as described in Materials and Methods. β-Actin was used as an internal control. The
relative density was analyzed by densitometry, and the values were expressed as the mean ± SD of three experiments with duplicates.
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Figure 3. Effect of berberine (BBR) on apoptosis and expression of apoptotic proteins in human neuroblastoma cells. A) Quantification of apoptosis
by flow cytometric analysis. The cells were treated with berberine 0, 5, 10, 20, and 50 μM for 48 h, and then labeled with TUNEL solution. The data
shown here are from typical experiments repeated three times. B) TUNEL micrographs. The green color marks TUNEL-labeled cells. Total number
of apoptotic cells in a given area was determined with DAPI in TUNEL-labeled cells (magnification, ×400). C) Effect of berberine on the levels of
expression of apoptosis regulatory molecules (Bax, Bcl-2, caspase 3, and PARP) was determined using Western blot analysis. The cells were treated
with different concentration of berberine for 24 h. As detailed in Materials and Methods, the total cell lysates were prepared for Western blot analysis.
The relative density was analyzed by densitometry, and the data were expressed as the mean ± SD of three experiments with duplicates. *Significantly
different from untreated control group (p<0.05).

Figure 4. Effect of berberine (BBR) on p53 expression and translocation into nucleus in human neuroblastoma cells. A) Effect of berberine on the
level of p53 protein in the nuclear fraction. The cells were treated with berberine (0, 5, 10, 20, and 50 μM) for 24 h and then harvested and lysed
as detailed in Materials and Methods. Values of the relative densities were expressed as the mean ± SD of three experiments with duplicates. B)
The nuclear translocation of p53 was determined by immunofluorescence confocal laser scanning microscopy. After treatment with berberine for 24
h, p53 was translocated into the nucleus. The cell fluorescence was developed with Alexa-Fluor 568 (1:100) for 1 h. Similar results were obtained
in three independent experiments (magnification, ×630). *Significantly different from untreated control group (p<0.05).



SK-N-MC, p53-negative cells (IC50≥100 μM). Contrasting
with the effect of berberine on cancer cells, normal cortical
neuronal cells were not affected with the same concentrations
of berberine.

Berberine induced G0/G1-phase cell cycle arrest and
decreased the levels of G0/G1 regulatory proteins. We
determined the possible inhibitory effect of berberine on the
cell cycle progression. As summarized in Figure 2, berberine
arrested the growth of a significantly higher number of cells
in the G0/G1 phase in a concentration-, but not time-
dependent manner in the treated cells (Figure 2A and B).
The number of cells in G2/M- and S-phase also decreased in
the two cell lines. After 6 h of treatment, the G0/G1-phase of
cells gradually increased up to 72 h. Interestingly, treatment
with berberine (50 μM) for 48 h resulted in a significantly
higher number of cells in the G0/G1-phase in SK-N-SH
(62% ) cells compared with SK-N-MC (55% ) cells. These

results suggest that inhibition of cell proliferation in both
neuroblastoma cell types may be associated with the
induction of G0/G1 arrest through a process more effective
in p53-expressing cells.

The effect of berberine on cell cycle-regulatory molecules
operative in the G0/G1-phase was then determined. Analysis
of the cyclin/Cdk complexes shows a significant reduction in
cyclin D1, cyclin E, Cdk2, and Cdk4 expression in the two
cell lines. This inhibition of the expression of G0/G1
regulatory protein was much greater in p53-expressing cells
than in the p53-negative cells (Figure 2C). CDKIs are well
known to interfere with cell cycle progression inducing a
phase-specific cycle arrest. Thus, the protein level of certain
CDKI family member, such as p21, a crucial protein in the
regulation of G0/G1-phase progression, was determined by
Western blot analysis. Berberine treatment up-regulated the
expression levels of p21 in SK-N-SH cells, however, p21
protein could not be detected in SK-N-MC cells. These
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Figure 5. Effect of p53 inhibitor or p53 siRNA on the cell viability, apoptotic cell death and caspase-3 expression in berberine-treated SK-N-SH cells.
A) Cell viability (a) and apoptosis (b) of cells transfected with p53 siRNA. Cells were transfected with p53 siRNA for 4 h, and grown for 48 h, then
treated with berberine for 24 h. B) Cell viability (a) and apoptosis (b) in p53-expressing cells treated with the p53 inhibitor (PFT-α). Cells were
pretreated with the inhibitor for 24 h prior to the addition of berberine. Data are expressed as a percentage of control cells (scrambled siRNA-
transfected cells or untreated) as the mean ± SD of three replicates. Cell viability was determined by the CCK-8 kit. Quantification of apoptosis was
determined by DAPI and TUNEL double staining assay. The data are expressed as percentage of control cells as the mean ± SD of three experiments
with duplicates. Apoptotic protein expression was determined by Western blot in cells transfected with p53 siRNA (Ac) or treated with PFT-α (Bc).
Using the same protocol as for (a) and (b), Western blot analysis was used to detect the changes in p53 and cleaved caspase 3 protein expression
levels. Results are representative of three independent experiments. *Significantly different from berberine single treated control (p<0.05).



results imply that the down-regulation of cyclin D1, cyclin
E, Cdk2, and Cdk4 protein expressions may be responsible
for the G0/G1 cell cycle arrest induced by berberine.
Regulation of p21 proteins may also be involved in
berberine-triggered p53-dependent arrest of the SK-N-SH
cells in the G0/G1 phase of the cell cycle.

Berberine induced apoptosis and apoptotic protein expression.
To assess whether cell cycle arrest resulted in the induction of
apoptosis, apoptosis was quantified in neuroblastoma cells.
The cells were treated with different concentrations of
berberine (0, 5, 10, 20, and 50 μM) for 48 h. Treatment of
SK-N-SH and SK-N-MC cells resulted in an increase of
apoptosis in a concentration-dependent manner (Figure 3A).
The increase in the apoptotic cells percentage was quantified
using confocal microscopy. Berberine increased apoptosis in
both neuroblastoma cells (Figure 3B). However, consistent
with results of the cell viability test and cell cycle arrest,
berberine induced a greater apoptosis in p53-expressing SK-
N-SH cells (54.3% by 50 μM) than in p53-deficient SK-N-
MC cells (29.4% by 50 μM) (Figure 3A).

Since Bax and Bcl-2 play a crucial role in apoptosis under
p53 control, we determined the effect of berberine on the
level of Bax and Bcl-2 expression in the two cell lines. The
Western blot analysis showed a significant increase of the
pro-apoptotic Bax protein (Figure 3C). In contrast, the anti-
apoptotic Bcl-2 protein significantly decreased. Alteration in
Bax/Bcl-2 is known to initiate caspase signaling, a p53 target
signal. The involvement of caspase-3 during berberine-
mediated apoptotic death was investigated. As shown by the
immunoblot analysis (Figure 3C), berberine treatment
resulted in a significant increase of the expression of cleaved
caspase 3 and cleaved PARP, an indication of the activation
of caspase-3. However, the extent of expression changes of
Bax/Bcl-2 and cleaved caspase-3 was much significant in
SK-N-SH cells than in SK-N-MC.

Berberine induced p53 translocation to nucleus in SK-N-SH
cells. p53 is a cellular gatekeeper for the cell growth and
division (28). It has been shown that p53 can regulate cell
cycle arrest and apoptosis in a variety of cells. Since
berberine induced more changes in the p53-expressing SK-
N-SH cells, its effect on p53 translocation into nucleus was
investigated. Immunoblot analysis shown that nuclear
translocation of p53 proteins was highly increased in a
concentration-dependent manner (Figure 4A). Confocal
microscopy of immunofluorescence-stained p53 shows that
p53 expression was significantly increased by berberine
(Figure 4B). The increased p53 proteins were concentrated
on the nuclei.

Knock-down of p53 reduced berberine-induced cell growth
inhibition and expression of apoptosis-related proteins in

SK-N-SH cells. To investigate whether berberine-induced
apoptosis is p53 dependent or not, two sets of experiments
were carried out. First, p53 protein expression in the SK-N-
SH cells was knocked down by p53 siRNA treatment.
Second, cells were treated with berberine in the presence of
PFT-α, a compound which inhibits the accumulation and/or
the transcriptional activity of p53 (29). As shown in Figure
5Aa, transfection of p53 siRNA significantly suppressed
berberine-induced cell growth inhibition. Pretreatment with
PFT-α also suppressed the berberine-induced cell growth
inhibition (Figure 5Ba). The increase of the number of
apoptotic cells was also reduced when cells were treated with
berberine and p53 siRNA or PFT-α (Figure 5Ab, 5Bb). In
agreement with these findings, the expression of p53 and
cleaved caspase 3 protein in cells treated with berberine and
p53 siRNA or PFT-α reversed the berberine effect (Figure
5Ac, 5Bc).

Discussion

In this study, we demonstrated that berberine (5-50 μM)
inhibited cell growth in neuroblastoma SK-N-SH and SK-N-
MC cells through induction of apoptosis. Moreover, we also
demonstrated that the p53-expressing SK-N-SH cell line,
was more sensitive to berberine. This suggests that activation
of p53-dependent apoptosis is implicated in berberine-
induced p53-mediated neuroblastoma cell growth inhibition.

The most common anti-apoptotic lesion in cancer is the
inactivation of p53 tumor-suppressor gene (16). It has been
well established that p53 plays multiple tumor suppressive
roles in stressed cells to regulate cell cycle G1 and G2 arrest
or apoptosis (30). In most cases, induction of p53 leads to
an irreversible inhibition of cancer cell growth, mainly by
activating apoptotic pathways. Several naturally occurring
anti-tumor agents are able to induce a cell cycle arrest
followed by apoptosis of the cancer cells in a p53-dependent
manner. [See for examples: human gastric cancer cell death
by arsenic trioxide (31), bladder cancer T24 cell with ellagic
acid (32), lung cancer A549 cell with plumbagin (33),
leukemia cell with capsaicin (25), gastric carcinoma SNU-5
cells with berberine (12).] We also demonstrated that
berberine-induced apoptosis of neuroblastoma cells is p53-
dependent by comparison of the vulnerability of p53-positive
SK-N-SH cells with p53-negative SK-N-MC cells. Berberine
inhibited cell growth of SK-N-SH and SK-N-MC. However,
the growth inhibitory effect of berberine was more effective
against the p53-expressing cell line. We also found that
berberine increased the translocation of p53 proteins into the
nucleus in SK-N-SH cells. In addition, the inhibition of p53
with a p53 siRNA or PFT-α, a specific p53 inhibitor,
attenuated the berberine-dependent apoptosis in SK-N-SH
cells. We recently found a similar effect of berberine towards
prostate cancer cells (unpublished data).
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Molecular analyses of human cancer have revealed that
cell cycle regulators are frequently involved in most of the
common malignancies. Among them, p21Cip1/Waf1 is an
inhibitor of cyclin-dependent kinases 2, 4 and 6. Its up-
regulation causes cells to undergo a G1 arrest. Our data
showed that, consistent with the greater effect on cell growth
inhibition, the G0/G1-phase arrest of SK-N-SH cells was
greater than that of SK-N-MC cells which lack p21 (Figure
2C). In addition, a greater change of cyclin D1, cyclin E,
Cdk2 and Cdk4 in p53-expressing cells was observed, being
correlated with the induction of apoptosis. Furthermore, p53
siRNA and inhibitor of p53 suppressed the berberine-induced
apoptosis of SK-N-SH cells. This was accompanied by
activation of caspase-3, a p53-mediated apoptosis regulatory
protein. In agreement with the caspase-3 activation in the
p53-dependent berberine-induced apoptosis of
neuroblastoma, involvement of the activation of caspases has
been demonstrated in berberine-treated human epidermoid
carcinoma A431 cells, prostate cancer cells, promonocytic
U937 cancer cells, leukemia HL-60 cells, and human
hepatoma cells (9-11, 13, 34).

Other mechanism such as generation of reactive oxygen
species (ROS) could be involved in the berberine-induced
apoptotic cell death in neuroblastoma cells. In fact, berberine
induced SW620 colon cancer cell and also prostate cancer
cell (PC-3) death via generation of ROS (35, 36).

Very few drugs have been developed for the treatment of
malignant brain tumors. Berberine is known to pass through
the blood-brain barrier (37, 38). We have also found that
berberine penetrated into the nucleus of both SK-N-SH and
SK-N-MC cells (data not shown). It could be therefore
effective for the treatment of neuroblastoma in vitro.
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