
Abstract. Berberine has a wide range of biological actions
that suggest it may be of use in cancer prevention. It was
previously reported that berberine induced cell cycle arrest, not
only at the G0/G1-phase, but also at the G2/M-phase in a
dose-dependent manner. However, the mechanism of
berberine-induced G2/M-phase arrest in leukemia cells is not
fully understood. In the present study, the effects of the
naturally occurring berberine (the major constituent of Coptis
chinensis) on the cell cycle, as well as on CDK1, cyclin B1, 
14-3-3Û, Wee1 and Cdc25c expressions, were investigated in
the human promyelocytic leukemia HL-60 cells and in the
murine myelomonocytic leukemia WEHI-3 cells. The flow
cytometry assays indicated that berberine induced G2/M-phase
arrest in both examined cell lines. The berberine-induced
G2/M-phase arrest in both examined cell lines was
accompanied by increased levels of Wee1 and 14-3-3Û, but
decreased levels of Cdc25c, CDK1 and cyclin B1. However,
CDK2 expression was not affected as revealed by Western
blotting assay. Berberine induced G2/M arrest in both the
examined cells via the inhibition of cyclin B1 and the
promotion of Wee1.

Berberine, an isoquinoline alkaloid commonly used in
Chinese herbal medicine, exists in many natural plants
(Berberis aquifolium, Berberis vulgaris, Berberis aristata and
Coptis chinensis). Berberine has been demonstrated to display

antibacterial (1), antifungal (2), antimalarial (3), anti-
inflammatory (4), anticholinergic (5) and anti-arrhythmic
activities (6). It was also shown that berberine exerts its anti-
inflammatory effects through inhibition of cyclooxygenase-2
(COX-2) expression (7). Many studies have shown that
berberine has anticancer activity, based on its antineoplastic
properties (8-12). Berberine-induced apoptosis might be
COX-2-dependent and was found to be related to decreased
Akt phosphorylation and Mcl-1 expression (7). 

The modulated expression of cell cycle regulatory
molecules on cell cycle arrest in many cell types is well
documented (13-15). These regulatory molecules, especially
the cyclins and cyclin-dependent kinases (cdks), are
evolutionarily conserved proteins essential for cell cycle
control. Many other molecules can affect these regulator
proteins, leading to cell cycle arrest. In murine leukemia
L1210 cells treated with 10-50 ÌM berberine, G0/G1 cell
cycle arrest was observed. Furthermore, a concentration-
dependent decrease of cells in the S-phase and an increase
of cells in the G2/M-phase were detected (16).

To date, the exact mechanisms of the action of berberine
on cell cycle arrest in human and murine leukemia cells
have not been fully investigated. In our primary screening
experiments, berberine was found, by flow cytometry
analysis, to induce cell cycle arrest in both cell lines.
Therefore, the molecular mechanisms of berberine-induced
cell cycle arrest in human and murine leukemia cell lines
(HL-60 and WEHI-3) were the focus of this investigation. 

Materials and Methods

Chemicals and reagents. Berberine, Tris-HCl, triton X-100,
propidium iodide (PI) and trypan blue were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Dimethyl sulfoxide
(DMSO), potassium phosphates and TE buffer were purchased
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from Merck Co. (Darmstadt, Germany). RPMI 1640 medium,
fetal bovine serum (FBS), penicillin-streptomycin, trypsin-EDTA
and glutamine were obtained from Gibco BRL (Grand Island,
NY, USA). The monoclonal antibodies for Western blotting were
obtained from Calbiochem Biosciences Ltd. (Darmstadt,
Germany) and the anti-14-3-3Û was obtained from Santa Cruz
Biotechnology Inc. (CA, USA).

Leukemia cell lines. The human promyelocytic HL-60 and the murine
myelomonocytic WEHI-3 leukemia cell lines were obtained from the
Food Industry Research and Development Institute (Hsinchu,
Taiwan, ROC). The cells were placed into 75-cm3 tissue culture
flasks containing RPMI 1640 medium supplemented with 10% FBS,
1% penicillin-streptomycin (10,000 U/ml penicillin and 10 mg/ml
streptomycin) and 1% glutamine and were grown at 37ÆC in a
humidified 5% CO2 and 95% air atmosphere. All data presented in
this report are from at least 3 independent experiments.

Flow cytometry analysis of DNA content. Approximately 3x105

HL-60 or WEHI-3 cells/well in a 12-well plate were incubated with
various concentrations of berberine (0, 5, 15, 30, or 60 ÌM) for
different time-periods before the cells were harvested by
centrifugation. The cells were fixed gently (drop by drop) in 70%
ethanol (in PBS) in ice overnight and were then resuspended in PBS
containing 40 Ìg/mL PI, 0.1 mg/mL RNase (Sigma) and 0.1% triton
x-100. After 30 min at 37ÆC in the dark, the cells were analyzed by
a flow cytometer (Becton-Dickinson, San Jose, CA, USA) equipped
with an argon laser at 488 nm (17). The percentage of cells that had
undergone G0/G1-, S- and G2/M-phase was assessed as the ratio of
the fluorescence area to the total area of cells (17). 

Western blotting. Approximately 3x106 cells/well (HL-60 or WEHI-3)
in a 12-well plate were incubated with berberine (0, 5, 15, 30, or
60 ÌM) for 24 h before the cells were harvested by centrifugation.
The protein was extracted as previously described (18). The cyclin
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Figure 1. Flow cytometric analysis of the effects of berberine on the cell cycle in HL-60. The HL-60 cells were exposed to various concentrations of
berberine for 48 h, then harvested and analyzed by flow cytometry, as described in the Materials and Methods section. Panel A: representative profiles;
panel B: the percent of cells in phase. Data represents mean±S.D. of 3 experiments. *p<0.05.



B1, CDK1, 14-3-3-Û, Cdc25c and Wee1 expressions were examined
and measured by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot, as described
previously (18).

Statistical analysis. The statistical calculations on the data were
performed using an unpaired Student’s t-test and ANOVA analysis.
Statistical significance was set at p<0.05.

Results

Bereberine induced cell cycle arrest in human leukemia 
HL-60 and WEHI-3 cells. The results from the flow
cytometric analysis for the cell cycle indicated that during
the 48-h time-period, berberine increased the percentage of

cells in G2/M (enhanced G2/M peak), and decreased the
percentage of cells in G0/G1, in both the examined cell lines
(Figure 1A and B; Figure 2A and 2B). A typical pattern of
DNA content that reflects the G0/G1-, S- and G2/M- phases
of the cell cycle, as shown in the control group, is depicted
in Figures 1A and 2A. An increase of berberine
concentrations led to an increase of cells in the G2/M-phase
in the HL-60 (Figure 1B) and WEHI-3 (Figure 2B) cells,
showing that berberine induced G2/M-phase arrest.

Western blotting to examine the effect of berberine on CDK1,
cyclin B1, cyclin E, 14-3-3Û, Wee1 and cdc25c expressions in
HL-60 and WEHI-3 cells. The results indicate that berberine
increased the expressions of 14-3-3Û (Figure 3C) and Wee1
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Figure 2. Flow cytometric analysis of the effects of berberine on the cell cycle in WEHI-3. The WEHI-3 cells were exposed to various concentrations of
berberine for 48 h and were the harvested and analyzed by flow cytometry, as described in the Materials and Methods section. Panel A: representative
profiles; panel B: the percent of cells in phase. The data represents mean±S.D. of 3 experiments. *p<0.05.
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Figure 3. Representative Western blots showing changes in the levels of
CDK1, cyclin B1, 14-3-3Û, Wee1 and Cdc25c expression in HL-60 cells
after exposure to berberine. The HL-60 cells (5x106/ml) were treated with
0, 5, 15, 30 or 60 ÌM berberine for 24 h before cytosolic fractions and
total protein were prepared and determined, as described in the Materials
and Methods section. The expression levels of CDK1 (panel A), cyclin B1
(panel B), 14-3-3Û (panel C), Wee1 (panel D) and Cdc25c (panel E)
were estimated by Western blotting, as described in the Materials and
Methods section.
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Figure 4. Representative Western blots showing changes in the levels of
CDK1, cyclin B1, 14-3-3Û, Wee1 and Cdc25c expression in WEHI-3 cells
after exposure to berberine. The WEHI-3 cells (5x106/ml) were treated with
0, 5, 15, 30 or 60 ÌM berberine for 24 h before cytosolic fractions and total
protein were prepared and determined as described in the Materials and
Methods section. Evaluation of the expression levels of CDK1 (panel A),
cyclin B1 (panel B), 14-3-3Û (panel C), Wee1 (panel D) and Cdc25c
(panel E) were estimated by Western blotting, as described in the Materials
and Methods section.



(Figure 3D) in HL-60 and 14-3-3Û (Figure 4C) and Wee1
(Figure 4D) in WEHI-3 cells, but decreased the CDK1
(Figure 3A), cyclin B1 (Figure 3B) and Cdc25c (Figure 3E)
expressions in HL-60 and that of CDK1 (Figure 4A), cyclin
B1 (Figure 4B) and Cdc25c (Figure 4E) in WEHI-3. These
effects were all dose-dependent. 

Discussion

Our data indicated that berberine induced G2/M arrest in
both the examined leukemia cell lines and that these effects
were dose- and time-dependent. The anticancer drug taxol
(paciltaxel), which is isolated from plants, also had the same
function on cells and was thus used as a positive control
(data not shown). It was reported that cell cycle arrest in
response to DNA damage is associated with the G2/M
damage checkpoint, which is regulated by cyclin B1/CDK1
and initiated by DNA damage activation of the cyclin kinase
inhibitor p21 (20-24). Our earlier studies indicated that
berberine induced DNA damage in both HL-60 and WEHI-3
cells (25). In the present study, our results also revealed that
berberine increased 14-3-3Û and Wee1 expression and
decreased the expression of CDK1, cyclin B1 and Cdc25c,
leading to the G2/M arrest in both examined cell lines. 

The effective dose of berberine for both cell lines was 
15-60 ÌM, which is smaller than that reported by Yang et
al., who demonstrated that berberine (200 ÌM) treatment
was associated with the accumulation of numerous
apoptotic cells, as identified by condensed nuclei and a
decrease in cell size. The accumulation of cells in the G2/M-
phase rather than the induction of apoptosis was observed
after 48-72 h of 100 ÌM berberine treatment (26). Berberine

was previously demonstrated to be a new cholesterol-
lowering drug (27) and had inhibitory effects on potassium
and calcium currents in isolated rat hepatocytes, which may
be involved in hepatoprotection (28). It was shown that
berberine could directly inhibit human umbilical vein
endothelial cell (HUVEC) tube formation and migration in
vitro. Other investigators provided molecular evidence to
support berberine as a potent anti-angiogenic agent in
cancer therapy (29). Therefore, berberine acts like the
anticancer agent taxol and may be used as an antileukemia
agent. Our laboratory is working on the effects of berberine
on leukemia cells in an animal model (murine) in vivo.

It is well known that cell cycle checkpoints play an important
role in the control mechanisms that ensure the proper
execution of cell cycle events. One of these checkpoints, the
G2/M checkpoint, blocks entry into mitosis when DNA is
damaged (30). Our results also showed that berberine
promoted p21 expression (data not shown). Although HL-60
is p53-deficient, an increase in the expression of p53 was
detected in WEHI-3 cells after treatment with berberine and
G2/M-phase arrest was induced in both cell lines,
corroborating reports from other investigators. These reports
demonstrated that p53 can regulate the G2/M transition,
through the induction of p21 and of 14-3-3Û, a protein that
normally sequesters cyclin B1-Cdc2 complexes in the
cytoplasm (31, 32). It is well known that the p53 and p21
proteins play an important role in cell cycle regulation. p21 is
an inhibitor of cyclin/cyclin-dependent kinase complexes and
interacts with other regulators of signal transduction (33). The
induction of p21 is mediated by both p53 and p53-independent
mechanisms and is essential for the onset of both G1 and G2
cell cycle arrest in damage response and cell senescence (34).
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Figure 5. A proposed model of the berberine mechanism of
action for G2/M-phase arrest in the examined leukemia
cells. Berberine promoted Wee1 and 14-3-3Û expressions but
decreased the expressions of CDK1, cyclin B1 and Cdc25c,
leading to G2/M-phase arrest in both cell lines examined.



It was reported that other proteins, such as 14-3-3Û,
belong to a family of highly conserved proteins (alpha, beta,
delta, sigma, tau, zeta etc.) with molecular weights of 25- to
30-kDa. Such proteins are expressed in all eukaryotic cells,
modulate a wide variety of cellular processes and play an
important role in the regulation of signal transduction
pathways associated with the control of cell proliferation,
differentiation and survival (35). It should be noted that 
14-3-3Û is a p53-dependent inhibitor of G2/M progression
and its overexpression can cause G2/M cell cycle arrest
(36). 14-3-3Û is able to up-regulate Cdc2 phosphorylation
via Wee1 and down-regulate Cdc25c, thus controlling the
entry of cells into mitosis by maintaining the G2/M
checkpoint (37). In the present study, berberine was found
to affect the checkpoint enzymes of the cell cycle before
leading to G2/M arrest. We used the PCR method to
examine those associated genes that were affected by
berberine (data not shown), in agreement with other
reports that demonstrated that berberine binds strongly to
the single-stranded poly(rA) structure by a mechanism of
partial intercalation leading to its use in gene regulation in
eukaryotic cells (38).

Based on the study results, we have illustrated the
molecular mechanisms of berberine action (Figure 5), which
induced G2/M-phase arrest through the promotion of Wee1
and 14-3-3Û expression and the inhibition of CDK1, cyclin
B1 and Cdc25c expressions in both the examined cell lines.
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