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The combination of baicalin and baicalein enhances
apoptosis via the ERK/p38 MAPK pathway in human

breast cancer cells
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Aim: To examine whether the cell growth inhibitory effect of the combination of baicalin and baicalein is related to apoptosis.
Moreover, to determine whether the expression of some apoptosis-related proteins is regulated by the ERK/p38 MAPK pathway.
Methods: Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Apoptosis was
detected by acridine orange (AO) staining, DNA ladder assay and flow cytometric analysis. Apoptosis-related proteins were observed

using Western blot analysis.

Results: Compared with baicalin or baicalein alone, the combination treatment of baicalin (50 ymol/L) and baicalein (25 umol/L) had
an anti-proliferative effect in a time-dependent manner. Isobologram analysis demonstrated that the combination treatment had a
synergistic effect. Moreover, apoptosis in MCF-7 cells was increased by 12% and 20% with the combination treatment at 24 h and

48 h, respectively. With the combination treatment in MCF-7 cells, cleaved caspase-3 and caspase-9 were observed, and the level

of bcl-2 expression was decreased approximately 20% and 40% at 24 h and 48 h, respectively. The expression of bax and p53 were
increased about 25% and 15% at 48 h, respectively. Moreover, the activation of caspase-3, -9 and the regulation of bcl-2, bax and p53

were related to ERK /p38 MAPK activation.

Conclusion: In this study, apoptosis was enhanced by the combination treatment of baicalin and baicalein, which activated caspases-3
and caspase-9, downregulated the level of bcl-2 and upregulated the level of bax or p53 via the ERK/p38 MAPK pathway.
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Introduction
Cancer is the second leading cause of death worldwidel'.
Breast cancer is the most common cancer among women, com-

Ll There is

prising 23% of all female cancers around the globe
a lifetime risk of up to 12% and a risk of death of up to 5%
in breast cancer. Although the incidence rates of breast can-
cer in the world have increased by about 0.5% annually since
1990, cancer registries in China recorded annual increases in
incidence of 3%-4%!". There have been great advancements
in the treatment and control of breast cancer, but significant
deficiencies still remain.

It is well known that cell homeostasis requires a bal-
ance between cell proliferation and cell death, including
apoptosis!”
growth is a result not only of uncontrolled proliferation but

. Moreover, there is strong evidence that tumor
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also of reduced apoptosis'®. Therefore, induction of apoptosis
has become an effective means of cancer therapy.

Apoptosis has been defined as a discrete sequence of mor-
phological changes resulting in cell death with extensive
dsDNA cleavage accompanied by chromatin compaction and
segregation along the nuclear membrane”. Many death and

survival genes, such as bel-28 or bax!!

, which are regulated
by extracellular factors, are involved in apoptosis. Addition-
ally, recent reports indicate that one of the molecular events of
apoptosis is activation of the caspases by a signal transduction
cascade!"”.

Currently, chemotherapy using plant-derived, anti-cancer

12 or vincristine™ has

drugs such as paclitaxel™, vinorelbine
been proven to be effective in clinical settings. It was shown
that these products enhance cell growth inhibition in different
cancer cell lines and are highly effective and safe in clinical tri-
als.

Baicalin and baicalein are components of Baikal Skullcap

Root. It has been reported that either baicalin or baicalein has
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potential anti-tumor effects on liver™™, prostate™, bladder!,

1738 However, the anti-tumor effect of

and breast cancer cells
combination treatment with baicalin and baicalein on breast
cancer cells is not clear.

Mitogen-activated protein kinase (MAPK) pathways have
been implicated in the response to chemotherapeutic drugs™.
The proteins involved in MAPK cascades are expressed and
respond to a wide variety of external cues and drugs. P38
MAPK has been implicated in the regulation of various cel-

lular processes®”

. Previous reports have shown that MEK,
which is activated by mitogenic stimuli, contributes to cell dif-
ferentiation, proliferation, and survival®. Some responsive-
ness was regulated by ERK and MAPK in breast cancer cells®.
It is of interest, therefore, to determine whether apoptosis is
induced by the combination of baicalin and baicalein via the
ERK/p38 MAPK signaling pathway.

In this study, we demonstrate that the combination treat-
ment of baicalin and baicalein enhances the growth-inhibitory
effect in human breast cancer cells. Furthermore, we report
that the growth-inhibitory effect derives from the induction
of apoptosis, which involves activation of caspase-3 and cas-
pase-9, downregulation of bcl-2 expression and upregulation

of bax or p53 expression via ERK/p38 MAPK pathway.

Materials and methods

Materials

Baicalin and baicalein were obtained from National Institute
for the Control of Pharmaceutical and Biological Products,
China and dissolved in dimethyl sulfoxide (DMSO). Acridine
orange (AO), Annexin V and propidium iodide (PI) were from
Sigma (St Louis, MO, USA). The antibodies against caspase-9,
caspase-3, bcl-2, bax, p-ERK, and p-p38 were obtained from
Cell Signaling Technology (Boston, MA, USA). The anti-p53
antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). PD98059 and SB203580 were from Biomol (Phila-
delphia, PA, USA).

Cell culture

Human breast cancer MCF-7 and MDA-MB-231 cells were
obtained from American Type Culture Collection (Manassas,
VA, USA) and were cultured in RPMI-1640 medium (Gibco,
San Francisco, CA, USA) supplemented with 10% heat-inacti-
vated (56 °C, 30 min) fetal calf serum (PAA, A-4061, Pasching,
Austria ), 0.01 mg/mL insulin (Sigma, St Louis, MO, USA),
2 mmol/L glutamine (Gibco, San Francisco, CA, USA), peni-
cillin (100 U/mL) and streptomycin (100 pg/mL). The cell
culture was maintained at 37 °C with 5% CO, in a humidified
atmosphere.

Cell growth assay

The inhibition of cell growth was determined by MTT assay.
MCEF-7 and MDA-MB-231 cells (5x10* cells/mL) were seeded
in 96-well culture plates. After overnight incubation, MCEF-7
cells were treated with various concentrations of baicalin,
baicalein, or baicalin plus baicalein (The ratio of two com-
pounds was 1:1 and the concentration of each compound was

condensed one fold) with or without PD98059 or SB203580.
MDA-MB-231 cells were treated with various concentrations
of baicalin, baicalein, or baicalin plus baicalein. Following
incubation, cell growth was measured at different time points
after the addition of 20 pLL. MTT at 37 °C for 4 h. Then DMSO
(150 pL) was added to dissolve the formazan crystals. Optical
density (OD) was measured at 490 nm with an ELISA plate
reader (BioTek, Winooski, Vermont, USA). The percentage of
inhibition was calculated as follows:

ODSample

Inhibition rate (IR) (%) = ( 1 —'m

) x 100%

Analysis of the effects of combinations of drugs
Isobologram analysis was used to determine the effects of
drug combinations on MCF-7 and MDA-MB-231 cells. The
interaction of two compounds was quantified by determining
the combination index (CI), in accordance with the following
classic isobologram®:

CI = (D),/ (Dx); + (D)/ (Dx)2
Where Dx is the dose of one drug alone required to produce
an effect, and (D), and (D), are the doses of compounds 1 and
2, respectively, necessary to produce the same effect in com-
bination. From this analysis, the combined effects of the two
drugs can be summarized as follows: The CI of less than, equal
to, or more than 1 indicate synergistic, additive, or antagonis-
tic effects, respectively.

Cellular morphological observation

The cellular morphology was investigated as previously
reported®. MCF-7 and MDA-MB-231 cells (2x10°/mL) were
seeded in 6-well plates and cultured overnight. Once the
cells had anchored to the plates, MCF-7 cells were treated
with 50 umol/L baicalin, 25 pmol/L baicalein or 50 pmol/L
baicalin plus 25 pmol/L baicalein with or without PD98059 or
SB203580. MDA-MB-231 cells were treated with 50 pmol/L
baicalin, 25 pmol/L baicalein or 50 pmol/L baicalin plus 25
umol/L baicalein. After treatment for 24 h and 48 h in MCEF-7
cells or 48 h in MDA-MB-231 cells, cells were harvested and
washed twice with phosphate-buffered saline (PBS) then
stained with AO (10 mg/L) at 37 °C for 10 min. Slides were
sealed with coverslips and fluorescence was observed under
a microscope (400x) (Olympus, Tokyo, JAPAN) with a green
filter.

DNA gel electrophoresis assay

MCF-7 or MDA-MB-231 cells were incubated with both baic-
alin and baicalein alone or together for different time points.
DNA extraction was performed according to the manufactur-
er’s instructions (TIANGEN BIOTECH, Beijing, China). Elec-
trophoresis was performed in 1.5% agarose gel (containing 0.5
pg/mL ethidium bromide) for 1 h, and the bands were visual-
ized and photographed under transmitted ultraviolet light.

Flow cytometric analysis
The MCF-7 cells (10°/mL) were cultured in 6-well plates until
70%-80% confluent. Cells were then treated with 50 pmol/L
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baicalin, 25 pmol/L baicalein or 50 pmol/L baicalin plus 25
pmol/L baicalein for 12, 24, or 48 h. Cells were collected and
the annexin V-PI dual-staining assay or PI staining was per-
formed according to the manufacturer’s instructions. The cells
were analyzed using a FACS Aria cytometer (BD FACSAria,
San Jose, CA, USA). The percentage of apoptotic cell popula-
tion and cell cycle were determined using ModFit LT 3.0 soft-
ware.

Western blot analysis

Whole cell lysate was loaded in each lane and separated by
12% SDS-PAGE. Protein expression was detected using pri-
mary antibody (1:1000, except p53 1:200) and secondary anti-
body (1:800) conjugated with horseradish peroxidase. Levels
of p53, caspase-3, -9, bcl-2, bax, p-ERK, p-p38, and GAPDH
were analyzed in this manner. Chemiluminescence was
observed by ECL (Pharmacia, Buckinghamshire, UK). Quanti-
tative analysis of Western blotting was done using Alpha Ease
FC (FluorChem FC2) software. Using the analysis tools, we
calculated the density ratio of protein to GAPDH, the loading
control.

Statistical analysis

All data are expressed as means+SD. Comparisons between
groups were performed by Student’s t-test and one-way anal-
ysis of variance (ANOVA). The level of significance was set at
P<0.05.

Results
Combination treatment with baicalin and baicalein enhances the
effect of each drug on human breast cancer cell growth
Cells were incubated with a range of concentrations of baic-
alin and baicalein for 72 h. Cell viability was determined by
MTT assay. Upon treatment with baicalin or baicalein, cell
viability decreased in a concentration-dependent manner. For
combination treatment, the lowest effective dosage of each
compound was combined with a range of doses of the other
compound. Consequently, we tested both the combination of
baicalein (25 pmol/L) plus a range of concentrations of baic-
alin and the combination of baicalin (50 pmol/L) plus a range
of concentrations of baicalein on MCF-7 cells (Figure 1A, 1B).

After treatment with the combination of baicalein at 25
pmol/L plus baicalin at 50 pmol/L, cell growth inhibition was
increased about 26% as compared to baicalin at 50 pmol/L
alone (P<0.05). Similarly, after treatment with the combina-
tion of baicalein at 25 pmol/L plus baicalin at 75 pmol/L, cell
growth inhibition was increased about 15% as compared to
baicalin at 75 pmol/L alone (P<0.05). Cell growth inhibition
was not significantly changed when we combined baicalein at
25 pmol/ L with baicalin at 100, 150, or 200 pmol/L (P>0.05), as
compared to baicalin at 100, 150, or 200 pmol/L alone (Figure
1A). Moreover, there were no significant differences between
baicalein at 25 pmol/L plus baicalin at 50 umol/L, baicalein
at 25 pumol/L plus baicalin at 75 pmol/L and baicalein at 25
pumol/L plus baicalin at 100 pmol/L (P>0.05).

After combination treatment of baicalin at 50 umol/L plus
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baicalein at 25 pmol/L or combination treatment of baicalin at
50 pmol/L plus baicalein at 50 pmol/L, cell growth inhibition
was increased about 30% and 19%, as compared to baicalein at
25 pmol/L or 50 umol/L alone, respectively. These changes
were significant (P<0.05). However, baicalin at 50 pmol/L
plus baicalein at 100 pmol/L, 200 umol/L, or 400 umol/L did
not change the effect on cell survival (P>0.05), as compared
to baicalein at 100 pmol/L, 200 umol/L or 400 pmol/L alone
(Figure 1B). There were no significant differences between
baicalin at 50 pmol/L plus baicalein at 25 pmol/L, baicalin
at 50 umol/L plus baicalein at 50 pmol/L and baicalin at 50
pumol/L plus baicalein at 100 pmol/L (P>0.05).

Cell growth was maximally inhibited by combination treat-
ment with baicalin 50 umol/L and baicalein 25 pmol/L, as
compared to all other combinations of concentrations, even
combinations in which both drugs were used at higher con-
centrations. It was also found, by isobologram analysis, that
the combination of 50 pmol/L baicalin and 25 pmol/L baica-
lein created a synergistic effect (CI=0.75). For this reason, the
combination of 50 umol/L baicalin and 25 pmol/L baicalein
was used in the following experiments. We next examined cell
growth inhibition in a time course study. MCF-7 cells were
treated with 50 umol/L baicalin, 25 umol/L baicalein or their
combination for 24, 48, and 72 h and assayed for cell viabil-
ity. Figure 1C demonstrates that there was a time-dependent
inhibition in cell growth following the combination treatment,
which was significantly faster than the cell growth inhibition
caused by baicalin or baicalein alone (P<0.05).

To observe cell growth inhibition in another human breast
cancer cell line, MDA-MB-231 cells were treated with the same
drugs at the same concentrations, producing similar results, as
shown in Figure 1. These data suggest that baicalin in combi-
nation with baicalein significantly inhibits human breast can-
cer cell growth.

Baicalin combined with baicalein enhances apoptosis and
induces cell cycle arrest in MCF-7 cells

As determined by AO staining, programmed cell death was
not affected by baicalin or baicalein exposure for 48 h, but the
combination of baicalin and baicalein resulted in cell shrinkage
and half-moon green or saffron yellow fluorescence, which are
the typical patterns of apoptosis at the indicated time points
(Figure 2A). To examine the effects of the apoptotic program,
we analyzed DNA fragmentation. We saw a typical DNA
ladder when cells were treated with 50 pmol/L baicalin or 25
umol/L baicalein for 48 h. However, the DNA ladder was sig-
nificantly increased when MCF-7 or MDA-MB-231 cells were
treated with the combination of baicalin and baicalein for 48 h
(Figure 2B).

To determine the apoptosis ratio caused by the drug com-
bination, apoptosis was analyzed by flow cytometry after
10°/mL MCEF-7 cells were exposed to 50 umol/L baicalin,
25 pmol/L baicalein or 50 pmol/L baicalin plus 25 pmol/L
baicalein for 12, 24, and 48 h. The combination significantly
increased apoptosis at 24 and 48 h (P<0.01) (12% and 20%,
respectively), as compared to either drug alone; when baicalin
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or baicalein was used alone, only 2.7% and 5.3% of cells were
apoptotic at 48 h, respectively. Moreover, there was little
apoptosis at other time points (Table 1). The combination of
baicalin and baicalein not only enhanced apoptosis, but also
induced cell cycle arrest. As shown in Figure 3, the fraction
of cells in the Gy/G; phase was increased by 17.25% or 14.62%
with the combination treatment, as compared to baicalin
or baicalein at 48 h, respectively. These data show that the

meansxSD from 3 independent experiments.

combination of baicalin and baicalein causes cells to arrest in
GO/Gl-

The combination of baicalin and baicalein activates caspase-9
and caspase-3, decreases the level of bcl-2 and increases the
expression of bax, p53, p-ERK, and p-p38

To determine which proteins are regulated by the drug combi-
nation treatment, we analyzed the protein levels of caspase-9,
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Table 1. Apoptosis ratio of combination treatment with baicalin and baicalein.

Baicalin Baicalein Combination P value
12 h 0.02%+0.02% 0.07%+0.02% 0.13%+0.06% 0.055, 0.17
24 h 0.05%+0.05% 0.20%+0.05% 12.27%+1.68% 0.00023, 0.00024
48 h 2.75%%0.92% 5.25%%1.35% 20.14%+1.89% 0.00014, 0.00038

P value shows that the combination was compared with baicalin and baicalein, respectively.

B 12h 24h 48h
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-+ -++-++ -+ Baicalein 25 ymol/L
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Baicalin Baicalein
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i «
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Baicallin 50+
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Figure 2. Effect of baicalin, baicalein and their combination on apoptosis. (A) MCF-7 cells (1x10%/mL) were exposed to baicalin 50 pmol/L, baicalein
25 pumol/L or their combination for 24 and 48 h. MDA-MB-231 cells were treated with baicalin 50 umol/L, baicalein 25 uymol/L and baicalin 50 pmol/L
plus baicalein 25 umol/L for 48 h. Cells were stained with AO, and then observed under fluorescence microscope (x400). (A/E), control; (B/F), 50
pmol/L baicalin; (C/G), 25 pymol/L baicalein; (D/H), combination for 24 or 48 h, respectively in MCF-7 cells. (B) Agarose gel electrophoresis assay for
DNA fragmentation. MCF-7 cells were treated with baicalin 50 pmol/L, baicalein 25 ymol/L and their combination for 12, 24, and 48 h. MDA-MB-231
cells were treated with baicalin 50 umol/L, baicalein 25 ymol/L and their combination for 48 h. n=3.
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Figure 3. Effects of baicalin, baicalein, and their combination on cell cycle. MCF-7 cells (1x10°%/mL) were exposed to baicalin 50 umol/L, baicalein 25
pumol/L and their combination for 48 h. MCF-7 cells were stained with PI, and then observed by flow cytometry. (A) Quantity of cells in different phase. (B)

Representative flow cytometric profiles. n=3.
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Figure 4. The expressions of p53, caspase-3, caspase-9, bcl-2, bax, p-ERK, and p-p38 by baicalin 50 umol/L, bacalein 25 pymol/L and their
combination. (A) MCF-7 cells were treated with baicalin, baicalein, and baicalin plus baicalein for 24 and 48 h. (B) MDA-MB-231 cells were treated with
baicalin, baicalein, and baicalin plus baicalein for 48 h. Then Western blot analysis was performed for p53, cleaved caspase-3, -9, bcl-2, bax, p-ERK,
and p-p38. °P<0.05 compared with the combined treatment for 48 h. The density ratio of proteins to GAPDH was shown as relative expression. Values
are expressed mean+SD. n=3. Experiments were repeated with similar results.

caspase-3, the bcl-2 family including bax and p53. As shown
in Figure 4 (A and B), caspase-9 and caspase-3 cleavage prod-
ucts were observed upon treatment with the drug combination
at 48 h in both MCF-7 and MDA-MB-231 cells. However, the
activation of caspase-9 or caspase-3 was not affected by baic-
alin or baicalein alone.

The level of bcl-2 was decreased by the combined drug
treatment at 48 h (Figure 4). In contrast, the levels of bax
and p53 in MCF-7 cells were increased about 25% and 15%
after the combined drug treatment at 48 h, as compared to
the untreated control. However, the levels of these proteins
remained unchanged by treatment with baicalin or baicalein
alone.

To determine whether the effects of the combined drug
treatment include activation of ERK or p38 MAPK, we
analyzed the phosphorylation of ERK and p38 MAPK. As
shown in Figure 4, the expressions of p-ERK and p-p38 were
increased about 2.96- and 2.85-fold by the combined drug
treatment at 48 h respectively, as compared to the untreated
control. These data show that the combined drug treatment
also affects p-ERK and p-p38.

The combination of baicalin and baicalein inhibits cell growth
and enhances apoptosis via the ERK/p38 MAPK pathway

To assess the role of ERK and p38 MAPK in the combined
drug treatment, cells were treated with the ERK-specific
inhibitor, PD98059, and the p38 MAPK-specific inhibitor,
SB203580, alone and with different drugs. As shown in Figure
5A, cell viability was analyzed by MTT assay. MCEF-7 cells
were treated with baicalin or baicalein alone or in combination
with PD98059 or SB203580 for 24, 48, and 72 h. The combina-
tion of baicalin and baicalein resulted in a 15%, 24%, and 37%
decrease in cell growth inhibition in the presence of PD98059
or SB203580 for 24, 48, and 72 h, respectively. These data sug-
gest that the cell growth inhibition caused by the combined
drug treatment is dependent on the ERK/p38 MAPK path-
way.

To explore whether the cell growth inhibition caused by
the combined drug treatment is related to apoptosis, cellular
morphology was observed by AO staining. MCF-7 cells were
incubated with baicalin or baicalein with or without PD98059
or SB203580 for 48 h. Figure 5B showed that the typical pat-
tern of apoptosis was observed by the combination treat-
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Figure 5. Effect of baicalin 50 umol/L, baicalein 25 uymol/L or their combination on cell growth and apoptosis with or without PD98059 80 umol/L and
SB203580 15 ymol/L. After MCF-7 cells were pre-treated with or without SB203580 15 umol/L for 2 h, cells were treated with baicalin 50 uymol/L,
baicalein 25 ymol/L, and baicalin plus baicalein for 48 h. (A) Cell growth was inhibited by combination of baicalin and baicalein via ERK and p38 MAPK
pathway. (B) Apoptosis was enhanced by combination of baicalin and baicalein via ERK and p38 MAPK pathway. (C) The levels of p53, caspase-3, -9,
bcl-2 and bax were regulated via ERK pathway. The expressions of p53, caspase-3, -9, bcl-2 and bax were observed after baicalin, baicalein or their
combination treatment with or without PD98059 in MCF-7 cells. °P<0.05 compared with PD98059 plus the combined treatment. (D) The levels of p53,
caspase-3, -9, bcl-2 and bax were regulated via p38 MAPK pathway. Proteins were observed after baicalin, baicalein or their combination treatment with
or without SB203580 in MCF-7 cells. °P<0.05 compared with PD98059 plus the combination treatment. Total cellular proteins were extracted and
performed with Western blotting analysis. The density ratio of proteins to GAPDH was shown as relative expression. Values are expressed mean+SD.
n=3. Experiments were repeated with similar results.

ment of baicalin and baicalein. Apoptosis was decreased or
abolished when cells were treated with the baicalin/baicalein
combination and PD98059 or SB203580. Therefore, apoptosis
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caused by the combination of baicalin and baicalein is depen-
dent on the ERK/p38 MAPK pathway.
To determine whether apoptosis-related proteins are regu-
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lated via the ERK/p38 MAPK pathway, cells were treated with
or without PD98059 or SB203580 for 48 h and then we exam-
ined protein levels by Western blot analysis. As shown in Fig-
ure 5C, we found that the expression of p53 was increased by
21% by the combination treatment of baicalin and baicalein, as
compared to the untreated control. However, in the presence
of PD98059, the level of p53 expression was decreased about
60%, as compared to the combined drug treatment without
PD98059. Caspase-3 and caspase-9 cleavage products, as well
as decreased bcl-2 levels were observed upon treatment with
the combination of baicalin and baicalein for 48 h. However,
this effect was abolished by the addition of PD98059. Con-
versely, the expression of bax remained unchanged when cells
were treated by the combination of baicalin and baicalein,
with or without PD98059. These data suggest that the regula-
tion of p53, caspase-3, caspase-9, and bcl-2 by the combination
of baicalin and baicalein is dependent on ERK. The combina-
tion of baicalin and baicalein induces apoptosis via the ERK
pathway.

As shown in Figure 5D, combined treatment with baicalin
and baicalein increased the level of p53 and bax by 22% and
58%, respectively, and decreased the level of bcl-2 by 48%, as
compared to the untreated control. However, in the presence
of SB203580 plus baicalin and baicalein, the level of p53 and
bax was decreased by 65% and 44%, respectively, and the level
of bcl-2 expression was increased by 85%, as compared to the
combination of baicalin and baicalein without SB203580. We
also found that the activation of caspase-3 and caspase-9 by
the combination of baicalin and baicalein was inhibited by
SB203580. These results demonstrate that apoptosis-related
proteins such as p53, caspase-3, caspase-9, bcl-2, and bax are
regulated by the combination of baicalin and baicalein through
p38 MAPK.

Discussion

Cell death is generally presented as having two categories:
apoptosis, representing “active” programmed cell death, and
necrosis, representing “passive” cell death without (known)
underlying regulatory mechanisms™!. The induction of cancer
cell apoptosis is a key strategy in anticancer therapy.

In this study, we found concentration-dependent cell
growth inhibition in response to baicalin or baicalein alone in
both MCF-7 and MDA-MB-231 cells (Figure 1A, 1B), in accor-
dance with previous research in prostate cancer® and bladder
cancer™. Notably, treatment with the combination of baicalin
and baicalein significantly increased cell growth inhibition,
as compared to baicalin or baicalein alone. Cell growth was
maximally inhibited by a combined treatment of 50 pmol/L
baicalin plus 25 pmol/L baicalein. Moreover, this effect was
time-dependent (Figure 1C). According to isobologram analy-
sis, the combination of 50 pmol/L baicalin and 25 pmol/L
baicalein had a synergistic effect. These results show that the
combined treatment of 50 pmol/L baicalin and 25 pmol/L
baicalein enhances the growth inhibition of MCF-7 and MDA-
MB-231 cells.

Previous reports have shown that baicalin and baicalein

both induce apoptosis in prostate cancer cells™!. It also has
been reported that there is growth inhibition in breast carci-
noma cells in scutellaria extracts and constituent flavonoids
that include baicalin and baicalein®®, but this is the first study
on the combination of baicalin and baicalein in MCF-7 cells.
To clarify whether the effect on cell growth inhibition was due
to apoptosis in breast cancer cells, we performed morphologi-
cal experiments and DNA fragmentation analysis after the
combined treatment of baicalin and baicalein for 24 and 48 h
(Figure 2). However, it has been reported that the MCF-7 cell
line from ATCC does not produce a typical DNA ladder in
response to apoptotic induction®, though we did not notice
this problem in the current study. Nevertheless, to strengthen
our conclusion, another breast cancer cell line, MDA-MB-231,
was used. Data showed that baicalin in combination with
baicalein induced DNA fragmentation in both MCF-7 and
MDA-MB-231 cells (Figure 2B).

The apoptosis ratio and cell cycle arrest were analyzed by
FACS analysis at different time points in MCF-7 cells. As com-
pared to baicalin or baicalein alone, the apoptosis ratio was
increased approximately 10- or 4-fold, respectively, at 48 h by
the combined treatment of baicalin and baicalein (Table 1).
Therefore, these data suggest that the increase in cell growth
inhibition was caused by apoptosis. Moreover, the results also
show that the combination of baicalin and baicalein induces
cell cycle arrest in G,/ G; phase (Figure 3).

Apoptosis occurs through the extrinsic or cytoplasmic
pathway®!! 2,
However, both the extrinsic and intrinsic apoptotic pathways

and the intrinsic or mitochondrial pathway!

converge to caspase-3. In the intrinsic pathway, the upstream
caspase of caspase-3 is caspase-9°’. It has been reported that
baicalin or baicalein induces apoptosis via mitochondria- and
caspase-dependent pathway in human breast cancer MDA-

MB-231 cells'™! and prostate cancer cells®.

In this study,
caspase-9 and caspase-3 were activated by the combined treat-
ment of baicalin and baicalein at 24 and 48 h in MCEF-7 cells
(Figure 4A). Recently, one study revealed that the MCF-7 cell
line from ATCC lacks functional caspase-3°".. While we did
not notice this problem in our experiments, we used the MDA-
MB-231 cell line to confirm our data. In these cells, caspase-3
and caspase-9 were also activated by the combined treatment
of baicalin and baicalein (Figure 4B). These data suggest that
caspase-9 and caspase-3 are activated as mechanisms of com-
bined drug-induced apoptosis.

The overexpression of bcl-2 in the intrinsic pathway may
lead to the inhibition of the extrinsic pathway of apoptosis.
The ratio of pro-apoptotic bcl-2 family members (eg, bax, bad,
and bak) to anti-apoptotic bcl-2 family members increases,
and pores form in the outer mitochondrial membrane, liberat-
ing apoptogenic mitochondrial proteins to activate caspases
and to induce apoptosis®. It has been revealed that baicalin
induces apoptosis via the inhibition of bcl-2 and loss of bax
in the prostate cancer cell line DU145". We found that bcl-2
expression was decreased and bax expression was increased
by the combined treatment of baicalin and baicalein, as com-
pared to baicalin or baicalein alone. These data suggest that
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the combined drug-induced apoptosis does not only involve
the intrinsic pathway, but also acts through the downregula-
tion of bcl-2 and upregulation of bax.

P53, which is the most commonly mutated gene in human
cancers, functions as a transcription factor regulating down-
stream genes in apoptosis™. It has been reported that p53-de-

pendent apoptosis is induced in MCF-7 cells®.

In this study,
the level of p53 was upregulated by the combined drug treat-
ment. These data show that p53 is involved in the combined
drug-induced apoptotic process.

As described above, the combined treatment of baicalin and
baicalein increased apoptosis in MCEF-7 cells, as compared
to baicalin or baicalein alone, and the induction of apoptosis
was related to caspase-9, -3, bax, p53, and bcl-2. It has been
reported that apoptosis induced by baicalin involves the
upregulation of p53 and bax in MCF-7 cells™. This was not
the case in our study. In our experiments, we used the lowest
concentration of baicalin or baicalein that did not cause signifi-
cant cell growth inhibition. Consequently, neither 50umol/L
baicalin nor 25 pmol/L baicalein alone changed the expression
of some apoptosis-related proteins. However, the combined
drug treatment showed synergistic effect and inhibited cell
growth. Therefore, we explored the mechanisms of the com-
bined drug treatment.

Previous research has shown that baicalin- or baicalein-
induced apoptosis involved multi-molecular mechanisms® ",
Therefore, we asked which signaling pathways were activated
by the combined treatment of baicalin and baicalein.

P38 MAPK is involved in regulating cellular responses to
stress and cytokines™. It has been reported that cell survival
and apoptosis are regulated through the ERK/MAPK path-

40]

way in various cancer cells”. Some monomeric compounds

derived from plants, such as quercetin®! and silibinin!*?,
were studied. Their anti-cancer properties were regulated
by the ERK/p38 MAPK signaling pathways. It has also been
reported that baicalein’s effects involve ERK* and the phos-
phorylation of p38 MAPK and AKT™!. However, there have
been no studies on the mechanism of the combination of baic-
alin and baicalein via ERK and p38 MAPK in MCF-7 cells.

To assess the role of ERK and p38 MAPK in the combined
treatment of baicalin and baicalein, cells were stimulated
with the ERK specific inhibitor, PD98059, and the p38 MAPK
specific inhibitor, SB203580, alone and with different drugs.
The data show that both PD98059 and SB203580 decrease or
abolish the cell growth inhibitory effect and apoptosis that is
induced by the combination of baicalin and baicalein. These
data suggest that the combined treatment inhibits cell growth
and enhances apoptosis via ERK and p38 MAPK. The levels
of p53, caspase-3, caspase-9, and bcl-2 were regulated by the
combination of baicalin and baicalein via the ERK pathway,
but the expression of bax remained unchanged by the com-
bined treatment with or without PD98059 (Figure 5C). How-
ever, the levels of p53, caspase-3 and caspase-9, bcl-2, and bax
were all regulated by the combination of baicalin and baicalein
via the p38 MAPK pathway (Figure 5D). Therefore, we con-
clude that the combination of baicalin and baicalein enhances
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apoptosis via the ERK pathway and the p38 MAPK pathway
in MCF-7 cells. These data demonstrate the multi-targeting
effects of the combination of baicalin and baicalein, as opposed
to baicalin or baicalein alone.

When two drugs produce the same broad therapeutic effect,
their combination produces the same effect to some magni-
tude, as compared to the summed effects of the individual
drugs. A combination of drugs is pharmacodynamically
synergistic if the effect is greater than the summed effects of
the partner drugs™”
been explored to achieve one or more favorable outcomes,

. Synergistic drug combinations have

such as enhanced efficacy and decreased dosage at an equal

[46]

or increased level of efficacy™. In one study, curcumin was

tested for its ability to compromise the proapoptotic activity

W In

of camptothecin, alkylating agents and anthracyclines
other studies, curcumin instead showed synergistic growth
inhibition and stimulated apoptosis in some cancer cells when
combined with chemotherapeutic drugs such as bortezomib
and 5-fluorouracil®!. Therefore, the combined effect of the
substances likely depends on drug-drug interactions. In this
study, the levels of p53, caspase-9, caspase-3, bax, and bcl-2
were not changed significantly by baicalin or baicalein alone.
But the expressions of these proteins were upregulated or
downregulated by the combination of baicalin and baica-
lein. As such, we conclude that the combination treatment
produced a synergistic effect. These data suggest that com-
bination treatment with natural products is a viable research
approach for the discovery of new anticancer agents.

In conclusion, the combination treatment with baicalin
and baicalein enhances apoptosis in MCEF-7 cells, activates
caspase-9 and caspase-3, downregulates bcl-2 and upregulates
bax and p53 via the ERK/p38 MAPK pathway.
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