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Abstract

Baicalein, a traditional Chinese medicine, is a member of the flavone subclass of flavonoids. It has
been reported to have anticancer activities in several human cancer cell lines in vitro. However,
the therapeutic effects of baicalein on human gastric cancer and the mechanisms of action of
baicalein have not been extensively studied. In the present study, we utilized a cell viability assay
and an in vivo tumor growth assay to test the inhibitory effects of baicalein on gastric cancer.
Analyses of the cell cycle, apoptosis and alterations in protein levels were performed to elucidate
how baicalein functions in gastric cancer. We found that baicalein could potently inhibit gastric
cancer cell growth and colony formation. Baicalein robustly induced arrest at the S phase in the
gastric cancer cell line SGC-7901. It induced SGC-7901 cell apoptosis and disrupted the mito-
chondrial membrane potential (AY¥m) in a dose-dependent manner. Analysis of protein expression
levels in SGC-7901 cells showed downregulation of Bcl-2 and upregulation of Bax in response to
baicalein treatment. These results indicate that baicalein induces apoptosis of gastric cancer cells
through the mitochondrial pathway. In an in vivo subcutaneous xenograft model, baicalein ex-
hibited excellent tumor inhibitory effects. These results indicate that baicalein may be a potential
drug for gastric cancer therapy.
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Introduction

Gastric cancer is one of the most aggressive
cancers of the digestive tract, and it is the fourth most
common cancer with an annual incidence of over
989,000 and mortality of approximately 738,000'. Sur-
gical resection is the main approach of curative
treatment for this highly lethal malignancy. However,
due to its non-specific symptoms and highly invasive
characteristics, only 30-50% of patients who under-
went surgical exploration can be operated with cura-
tive intent surgery. The 5-year survival rates of gastric

cancer patients at stage I and stage II are approxi-
mately 60% and 34%, respectively?. Even when com-
bined with adjuvant chemotherapy or radiotherapy,
patients with advanced stage gastric cancer who un-
derwent surgical treatment still showed poor prog-
nosis, and the 5-year survival rate is only approxi-
mately 20%-30%3. Therefore, more effective therapies
are urgently needed for the treatment of gastric can-
cer.

Baicalein (5,6,7-trihydroxy-2-phenyl-4H-1-benzo
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pyran-4-one), which is extracted from the roots of
Scutellariae radix or Scutellaria baicalensis, is a purified
flavonoid with a defined chemical structure. It has
been reported that baicalein possesses excellent anti-
oxidant and anti-inflammatory activities*>. Baicalein
exhibited anti-tumor effects in several types of cancers
by inducing cancer cell apoptosis ¢ and suppressing
metastasis®!1. Baicalein is genotoxic without produc-
ing chromosomal alterations and mutagenesis, which
are shown to result in severe side effects in chemo-
therapy. This effect guarantees baicalein as a safe po-
tential drug. Furthermore, baicalein is very cheap,
making it a promising therapeutic for cancer treat-
ment. The inhibitory effect of baicalein has been
shown in various types of cancers, such as pancreatic
cancer, bladder cancer, lung cancer, hepatoma, breast
cancer and skin carcinoma®913. However, to the best
of our knowledge, there are no previous reports on
the effects of baicalein on gastric cancer cells. In this
study, we used in vitro and in vivo assays to detect the
efficacy of baicalein in treating gastric cancer and to
investigate the mechanisms of baicalein. This work
may provide new insights into the potential thera-
peutic role of baicalein in gastric cancer.

Materials and Methods

Cell lines and culture

The gastric cancer cell line SGC-7901 was pur-
chased from the Cell Bank of Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences.
The gastric cancer cell line MKN45 was obtained from
the Japanese Riken Cell Bank (Tsukuba, Japan). The
SGC-7901 cells were cultured in high-glucose DMEM
(Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA), 100 pg/mL streptomycin and
100 U/mL penicillin (HyClone, USA). MKN45 cells
were cultured in RPMI 1640 with 10% FBS, 100
pg/mL streptomycin and 100 U/mL penicillin. All
cells were incubated at 37°C under a 5.0% CO, at-
mosphere.

Drug

Baicalein was purchased from Sigma-Aldrich (St.
Louis, USA). It was dissolved in DMSO at 100
mmol/L as a stock solution and kept in the dark at
—20°C. Baicalein was diluted in high-glucose DMEM
to treat gastric cancer cells at the indicated dosages.

3-(4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium (MTT) assay

Drug sensitivity was detected using the MTT
assay'. Briefly, cells were trypsinized and plated into
96-well plates (Corning, USA) at a density of 5 x 103
cells per well. The cells were cultured overnight and
then replenished with fresh medium containing bai-

calein at the indicated concentrations. The cells were
then incubated for 24, 48 or 72 h. A total of 20 pL of
MTT (Sigma-Aldrich) dissolved in PBS at 5 mg/mL
was added directly to the wells at the indicated times.
The plates were then incubated for an additional 4 h at
37°C for the MTT reaction. The supernatant was re-
moved 4 h later. A total of 100 pL of DMSO was
added to dissolve the formed formazan crystals, and
the optical density was measured at 490 nm on a mi-
croplate reader (Bio-Tek, USA). The results are rep-
resented as the average value of 3 independent ex-
periments. The percentage of viable cells was calcu-
lated as Cell viability (%) = (OD of treatment/ OD of
control) x 100.

Colony formation assay

SGC-7901 cells were digested into single cell
suspension with trypsin-EDTA (Gibco, USA) solution.
A total of 2 mL of the cell suspension was seeded onto
6-well plates (Corning, USA) at a density of 200
cells/mL. After adherence, the cells were treated with
baicalein (0, 15, 30, and 60 pmol/L) for 48 h. The su-
pernatant was replaced with fresh medium, and the
cells were cultured for an additional 15 days. The cells
were then fixed with 10% formalin and stained with
0.1% crystal violet (Sigma-Aldrich) for 1 h. Then, the
cells were washed and dried. Digital images were
taken using a microscope (Leica, Germany). The re-
sults represented the average of 3 independent ex-
periments.

Cell cycle analysis

SGC-7901 cells were treated with baicalein (0, 30,
60, and 120 pmol/L) for 48 h. The cells were collected
and fixed with cold 70% ethanol at -20°C overnight.
Then, the cells were washed and resuspended in cold
PBS and incubated at 37°C for 30 min with 10 mg/mL
RNase and 1 mg/mL propidium iodide (Sig-
ma-Aldrich). DNA content was detected by flow cy-
tometry (BD, San Diego, USA). The percentage of cells
at different cell cycle phases was analyzed using the
Cell Quest acquisition software (BD Biosciences).

Flow cytometric analysis of cell apoptosis

The Annexin V/propidium iodide (PI) assay was
performed according to the manufacturer’s instruc-
tions (Invitrogen, USA). Briefly, SGC-7901 cells were
plated into 6-well plates (Corning, USA) and incu-
bated for 48 h with baicalein (0, 15, 30, and 60
pmol/L). The cells were collected, washed with cold
PBS, centrifuged and resuspended in 100 pl binding
buffer containing 2.5 pl FITC-conjugated Annexin V
and 1 pl 100 pg/ml PIL. The cells were incubated for 15
min at room temperature in the dark. A total of 10 000
events were collected by flow cytometry (BD, San
Diego, USA).
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Detection of morphological apoptosis with
Hoechst 33342 staining

After being treated with baicalein (0, 15, 30, and
60 pmol/L) for 48 h, the SGC-7901 cells were washed
with PBS and fixed with methanol:acetic acid (3:1) for
15 min at room temperature. The cells were washed
with PBS and stained with 5 pg/mL Hoechst 33342 for
10 min. Alterations in morphology of the nuclei were
observed using fluorescence microscopy (Leica, Ger-
many).

Detection of mitochondrial membrane poten-
tial (AW m) variation with fluorescence mi-
croscopy

The AWm was analyzed by fluorescence mi-
Croscopy using the
5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazol
carbocyanine iodide (JC-1) probe. The SGC-7901 cells
were treated with baicalein (15, 30, and 60 pmol/L)
for 48 h. A total of 5 pl JC-1 staining solution (Be-
yotime, China) was added to cells, and the cells were
incubated in a 5% CO2 atmosphere at 37 °C for 20 min
in the dark. After washing twice with buffer,
SGC-7901 cells were observed under fluorescence
microscopy (Leica, Germany).

Western blot analysis

Western blotting was performed as previously
described'®. SGC-7901 cells were treated with various
concentrations of baicalein (0, 15, 30,60, and 120
pmol/L) for 48 h and then lysed in sample buffer,
followed by denaturation. The protein concentration
was measured using the bicinchoninic acid assay
system (Beyotime, China) with BSA as a standard
protein. For each sample, 80 pg total protein was
separated by SDS-PAGE gel and electrophoretically
transferred to nitrocellulose membranes. The mem-
branes were blocked with 5% non-fat milk for 40 min
and incubated with anti-procaspase-3, anti-Bcl-2, an-
ti-Bax, or anti-PARP antibodies (1:1000; Cell Signaling
Technology, Danvers, MA) at 4°C overnight. The
membranes were then incubated with goat an-
ti-rabbit/anti-mouse secondary antibody conjugated
with horseradish peroxidase (1:5000; Abcam) and
then exposed using films. For proteins with different
molecular weights, the PVDF membranes were cut
according to the protein marker and then incubated
with antibodies. For proteins of similar sizes, the
membranes were stripped and then incubated with
other antibodies, including p-actin antibody as an
internal control, then the same steps were performed
as described above. Films were scanned, and the op-
tical intensity of the procaspase-3, Bcl-2, Bax, PARP,
and {-actin bands were quantified with Quantity One.
[-actin was used as the internal control. The ratios of

procaspase-3/actin, Bcl-2/actin, Bax/actin, and
PARP/actin were calculated in each group, and these
represent the transcriptional levels of the respective
proteins.

Animal experiments

All of the animal experiments were approved by
the Animal Care and Use Committee of Shanghai Jiao
Tong University. The experiments were performed
according to the U.S. Public Health Service Policy on
Humane Care and the Use of Laboratory Animals.
Five-week-old male BALB/c nude mice were pur-
chased from the Shanghai Laboratory Animal Center
(SLAG; Shanghai, China). The mice were subcutane-
ously injected with 1x100 SGC-7901 cells. After the
tumors were visible, either vehicle, low dose baicalein
(15 mg/kg) or high dose baicalein (50 mg/kg) was
administered to the mice intragastrically for 1 week.
The drug was given daily for a total of 7 treatments.
After treatment, the size of the tumors was measured
every week and was calculated as length x width x
width/2. The mice were sacrificed 4 weeks
post-treatment. The tumors were isolated, and pic-
tures were taken.

Statistical analysis

All of the values are expressed as the mean = SD
and analyzed by Student’s t-test using SPSS version
13.0 software. A p-value less than 0.05 was considered
significant.

Results

Baicalein suppressed the growth of gastric
cancer cells

To examine the biological effect of baicalein (Fig
1A), SGC-7901 and MKN45, cells were treated with
baicalein for the indicated times, and cell viability was
measured. Baicalein decreased the proliferation of
SGC-7901 cells in a dose- and time-dependent manner
(Fig 1B & Supplementary Figure 1).

To test the long-term effect of baicalein on cell
growth, SGC-7901 cells were treated with 0, 15, 30,
and 60 pmol/L baicalein for 48 h and cultured for
another 15 days. High dose baicalein decreased the
number of colonies, the diameter of colonies and the
area of colonies (Fig 1C & 1D). Colony formation was
robustly suppressed by baicalein at 30 pmol/L. These
results demonstrated that baicalein exhibits potent
anti-proliferation effects in gastric cancer cells.

Baicalein induces gastric cancer cells S phase
arrest

To gain insights into the mechanism by which
baicalein inhibited gastric cancer growth, we meas-
ured the cell cycle distribution of SGC-7901 cells with
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baicalein treatment. In comparison to DMSO-treated  tion increased from 33.4%+2.6% to 65.3£3.1% in
cells, baicalein induced a significant increase in S  SGC7901 cells after treatment with 0, 30, 60, 120
phase cells and decreased the percentage of G1 phase  pmol/L of baicalein, respectively (Fig 2).
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Figure 1. Baicalein suppressed the growth of gastric cancer cells. (A) Chemical structure of baicalein. (B) Assessment of the cell viability of SGC-7901 cells following
treatment with baicalein at the indicated concentrations. (C) Detection of colony formation of SGC-7901 cells after treatment with baicalein at the indicated
concentrations. (D) Quantification of colony numbers, diameters and areas after treatment with baicalein.
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Figure 2. Baicalein induces S phase arrest of gastric cancer cells. (A) Cell cycle detection of SGC-7901 cells following treatment with baicalein at the indicated
concentrations. (B) Quantification of GO/G1, S, and G2/M phase cells in baicalein-treated SGC-7901 cells.
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Baicalein induces gastric cancer cell apoptosis

To test whether baicalein could induce gastric
cancer cell death, we used Hoechst staining to observe
the morphological alterations of nuclei. In the un-
treated SGC7901 cells, the observed nuclei were a
weak homogeneous blue, whereas bright chromatin
condensation and nuclear fragmentation were ob-
served in the group treated with baicalein. The num-
ber of apoptotic nuclei containing condensed chro-
matin increased significantly (Fig 3A), suggesting that
baicalein may induce gastric cancer cell apoptosis. To
further confirm this, we detected apoptotic cells
among the SGC-7901 cells treated with baicalein.
Baicalein potently induced SGC-7901 cell apoptosis in
a dose-dependent manner (Fig 3B).
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Baicalein decreased mitochondrial membrane
potential (A¥Wm) in gastric cancer

We also investigated alterations in the mito-
chondrial membrane potential (AWm) in bai-
calein-treated cells using JC-1 dyes. JC-1 dyes selec-
tively enter mitochondria and reversibly change color
from red to green when the membrane potential de-
creases. Compared with the control and low dose (15
and 30 pmol/L) groups, cells treated with baicalein at
high doses (60 and 120 pmol/L) showed a decreased
proportion of red fluorescence, indicating a remarka-
ble decrease in AWm (Fig 4). These results suggested
that baicalein could reduce the membrane potential
and induce mitochondrial dysfunction.
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Figure 3. Baicalein induces gastric cancer cell apoptosis. (A) Nuclei staining with Hoechst 33342 of baicalein-treated SGC-7901 cells. Left upper: Hoechst staining.
Left lower: Morphology. Right: Quantification of fragmented nuclei. (B) Detection of apoptosis by Annexin V-FITC/PI staining. Right: Quantification of apoptotic cells.
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Baicalein regulates Bcl-2 and Bax expression

To further elucidate how baicalein induced gas-
tric cancer cell apoptosis, we measured the expression
of apoptosis-associated genes. We observed decreased
levels of pro-caspase-3 and increased levels of cleaved
PARP, demonstrating the induction of apoptosis by
baicalein in gastric cancer cells (Fig 5). Interestingly,
we found that baicalein decreased the anti-apoptotic
protein Bcl-2 and increased the pro-apoptotic protein
Bax (Fig 5). Considering that these two proteins are
closely associated with mitochondria, it is possible
that baicalein induced apoptosis through mitochon-
drial disruption by changing the levels of the apopto-
sis-associated proteins Bcl-2 and Bax.

Baicalein potently inhibited gastric cancer
growth in vivo

To determine whether baicalein could inhibit
gastric cancer in vivo, we established a subcutaneous
xenograft in nude mice. Baicalein inhibited xenograft
growth. Tumors of smaller size were observed after
mice were treated with high dose baicalein (Fig 6A).
Additionally, the tumor weights of the treated groups
were quite smaller than those of control mice (Fig 6B).
These results revealed that baicalein could inhibit
gastric cancer in vivo.

A

Baiclein(umol/L)

Discussion

In recent years, various studies have demon-
strated that baicalein, a bioactive flavonoid constitu-
ent of Scutellariae radix, is capable of inhibiting tumor
cell growth, inducing cell cycle arrest and inducing
apoptosis in human hepatocellular carcinoma and
lung cancer cell lines'31718. Doses of 15-50 uM bai-
calein could induce pancreatic cancer cell apoptosis
through downregulation of the anti-apoptotic protein
Mcl-18. In human bladder cancer cells, 60-80 uM bai-
calein could retard cell growth by inhibiting CDC2
kinase activity®. Recent studies also showed that bai-
calein exhibited anti-proliferative activity in HCC and
lung cancer cells'?13. Baicalein inhibited cell migration
and invasion by inhibiting MMP-2/9 activity in hu-
man hepatoma cells® and human breast cancer cells??.
Moreover, baicalein inhibited cell invasion by inhib-
iting expression of the anchor protein Ezrin in human
skin carcinomall. However, to date, no detailed stud-
ies have tested the effects of baicalein on human gas-
tric cancer cells. In this study, we investigated the
anti-cancer effects of baicalein in SGC7901, a classic
gastric cell line. We also investigated the mechanisms
of baicalein in inhibiting gastric cancer cells. To the
best of our knowledge, this is the first study of the
function and mechanism of action of baicalein in gas-
tric cancer.
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Figure 5. Baicalein regulates Bcl-2 and Bax expression. (A) Expression of pro-caspase-3, Bcl-2, Bax, and cleaved PARP in SGC-7901 cells treated with baicalein at the
indicated concentrations. GAPDH was used as an internal control. (B) Quantification of protein expression relative to the internal control GAPDH.
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Figure 6. Baicalein potently inhibited gastric cancer growth in vivo. (A) Tumor size of mice treated with baicalein or not at 4 weeks. (B) Tumor weight of mice treated

with baicalein or not at 4 weeks. (C) Model of baicalein induced tumor inhibition.

We assessed the anti-tumor activity of baicalein
on gastric cancer cells using an MTT assay and a col-
ony forming assay. The results showed that baicalein
inhibited cell growth in a dose-dependent manner
(Fig 1). Pretreatment with a low dose of baicalein in-
hibited colony formation of the cells (Fig 1). After the
medium was refreshed without drugs, the cells that
been treated with baicalein recovered several days
later and gradually formed colonies, and this was
dependent on the initial dosage of the drug. Because
the cells treated with a low dose of baicalein could
recover, the possible resistance of cells to baicalein
was indicated. This observation needs to be further
confirmed in future studies in which cells are treated
with low and high dosages of baicalein and their re-
sistance to the drug is tested. Combination with
chemotherapy drugs, small molecules or other types
of treatment may help to overcome possible re-
sistance. Flow cytometric analysis revealed that bai-
calein induced cell cycle arrest at the S phase in a
dose-dependent manner (Fig 2). Flow cytometric es-
timation showed that baicalein produced a

dose-dependent increase in the apoptotic cell popula-
tion, suggesting the sequential events of cell cycle
arrest followed by apoptosis (Fig 3). Apoptosis was
also confirmed by characteristic morphological
changes. The morphological changes of apoptosis
include membrane blebbing, cell shrinkage, chroma-
tin condensation, and the formation of apoptotic
bodies. Staining with Hoechst 33342 clearly revealed
condensed, fragmented nuclei and apoptotic bodies in
the baicalein-treated cells (Fig 3).

Mitochondria are increasingly recognized as bi-
oenergetics and metabolic centers essential for both
life and death®?. Our study revealed a
dose-dependent depolarization of the mitochondrial
membrane potential, shown by a shift in fluorescence
from red to green in baicalein-treated cells. This con-
firmed that baicalein induces a disturbance of the
mitochondrial transmembrane potential, thereby in-
ducing the apoptotic signal through the mitochondri-
al pathway (Fig 4).

Stimuli could initiate a cascade of molecular
events and ultimately lead to the activation of the
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proteolytic enzymes (caspases) responsible for apop-
tosis?22. However, most cancer cells can block apop-
tosis, which allows them to survive under the condi-
tion of genetic and morphological transformations.
Thus, understanding the mechanisms of apoptosis is
critical for the prevention and treatment of various
types of disorders, including cancers. In general,
apoptosis is mediated through two major pathways,
the extrinsic (death receptor-mediated) and intrinsic
(mitochondrial-mediated) pathways?24. Bcl-2 (B-cell
lymphoma 2), encoded by the BCL2 gene in humans,
is the founding member of the Bcl-2 family of proteins
that regulate apoptosis. Members of this protein fam-
ily either promote apoptosis or prevent apoptosis 2-27.
Bax (Bcl-2-associated X protein) is an apoptosis regu-
lator belonging to the Bcl-2 gene family. Bax promotes
apoptosis by binding to and antagonizing the Bcl-2
protein®. Our study showed that baicalein downreg-
ulated the expression of Bcl-2 and upregulated the
expression of Bax, leading to the induction of cell
apoptosis (Fig 5).

We also measured caspase activation and PARP
cleavage. Caspases are a family of cysteine proteases
that cleave target proteins at specific aspartate resi-
dues, and they constitute key components of the
apoptotic pathway. Caspase-3 is a key effector mole-
cule in the caspase-dependent cell apoptosis pathway
that cleaves a number of cellular proteins. Thus, acti-
vation of the enzymatic activity of caspases-3 might
represent a mechanism for initiating the apoptotic
process?. In the present study, baicalein treatment
resulted in the cleavage of PARP and subsequent
DNA degradation through the activation of caspase-3
(Fig 5). Two distinct pathways of apoptosis, mito-
chondria-initiated apoptosis and death recep-
tor-mediated apoptosis, both induced caspase-3 acti-
vation.®® Further studies are required to explore the
upstream mechanisms. Furthermore, we found that
baicalein potently inhibited tumor growth in nude
mice (Fig 6). In our experiments, we only adminis-
tered baicalein intragastrically for 7 days, and this
dramatically inhibited the growth of tumors in vivo. A
better inhibitory effect of baicalein may be observed
after continuous drug treatment.

In our study, we found that baicalein could in-
hibit gastric cancer cell growth in vitro and in vivo.
Baicalein could upregulate the pro-apoptotic gene Bax
expression and decreased the anti-apoptotic gene
Bcl-2 expression. It disrupted the membrane potential
of mitochondrion and led to the cleavage of caspase 3.
The gastric cancer cells underwent apoptosis after
baicalein treatment. Moreover, baicalein could also
arrest the gastric cancer cells at S phase. The du-
al-function of baicalein led to the dramatically inhib-
itory effect on gastric cancer cells in vitro and pre-

vented gastric tumors in vivo (Fig 6C). Our study re-
vealed the ability of baicalein to inhibit gastric cancer
in vitro and in vivo. These results suggest that baicalein
may represent an effective drug for use in gastric
cancer therapy.

Supplementary Material

Supplementary Figure 1.
http:/ /www jcancer.org/v07p0453s1.pdf
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