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Abstract. Baicalein is a flavonoid derived originally from 
the root of Scutellaria baicalensis Georgi, which has been 
used in Oriental medicines for treating various diseases. 
Although this compound has been reported to have anticancer 
activities in several human cancer cell lines, the therapeutic 
effects of baicalein on human bladder cancer and its mecha-
nisms of action have not been extensively studied. This study 
investigated the proapoptotic effects of baicalein in human 
bladder cancer 5637 cells. For this study, cell viability and 
apoptosis were evaluated using the 3-(4,5-dimethylthia-zol-
2-yl)-2,5-diphenyltetrazolium bromide assay, trypan blue 
dye exclusion assay 4,6-diamidino-2-phenylindole staining, 
and flow cytometry. Measurements of the mitochondrial 
membrane potential (MMP), caspase activity assays and 
western blots were conducted to determine whether 5637 cell 
death occurred by apoptosis. Treatment with baicalein resulted 
in a concentration-dependent growth inhibition coupled with 
apoptosis induction, as indicated by the results of nuclei 
morphology examination and flow cytometry analyses. The 
induction of the apoptotic cell death of 5637 cells by baicalein 
exhibited a correlation with the downregulation of members 

of the inhibitor of apoptosis protein (IAP) family, including 
cIAP-1 and cIAP-2, and the activation of caspase-9 and -3 
accompanied by proteolytic degradation of poly(ADP-ribose)-
polymerase. The study also showed that baicalein decreases 
the expression of the proapoptotic protein Bax, increases 
antiapoptotic Bcl-2 expression, and noticeably aggravates the 
loss of MMP. Concomitantly, the data showed that baicalein 
increases the levels of death receptors and their associated 
ligands and enhances the activation of caspase-8 and trunca-
tion of Bid. However, the pan-caspase inhibitor can reverse 
baicalein-induced apoptosis, demonstrating that it is a caspase-
dependent pathway. Moreover, it was found that baicalein can 
induce the production of reactive oxygen species (ROS) and 
that pretreatment with the antioxidant N-acetyl-L-cysteine 
significantly attenuates the baicalein effects on the loss of 
MMP and activation of caspase. In addition, the blocking of 
ROS generation decreases the apoptotic activity and antipro-
liferative effect of baicalein, indicating that baicalein induces 
apoptosis of 5637 cells through the ROS-dependent activation 
of caspases.

Introduction

Bladder cancer is the most prevalent tumor of the urinary tract 
worldwide. The majority of bladder cancers are low-grade non-
invasive tumors that may progress to the invasive phenotype. 
In contrast to non-invasive bladder cancer, muscle invasive 
tumors tend to metastasize to other organs and have a very poor 
prognosis (1,2). Recent epidemiological studies have shown 
that the incidence of bladder cancer is highest in the developed 
countries of Western Europe, North America, and Australia 
and lowest in Asian countries, which may be connected with 
their different diets and living habits (3,4). Although radiation 
therapy, adjuvant chemotherapy, and combinations of these 
modalities are standard options for managing bladder cancer, 
current treatments of bladder cancer have high recurrence 
rates and may cause strong side effects (5,6). Therefore, the 
discovery of effective anticancer drug candidates for the treat-
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ment of bladder cancer is still required for the advancement of 
the medical treatment of bladder cancer patients.

Recently, natural products or compounds, such as plant-
derived products, have been recognized as powerful resources 
for new cancer drug discovery, because they may reduce 
adverse side effects (7,8). Baicalein (5,6,7-trihydroxyflavone) 
is one of the major phenolic flavonoids isolated from the 
rhizome of Scutellaria baicalensis Georgi (9,10), which 
has been widely used in traditional Oriental medicine for 
treating various inflammatory diseases, chronic hepatitis, 
bacterial and viral infections, allergies, and ischemia (11,12). 
Recent research on baicalein has documented a wide spec-
trum of therapeutic properties, including antimicrobial, 
anti-inflammatory, antioxidative, immunomodulatory, and 
antiangiogenesis effects (10,12-15). Several studies have 
indicated that baicalein exhibits anticancer activities due to its 
ability to inhibit cell growth and to induce cell cycle arrest at 
the G1 phase and apoptotic pathways in distinct cancer cells 
(16-20). Interestingly, this agent does not exert an apoptotic 
effect on normal cells and therefore can be developed as an 
anticancer drug (21-23). Moreover, we recently demonstrated 
that baicalein causes apoptosis in human lung carcinoma cells 
by changing the apoptotic gene expressions through reactive 
oxygen species (ROS) generation (24).

However, the direct molecular target and mode of the  
baicalein anticancer mechanism in human bladder cancer cells 
have not been fully clarified. Therefore, this study used human 
muscle invasive bladder cancer 5637 cells to identify addi-
tional molecular mechanisms supporting the antiproliferative 
and apoptotic effects of baicalein.

Materials and methods

Chemicals and antibodies. RPMI-1640 medium, fetal bovine 
serum (FBS), and antibiotics were purchased from Welgene 
(Daegu, Korea). Baicalein (purity 98%, Fig. 1A), 4,6-diamidino-
2-phenylindole (DAPI), 3-(4,5-dimethyl-2-thiazolyl)-2, 
5-diphenyl-2H-tetrazolium (MTT), and N-acetyl-L-cysteine 
(NAC) were purchased from Sigma-Aldrich Chemical Co. (St. 
Louis, MO, USA). N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone (z-VAD-fmk), a pan-caspase inhibitor, 
and 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine 
iodide (JC-1) were purchased from Calbiochem (San Diego, 
CA, USA). 2',7'-dichlorofluorescein diacetate (DCF-DA) and 
fluorescein-conjugated Annexin V (Annexin V-FITC) were 
obtained from Molecular Probes (Eugene, OR, USA) and BD 
Biosciences Pharmingen (San Jose, CA, USA), respectively. 
An enhanced chemiluminescence (ECL) detection system and 
in vitro caspase colorimetric assay kits were purchased from 
Amersham Corp. (Arlington Heights, IL, USA) and R&D 
Systems (Minneapolis, MN, USA), respectively. The primary 
antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA) used in this study were as follows: β-actin (1:1,000, 
sc-7120; rabbit polyclonal), DR4 (1:1,000, sc-7863; rabbit poly-
clonal), DR5 (1:1,000, sc-65314; mouse monoclonal), Fas 
(1:1,000, sc-715; rabbit polyclonal), FasL (1:1,000, sc-957; 
rabbit polyclonal), TRAIL (1:500, sc-7877; rabbit polyclonal), 
cIAP-1 (1:1,000, sc-7943; rabbit polyclonal), cIAP-2 (1:1,000, 
sc-7944; rabbit polyclonal), XIAP (1:1,000, sc-11426; rabbit 
polyclonal), caspase-3 (1:1,000, sc-7272; mouse monoclonal), 

caspase-8 (1:1,000, sc-7890; rabbit polyclonal), caspase-9 
(1:1,000, sc-7885; rabbit polyclonal), PARP (1:1,000, sc-7150; 
rabbit polyclonal), Bcl-2 (1:1,000, sc-509; mouse monoclonal), 
Bax (1:1,000, sc-493; rabbit polyclonal), Bid (1:500, sc-11423; 
rabbit polyclonal). Peroxidase-labeled donkey anti-rabbit and 
sheep anti-mouse immunoglobulin were purchased from 
Amersham Corp. All other chemicals were purchased from 
Sigma-Aldrich Chemical Co.

Cell culture. The 5637 human bladder cancer, Chang liver (an 
immortalized non-tumor cell line derived from normal liver 
tissue), and murine Raw 364.7 macrophage cell lines were 
obtained from American Type Culture Collection (Manassas, 
MD, USA) and maintained in RPMI-1640 medium supple-
mented with 10% FBS and antibiotics (100 µg/ml streptomycin, 
100 U/ml penicillin) at 37˚C in a humidified incubator under 
an atmosphere of 5% CO2 in air. Baicalein was dissolved in 
dimethyl sulfoxide (DMSO) as a stock solution at 100 mM, 
which was then diluted with RPMI-1640 medium to the 
desired concentration prior to use.

Cell viability and growth assay. The 5637 cells were seeded in 
6-well plates at a density of 4.0x105 cells per well. After a 24-h 
incubation, the cells were treated with various concentrations 
of baicalein for 24 h. Cell viability was determined using the 
MTT assay. In brief, an MTT working solution (0.5 mg/ml) was 
added to the culture plates and incubated for 3 h at 37˚C. The 
culture supernatant was removed from the wells, and DMSO 
was added to dissolve the formazan crystals completely. 
The absorbance of each well was measured at 540 nm using 
an enzyme-linked immunosorbent assay (ELISA) reader 
(Molecular Devices, Sunnyvale, CA, USA). Cell growth was 
assessed using the trypan blue dye exclusion assay. After treat-
ment with the indicated concentrations of the baicalein for 
24 h, the cells were trypsinized and viable cells were counted 
by trypan blue dye exclusion using a hemocytometer under an 
inverted microscope (Carl Zeiss, Jena, Germany). The effect 
of baicalein on cell viability and growth was assessed as the 
percentage of cell viability, in which the vehicle-treated cells 
were considered 100% viable.

Nuclear staining with DAPI. For the assessment of apoptosis, 
the cells were washed with ice-cold phosphate-buffered 
saline (PBS) and fixed with 4% paraformaldehyde in PBS 
for 10 min at room temperature. The fixed cells were washed 
with PBS and stained with 2.5 µg/ml DAPI solution for 
10 min at room temperature. The cells were then washed 
twice with PBS and analyzed with a fluorescence microscope 
(Carl Zeiss).

DNA flow cytometric detection of apoptosis. For the quan-
titative assessment of the induced cell apoptosis rate, an 
Annexin V-FITC staining assay was performed according to 
the manufacturer's protocol. Briefly, the cells in each sample 
were stained with 5 µl Annexin V-FITC and 5 µl propidium 
iodide (PI). After incubation for 15 min at room temperature 
in the dark, the degree of apoptosis was quantified by a 
flow cytometer (FACSCalibur, Becton-Dickinson, San Jose, 
CA, USA) as a percentage of the Annexin V-positive and 
PI-negative cells (25).
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Protein extraction and western blot analysis. After removing 
the media, the cells were washed with ice-cold PBS and 
harvested and lysed with a lysis buffer [20 mM sucrose, 1 mM 
ethylendiaminetetraacetic acid, 20 µM Tris-Cl, pH 7.2, 1 mM 
dithiothreitol (DTT), 10 mM KCl, 1.5 mM MgCl2, 5 µg/ml 
pepstatin A, 10 µg/ml leupeptin, and 2 µg/ml aprotinin] for 
30 min at 4˚C. The supernatants were collected and protein 
concentration was determined using a Bio-Rad protein assay 
kit (Bio-Rad Laboratories, Hercules, CA, USA) according to 
the manufacturer's instructions. For western blotting, equal 
amounts of protein extracts were denatured by boiling at 
95˚C for 5 min in a sample buffer [0.5 M Tris-HCl, pH 6.8, 
4% sodium dodecyl sulfate (SDS), 20% glycerol, 0.1% 
bromophenol blue, and 10% β-mercaptoethanol] at a ratio of 
1:1. Samples were stored at -80˚C or immediately used for 
immunoblotting. The equal cellular proteins were separated 
via denaturing SDS-polyacrylamide gel electrophoresis and 
transferred electrophoretically to nitrocellulose membranes 
(Amersham Corp.). The membranes were then blocked with 
5% skim milk and incubated overnight at 4˚C with primary 
antibodies, probed with enzyme-linked secondary antibodies 
for 1 h at room temperature, and detected using an ECL detec-
tion system.

In vitro caspase activity assay. The activities of the caspases 
were determined using colorimetric assay kits, which 
utilize synthetic tetrapeptides [Asp-Glu-Val-Asp (DEAD) 
for caspase-3; Ile-Glu-Thr-Asp (IETD) for caspase-8; and 

Leu-Glu-His-Asp (LEHD) for caspase-9] labeled with 
p-nitroaniline (pNA), which is linked to the end of the caspase-
specific substrate. Briefly, the baicalein-treated cells and the 
untreated cells were lysed in the supplied lysis buffer. The 
supernatants were collected and incubated with the supplied 
reaction buffer containing DTT and DEAD-pNA, IETD-pNA, 
or LEHD-pNA as substrates at 37˚C for 2 h in the dark. The 
reactions were measured by changes in absorbance at 405 nm 
using an ELISA reader (26).

Measurement of mitochondrial membrane potential (MMP, 
∆ψm). The MMP values were determined using the dual-
emission potential-sensitive probe, JC-1. Briefly, the cells were 
collected and incubated with 10 µM of JC-1 for 20 min at 
37˚C in the dark. After the JC-1 was removed, the cells were 
washed with PBS to remove unbound dye, and the amount of 
JC-1 retained by 10,000 cells per sample was measured at 488 
and 575 nm using a flow cytometer (27).

Detection of ROS generation. To assess the generated ROS, the 
cells were treated with or without 10 mM NAC for 1 h before 
challenge with 250 µM baicalein for 30 min, and then stained 
with 10 µM DCF-DA and incubated at 37˚C for 30 min in the 
dark to monitor ROS production. Later, the ROS production in 
cells was monitored by a flow cytometer (28).

Statistical analysis. All data are presented as mean ± stan-
dard deviation (SD). Significant differences among the groups 

Figure 1. Growth inhibition of 5637 cells by treatment with baicalein. (A) Chemical structure of baicalein. (B-E) 5637, Chang liver and Raw 364.7 cells were 
plated into 6-well plates at 4.0x105 cells/well and were treated with variable concentrations of baicalein. After 24-h treatment, cell viability and growth were 
determined by an MTT assay (B, D and E) and trypan blue dye exclusion assay (B). Data are presented as mean ± SD values obtained from three independent 
experiments (*p<0.05 compared with the untreated control group).
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were determined using the unpaired Student's t-test. A value 
of p<0.05 was accepted as an indication of statistical signifi-
cance. All of the data shown herein were obtained from at least 
three independent experiments.

Results

Effects of baicalein on the cell viability and growth in 5637 
cells. To assess the effect of baicalein on 5637 cell viability 
and growth, equal numbers of cells were treated with various 
concentrations of baicalein (50-250 µM) for 24 h and the 
cell viability and growth were detected by the MTT and 
trypan blue dye exclusion assays. As shown in Fig. 1B and C, 
baicalein caused dose-dependent inhibition of cell viability 
and growth, with a significant reduction at 150 µM and an 
almost 60% reduction at 250 µM. The results of an additional 
experiment using Chang liver cells and Raw 264.7 macro-
phages, conducted to examine the effect of baicalein on the 
proliferation of normal cells, are shown in Fig. 1D and E. The 
MTT assay results indicated that baicalein concentrations 
≤250 µM/ml did not induce cytotoxicity.

Induction of apoptosis by baicalein in 5637 cells. To determine 
whether baicalein-mediated inhibition of cell viability in 5637 

cells is associated with induction of apoptosis, we examined 
apoptotic features by measuring the chromatin condensation 
of the nuclei and the amount of Annexin V-positive cells. As 
shown in Fig. 2A, the results of the DAPI reagent indicate that 
the nuclear fragmentation and chromatin condensation located 
in apoptotic cells were observed in baicalein-treated cells, with 
bright blue fluorescence. In addition, treatment with baicalein 
resulted in the increased accumulation of cells in the number 
of Annexin V-positive cells in a concentration-dependent 
manner (Fig. 2B and C). These findings suggest that baicalein 
suppresses 5637 cell viability by inducing cellular apoptosis.

Modulation of apoptosis-related genes by baicalein in 
5637 cells. In order to determine which apoptosis pathway 
contributes to baicalein-induced apoptosis, the levels of death 
receptors (DRs) and corresponding proapoptotic ligands were 
first examined by western blot analysis. After baicalein treat-
ment, the protein levels of Fas were not altered; however, the 
expression of DR4, DR5, Fas ligand (FasL), and tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL) were 
increased (Fig. 3). Next, we examined the effects of baicalein 
on the levels of the inhibitor of apoptosis protein (IAP) family 
of proteins. The results of western blotting showed that baica-
lein treatment resulted in a concentration-dependent decrease 

Figure 2. Induction of apoptosis by baicalein in 5637 cells. Cells were treated with the indicated concentrations of baicalein for 24 h. (A) Nuclei stained with 
DAPI solution were photographed with a fluorescence microscope using a blue filter; x400 magnification. (B and C) To quantify the degree of cell apoptosis, 
the cells were stained with Annexin V-FITC and PI, and the percentage of the apoptotic cells (Annexin V+ cells) were then analyzed by flow cytometric 
analysis. Data are presented as mean ± SD values obtained from three independent experiments (*p<0.05 compared with the untreated control group).
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in the expression levels of cIAP-1 and cIAP-2, but not XIAP 
(Fig. 3).

Activation of caspases and cleavage of PARP by baicalein 
in 5637 cells. We then examined the expression levels and 
activities of caspases during baicalein-induced 5637 cell 
apoptosis. As shown in Fig. 4A, western blot analyses showed 
that the expression levels of pro-caspase-3 in cells treated with 
baicalein were concentration-dependently downregulated 
and the expression levels of active-caspase-3 were upregu-
lated. In addition, the active forms of caspase-8 and -9 were 
increased, and the levels of the pro-forms of caspase-8 and -9, 
initiator caspases of extrinsic and intrinsic apoptosis pathways, 
respectively, were downregulated. Under the same conditions, 
the in vitro activities of these caspases were measured using 
substrates specific to each caspase, and we found that baicalein 
stimulates caspase-3, -8 and -9 activities in a concentration-
dependent manner (Fig. 4B). Moreover, baicalein treatment 
leads to progressive proteolytic cleavage of poly(ADP-ribose)-
polymerase (PARP), a substrate protein of active caspase-3 
(Fig. 4A).

Activation of the mitochondrial apoptosis pathway by baica-
lein in 5637 cells. To further confirm the baicalein-induced 
apoptotic pathway, this study examined the effects of baicalein 
on the levels of Bcl-2 family expression and the MMP values. 
As shown in Fig. 5A, in response to baicalein treatment, the 
levels of proapoptotic Bax were upregulated, but those of 

antiapoptotic Bcl-2 were downregulated. Subsequent western 
blot analyses revealed progressive downregulation of total Bid 
protein and accumulation of truncated Bid (tBid). Moreover, 
baicalein treatment caused a concentration-dependent loss of 
MMP in comparison to the untreated control (Fig. 5B and C).

Induction of caspase-dependent apoptosis by baicalein in 
5637 cells. To confirm the involvement of baicalein-induced 
activation of caspases, the cells were pretreated with or 
without z-VAD-fmk, a pan-caspase inhibitor, for 1 h, followed 
by treatment with baicalein. Pretreatment with z-VAD-fmk 
resulted in significant prevention of the loss of MMP, expres-
sion of the active form of caspase-3, and cleavage of PARP 
(Fig. 6A and B). Furthermore, z-VAD-fmk also decreased the 
accumulation of Annexin V-FITC stained cells and increased 

Figure 3. Effects of baicalein on the expression of DR-related and IAP family 
of proteins in 5637 cells. Cells were treated with the indicated concentrations 
of baicalein for 24 h. Cells were lysed, and equal cellular proteins (50 µg) 
were separated on SDS-polyacrylamide gels and transferred to nitrocellulose 
membranes. Membranes were probed with the indicated antibodies, and 
cellular proteins were visualized using an ECL detection system. β-actin was 
used as an internal control. The relative ratios of expression in the results of 
western blotting are presented at the bottom of each of the results as relative 
values of β-actin expression.

Figure 4. Activation of caspases and degradation of PARP by baicalein in 
5637 cells. (A) Cells grown under the same conditions as shown in Fig. 3 
were lysed, and cellular proteins (50 µg) were visualized using the indicated 
antibodies and an ECL detection system. β-actin was used as an internal 
control. The relative ratios of expression in the results of western blotting 
are presented at the bottom of each of the results as relative values of β-actin 
expression. (B) Cells were lysed, and aliquots (50 µg protein) were assayed 
for in vitro caspase-3, -8 and -9 activities using DEVD-pNA, IETD-pNA, 
and LEHD-pNA as substrates, respectively, at 37˚C for 1 h. The released 
fluorescent products were measured. Data are presented as mean ± SD values 
obtained from three independent experiments (*p<0.05 compared with the 
untreated control group).
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Figure 5. Effects of baicalein on the expression of Bcl-2 family of proteins and MMP values in 5637 cells. (A) Cells were treated with baicalein for 24 h, and 
aliquots containing the total protein levels (50 µg) were subjected to SDS-polyacrylamide gels followed by immunoblot analysis with the specific antibodies. 
The relative ratios of expression in the results of western blotting are presented at the bottom of each of the results as relative values of β-actin expression. 
(B and C) To quantify the degree of MMP loss, untreated control and baicalein-treated cells were collected and incubated with 10 µM JC-1 for 20 min at 37˚C 
in the dark. Cells were washed once with PBS, and MMP loss was then evaluated using a flow cytometer. Data are presented as mean ± SD values obtained 
from three independent experiments (*p<0.05 compared with the untreated control group).

Figure 6. Inhibition of baicalein-induced apoptosis by pan-caspase inhibitor in 5637 cells. Cells were pretreated for 1 h with or without 50 µM z-VED-fmk 
and treated with 5637 for an additional 24 h. (A) Cells were stained with JC-1, and MMP loss was evaluated using a flow cytometer. (B) Cells were lysed, 
and equal cellular proteins (50 µg) were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were probed with 
anti-caspase-3 and anti-PARP antibodies, and cellular proteins were visualized using an ECL detection system. β-actin was used as an internal control. The 
relative ratios of expression in the results of western blotting are presented at the bottom of each of the results as relative values of β-actin expression. (C) The 
percentage of apoptotic cells (Annexin V+ cells) was analyzed using flow cytometric analysis. (D) Cell viability was determined by an MTT assay. Each point 
represents the mean ± SD of three independent experiments (*p<0.05 vs. untreated control; #p<0.05 vs. baicalein-treated cells).
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Figure 7. Generation of ROS by baicalein in 5637 cells. Cells were treated with or without 10 mM NAC for 1 h before challenge with 250 µM baicalein 
for 30 min and were then stained with DCF-DA and incubated at 37˚C for 30 min. (A) At each time-point, fluorescent intensity was measured using a flow 
cytometer. (B) Each point represents the mean ± SD of three independent experiments (*p<0.05 vs. untreated control; #p<0.05 vs. baicalein-treated cells).

Figure 8. Induction of ROS-mediated apoptosis by baicalein in 5637 cells. Cells were pretreated without or with NAC (10 mM) for 1 h before treatment with 
baicalein (250 mM) for 24 h. (A and C) Loss of MMP and the percentage of apoptotic cells was measured using a flow cytometer. (B) Protein expression 
was detected using anti-caspase-3 and anti-PARP antibodies, and cellular proteins were visualized using an ECL detection system. β-actin was used as an 
internal control. The relative ratios of expression in the results of western blotting are presented at the bottom of each of the results as relative values of β-actin 
expression. (D) Cell viability was determined by an MTT assay. Each point represents the mean ± SD of three independent experiments (*p<0.05 vs. untreated 
control; #p<0.05 vs. baicalein-treated cells).
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cell viability in the presence of baicalein (Figs. 6C and D). 
These results provide evidence of baicalein-induced apoptotic 
cell death in association with the activation of caspases in 
5637 cells.

Induction of ROS-dependent apoptosis by baicalein in 
5637 cells. Because the generation of intracellular ROS may 
be related to mitochondrial dysfunction and the induction 
of apoptosis in various cell types, we further investigated 
whether baicalein could stimulate ROS generation in 5637 
cells. As shown in Fig. 7, the maximal generation of ROS 
was observed at 30-min treatment with baicalein; however, 
baicalein-induced ROS generation was effectively blocked by 
the antioxidant NAC. In addition, the loss of MMP, activation 
of caspase-3 and cleavage of PARP induced by baicalein were 
significantly attenuated by pretreatment with NAC (Fig. 8A 
and B). We also observed that baicalein-induced apoptosis and 
reduction of cell viability were markedly reduced by pretreat-
ment with NAC (Fig. 8C and D), suggesting that baicalein 
induces apoptosis via ROS-dependent caspase activation 
mechanisms in 5637 cells.

Discussion

In this study, we investigated whether baicalein induces cell 
death in human bladder cancer 5637 cells and sought to 
identify the mechanisms related to apoptosis. The findings 
demonstrate that baicalein concentration-dependently inhibits 
cell viability and induces apoptosis, as measured by chromatin 
condensation of the nuclei and Annexin V-stained cells, which 
are the hallmark features of apoptosis. The findings also 
suggest that baicalein stimulates caspase-dependent extrinsic 
and intrinsic apoptosis pathways in 5637 cells. Furthermore, 
our results show that baicalein-induced ROS generation and 
activation of caspases are significantly suppressed by pretreat-
ment with NAC, an antioxidant, indicating that ROS are the 
upstream regulators of caspase activation during baicalein-
induced apoptosis.

Apoptosis is the rigorous, active, and orderly process 
of cell death, and dysregulated apoptosis is considered to 
induce a number of pathological conditions, including cancer 
(29,30). In general, apoptosis may be initiated through 
two major pathways, the extrinsic (DR-mediated) pathway 
and the intrinsic (mitochondrial-mediated) pathway, both of 
which involve the activation of caspases (31,32). The prod-
ucts of several genes have been demonstrated to be critical 
in the regulation of these two pathways, including caspase 
cascades, Bcl-2, and IAP family members. In the extrinsic 
pathway, the binding of extracellular death ligands to their 
cell-surface DRs leads to the activation of caspase-8 (32,33). 
On the other hand, the intrinsic pathway is activated by the 
release of proapoptotic factors such as cytochrome c from the 
mitochondria to the cytosol, following the loss of inner-mito-
chondrial-membrane integrity and activation of caspase-9. 
Moreover, the extrinsic pathway can crosstalk to the intrinsic 
pathway through the caspase-8-mediated cleavage of Bid, 
a member of the Bcl-2 family of proteins, which ultimately 
amplify the intrinsic apoptotic pathway (33,34). Therefore, 
the induction of apoptosis is an important target for cancer 
therapy, and agents that target the apoptosis pathway without 

affecting normal cells play crucial roles as potential drug 
targets in cancer treatment.

In this study, we examined various aspects of the mecha-
nisms of apoptosis induction by baicalein in 5637 cells, and 
we found that baicalein activates initiator caspases (caspase-8 
and -9) of the extrinsic and intrinsic pathways as well as down-
stream effector caspase-3 (Fig. 4), which is associated with the 
degradation of PARP, a hallmark of apoptosis and substrates 
of activated caspase (35). Although the levels of Fas remained 
unchanged after baicalein treatment, baicalein consider-
ably increased the levels of DR4, DR5, FasL, and TRAIL. 
Baicalein also partially downregulated the IAP family of 
proteins, such as cIAP-1 and cIAP-2 (Fig. 3), which reportedly 
block apoptosis due to their function as direct inhibitors by 
binding to and inhibiting several caspases (36,37). In addition, 
baicalein increased the expression levels of proapoptotic Bax 
and inhibited antiapoptotic Bcl-2, which was associated with 
a dose-dependent loss of MMP and a decline in intact Bid 
occurring concurrently with a pronounced increase of tBid 
(Fig. 5). Therefore, our current data suggest that baicalein 
induces Bid truncation, leading to the release of proapoptotic 
factors to the cytosol by enhancing mitochondrial dysfunc-
tion and ultimately to the induction of apoptosis in 5637 
cells. However, blocking caspase activity by pretreating the 
cells with z-VAD-fmk, a pan-caspase inhibitor, significantly 
attenuated baicalein-induced apoptosis and growth inhibition 
(Fig. 6). Therefore, the data suggest that baicalein-induced 
apoptosis in 5637 cells is caspase-dependent and that both 
the intrinsic and the extrinsic pathways are activated by 
baicalein.

Previous research has determined that the enhancement 
of ROS production is associated with the apoptotic response 
induced by various chemotherapeutic agents in a variety 
of cell types (38,39). Mitochondria are both the source and 
target of ROS generation, and damaged mitochondria can 
release more ROS (40,41). Previous studies have suggested 
that ROS and mitochondria may mediate apoptosis induction 
under both physiological and pathological conditions (38,39). 
ROS can cause the loss of MMP by activating mitochondrial 
permeability transition and can induce apoptosis by releasing 
apoptogenic proteins to the cytosol (42,43). Moreover, a 
number of studies have noted that the proapoptotic poten-
tial of some anticancer agents is highly correlated with the 
generation of ROS from mitochondria (38,40), indicating that 
the inhibition of ROS accumulation can serve as an effec-
tive strategy for the treatment of cancers. Thus, we further 
investigated whether the generation of intracellular ROS is 
necessary for baicalein-induced apoptosis, and we found that 
ROS levels were markedly increased in baicalein-treated 
5637 cells within 30 min (Fig. 7). However, baicalein-induced 
ROS generation in cells that were co-cultured with NAC, a 
commonly used reactive oxygen intermediate scavenger (44), 
was effectively blocked. These results indicate that if ROS 
is a crucial factor in the induction of apoptosis in baicalein-
treated 5637 cells, a ROS scavenger must abrogate apoptosis. 
As shown in Fig. 8, NAC alone had no effect on the MMP, 
caspase-3 expression, and PARP cleavage; however, the pres-
ence of NAC suppressed the baicalein-induced loss of MMP, 
upregulation of active-caspase-3, and degradation of PARP. 
Furthermore, the blocking of ROS generation significantly 
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prevented baicalein-induced apoptosis as well as loss of 
cell viability. Taken together, these findings suggest that an 
increase in ROS is required for the occurrence of baicalein-
induced apoptosis in 5637 cells.

In conclusion, the results of this study demonstrate that 
baicalein triggers apoptosis of human bladder cancer 5637 
cells through the activation of both the intrinsic caspase 
pathway and the death-receptor-mediated extrinsic pathway 
and that the activation of caspases is responsible for the 
mediation of baicalein-induced apoptosis, which requires 
ROS generation upstream of the disruption of MMP and acti-
vation of caspase. The data emphasize the key role of ROS in 
apoptosis induced by baicalein in 5637 cells and indicate a 
positive correlation between ROS and mitochondrial events 
leading to apoptosis. Although these findings indicate that 
ROS play a pivotal role in the regulation of baicalein-induced 
apoptosis in 5637 cells, further studies are warranted to 
investigate the direct effect of baicalein using an in vivo 
model.
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