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Betulinic acid induces apoptosis by regulating PI3K/Akt signaling
and mitochondrial pathways in human cervical cancer cells
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Abstract.Betulinicacid (BA),apotential anticancer compound,
could induce apoptosis in human cervical cancer (HeLa) cells,
but its mechanism has yet to be fully elucidated. The present
study was focused on deciphering the detailed molecular
mechanism of BA-induced apoptosis. In the present study,
results indicated that BA was highly effective against HeLa
cells via induction of time-dependent apoptosis, and the
authors demonstrated that the BA treatment acted through
downregulating a phosphatidylinositol 3-kinase (PI3K)
subunit and suppressing the Akt phosphorylation at Thr308
and Ser473 after increasing the generation of intracellular
reactive oxygen species. Then, BA induced cell cycle arrest
at the GO/GI phase, which was consistent with the cell cycle-
related protein results in which BA significantly enhanced
the expression of p27%P and p21™*V?! in HeLa cells. This
target-specific inhibition was associated with mitochondrial
apoptosis, as reflected by the increased expression of Bad and
caspase-9, the generation of reactive oxygen species (ROS) and
the decline in mitochondrial membrane potential. Moreover,
preincubation of the cells with glutathione (antioxidant)
blocked the process of apoptosis, prevented the phosphoryla-
tion of downstream substrates. These results established that
ROS acted as a key factor to effect apoptosis by BA treatment
in HeLa cells. Therefore, these findings demonstrated that
BA induced apoptosis in HeLa cells by downregulating the
expression of PI3K/Akt signaling molecules via ROS, and trig-
gering a mitochondrial pathway.

Introduction

Betulinic acid (BA) (Fig. 1A) is a naturally occurring lupane-
type triterpene found in the bark of white birch trees, and it
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is one of the most promising lead compounds for new cancer
therapeutics (1). BA has been introduced as a potential
anticancer compound against a wide variety of cancer cells
such as leukemia, prostate, ovarian, breast, lung and hepato-
blastoma (2-5). This anticancer activity has been linked to its
ability to directly trigger mitochondrial membrane permea-
bilization independent of p53, a central event in the apoptotic
process in many cancer cells (6-8). However, the mechanism
by which BA induces apoptosis in human cervical cancer has
yet to be fully elucidated.

Triterpenoids have been reported to induce cell cycle
arrest and apoptosis via modulation of the phosphati-
dylinositol 3-kinase (PI3K)/Akt pathway (9), which is an
intracellular signaling pathway important in regulating several
cellular processes. Activation of the PI3K/Akt pathway has
been shown to promote cellular survival in a vast of cancer
cells, because it can inhibit the cell cycle progression by
repressing downstream factors: p27%P and p21™*/C*! belong
to cyclin-dependent kinase (10,11). At the same time, it also
can modulate apoptosis by phosphorylating and inactivating
several targets, like Bad and caspase-9, that have important
roles in mitochondrial apoptosis pathways (12). Apoptosis
induced by BA involves activation of caspases, was suggested
to depend on the mitochondrial pathway, therefore, the authors
hypothesized that the PI3K/Akt pathway may involve in the
apoptosis process by BA induction (13).

In a previous study, it was demonstrated that BA can
induce apoptosis activity in HeLa by proteomic (14), but the
molecular mechanisms behind its function are still not fully
understood. In the present study, the authors attempted to
evaluate the mechanistic role of BA in a cervical cancer cell
line (HeLa) by exploring its effects on apoptosis and the cell
cycle. In addition, they attempted to investigate the important
signaling network, such as the PI3K/Akt signaling pathway
and the mitochondrial pathway involved in BA treatment in
HeLa cells. The aim of the present study was to better under-
stand the apoptosis mechanism induced by BA.

Materials and methods

Antibodies and reagents. BA powder was purchased from
Shanghai Boyle Chemical Co., Ltd. (Shanghai, China) and
dissolved in dimethylformamide. Primary antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers,
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MA, USA): anti-PI3K p85 (cat. no. 4257), anti-PI3K p110a
(cat. no. 4249), anti-Akt (cat. no. 4691), anti-phospho-Akt
(Thr308) (cat. no. 2965), anti-phospho-Akt (Ser473)
(cat.no.4060),anti-Bcl-xL (cat.no.2764),anti-Bad (cat.n0.9292),
anti-caspase-9 (cat. no. 9501), anti-p21™*7/C?! (cat. no. 2947),
anti-p27%P (cat. no. 2552) and anti-B-actin (cat. no. 4970).
Peroxidase-conjugated goat anti-rabbit IgG (H+L) was from
Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA) and
SuperSignal West Femto Maximum Sensitivity Substrate
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
Wortmannin and reduced L-glutathione (GSH) was purchased
from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).

Cell culture. The human cancer cell line HeLLa was purchased
from the Tumor Center (Beijing Yinzijing Biological Company,
Beijing, China). Cells were cultured in RPMI-1640 medium
(HyClone; GE Healthcare Life Sciences, Chalfont, UK) with
10% fetal bovine serum (FBS; GE Healthcare Life Sciences),
100 U/ml penicillin and 100 pg/ml streptomycin (HyClone;
GE Healthcare Life Sciences). Cells were seeded in 6-, 12- and
96-well microplates and then incubated at 37°C in 5% CO,.
The control group was HeLa cells with a corresponding
concentration of DMF, such as 30 ymol/l BA corresponding
control group is 0.15% DMF in medium. The concentration of
probe drug is 20 mmol/I.

Cell proliferation assay (MTT assay). Cells (2x10*/ml) were
seeded in 96-well microplates and then incubated at 37°C
in 5% CO,. At 24 h, the medium was removed and replaced
with fresh medium containing various concentrations of BA
for various periods of time. Next, 30 ul of 3 mg/ml MTT
(Amresco, Inc., Framingham, MA, USA) in phosphate-buff-
ered saline (PBS) was added to each well, and then the plate
was further incubated for 4 h. The remaining supernatant was
removed, and 150 ul DMSO was added to each well and mixed
thoroughly to dissolve the formazan crystals that formed.
After 10 min incubation, the absorbance of each well was
read at 490 nm using a BioTek-ELISA plate reader (BioTek
Instruments, Inc., Winooski, VT, USA).

Detection of morphological changes. To detect morphological
changes that occurred during apoptosis process, nuclear
staining was performed using a 5 yg/ml Hoechst 33258
(Sigma-Aldrich; Merck KGaA) stain, and samples were visu-
alized using a Nikon fluorescence microscope (Eclipse Ti-S;
Nikon Corp., Tokyo, Japan).

Flow cytometry analysis of cell apoptosis. BA-induced
apoptosis was observed by Annexin V-fluorescein isothio-
cyanate (FITC)/propicium iodide (PI) staining (Beyotime
Institute of Biotechnology, Haimen, China) according to the
manufacturer's instructions. Flow cytometry (BD FACSCanto;
BD Biosciences, Franklin Lakes, NJ, USA) was used to analyze
differences in apoptosis between control and BA-treated for
various periods of time cells at 48 h post treatment. Cells were
collected and analyzed by counting normal cells, early-stage
apoptotic cells and late-stage apoptotic/necrotic cells in three
fields of view of the microscope. The data acquisition and anal-
ysis were performed using BD FACSDiva software (version A,
BD FACSCanto; BD Biosciences, Franklin Lakes, NJ, USA).
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Western blot assay. HeLa cells (1.7x10%) were seeded in
6-well microplates before treatment with BA or wortmannin
(a specific inhibitor of PI3K) at the concentration of 30 gmol/I
for 6 h time period. Wortmannin was used as a positive control
here. Cells were collected and lysed in RIPA buffer (Beyotime
Institute of Biotechnology) with PhosSTOP phosphatase
inhibitor cocktail tablets (Roche Diagnostics, Indianapolis, IN,
USA). Equal amounts of protein (30 pg/lane) by Bradford were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinyli-
dene difluoride membrane (EMD Millipore, Billerica, MA,
USA). After blocking in 5% non-fat milk and washing, the
blots were incubated overnight at 4°C with specific primary
antibodies diluted to 1:1,000 following the CST protocol. The
membrane was washed three times with Tris-buffered saline
(containing 1% Tween-20), and then incubated with secondary
antibodies (peroxidase-conjugated goat anti-rabbit IgG (H+L)
diluted to 1:8,000 for 1 h, followed with the same washing
steps as above. Then, the immunoreactive proteins were visu-
alized using the enhanced chemiluminescence reagent. Image
Lab software (version 3.0; Bio-Rad, Hercules, CA, USA) was
used to quantify of proteins using (3-actin as a loading control.
Changed fold was represented by the protein expression ratio
[(target protein/B-actin)/the control group].

Measurement of oxidative stress. The levels of intracellular
ROS were determined using a ROS assay kit (Beyotime
Institute of Biotechnology) following the manufacturer's
protocol. Cells were harvested after various periods of time
(0-48 h) of 30 gmol/l BA treatment and then washed twice
with PBS and incubated with DCFH-DA (10 pmol/l) at 37°C
for 40 min in a darkroom for final analysis by flow cytometry.

Measurement of mitochondrial membrane potential (MMP).
MMP was determined using JC-1 probe (Beyotime Institute
of Biotechnology) as described previously (15). Briefly after
treating the cells with 30 gmol/l BA for various periods of
time (0-48 h), cells were stained with 0.5 mg/ml of the fluores-
cence probe JC-1 for 20 min at 37°C. After washing, cells were
analyzed for the decrease in red/green fluorescence by flow
cytometry. The mitochondrial membrane potential is indicated
by a decrease in red/green fluorescence intensity ratio.

Cell cycle analysis. HeLa cells were harvested via trypsin
after 30 ymol/l BA for different time treatment, washed with
PBS and fixed with 70% ethanol at 4°C for overnight. After
washing twice with PBS, cells were stained with cell cycle
analysis kit (Beyotime Institute of Biotechnology) containing
propidium iodide (PI) and RNase A for 30 min in the dark
at room temperature, as described previously (16). The DNA
contents for cell cycle phase distribution were analyzed by
Modfit LT 3.2 software (Verity Software House, Topsham,
ME, USA).

ROS inhibitor treatment. In order to investigate the contribu-
tion of ROS in BA induced apoptosis, GSH, a ROS scavenger,
was used as an ROS inhibitor. HeLa cells were seeded in
6-well plates (1.7x10° cells/well) for 24 h, then pre-incubation
GSH for 1 h before treatment with 30 gmol/l BA for 6 h, the
changes and the percentage of apoptotic cells were examined
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Figure 1. Effects of BA on the proliferation and apoptosis of HeLa cells. (A) Chemical structure of BA. (B) Cell viability was determined by the MTT assay.
Cells were treated with indicated time of BA (12,24, 36 and 48 h). The values for each BA concentration tested represented the mean of three experiments, data
were presented as mean + standard deviation. (C) Hoechst 33258-staining of HeLa cells treated with 30 zmol/l BA at 3,6, 12, 24 and 48 h under a fluorescence
microscope at x200 magnification. Red arrows indicate several apoptotic cells with typical condensation of chromatin. (D) Cells were treated with 30 ymol/l
BA at different time (6, 12,24, 36 and 48 h). (E) Flow cytometric histograms. Columns showed mean values of three experiments, mean =+ standard deviation.

“P<0.01 vs. control group BA, betulinic acid.

by flow cytometry, as described above. In parallel, western
blotting of proteins in PI3K/Akt pathway experiments were
accomplished.

Statistical analysis. The data were presented as mean =+ stan-
dard deviation and the results were taken from at least three
independent experiments. The statistically significant differ-
ences were determined using one-way analysis of variance by
SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

BA inhibited proliferation and induced apoptosis in HeLa
cells. The antiproliferative activity induced by BA in HeLa
cells was evaluated by an MTT assay. To identify the begin-
ning of apoptosis and morphological changes for further
experiment, the authors used flow cytometry and fluorescence
microscopy to detect the HeLa cells after incubation with BA
(30 umol/l) in a series of time ranging up to 48 h.

The cell viability, as indicated by an MTT assay, displayed
a general decline with increasing duration (12, 24, 36 and 48 h)
of treatment with 30 ymol/l BA (Fig. 1B), suggesting that
BA inhibited the cell viability of HeLa in a dose-dependent
manner; and the IC5, was 66.75+1.73 ymol/l,39.75+2.16 ymol/l
and 30.42+2.39 umol/l when HeLa cells were treated with BA
for 24, 36 and 48 h, respectively (the IC5, was >100 gmol/l
for a 12 h BA treatment). In order to examine the effect of

BA-induced apoptosis in HeLa cells, the typical morphology
of apoptosis was detected in BA-treated HeLa cells in more
time points, (3, 6, 12, 24 and 48 h), as presented in Fig. 1C,
the cell counts significantly declined following 12 h. To
confirm that the reduction in the cell numbers was reflec-
tive of cell death, flow cytometric detection was performed
using labeled Annexin V-FITC/PI, did not show a significant
change until 12 h of incubation (little change at 6 h). The total
percentage of apoptotic cells was 9.53+1.46% (7.2+1.14%
of cells in early apoptosis and 2.33+0.25% of cells in late
apoptosis), 13.10+1.45% (9.03+£1.22% of cells in early apop-
tosis and 4.07+1.76% of cells in late apoptosis), 18.97+2.25%
(9.90£1.30% of cells in early apoptosis and 9.10+1.00% of
cells in late apoptosis) and 25.38+3.42% (18.01+3.38% of cells
in early apoptosis and 7.36+0.21% of cells in late apoptosis)
for cells treated with 30 gmol/l BA for 12, 24, 36 and 48 h,
respectively (Fig. 1D and E).

Effect of BA on the expression of PI3K and phosphorylated
Akt. To investigate the involvement of the PI3K/Akt pathway
which plays an important role for cell survival and apoptosis,
the authors performed a time-dependence study in which HeLa
cells were incubated with BA for times ranging from 0-6 h.
To select the treatment time for the western blot experiments,
the caspase-9 expression was tested firstly, which is a well-
established role in the process of mitochondrial apoptosis (16).
The expression level of caspase-9 was identified by western
blot analysis at a series of time points (0, 1, 3, 6, 12 and 24 h),
as Fig. 2A shown, after stimulation with 30 zmol/l BA for 6 h,
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Figure 2. Western blot analysis for the expression of cleaved caspase-9,
PI3K (pl10a, p85), phospho-Akt (Ser473, Thr308, pan) in BA-treated HeLa
cells. (A) The expression of cleaved caspase-9 was activated by 30 gmol/l
BA from 6 h treatment. (B) Time course (0-6 h) data revealed PI3K and
AKT phosphorylation pattern changed in HeLa cells with 30 #mol/l BA
treatment. (C) Data represented the significant change of initiation time
by three independent experiments. (D) Results exhibited the effects of
various concentrations of BA (0-30 ymol/l) or 30 ymol/l wortmannin in a
6 h incubation period. (E) Three independent experiments were performed
in triplicate for each group. Data are presented as the mean + standard
deviation. Mean fold increase = [(target protein/B-actin)/the control group].
“P<0.05 and “'P<0.01 vs. control group (0 zmol/l BA or 0 h). BA, betulinic
acid; Wor, wortmannin; con, control.

the cleaved caspase-9 expression was prominently increased.
Therefore, before 6 h treatment time including 6 h was chosen
to figure out the PI3K/Akt factors in HeLa incubated with
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BA because the caspase family activation is relative late in
apoptosis process.

The expression level of PI3K (pl10a), PI3K (p85),
phospho-Akt (Ser473) and phospho-Akt (Thr308) was
detected by western blotting after BA treatment at 0, 0.5, 1,
2,3 and 6 h. As presented in Fig. 2B and C, PI3K (p110a)
protein level was reduced significantly in BA-treated HeLa
cells after 1 h of incubation (P<0.05) and the extent of protein
activation decreased over time. Consistently, the phospho-Akt
(Ser473) and phospho-Akt (Thr308) levels after 2 h and the
PI3K (p85) level after 6 h significantly changed, indicating that
PI3K (pl10a) was an upstream regulatory factor that regulated
other proteins. The above sequence of BA-induced inhibition
was PI3K (p110a) 1 h, phospho-Akt (Ser473) 2 h, phospho-Akt
(Thr308) 2 h, PI3K (p85) 6 h; interestingly, the phosphorylation
of p85 was repressed by BA later than phospho-Akt (Ser473),
phospho-Akt (Thr308). However, the expression of PI3K
(p110a) was still blocked by BA in the beginning, which also
can influence the downstream factors: Phospho-Akt (Ser473),
phospho-Akt (Thr308) in BA treatment.

To further evaluate the dose-dependent study, a separate
set of experiments was performed to determine the above
protein activation effected by various concentrations (0, 5,
10, 20 and 30 gmol/l) of BA for 6 h incubation. As shown
in Fig. 2D and E, although some proteins showed a fluctu-
ating trend when treated with a small dose, there still had a
significant change at 30 gmol/l BA treatment. In addition, the
authors compared the potency of BA with wortmannin, the
inhibitor of PI3K. The observation was the similar to the effect
by BA on HeLa cells, suggesting that the PI3K/Akt pathway
was involved in BA- induced HeLa apoptosis.

Upregulation of p21 and p27 and the inhibition of the cell
cycle in BA-treated HeLa cells. The above results indicated
the PI3K/Akt pathway involved in BA induced apoptosis,
and the cell cycle is one of the most important processes
regulated by the PI3K/Akt signaling pathway for cancer cell
proliferation. Therefore, this part was to detect the cell cycle
whether involved in BA induction. Treatments of durations
were also applied for measuring the expression of p21Wf/ci!
and p27%" proteins, which are important role in inhibition
of cell cycle and regulated by Akt. As presented in Fig. 3A,
the expression of p27%P and p21™*“! has an increasing
trend, and significantly respective went up after 3 and 2 h
in duration results (Fig. 3B), whereas the level of p21™af/Cie!
phosphorylation reached a plateau and began to decrease
after 2 h, indicated a transient phosphorylation pattern in this
process. On the other hand, the level of p27%" did not change
until 3 h treatment by BA. The result was consistent with the
fact that p21WefV/SiPl and p27XP were substrates of the PI3K/Akt
pathway because the activation time of p21WV/CiPl and p27%ip
was later than pAkt. Conversely, BA treatment of HeLa cells
caused a drastic upregulation in the expression of p27%" at 10,
20 umol/l BA for 6 h treatment (Fig. 3C and D).

At the same time, the cell cycle was then analyzed by flow
cytometry after the cells were treated with 30 zmol/l BA for
various periods ranging up to 48 h. The authors observed
that the number of cells in the S and G2/M phases decreased,
and 18-48 h treatment time caused a dramatically increased
GO0/G1 phase population compared with in the control
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Figure 3. Cell cycle analysis of BA-treated HeLa cells. (A) Important regulator of cell-cycle proteins p27¥iP, p21V+fl/Cil wag detected by western blotting
in time-treatment. (B) Data represented the significant change of initiation time by three independent experiments. (C) Dose treatment was also analyzed
by western blotting. (D) The significant change of p27¥P, p21V*7/C! caused by 30 gmol/l or wortmannin compared to the control at 6 h treatment. (E) The
harvested cells were stained with propidium iodide and DNA content analyzed by flow cytometry in various time of BA (0-48 h). (F) These histograms were
from one out of three representative experiments. Data are presented as mean + standard deviation. "P<0.05 and “P<0.01 vs. control group. BA betulinic acid,;

‘Wor, wortmannin; con, control.

group (Fig. 3E and F). Therefore, this result suggested that BA
arrested HeLa cells in the GO/G1 phase after the inhibition of
the PI3K/Akt pathway depending on the response time.

BA induced mitochondrial-dependent apoptosis and disrupted
the mitochondrial membrane potential (MMP) in HeLa cells.
Subsequently, we explored whether this effect of BA was
associated with an activation of mitochondrial pathway, which
was modulated though PI3K/Akt regulated the process of pro-
apoptotic factors, such as the Bcl-2 family and caspase-9.

To investigate the relationship between mitochondrial
pathway and the PI3K/Akt pathway, as well as the effect of
MMP influenced by BA, we examined the expression level
of landmark target caspase-9 and Bad, Bcl-xL which were
regulated by Akt. The results demonstrated that 30 ygmol/l
BA treatment promoted the expression of Bad after 3 h.
Unexpectedly, there were no differences in the level of Bel-xL,
but the ratio of Bcl-xL/Bad protein expression was reduced
by BA treatment. This result may have simply been a trans-
position and needs further investigation (16). Consistently for

Bcl-xL, no alterations in expression levels have been reported
upon exposure to BA in other cancer cells (17). Detectable
cleavage products of caspase-9 clearly increased after 3 h in
a time treatment trail (Fig. 4A and B). Therefore, this finding
indicated that mitochondrial pathway took the initiative to
regulate the apoptosis by BA treatment.

The role of the mitochondrial permeability transition (PT)
pore was essential in apoptosis signaling. Opening of the PT
pore resulted in membrane depolarization and finally lead to
cell apoptosis. In the present study, the HeLa cells were treated
with 30 ymol/l BA and subsequently stained with JC-1 to test
the effect of PT depolarization by BA. JC-1 predominantly
existed in monomeric form in cells with depolarized mito-
chondria and displayed green fluorescence. If with polarized
mitochondria, JC-1 primarily formed aggregates in cells and
showed reddish-orange fluorescence. The green and the red
fluorescence gradually changed, with the green fluorescence
significantly increasing during the treatment (data not shown).
Changes in the ratio of JC-1 forms (monomeric form/aggre-
gate form) were analyzed and graphically documented to
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Figure 4. BA promoted mitochondrial damage and induced ROS generation.
(A) Results depicted an alternation in mitochondrial-related proteins Bad,
Bcl-xL and cleaved caspase-9 expression in a time-dependent manner.
(B) The initiation change time of above proteins in 30 ymol/l BA were
analyzed. (C) HeLa cells were treated for various time (0-48 h) of BA with
30 ygmol/l and subjected to flow cytometric analysis for determination of mito-
chondrial membrane potential stained by JC-1, bars represented ratio of JC-1
monomer/JC-1 polymer. Data represented three independent experiments,
and are presented as mean + standard deviation. (D) After the treatment of
30 umol/l BA to HeLa cells, a subsequent increase in generation of ROS in a
time-dependent manner. ROS continued to be released throughout the experi-
mental period of 48 h. "P<0.05 and "P<0.01 vs. control group. BA, betulinic
acid; ROS, reactive oxygen species; DCF, 2',7'-dichlorofluorescein.

demonstrate significant changes at 1 h with 30 gmol/l BA treat-
ment (Fig. 4C). Strikingly, in HeLa cell, it was clearly observed
that BA triggered the PT pore in a time-dependent way.

BA induced intracellular ROS generation. These observations
indicated ROS scavenging probably involved in apoptosis

induced by BA because the mitochondrial depolarization was
always affected by ROS. To clarify whether ROS was related
to the mitochondrial pathway, the ROS generation was detected
using an oxidation-sensitive fluorescent dye, DCFH-DA, to
determine the starting ROS generation time. As demonstrated
in Fig. 4D, ROS generation was enhanced in a time-dependent
manner with BA treatment, and the initiation of ROS produc-
tion had a significant 1.2-fold increase compared to the control
at 30 min. Furthermore, the trend was rising at the treatment
time and arrived 1.5-fold compared to the control group at 48 h.
Combined with above results, ROS generation was initiated
earlier than MMP decrease, which suggested that ROS was
upstream to regulate the apoptosis by BA, at least in HeLa cells.

Antioxidants prevented PI3K and Akt phosphorylation and
apoptosis induction. The authors assessed the potential ability
of PI3K/Akt to protect HeLa cells from apoptosis, focusing on
its interventions upstream and downstream of ROS events. To
unravel the molecular mechanism involved in ROS accumu-
lation and explore the relationship between the ROS and the
PI3K/Akt pathway, GSH (ROS inhibitor) was used to pretreat-
ment of HeLa cells before treatment with 30 zmol/l BA for 6 h.
According to the previous result, 6 h was the appropriate time
because the expression of tested proteins had changed by BA
treatment at 6 h. As Fig. 5A and B shown the GSH prevented
the BA-induced inhibition of PI3K (pl110a) and phospho-
Akt (Serd73), meanwhile this change in the PI3K and Akt
phosphorylation pattern correlated with the effects on other
downstream substrates (p27%P, p21™*/CPly and mitochondrial
proteins (cleaved caspase-9, Bad) comparison with control
cells (Fig. 5C and D). Therefore, these results suggested that
ROS was upstream factor that could regulate the PI3K/Akt
signaling pathway and the mitochondrial pathway.

To further ascertain the relevance between apoptosis
and ROS, we pre incubated HeLa cells with 30 mM GSH
before the 30 ymol/l BA treatment for 24 h. As presented
in Fig. 5E and F, the apoptosis of cells treated with GSH before
BA was inhibited significantly (P<0.05) compared to the posi-
tive control just incubated with GSH.

These results supported that ROS was an important
factor for regulating the PI3K/Akt signaling pathway and the
mitochondrial pathway involved in the BA-induced apoptosis
mechanism.

Discussion

The aim of the present study was to elucidate the molecular
mechanisms of apoptosis effects of BA and explore the specific
cellular targets or signaling pathways in HeLa cells. As noted
in previous studies, BA could induce HeLa apoptosis (14);
however, the molecular mechanisms of this process are not
fully understood.

A concentration of 30 gmol/l BA was chosen for subse-
quent treatments of HeLa cells to study the apoptosis initiation
by BA. Different screening methods demonstrated that BA
exhibited a cytotoxic activity in a time-dependent manner in
the present study. The growth of the HeLa cells was signifi-
cantly inhibited after 12 h treatment (Fig. 1B), and the typical
morphology of apoptosis was also showed after 12 h treat-
ment (Fig. 1C). Meanwhile, 12 h was the apoptosis initiation
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Figure 5. Pharmacological inhibitors affected the level of different signaling molecules and apoptosis rate. (A) Western blot analyses showing the effects of
antioxidant GSH on PI3K/Akt phosphorylation. GSH (30 mM) was pre-incubated with HeLa cells for 1 h before treatment with 30 #mol/1 BA for 6 h. (B) The
values of the above-mentioned proteins are represented as the means + SD, n=3. “P<0.01 compared to the control group. (C) The same method was applied
to detect the level of downstream substrates. (D) The values of the above-mentioned proteins are represented as the means + SD, n=3. “P<0.01 compared to
the control group. (E) Analysis of Annexin V-FITC flow cytometry results exemplifying the different levels of protective effect afforded by 30 mM GSH.
HeLa cells were first incubated with the indicated test substance for 1 h followed by treatment with 30 zmol/l BA for 24 h. (F) Measurement of apoptotic cell
percentage following treatment. Values are expressed as the means + standard deviation, n=3. "P<0.05 and ""P<0.01 as indicated. GSH, glutathione; FITC,

fluorescein isothiocyanate; BA betulinic acid.

time of HeLa cells exposed to 30 zmol/l BA because it caused
a significant increase of apoptosis cells at 12 h (Fig. 1D and E).
Therefore, 12 h is a critical treatment time to induce inhibition,
and it was assumed that the relevance factors involved in apop-
tosis process should be activated by BA before 12 h.

BA appears to target the mitochondrial PT pore directly in
most previous results (6), thus, the authors firstly figured out the
expression level of cleavage caspase-9 to find an appropriate
monitor time for other proteins, because the caspase-9 is crucial
for mitochondrial pathway and its activation is relative later
than other proteins. As Fig. 2A indicated, after 6 h treatment
with 30 gmol/l BA, the expression of cleaved caspase-9 was
prominently increased, thus, before and including 6 h treatment
time was chosen to detect the PI3K/Akt signaling factors.

The PI3K/Akt signaling pathway represents an important
anticancer target especially for mitochondrial apoptosis because
the regulation of mitochondrial respiratory activities was
affected by Akt through protein translation pathway (15,18,19).
Growth factors and hormones trigger a PI3K phosphoryla-
tion event, which, in turn, coordinates cell growth, cell cycle
entry, cell migration and cell survival (20). In addition, the
PI3K pathway exerts its function through the downstream
molecule Akt to regulate various cell functions, including cell
proliferation, cell transformation, cell apoptosis, tumor growth
and angiogenesis (20). Given the significant role of PI3K/Akt
in cancer cells, the authors determined whether BA treatment
changed the PI3K expression and the phosphorylation status of
Akt in HeLa cells.
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Western blotting was used to verify phosphorylation of
PI3KSs' catalytic subunit (p110) and an adapter subunit (p85),
which induces the phosphorylation of Akt at two key regulatory
sites: Threonine 308 (Thr308) and serine 473 (Ser473) (21).
These proteins were inhibited in does- and time-treat-
ment (Fig. 2). Although some proteins showed a fluctuating
trend when treated with a small dose, Fig. 2C and D still
suggested that BA could inhibit the PI3K/Akt signaling
pathway in a relative does- dependent manner in early time.

The Akt protein modulates cyclin-dependent kinase
inhibitors, p27%P and p21Wef/CP! that inhibit cell cycle
progression (22). In addition, Akt has been implicated as an
anti-apoptotic factor in many different cell death processes
(e.g., Akt regulates the apoptotic machinery and inactivates
proapoptotic proteins, such as Bad, which controls the release
of cytochrome ¢ from mitochondria) (12,23). Therefore, the
authors designed two parts to measure the cell cycle and mito-
chondrial pathway.

For cell cycle part, as shown in Fig. 3A and B, although the
protein expression continuously increased with time, the BA
treatment of HeLa cells caused a drastic upregulation in the
expression of p21V41'CP! and p2 7% proteins after the inhibition
of the phosphorylation of pAkt (Fig. 3A); this finding is consis-
tent with the fact that p21Vef/CPl and p27X® are substrates of
the PI3K/Akt pathway (24). The flow cytometry result indi-
cated that BA arrested HeLa cells in the GO/G1 phase after
the inhibition of the PI3K/ Akt pathway; this finding is in line
with the protein expression profile of p21V4/CP! and p27%P can
arrest cell proliferation at the G1/S transition (25). Actually,
numerous lines of evidence have indicated that anticancer
drugs induce tumor regression through the induction of cell
cycle arrest and/or apoptosis (26,27), and Kang et al (28) also
proved that the PI3K/Akt pathway is involved in the apoptosis

process by thioridazine. The present observations suggested
that the inhibition of the PI3K/Akt pathway by BA in HeLa
cells led to cell cycle arrest.

At the same time, in the apoptotic process, the mitochon-
drial pathway is a central event that seals the cell's fate, and it
is particularly important for BA-induced apoptosis (6,29). BA
has been reported to induce apoptosis via direct mitochondrial
perturbations of Bcl-2 family proteins, such as antiapoptotic
Bcl-xL and proapoptotic Bad (29,30). As noted in the authors'
previous studies, the 14-3-3 protein was inhibited in HeLa cells
by BA (14), and the interaction between Bad and 14-3-3 causes
Bad to be retained in the cytoplasm, thus preventing Bad from
dimerizing with Bcl-xL at the mitochondria and mediating
the release of Bax from Bcl-xL. Moreover, the PI3K/Akt
signaling pathway phosphorylates Bad at Serl55 in the BH3
domain that plays a critical role in blocking the dimerization
of Bad and Bcl-xL (17,31). Therefore, Bad and Bcl-xLL were
measured to evaluate the relationship among these proteins
by western blotting for treatments of durations. Because of
caspase-9 significantly increasing after 6 h (Fig. 4), the authors
also examined caspase-9 influenced by Akt because previous
research demonstrated the involvement of the PI3K/Akt
pathway in the suppression of the cytochrome c-induced
processing of pro-caspase-9 and reduced caspase activity (32).

To better understand the effectiveness of BA in targeting
the mitochondria of HeLa cells, alterations in the MMP
were directly determined. Loss of MMP is a near-universal
hallmark and a critical step for subsequent cell death (3,33).
Thus, the result (Fig. 4C and D) showed that the mitochondria
pathway was involved in the effects of the BA treatment of
HeLa cells. At the same time, ROS played an important role
in apoptosis induction because it is involved in MMP and cell
death induction (34,35). Hence, the generation of ROS was
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monitored. Combined with activation time point, the decrease
in MMP started from 1 h of treatment after the generation
of ROS 0.5 h, confirming that the loss of MMP may be due
to an increased ROS level. These data illustrated the role of
BA in enhancing ROS and inducing apoptotic death in HeLa
cells. The generation of ROS, which induced disruption of
mitochondrial function with a concurrent loss of MMP, was
important for the BA-treatment effects on HeLa cells.

The results described above suggested that ROS played a
prominent role in BA-induced apoptosis and that PI3K/Akt
was also influenced by BA at an early time. Therefore, we then
investigated the relationship between ROS and the PI3K/Akt
signaling pathway. GSH is the key antioxidative regulator of
intracellular redox status and is commonly used to antagonize
the effects of ROS or to protect against programmed cell
death (36,37). Therefore, GSH was selected to investigate the
importance of ROS in the apoptosis process mediated by BA.
Western blot results supported that ROS was an important
upstairs factor for regulating the PI3K/Akt signaling pathway
and the mitochondrial pathway, as Fig. 5 indicated, PI3K
(p110a), phospho-Akt (Serd73), p27%iP, p21WVafl/Cirl | cagpase-9
and Bad were protected by GSH. At the same time, GSH could
prevent HeLa cells apoptosis that supposes that ROS was a
critical regulator for apoptosis in BA treatment (Fig. 5SE and F).
These results supported the view that PI3K/Akt signaling and
the mitochondrial pathway were regulated by ROS and acted
in opposition in the balance of cell survival and death.

In conclusion, BA showed a strong inhibitory effect on HeLa
cell growth at pharmacological concentration (30 gmol/l). The
present study confirmed that BA-induced apoptosis involved
the inhibition of PI3K (p110a and p85), presented the deregula-
tion of the Akt signaling pathway in response to the generation
of ROS, indicated that there is a decrease in the mitochondrial
potential, the activation of mitochondrial-regulated Bad,
caspase-9 and the cell cycle regulators p27% and p21WfV/cir!
and the induction of GO/G1 phase arrest (Fig. 6). These insights
may be helpful to understand the molecular mechanism of the
BA antitumor effect in HeLa cells and to enhance the develop-
ment of BA for clinical use.
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