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Paris polyphylla 26 triggers
G2/M phase arrest and
induces apoptosis in HepG2
cells via inhibition of the
Akt signaling pathway
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Abstract

Objectives: Paris polyphylla 26 (PP-26) is a monomer purified from Paris polyphylla, which has

traditionally been used as an antimicrobial, hemostatic, and anticancer agent in China. The anti-

proliferation effect and underlying molecular mechanism of PP-26 were investigated in vitro.

Methods: The effects of PP-26 on various tumor cells were detected by MTT assay. PP-26-

affected cell cycle and cell cycle-related proteins in HepG2 cells were detected by flow cytometry

and western blotting, respectively. Apoptosis in response to PP-26 was assessed by Hoechst

33258 staining and flow cytometry. PP-26-affected apoptosis-related proteins and Akt signaling

were detected by western blotting. The inhibitory effect of PP-26 on HepG2 cells, when com-

bined with 5-fluorouracil (5-FU), was also assessed.

Results: PP-26 inhibited proliferation of HepG2 cells in a dose-dependent manner by triggering

G2/M-phase arrest. Moreover, PP-26 induced apoptosis of HepG2 cells. Expression levels of

apoptosis proteins caspase 9, caspase 3, PARP, Bcl-2, Bcl-xL, and Mcl-1 were downregulated,

while the expression level of apoptosis protein Bax was upregulated. Expression levels of p-Akt,

p-GSK-3b, and p-Foxo3 were downregulated. Combination with PP-26 enhanced 5-FU inhibition

of HepG2 cell proliferation.
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Conclusions: PP-26 triggers G2/M-phase arrest and induces apoptosis in HepG2 cells via

inhibition of the Akt signaling pathway.
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Introduction

Liver cancer primarily comprises hepatocel-
lular carcinoma (HCC), which is one of the
most common and aggressive malignant
tumors worldwide.1 In men, HCC has the
second highest lethality of all cancers
worldwide and the sixth highest lethality
in developed countries. Notably, an esti-
mated 782,500 new liver cancer cases were
diagnosed and 745,500 deaths occurred
worldwide during 2012. In China, HCC
morbidity and mortality contribute to
approximately 50% of the total number of
cases liver cancer and liver cancer-related
deaths.2 Current treatments for HCC pri-
marily comprise surgery and chemotherapy,
but these do not have considerable thera-
peutic effect.3 Therefore, new approaches
are urgently needed, such as novel drugs
that specifically target HCC.4

PP-26 is a monomer purified from Paris
polyphylla, which has traditionally been
used as an antimicrobial and hemostatic
agent in China; it is used in treatment of
abscesses, sore throat, snake bites, traumat-
ic injuries, chronic bleeding, and tumors.5

Recent research has shown that some
monomers purified from P. polyphylla
exhibit anticancer activity towards multiple
cancer cell lines. For example, we previous-
ly demonstrated that PP-10 induced apo-
ptosis and autophagy in the BGC-823
human gastric cancer cell line through inhi-
bition of PI3K/Akt signaling pathways by
upregulation of p15.6 However, the antican-
cer activity and mechanism of PP-26, also

purified from P. polyphylla, have not been

previously described.
In this study, we investigated the effects

of PP-26 on the proliferation of various

types of cancer cells and further explored

the molecular mechanism by which PP-26

inhibits proliferation of HCC cells in

vitro. Furthermore, because Akt-mediated

GSK3b and FoxO3a signaling is involved

in apoptosis in cancer cells,7,8 we examined

the effects of PP-26 on the AKT/FOXO3a/

GSK-3b signaling pathway.

Materials and methods

Chemicals and reagents

PP-26 was obtained from the Pharmacy

College of Jinan University (Guangzhou,

China) and dissolved in DMSO. 5-fluoro-

uracil (5-FU) was purchased from

MedChemExpress (Monmouth Junction,

NJ, USA). Fetal bovine serum (FBS) and

RPMI-1640 were purchased from Gibco

(Grand Island, NY, USA). Trypsin,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT), dimethyl sulfox-

ide (DMSO), and phenylmethylsulfonyl

fluoride (PMSF) were purchased from

Sigma (St. Louis, MO, USA). Antibodies

against Akt (#9272), p-Akt (Ser473,

#4060), p-Akt (Thr308, #13038), Bcl-2

(#4223), cyclin B1 (#12231), cyclin D1

(#2978), Bax (#14796), cyclin E2 (#4132),

CDK4 (#12790), cdc2 (#28439), Bcl-xL

(#2764), p-cdc2 (Tyr15, #4539), caspase-9
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(#9502), cleaved caspase-9 (#52873),

caspase-3 (#9665), cleaved caspase-3

(#9664), FOXO3a (#2497), p-FOXO3a

(Ser318/321, #9465), GSK3a/b, p-GSK3b
(Ser9, #5676), GAPDH (#2118), Mcl-1

(#39224), Myt-1 (#4282), PARP (#9532)

and cleaved PARP (#5625) were purchased

from Cell Signaling Technology Ltd.

(Danvers, MA, USA).

Cell culture

One human hepatic cell line (LO2) and two

human HCC cell lines (HepG2 and SMM-

7721) were maintained in RPMI-1640

medium supplemented with 10% FBS in a

37�C incubator with 5% CO2.

MTT assay

Cells were plated in 96-well plates at a den-

sity of 1.0� 104 cells per well, then cultured

for 24 hours. Cells were then treated with

PP-26 at concentrations of 0.4, 0.8, 1.6,

3.2, 6.4, or 12.8 mmol/L for 24 hours, 48

hours, or 72 hours. Subsequently, 20 mL of

MTT (5 mg/mL) was added. After incuba-

tion for an additional 4 hours, supernatants

were carefully discarded and 150 mL of

DMSO was added. The absorbance of each

well was measured at 490 nm. Cell viability

was calculated as follows: cell viability rate

(%)¼ (ODcontrol-ODtest)/ODcontrol� 100%.
For the drug sensitivity test, 1.0� 104

HepG2 cells per well were plated in 96-

well plates and cultured for 24 hours.

Cells were then treated with 0.67 mmol/L

PP-26 and different concentrations (ranging

from 0 to 800 mmol/L) of 5-FU for 48

hours. The coefficient of drug interaction

(CDI) was used to test the following com-

bination effect: CDI¼E(aþb)/(Ea�Eb). Ea

and Eb represent the inhibition rates of

PP-26 alone and 5-FU alone; Eaþb repre-

sents the inhibition rate of combination

therapy. CDI< 1 indicates a synergistic

effect, CDI¼ 1 indicates an additive effect,

and CDI> 1 indicates an antagonis-
tic effect.

Nuclear staining with Hoechst 33258

HepG2 cells (3� 105) were cultured in 10%
FBS RPMI-1640 medium for 24 hours, and
then treated with different concentrations
of PP-26 for 24 hours. The cells were then
collected and plated on slides. The slides
were air-dried, fixed in methanol-acetone
(3/1, v/v), and stained for 20 minutes with
Hoechst 33258 for 37�C. The Hoechst
33258-stained cells were then air-dried,
and nuclei of both live and apoptotic cells
were examined by fluorescence microscopy.

Flow cytometry analysis

HepG2 cells were plated in 6-well plates at a
density of 1� 106 cells per well. After
attachment, cells were treated with PP-26
for 24 hours. After treatment with PP-26,
the HepG2 cells were centrifuged at 650 g
for 10 minutes and resuspended in PBS,
and then stained by PI/RNase staining
kits (Multisciences, Hangzhou, China) or
annexin V fluorescein solution (Beyotime,
Shanghai, China) at room temperature for
10 minutes. To assess onset of apoptosis,
propidium iodide in HEPES buffer was
added. Cell cycle stage and onset of apopto-
sis was analyzed by flow cytometry (FCM,
Becton Dickinson, Franklin Lakes, NJ,
USA), in accordance with the manufac-
turer’s protocol. The percentages of cells
in G0/G1, S, and G2/M phases, or the
ratios of apoptotic cells, were calculated.

Western blot analysis

Cells were plated in 6-well plates at a den-
sity of 1.0� 106 cells per well. After attach-
ment, the cells were treated with PP-26 for
24 hours. Proteins were then extracted
from the treated cells, and concentrations
were determined by using PierceTM

BCA Protein Assay Kit (Thermo Fisher
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Scientific, Waltham, MA, USA). Protein
samples (50 mg) were separated by
using 8%–15% sodium dodecyl sulfate-
polyacrylamide electrophoresis, then trans-
ferred to 0.22-mm polyvinylidene fluoride
membranes. The membranes were blocked
with 5% evaporated skim milk for 1 hour at
room temperature. Primary antibodies were
diluted at 1:500–1:1000 in Tris-buffered
salineþTween (TBST). Membranes were
incubated with diluted primary antibodies
overnight at 4�C, followed by incubation
with secondary antibody (BM2020, Boster,
Wuhan, China) for 1 hour at 37�C. After
each membrane was washed three times
with 1X TBST, it was covered with
Immobilon ECL luminescence liquid
(Millipore, Burlington, MA, USA) and
visualized using the Gel Image System
(UVItec Ltd., Cambridge, UK). The inten-
sity of each band was analyzed using
ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis

Data were analyzed using SPSS 16.0 soft-
ware (SPSS Inc., Chicago, IL, USA).
Differences were compared by ANOVA
and Student’s t-test. All results are
expressed as the mean� standard error.

All experiments were performed in tripli-

cate. Only differences with P< 0.05 were

considered statistically significant.

Results

PP-26 inhibited cell growth in HCC cells

PP-26 is a steroidal saponin compound

extracted from P. polyphylla (Figure 1).

To reveal the effects of PP-26 on cell pro-

liferation, the MTT assay was performed to

analyze the proliferation of HepG2,

SMMC-7721, and LO2 cells. The results

showed that the proliferation of HepG2

cells (Figure 2a) and SMMC-7721 cells

(Figure 2b) was significantly inhibited

upon treatment with different concentra-

tions of PP-26 for 24, 48, or 72 hours.

However, PP-26 treatment showed a poor

growth-inhibitory effect on LO2 cells

(Figure 2c). These results indicated that

the viability of HCC cells was significantly

reduced by PP-26 treatment in a dose- and

time-dependent manner. When cells were

treated for 48 h, the respective IC50 values

for LO2 cells, HepG2 cells, and SMMC-

7721 cells were 6.98� 0.99 mmol/L, 1.91

� 0.45 mmol/L, and 1.85� 0.25 mmol/L.

Thus, PP-26 treatment resulted in less

Figure 1. Chemical structure of PP-26
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cytotoxicity in normal liver cells than in

HCC cells.

PP-26 triggered G2/M-phase arrest in

HepG2 cells

To investigate whether PP-26 could affect

the cell cycle, cells were treated with PP-26

at different concentrations for 24 hours and

then assessed by using flow cytometry with

propidium iodide staining. Upon exposure

to different concentrations of PP-26 for 24

hours, the proportion of HepG2 cells in G1

phase gradually decreased, while the pro-

portion of HepG2 cells in S phase remained

unchanged (Figures 3a and b). These results

suggested that PP-26 caused arrest of cell

cycle distribution in G2/M phases.
We evaluated the effect of PP-26 on the

expression of cell cycle-related proteins by

Figure 2. PP-26 inhibited the growth of HepG2, SMMC-7721, and LO2 cells. (a) Growth-inhibition effects
of PP-26 on HepG2 cells. (b) Growth-inhibition effects of PP-26 on SMMC-7721 cells. (c) Growth-inhibition
effects of PP-26 on LO2 cells. The cells were incubated with different concentrations (0.4, 0.8, 1.6, 3.2, 6.4,
or 12.8 mmol/L) of PP-26 for 24 h, 48 h, and 72 h, then subjected to MTT assays. Results represent three
independent experiments (*P< 0.05, ANOVA)

Figure 3. PP-26 induced G2/M arrest in HepG2 cells. (a) Flow cytometry and (b) cell cycle distribution of
HepG2 at 24 hours (*P< 0.05, **P<0.01, ANOVA). (c) Cell cycle-related proteins were analyzed by
western blot
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using western blot analysis (Figure 3c).
The results showed that the expression
levels of cyclin D1 and CDK4 were signifi-
cantly suppressed in HepG2 cells by 24
hours of PP-26 treatment, in a dose-
dependent manner. However, the expression
levels of cyclin B1 and cyclin E2 remained
unchanged. Myt1 protein kinase functions
to negatively regulate Cdc2-cyclin B com-
plexes by phosphorylating Cdc2 on tyrosine
15.9 The expression levels of Myt1, p21, and
p-cdc2 (Tyr15) were increased, suggesting
that the activity of the cyclin B/cdc2 complex
was inhibited by treatment with PP-26 in
HepG2 cells (Figure 3b).

PP-26 induced apoptosis in HepG2 cells

To assess whether PP-26 causes apoptosis in
HepG2 cells, different concentrations (0, 0.8,
1.6, 3.2, 6.4 mmol/L) of PP-26 were used to
treat HepG2 cells for 24 h; the results were
analyzed by using flow cytometry. Compared
with the control (untreated) cells, the ratios of
apoptotic cells in each group were 1.48%,
2.08%, 7.50%, and 23.58%, respectively

(Figures 4a and b). The data showed that

PP-26 could induce apoptosis in HepG2

cells in a dose-dependent manner. Hoechst

staining was also performed. The ratio of apo-

ptotic cells in PP-26-treated groups was higher

than in the control group (Figure 4c).

Moreover, we performed western blotting to

study the mechanisms by which PP-26 induces

apoptosis in HepG2 cells. The data showed

that the expression levels of PARP, caspase-

3, and caspase-9 were downregulated in

a dose-dependent manner (Figure 4d).

Additionally, a subset of apoptosis-related

upstream proteins (Bcl-xL, Bcl-2, and Mcl-1)

were downregulated, while Bax was upregu-

lated upon treatment of HepG2 cells with PP-

26 (Figure 4e). These results indicated that

PP-26 induced apoptosis in HepG2 cells

through a mitochondrial signaling pathway.

PP-26 inhibited Akt kinase and its

downstream signaling pathway

To investigate whether PP-26 induced

apoptosis in HepG2 cells through the Akt

Figure 4. PP-26 induced HepG2 cell apoptosis. (a) Flow cytometry and (b) annexin V-FITC and PI staining
showed that apoptosis of HepG2 cells increased at 24 hours (*P< 0.05, **P< 0.01, ANOVA). (c) Hoechst
33258 staining showed typical apoptotic morphological changes of HepG2 cells, such as nuclear conden-
sation, fragmentation, and disappearance of nucleoli. (d) Western blot analysis showed that caspase 9,
caspase 3, and PARP protein expression were downregulated. (e) Western blot analysis revealed that the
pro-apoptotic protein, Bax, was upregulated and the anti-apoptotic proteins, Bcl-2, Bcl-xL, and Mcl-1, were
down-regulated (*P< 0.05, **P< 0.01, ANOVA)
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signaling pathway, we measured the effects
of PP-26 on phosphorylation of Ser473-Akt
and Thr308-Akt protein levels. The results
showed that the expression levels of p-Akt
(Thr308), p-Akt (Ser473), p-GSK3b (ser9),
and p-FOXO3a (Ser318/321) were reduced,
while those of AKT, GSK3a/b, and
FOXO3a showed no significant changes
(Figures 5a and b). Therefore, the phos-
phorylation of Akt was inhibited by
PP-26. As expected, the data suggested
that treatment with PP-26 also inhibited
phosphorylation of FOXO3a and GSK-3b.

PP-26 sensitized HepG2 cells to 5-FU
in vitro

The effect of PP-26 on chemotherapy sensi-
tivity was further examined in HepG2 cells.
The MTT assay was performed to assess the
growth inhibition effect of PP-26 on HepG2
cells, in combination with different concen-
trations of 5-FU. The results showed that

the cytotoxicity of 5-FU in HepG2 cells was

enhanced upon combination with PP-26

(Figure 6). The combination of PP-26

and 5-FU produced a significant

synergistic effect, as indicated by CDI< 1.

Furthermore, when HepG2 cells were

treated with 5-FU combined with PP-26,

the IC50 of 5-FU was 43.81 mmol/L. In con-

trast, the IC50 of 5-FU was 386.5 mmol/L

when HepG2 cells were treated with

5-FU alone.

Discussion

Some studies regarding the mechanism of

progression of HCC10,11 have shown that

P. polyphylla could inhibit proliferation of

various tumor cell lines.12 For instance, Qin

et al.13 demonstrated that pp-7 has an

inhibitory effect on HepG2 and HEK293

cells, with respective IC50 values of 2.9

� 0.5 mM and 5.0� 0.6 mM. Ke et al.6

Figure 5. PP-26 inhibited the expression of PI3K/Akt signaling components. The expression levels of p-Akt
(thr308), p-Akt (ser473), p-GSK3b (ser9), and p-FoxO3a (Ser318/321) were reduced by treatment with PP-
26 for 24 h, while the expression levels of Akt, GSK3a/b, and FOXO3a did not change significantly. *P< 0.05,
**P< 0.01, ANOVA

Li et al. 1691



found that pp-22 inhibited the growth of

SCC-15 human tongue squamous cells in

a dose- and time-dependent manner. We

isolated 51 active monomers (PP-01-PP-

51) from P. polyphylla. Among these mono-

mers, 16 had significant inhibitory effects

on the proliferation of CNE1 cells.12,14 We

selected PP-26 for further investigation of

its inhibitory effect on HepG2 cell prolifer-

ation in vitro. PP-26 is also known as (3b,
17a,25R)-spirost-5-ene-3, 17-diol-3-O-a-L-
rhamnopyranosyl-(1!4)-a-L-rhamnopyra-

nosyl-(1!4)-[a-L-rhamnopyranosyl-

(1!2)]-b-D-glucopyranoside; its chemical

formula is C51H82O21. The present study

investigated the inhibitory effect of PP-26

on various cells and provided an experimen-

tal basis for its use in cancer treatment.

Here, we found that PP-26 inhibited the

proliferation of HepG2 cells in a dose-

and time-dependent manner, but exhibited

reduced cytotoxicity in LO2 cells, a normal

liver cell line. However, an extremely low

concentration (< 3.2 mM) of PP-26 induced

proliferation of LO2, suggesting that

concentrations of PP-26 should be carefully

monitored during cancer treatment.
The cell cycle is an important aspect of

eukaryotic cell division, with four key

checkpoints in its progression. At the G2/

M phase checkpoint, Myt1 causes cell cycle

arrest by phosphorylating Tyr14 and Thr15

of cdc2.15 The CDK and cyclin complexes

are important in the regulation of cell cycle

progression; cyclin B and cdc2 complexes

can guide G2/M transition.16 In the present

study, we found that the proportion of cells

in the G2/M phase increased in a time- and

dose-dependent manner, upon treatment

with PP-26. In addition, western blotting

analysis of cell cycle-related proteins

showed that PP-26 treatment led to down-

regulation of the expression levels of cyclin

D1, cyclin B1, and CDK4; however, such

treatment did not affect expression levels

of cyclin E2 and cyclin B1. Moreover, the

expression levels of Myt-1, p21, and p-cdc2

(Tyr15) were upregulated. It has been

shown that the expression of p21 inhibits

the activity of cyclin B/cdc2 complexes.16

Figure 6. Effects of 5-FU alone or combined with PP-26 on cell viability of HepG2 cells. The PP-26
concentration was 0.67 mmol/L and treatment time was 48 h (*P< 0.05, Student’s t-test)
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The expression of Myt1 led to phosphory-

lation of Tyr15, which inhibited cdc2 activ-

ity and reduced the binding of the cyclin B-

cdc2 complex. Thus, HepG2 cell cycle was

arrested in the G2 phase.
Apoptosis is a process of cell death under

pathological or normal physiological condi-

tions, which occurs via extrinsic and intrin-

sic signaling pathways.17,18 In the present

study, using annexin V-FITC/PI double

staining, we found that the rate of apoptosis

in HepG2 cells was positively correlated

with PP-26 concentration, and that there

was a typical apoptotic change in morphol-

ogy in HepG2 cells. The mitochondrial apo-

ptotic pathway is controlled by members of

the Bcl-2 family and plays an important

role in pro-apoptotic and anti-apoptotic

processes.19,20 We found that PARP,

caspase-9, caspase-3, Mcl-1, Bcl-2, and

Bcl-xL proteins were downregulated, while

the pro-apoptotic protein, Bax, was upregu-

lated in HepG2 cells. As a specific substrate

of caspase-3, PARP is regarded as an indi-

cator of caspase-3 activation and an impor-

tant indicator of apoptosis.21–24 The results

of this study showed that PP-26 induced

HepG2 cell apoptosis through the mito-

chondrial pathway.
The PI3K-Akt signaling pathway plays

an important role in cell proliferation, cell

cycle regulation, cell growth, and metabo-

lism; moreover, it is closely related to the

development of human tumors.25 Yu

et al.26 found that curcumin induced apo-

ptosis in SKOV3 cells via modulation of the

Figure 7. Schematic representation of the mechanism of PP26 induction of G2/M-phase arrest in HepG2
cells. The Myt1 protein kinase functions to negatively regulate Cdc2-cyclin B complexes by phosphorylating
Cdc2. Akt-mediated GSK3b and FoxO3a signaling is involved in the apoptosis of cancer cells. Our study
showed that PP-26 caused upregulation of p21 and Myt-1 expression, phosphorylation of cdc2 at Tyr15, and
inhibition of the production of the cdc2/cyclin B complex. Inhibition of the Akt pathway is important in PP-26
mitochondrial-associated apoptosis in HepG2 cells
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PI3K/Akt-signaling pathway. Additionally,
Kawiak et al.27 found that ramentaceone
induced apoptosis in breast cancer cells
through inhibition of PIK/Akt signaling.
In the present study, western blotting anal-
ysis showed that PP-26 inhibited Akt kinase
activity and blocked initiation of the down-
stream signaling pathway. The level of total
Akt kinase remained unchanged, while the
levels of p-Akt (Ser473) and p-Akt (Thr308)
were reduced. Akt exerts its cellular func-
tions through phosphorylation of multiple
proteins. Because GSK-3b and FOXO3a
are downstream of Akt, decreased phos-
phorylation of these proteins implies sup-
pression of Akt activity. In the present
study, p-GSK-3b and p-FOXO3a were
downregulated when cells were treated
with different concentrations of PP-26.
Taken together, these results indicated
that PP-26 could inhibit Akt kinase
activity, block initiation of its downstream
signaling pathway, and ultimately induce
apoptosis. However, the role of Akt
should be validated by overexpression of
Akt in future studies.

Additionally, 5-FU is widely used for the
treatment of hepatoma in the clinic.28

However, 5-FU has limited efficacy, due
to its inherent non-specificity, drug resis-
tance, and toxicity. We hypothesized that
PP-26 would enhance the sensitivity of
HepG2 cells to 5-FU. Use of the MTT
assay showed that the growth-inhibition
rate of combined 5-FU plus PP-26 was
increased, relative to that of 5-FU alone;
furthermore, synergistic analysis revealed
that the combination of PP-26 and 5-FU
produced significant synergistic cytotoxicity
when used for treatment of HepG2
cells (CDI< 1).

Conclusion

PP-26 inhibited proliferation and caused
apoptosis in HepG2 cells; moreover, it
exhibited weaker cytotoxicity in LO2 cells.

PP-26 treatment led to upregulation of p21
and Myt-1 expression, phosphorylation of
cdc2 at Tyr15, and inhibition of the produc-
tion of the cdc2/cyclin B complex. Notably,
the Akt/FOXO3a/GSK-3b signaling path-
way was involved in this process. A sche-
matic diagram summarizing our findings is
shown in Figure 7.
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