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Abstract: Extracts derived from Physalis pubescens L. may function as cancer therapies. The pharmacological ef-
fects of PP31J on human cervical carcinoma cells (HeLa cells) were investigated in this study. HeLa cells were treat-
ed with PP31J, and then cell proliferation, apoptosis, and cell cycle distribution were measured using a cell counting 
kit-8 (CCK-8) assay and flow cytometry. Protein expression levels of regulators of cell apoptosis and cell cycle were 
also examined using western blotting. Our data show that PP31J inhibited the growth of HeLa cells. Significant 
growth inhibition compared to the vehicle-treated group was observed using a concentration of 5 μM PP31J at 24, 
48, and 72 h. PP31J also selectively arrested cell cycle progression in the G1 phase at 40 μM (P < 0.05) and in the 
G2/M phase at 20 μM (P < 0.01) and 40 μM (P < 0.001). Our results further demonstrate a significant increase in 
cell apoptosis (P < 0.001) following PP31J treatment (10, 20, and 40 μM). Immunoblotting data show that PP31J 
downregulated (P < 0.01) the expression of Bcl-xL and decreased (P < 0.05) the expression of Survivin and Cyclin 
D1 at 20 and 40 μM. This study shows the anti-tumor activity of PP31J in HeLa cells and that the effects of PP31J 
on cell cycle distribution and apoptosis induction were partially attributed to the regulation of Cyclin D1, Survivin, 
and Bcl-xL.
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Introduction

Although the development of screening pro-
grams has reduced the incidence and mortality 
of cervical cancer, the disease remains a lead-
ing cause of cancer-related death in women [1, 
2]. There are estimated to be more than 5×105 
new cervical cancer cases annually, with more 
than 2.5×105 cancer-related deaths [3]. Recent 
evidence has demonstrated that concurrent 
chemoradiotherapy using a cisplatin-based 
regimen can significantly improve both overall 
survival and progression-free survival [4]. Un- 
fortunately, platinum-based therapies are com-
monly associated with side effects, such as 
myelosuppression, leukopenia, ototoxicity, neu-
rotoxicity, and nephrotoxicity. The development 
of drug resistance also limits treatment. Thus, 
identifying novel chemotherapeutic agents re- 
mains a critical challenge in cancer medicine.

Michael reaction acceptors containing electro-
philic moieties are functional molecules that 

are directly or indirectly involved in various life 
processes [5]. Recently, a compound isolated 
from the plant Physalis pubescens L. Known as 
PP31J, or physapubescin B, has been tested as 
a Michael reaction acceptor [6, 7]. Physalis 
plants are distributed mainly in China and 
Vietnam. The major chemical constituents of 
these plants, physalins, have been used in tra-
ditional Chinese medicines to detoxify patients. 
These chemicals demonstrate important physi-
ological activities, including cancer prevention 
and anti-inflammatory, anti-bacterial, and anal-
gesic effects [8-12]. Furthermore, in vitro treat-
ment of several cell lines with Physalis deriva-
tives have demonstrated significant anti-tumor 
activities for this compound [7]. To further 
investigate the anti-cancer potential of Physalis 
derivatives, we evaluated the selectivity and 
efficiency of physalin-based anti-tumor agents. 
Our results show that PP31J inhibited cellular 
proliferation and induced apoptosis in human 
cervical cancer HeLa cells. 
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Materials and methods

Materials and reagents 

The HeLa human cervical cancer cell line was 
obtained from the American Type Culture Co- 
llection (ATCC). The cells were cultured in 1640 
medium (Hyclone, Logan, UT, USA) supplement-
ed with fetal bovine serum (FBS) (Biological 
Industries, Kibbutz Beit-Haemek, Israel). The 
cell counting kit-8 (CCK-8) and trypsin-EDTA 
solution were obtained from Beyotime Institute 
of Biotechnology (Shanghai, China). The prima-
ry antibodies to Bcl-xl, Cyclin D1, and Survivin 
were purchased from Proteintech (Chicago, IL, 
USA). The Annexin V-FITC/propidium iodide (PI) 
apoptosis detection kit was purchased from 
Nanjing Key Gen Biotech (Nanjing, China). 
PP31J was a gift from Zhongjun Ma (Ocean 
College, Zhejiang University, China). 

Cell culture

HeLa cells were cultured in 1640 medium with 
10% FBS at 37°C in a humidified atmosphere 
containing 5% CO2. The cells were passaged 
twice weekly to maintain logarithmic growth.

CCK-8 assay

The anti-proliferative effects of PP31J were 
determined by CCK-8 assay. Cells were treated 
with 0.25% trypsin and then seeded into 
96-well plates at a density of 5×105 cells/well. 
Various concentrations of PP31J (0, 10, 20, 
and 40 μM) were added and the cells were 
incubated for 24, 48, or 72 h before 20 μL of 
CCK-8 solution was added to each well. The 
plates were further incubated for 3 h at 37°C. 
The absorbance values were detected at 450 
nm. Cell proliferation was measured using 
microscopy at the IC50 (50% inhibitory con- 
centration). 

Cell cycle analysis

Cell cycle analysis was performed using flow 
cytometry. The cells were treated with 0.25% 
trypsin, and then 5×105 HeLa cells were seed-
ed into a 24-well plate. PP31J was added at 
various concentrations (0, 10, 20, 40 μM), and 
the cells were incubated at 37°C with 5% CO2 
for 48 h. Cells were washed with PBS and treat-
ed with 0.25% trypsin. After an additional wash 

with PBS, cells were fixed in chilled alcohol for 2 
h at 4°C. Cells were stained with PI (50 μg/mL) 
in the dark at room temperature for 45 min and 
washed with PBS. Each treatment was per-
formed in triplicate. Cell cycle analysis was per-
formed using an AccuriC6 flow cytometer (BD 
Biosciences). The percentage of cells in each 
phase of the cell cycle was calculated using 
CELL Quest software (BD Biosciences).

Detection of cell apoptosis 

Cells were trypsinized and seeded in 24-well 
plates at a density of 5×105 cells/well. Cells 
were treated with various concentrations of 
PP31J (0, 10, 20, and 40 μM) and incubated at 
37°C with 5% CO2 for 48 h. Treated cells were 
washed with PBS, harvested in 0.25% trypsin, 
washed twice with PBS, and then suspended in 
binding buffer. Annexin V-FITC (5 μL) and PI (5 
μL) were added to the cells according the man-
ufacturer’s instructions. Each treatment was 
performed in triplicate. Cells were incubated in 
the dark for 20 min, washed with PBS, and then 
promptly analyzed by flow cytometry.

Western blotting

Cells were lysed in cold RIPA lysis buffer (50 
mM Tris, pH 8.0, 150 mM sodium chloride, 1% 
NP40, 0.5% sodium deoxycholate, 0.1% SDS) 
and incubated for 3 h. Lysates were centrifuged 
at 12,000 g for 10 min, and the protein concen-
tration in the supernatant was determined 
using a bicinchoninic acid (BCA) protein assay 
kit (Thermo Fisher Scientific). Next, 40 µg of 
protein were separated using 10% SDS-PAGE, 
and the proteins were transferred to polyvinyli-
dene difluoride membranes. Membranes were 
blocked in 5% skim milk for 1 h at room tem-
perature and then incubated with primary anti-
bodies (Bcl-xl, Cyclin D, and Survivin) overnight 
at 4°C with agitation. Membranes were washed 
in tris-buffered saline with 0.05% Tween 20 
(TBST) three times for 5 min each. Membranes 
were incubated with a horseradish peroxidase 
(HRP)-conjugated secondary antibody (1:1,000) 
for 1 h at 37°C. Next, membranes were washed 
three times with TBST, and the proteins were 
visualized using enhanced chemilumines-
cence. The experiments were performed in trip-
licate, and the densitometry analysis was per-
formed using ImageJ 1.44 software (NIH, USA).
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Statistical analysis

Data are presented as means ± standard error 
of the mean (SEM) and were analyzed for statis-
tical significance using two-tailed Student’s t 
tests using Graphpad prism 6 software. A level 
of P < 0.05 was regarded as statistically signifi-
cant in all experiments.

Results

PP31J inhibits the proliferation of HeLa cells

The chemical structure of PP31J is shown in 
Figure 1A. The cytotoxicity of PP31J in the 
HeLa cell line was assessed after 24, 48, and 
72 h of drug treatment [7]. PP31J inhibited the 
growth of HeLa cells in a concentration-depen-
dent fashion (Figure 1B). The growth inhibition 
was significant when the concentration of 
PP31J exceeded 5 μM compared to the vehicle-
treated group at each time point. The IC50 val-
ues at 24, 48, and 72 h were 29.41, 23.13, and 
24.35 μM, respectively. The effect of growth 
inhibition increased at 24 h and reached its 

peak at 48 h. These data indicate that PP31J 
potently inhibited HeLa cell proliferation at all 
doses (Figure 1C).

PP31J promotes G2/M-phase arrest in HeLa 
cells

Flow cytometry was used to examine whether 
the proliferation of treated cells decreased 
because of cell cycle arrest at a specific phase 
or if cells died by apoptosis. Treatment with 
PP31J for 48 h induced G2/M-phase arrest of 
the cell cycle in a dose-dependent manner. This 
effect was significant at PP31J concentrations 
of 20 μM (Figure 2, P < 0.01) and 40 μM (P < 
0.001). Additionally, the percentage of cells in 
the S-phase was significantly reduced at treat-
ment concentrations of 20 μM (P < 0.05) and 
40 μM (P < 0.01).

PP31J induces apoptosis in HeLa cells

The induction of apoptosis was evaluated in 
HeLa cells following 48 h of PP31J treatment 
(Figure 3). The treated cells were stained with 

Figure 1. A. The chemical structure of PP31J. B. 
PP31J inhibits the proliferation of HeLa cells. HeLa 
cells were treated with PP31J at various concentra-
tions (0, 1, 5, 10, 20, 40 μM) for 24, 48, and 72 h. 
**P < 0.01, ***P < 0.001 (72 h), ̂ ^P < 0.01, ̂ ^^P < 
0.001 (48 h), #P < 0.05, ###P < 0.001 (24 h) vs. the 
vehicle-treated group. C. The inhibition of cell growth 
using the IC50 concentration for each time point. 
Data are presented as means ± SEM from triplicate 
experiments. ***P < 0.001 (IC5048 h), ##P < 0.01, 
###P < 0.001 (IC5072 h) vs. the IC5024 h group.
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Annexin V/PI and then analyzed by flow cytom-
etry. The percentage of apoptotic cells incre- 
ased (P < 0.001) from 1.3% without PP31J 
treatment to 22.7%, 40.2%, and 43.4% at 
PP31J concentrations of 10, 20, and 40 μM, 
respectively.

PP31J alters the expression of cell cycle and 
apoptosis regulatory proteins

The underlying mechanism of cell cycle arrest 
and apoptosis induced by PP31J was investi-
gated (Figure 4). Western blot assays were per-

Figure 2. Effects of PP31J on the cell cycle 
arrest of HeLa cells. HeLa cells were treat-
ed with PP31J at various concentrations 
(0, 10, 20, and 40 μM) for 48 h. A. Rep-
resentative flow cytometry histograms for 
each experimental group. B. The percent-
ages of each cell cycle phase in response 
to various PP31J concentrations. Data are 
presented as mean ± SEM from triplicate 
experiments. *P < 0.05, **P < 0.01, ***P 
< 0.001 vs. the vehicle-treated group.

Figure 3. Effects of PP31J on HeLa cell 
apoptosis. HeLa cells were treated with 
PP31J at various concentrations (0, 10, 
20, and 40 μM) for 48 h. A. Representative 
plots for each experimental group. B. The 
percentage of apoptotic cells in response 
to various PP31J concentrations. Data are 
presented as the means ± SEM from trip-
licate experiments. ***P < 0.001 vs. the 
vehicle-treated group.
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formed to determine the expression levels of 
several proteins that regulate the cell cycle and 
apoptosis, including Survivin, Cyclin D1, and 
Bcl-xL. Incubation of HeLa cells with PP31J sig-
nificantly (P < 0.01) downregulated the expres-
sion of Bcl-xL in a dose-dependent manner. The 
expression levels of Survivin and Cyclin D1 
were also decreased (P < 0.05) at PP31J con-
centrations of 20 and 40 μM, respectively.

Discussion

Physalis pubescens L. (Solanaceae), which is 
cultivated in China, is the plant source of a tra-
ditional Chinese medicine that has been used 
for a long period of time to reduce fever and 
detoxify patients. Previous studies have dem-
onstrated that the dichloromethane extract of 
Physalis pubescens L. has cancer-preventing, 
anti-inflammatory, anti-bacterial, and analgesic 
properties [11, 13, 14]. Physalin and physapu-
bescin B are both natural compounds extract-
ed from Physalis pubescens L. that possess 
anti-tumor activities [15, 7]. PP31J is another 
major bioactive substance isolated from 
Physalis pubescens L. The present study was 
performed to explore whether PP31J also pos-
sesses anti-tumor effects.

In this study, we used the CCK-8 assay to detect 
the cytotoxicity of PP31J in HeLa cells. The 
results indicate that PP31J concentrations 
ranging from 5 to 40 μM significantly inhibited 
the proliferation of HeLa cells in a dose-depen-
dent manner. These findings suggest a poten-
tial role for PP31J in cervical carcinoma preven-

tion. Similarly, physapubescin B, another active 
compound isolated from Physalis pubescens 
L., demonstrates anti-tumor activity against 
prostate cancer cells in vitro [7]. 

We next investigated the functional effects of 
PP31J treatment on HeLa cells. Our data indi-
cate that PP31J treatment significantly incre- 
ased the accumulation of cells in the G1 and 
G2/M phases and decreased the proportion of 
cells in S phase. The cell cycle arrest in the G1 
phase was partially due to the downregulation 
of Cyclin D1 (CDK1), which drives cell cycle pro-
gression at the G1/S transition and has a role 
in tumorigenesis [16]. Similar findings have 
been reported for benzoylureas, which are phy-
salin analogues. These compounds show anti-
tumor activity in vivo and in vitro by downregu-
lating CDK1 expression in human cancer cells 
[17]. However, the underlying mechanism for 
the cell arrest in the G2/M stage requires addi-
tional research. The results in this study are 
consistent with the effect of physapubescin B 
on G2/M arrest in PC-3 cells [7].

The present study demonstrates that PP31J at 
concentrations of 10, 20, and 40 μM induced 
HeLa cell apoptosis. This effect on cell apopto-
sis may have been the result of expression 
changes in Survivin and Bcl-xL, which are ex-
pressed in many solid tumors and are correlat-
ed with cell apoptosis [18-20]. Our results also 
demonstrate that the Physalis pubescens L. 
extract PP31J had anti-tumor activity in HeLa 
cells. In particular, HeLa cells treated with 
PP31J showed decreased proliferation, cell 

Figure 4. Effects of PP31J on the protein expression of Survivin, Cyclin D1, and Bcl-xL in HeLa cells. HeLa cells were 
treated with PP31J at various concentrations (0, 10, 20, and 40 μM) for 48 h. A. Western blot results for each ex-
perimental group. B. Densitometric quantification of protein expression levels in A. Data are presented as means ± 
SEM from triplicate experiments. *P < 0.05, **P < 0.01 vs. the vehicle-treated group.
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cycle arrest in the G1 and G2/M phases, and 
increased apoptosis. These effects of PP31J 
were attributed to its regulation of CDK1, 
Survivin, and Bcl-xL. Thus, this study provides 
evidence for the potential application of PP31J 
or Physalis pubescens L. in the treatment of 
human cervical carcinoma.
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