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Abstract Physalin A (PA) is an active withanolide iso-
lated from Physalis alkekengi var. franchetii, a traditional
Chinese herbal medicine named Jindenglong, which has
long been used for the treatment of sore throat, hepatitis,
and tumors in China. In the present study, we firstly
investigated the effects of PA on proliferation and cell
cycle distribution of the human non-small cell lung cancer
(NSCLC) A549 cell line, and the potential mechanisms
involved. Here, PA inhibited cell growth in dose- and time-
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dependent manners. Treatment of A549 cells with 28.4 pM
PA for 24 h resulted in approximately 50 % cell death. PA
increased the amount of intracellular ROS and the pro-
portion of cells in G2/M. G2/M arrest was attenuated by the
addition of ROS scavenger NAC. ERK and P38 were
triggered by PA through phosphorylation in a time-de-
pendent manner. The phosphorylation of ERK and P38
were not attenuated by the addition of NAC, but the use of
the p38 inhibitor could reduce, at least in part, PA-induced
ROS and the proportion of cells in G2/M. PA induces G2/
M cell cycle arrest in A549 cells involving in the p38
MAPK/ROS pathway. This study suggests that PA might
be a promising therapeutic agent against NSCLC.

Keywords Physalin A - G2/M cell cycle arrest - p38 -
Reactive oxygen species (ROS) - Non-small cell lung
cancer (NSCLC)

Abbreviations

ANOVA  Analysis of variance

DCF-DA  2'.7-Dichloro -fluorescein diacetate
DMSO Dimethyl sulfoxide

FBS Fetal bovine serum

iNOS Inducible nitric oxide synthase

LSD Least significant difference

MAPKs  Mitogen-activated protein kinases

MPF Mitosis-promoting factor

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

NAC N-Acetylcysteine

NO Nitric oxide

NSCLC  Non-small cell lung cancer

PA Physalin A

PI Propidium iodide

ROS Reactive oxygen species
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Introduction

Lung cancer is a leading cause of cancer-related mortality
in both men and women [1]. Age-adjusted incidence of
lung cancer is 84.9 per 100,000 men and 55.6 per 100,000
women [1]. It has a dismal prognosis with 5-year relative
survival rates of only 13.6-37 % [1]. Non-small cell lung
cancer (NSCLC) accounts for almost 80 % of lung cancer
cases [2]. Surgical treatment used alone often fails due to
cancer cell dissemination [3]. Although chemotherapy is
appropriate for many patients with lung cancer, it is
increasingly recognized that traditional chemotherapeutic
agents have reached a therapeutic plateau [4]. Therefore,
novel anticancer drugs are needed.

Conventional chemotherapies decrease not only the pro-
liferation of cancer cells, but also the proliferation of actively
proliferating normal cells by inducing cell cycle checkpoint
arrest. DNA damages occurring during the G1 phase induce
G1/S arrest, while DNA damages occurring during the G2
phase prevent the cell from entering the M phase [5]. Pro-
liferation can be resumed once the damage is repaired; if the
repair fails, it will result in deleterious mutations, potentially
leading to cell death [6]. Cancer cells often have defective
checkpoints and rely on other mechanisms to continue pro-
liferating [7]. These other mechanisms may be targeted by
new drugs [8]. Since the defective checkpoints are specific to
the cancer, novel agents targeting specifically these check-
points should spare normal cells [8]. Therefore, targeting the
defective cell cycle checkpoints is an appropriate strategy
against cancer [8], but a better understanding of these
checkpoints is still necessary.

Mitogen-activated protein kinases (MAPKs) play a
number of key roles in the transduction of extracellular
signals into cellular responses. In mammalian cells, three
MAPK families have been clearly characterized: ERK,
IJNK, and p38 [9]. MAPK pathways relay, amplify, and
integrate signals from a diverse range of stimuli to elicit
responses such as cellular proliferation, differentiation,
development, and inflammation. MAPK activation at G1 is
correlated with the ability to enter S phase [10]. VEGF
induces G1/S progression and cell proliferation through
ERK to JNK cross-activation and subsequent JNK action
[11]. p38 is involved in the differentiation of different cell
types such as adipocytes, erythroblasts, and myoblasts [12].
Activated p38 can cause mitotic arrest in somatic cell cycle
at the spindle assembly checkpoint [13]. Therefore, a better
understanding of the relationship between the MAPK sig-
nal transduction system and the regulation of cell cycle
progression is essential for the rational design of novel
therapeutic approaches targeting the cell cycle checkpoints.

Reactive oxygen species (ROS) (hydroxyl radicals,
superoxide anions, singlet oxygen, and hydrogen peroxide)
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are generated as by-products of cellular metabolism [14].
Increases in intracellular ROS have been detected in a
variety of cells stimulated with cytokines, growth factors,
and anticancer drugs. ROS may function as intracellular
messengers modulating signaling pathways, protein kina-
ses, and transcription factors [15]. Excessive ROS gener-
ation can result in oxidative stress, loss of cell function, cell
cycle arrest, and apoptosis [16]. An accumulation of ROS
can severely damage cellular macromolecules, especially
DNA, and induce cell cycle arrest [17].

Physalin A (PA) is an active withanolide isolated from
Physalis alkekengi var. franchetii (Solanaceae) (Chinese
name: “Jindenglong™) and is found in high concentrations in
the plant [18]. The calyx of this plant has been commonly
used as a traditional Chinese medicine for the treatment of
cough, sore throat, hepatitis, and tumors [19]. PA was
reported to induce apoptosis on prostate cancer cells via JNK
and ERK activation [18]. Previous studies by our group
revealed that apoptosis induced by PA in HT'1080 cells was
associated with upregulation of caspase-3 and caspase-8
expression and that autophagy induced by PA was found to
antagonize apoptosis in HT1080 cells [20]. Our previous
studies showed that PA induces the inducible nitric oxide
(NO) synthase (iNOS) and the generation of NO promoted
both apoptosis and autophagy of A375-S2 cells [21] and that
PA also induces the generation of reactive oxygen species,
leading to apoptosis in A375-S2 cells [6]. Especially, PA did
not show inhibitory effects on normal human cells (human
peripheral blood mononuclear cells) [20] and has a lower
toxicity than 5-fluorouracil or paclitaxel on normal human
cells [20]. Therefore, PA could be considered a promising
agent for the treatment of cancer.

However, no study has reported the effects of PA on
human NSCLC cells and thus the mechanisms remain
unknown. Therefore, the aim of the present study was to
assess the effects of PA on NSCLC A549 cell proliferation,
cell cycle distribution, and the potential mechanisms
involved. Results could have an important significance for
the use of PA as a new anticancer drug against NSCLC.

Materials and methods
Reagents

PA was isolated from Physalis alkekengi var. franchetii at
the Department of Natural Products Chemistry (Shenyang
Pharmaceutical University) according to published method
[22] and was identified by comparing its physical and
spectroscopic ('"NMR and '*NMR) data with those
reported in the literature [23]. Figure la presents its
chemical structure. The purity was measured by HPLC
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[column: Aglient Zorbax SB-C18, 4.6 x 150 mm, 5 pum;
solvent phase: methanol-H20 (60:40)] and was determined
to be 98.0 % pure. PA was dissolved in dimethyl sulfoxide
(DMSO) to make a stock solution and diluted using
DMEM (GIBCO, Invitrogen Inc., Carlsbad, CA, USA)
before the experiments. DMSO concentration in all cell
cultures was kept below 0.001 %. Fetal bovine serum
(FBS) was obtained from TBD Biotechnology Develop-
ment (Tianjin, China); 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), propidium iodide
(PI), JNK inhibitor SP600125, ERK inhibitor PD98059,
p38 inhibitor SB203580, ROS scavenger N-acetylcysteine
(NAC), 2',7-dichlorofluorescein diacetate (DCF-DA),
PMSF, aprotinin, and leupeptin were purchased from
Sigma Chemical (St Louis, MO, USA). Polyclonal anti-
bodies against ERK, p-ERK, p38, p-p38, p53, p-p53, p21,
Cdc25C, p-Cdc25C, Cdc2, p-Cdc2, cyclin B1, B-actin, and
horseradish peroxidase-conjugated secondary antibodies
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Fig. 1 Physalin A (PA) induced growth inhibition and reactive
oxygen species (ROS) generation in human non-small-cell lung
cancer A549 cell. a Chemical structure of PA. b A549 cells were
treated with various doses (0, 12, 16, 21.3, 28.4, and 38 pM) of PA
for 3, 6, 12, and 24 h. Cell growth inhibition rate (%) was measured
using the MTT assay. Data are shown as mean =+ standard deviation
(SD) from three independent experiments. *P < 0.05, **P < 0.01,
*#%P < (0.001 versus controls (0 uM PA) at the same time point.

¢ A549 cells were cultured with 28.4 pM PA for 0, 3, 6, 12, and 24 h
in the absence or presence of 3 mM N-acetylcysteine (NAC), the
ROS scavenger. The generation of ROS was measured by flow
cytometry using the ROS-detecting fluorescent dye DCF-DA. Data
are shown as mean & SD from three independent experiments.
*P < 0.05, **P <0.01, and ***P < 0.001 versus control group
(28.4 uM PA for 0 h); ™P < 0.01 versus A549 cells treated with
28.4 uM PA for 24 h
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were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The material under study is endotoxin free.

Cell culture and treatment

Human NSCLC A549 cells were obtained from the
American Type Culture Collection (ATCC; Manassas, VA,
USA) and were cultured in DMEM supplemented with
10 % FBS, 2 mM L-glutamine (GIBCO, Invitrogen Inc.,
Carlsbad, CA, USA), 100 kU/L penicillin, and 100 mg/L
streptomycin at 37 °C in 5 % CO,. Cells in the exponential
phase were used in the experiments.

A549 cells were treated with 28.4 uM PA for 0, 3, 6, 12,
or 24 h or pretreated with 3 mM NAC, 2.5 uM PD98059,
5.0 uM SB203580, or 2.5 uM SP600125 for 1 h and then
treated with 28.4 pM PA for 24 h.

Cytotoxicity assay

A549 cells were incubated in 96-well plates at a density of
8 x 10° cells/well. After treatment with drugs, the cyto-
toxic effect was measured using the MTT assay [24] and
the results were read using a microplate spectrophotometer
(TECAN SPECTRA; Tecan Group Ltd., Mannedorf,
Switzerland) at 492 nm [25]. The blank control contained
medium without cells. Cell growth inhibition rate (%) was
calculated as: [1 — (A492¢periment group — A492p1ani)/
(A492ncgativc control T A492blank)] x 100 %.

Cell cycle distribution by flow cytometry

After treatment with drugs, 1 x 10° cells were harvested,
washed with PBS, and fixed in 70 % ethanol at 4 °C for at
least 12 h. After removing the ethanol and washing with
PBS, the resuspended cells were stained with the fluores-
cent probe solution containing 50 pg/mL PI and 1 mg/mL
DNase-free RNaseA for 30 min on ice in the dark. DNA
fluorescence of Pl-stained cells was evaluated by a
FACScan flow cytometer (BD Biosciences, Franklin Lake,
NJ, USA). A minimum of 10,000 events were analyzed per
sample. The DNA histograms were gated and analyzed
using the Modfit software on a Mac workstation to estimate
the percentage of cells in the various phases of the cell
cycle (subGl1, GO/G1, S, and G2/M).

Intracellular ROS generation analysis by flow
cytometry

Intracellular ROS accumulation was detected by flow
cytometry using the cell-permeable fluorogenic probe
DCF-DA. After treatment with drugs, culture supernatants
were removed, and the cells were then incubated with
10 uM DCF-DA in fresh medium at 37 °C for 1 h in the
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dark. After incubation, the culture medium was removed,
and the cells were then washed with cold PBS buffer. Then,
the cells were harvested and the pellets were suspended in
500 pl of PBS. Samples were analyzed at an excitation
wavelength of 480 nm and an emission wavelength of
525 nm by a FACScan flow cytometer.

Western blot analysis

After treatment with drugs, cells were collected and Wes-
tern blot was carried out as previously described [26] with
some modifications. Cell pellets were resuspended in lysis
buffer (50 mM Hepes pH 7.4, 1 % Triton-X100, 2 mM
sodium orthovanadate, 100 mM sodium fluoride, 1 mM
edetic acid, 1 mM PMSF, 10 pg/mL of aprotinin, and
10 pg/mL of leupeptin) and lysed on ice for 30 min. After
centrifugation at 14,000x g for 10 min at 4 °C, the protein
content of the supernatant was determined using a protein
assay reagent (Bio-Rad, Hercules, CA, USA). The protein
lysates (50 ng) were separated by electrophoresis in 12 %
SDS polyacrylamide gels and blotted onto nitrocellulose
membrane (Amersham Biosciences, Piscataway, NIJ,
USA). The membranes were blocked with blocking buffer
(5 % skimmed milk). Proteins were detected with the pri-
mary antibodies against ERK, p-ERK, p38, p-p38, p53,
p-p53, p21, Cdc25C, p-Cdc25C, Cdc2, p-Cdc2, cyclin Bl,
and [B-actin, followed by HRP-conjugated secondary anti-
body, and visualized using ECL (Sigma, St Louis, MO,
USA). Immunoreactive bands were quantified using the
Image J analysis software (National Institutes of Health,
Bethesda, MD, USA). Quantification of protein expression
levels was expressed as relative folds compared to the
control group.

Statistical analysis

All statistical analyses were conducted using SPSS 17.0
(IBM, Armonk, NY, USA). Data are expressed as
mean =+ standard deviation (SD) of three independent
experiments. Statistical significance was evaluated by one-
way analysis of variance (ANOVA) with the Least Sig-
nificant Difference (LSD) test for post hoc analysis.
P < 0.05 was considered statistically significant.

Results

Cytotoxic effect of PA against A549 cells

To detect the cytotoxic effects of PA on A549 cells, the
cells were cultured with different concentrations of PA for

6, 12, 24, 36, and 48 h. PA-induced cell growth inhibition
in dose- and time-dependent manners (Fig. 1b), producing
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IC50 values of 111.85 £ 7.21, 63.32 + 4.58, 28.41 &
3.84, 20.49 £ 4.10, and 18.16 £ 1.72 uM for PA treat-
ments of 6, 12, 24, 36, and 48 h, respectively.

PA induced generation of ROS in A549 cells

Recent evidence indicated that intracellular ROS over-ac-
cumulation may mediate cell death [27]. In this study, after
A549 cells were exposed to 28.4 uM PA for 0, 3, 6, 12, or
24 h, moderate generation of ROS were observed at 3 h
and the level of ROS was increased significantly at 24 h.
The ratio of DCF-DA-positive cells was 2.55, 12.32, 22.85,
32.85, and 36.87 % at 0, 3, 6, 12, and 24 h, respectively
(all P < 0.05). As expected, the ROS scavenger NAC at
3 mM markedly decreased the levels of ROS from 36.87 to
12.41 % at 24 h (P < 0.01) (Fig. lc).

PA induced G2/M cell cycle arrest in A549 cells
and this effect was alleviated by ROS scavenger
NAC

It was reported that ROS are involved in cell cycle arrest
[27]. In present study, the ROS scavenger NAC could
alleviate cell growth inhibition in PA-treated cells. Pre-
incubation with 3 mM NAC effectively rescued growth
inhibition from 45.2 % for PA alone to 7.1 % in the
presence of NAC (Fig. 2a). Then, A549 cells were exposed
to 28.4 uM PA for 0, 3, 6, 12, and 24 h. The ratio of G2/M
phase was 21.05, 29.55, 34.08, 35.43, and 40.55 % at 0, 3,
6, 12, and 24 h, respectively (all P < 0.01); there was no
difference in the proportions of cells in the S phase, and the
proportions of cells in the GO/G1 phase were reduced.
When incubated with the ROS scavenger NAC at 3 mM,
the percentage of the G2/M phase was reduced from 40.55
to 25.43 % at 24 h (P < 0.01) (Fig. 2b).

Phosphorylation of ERK and P38 were
not attenuated by the addition of NAC in A549 cells

The MAPK family members, including ERK, JNK, and
p38, play important roles in the regulation of cell prolif-
eration [28]. Here, the MTT assay showed that the cell
growth inhibition ratio in PA-treated cells was reduced
from 4125 % to 38.7 % (P <0.05) for 2.5 uM of
PD98059 and to 383 % (P <0.05) for 5uM of
SB203580. However, SP600125 had no significant effect
on PA-treated cells, suggesting that JNK was not involved
in mediating PA-induced cell growth inhibition (Fig. 3a).

Since PD98059 and SB203580 were found to be able to
reverse PA-triggered cell growth inhibition, ERK and p38
might be essential downstream effectors of PA. Therefore,
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Fig. 2 PA induced G2/M cell cycle arrest in A549 cells and this effect
was mediated by ROS. a The ROS scavenger NAC could alleviate cell
growth inhibition in PA-treated cells. The cells were pretreated with or
without 3 mM NAC for 1 h and then treated with 28.4 uM PA for 24 h.
Cell growth inhibition was measured using the MTT assay. b A549 cells
were cultured with 28.4 pM PA for 0, 3,6, 12, and 24 hin the absence or
presence of NAC. The DNA content was analyzed by flow cytometry
using propidium iodide (PI) staining. M1: Sub GO; M2: GO/G1; M3: S;
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experiments. **P < 0.01, ***P < (0.001 versus control group
(28.4 uM PA for 0 h); #P < 0.01, P < 0.001 versus A549 cells
treated with 28.4 uM PA for 24 h
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group (28.4 uM PA for 0 h); *P < 0.05 versus A549 cells treated with
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the expressions of ERK, p-ERK, p38, and p-p38 were
detected using Western blot. As shown in Fig. 3b, ERK
and p38 were triggered by PA through phosphorylation in a
time-dependent manner (all P < 0.05, except at 3 h where
all P > 0.05). The phosphorylation of ERK and p38,
however, was not attenuated by the addition of NAC
(Fig. 3b).
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Effects of PD98059 and SB203580 on ROS
generation and G2/M cell cycle arrest in PA-treated
A549 cells

To detect the relationship between MAPK signaling and
ROS generation, the intracellular ROS levels were deter-
mined using ROS-detecting fluorescent dye DCF-DA after
pretreatment with PD98059 or SB203580 in PA-treated
cells. As shown in Fig. 4a, the ratio of DCF-positive cells
dropped from 27.6 % for PA alone to 19.6 % (P < 0.01) in
the presence of SB203580 at 24 h. However, PD98059 had
no significant effects on PA-treated cells.

To test the role of ERK and p38 in PA-induced cycle
arrest, A549 cells were exposed to 28.4 uM of PA for 24 h
in the presence or absence of PD98059 or SB203580, and
cell cycle arrest was monitored by flow cytometry. As
shown in Fig. 4b, exposure of the cells to PA caused
33.4 % of the cells being arrested in the G2/M phase,
compared to 17.6 % in the untreated group (P < 0.001).
After pretreatment with SB203580, the proportion of cells
in G2/M was reduced to 23.2 % (P < 0.001). On the other
hand, exposure to PA and PD98059 did not change the
proportion of cells in G2/M (P > 0.05), compared to the
group treated with PA alone.

Effects of PA on cell cycle regulatory proteins
in A549 cells

p53 is acknowledged as a mediator of cell cycle arrest in
response to DNA damage, thus acting as a molecular
‘guardian of the genome’ [29]. p21, an inhibitor of most of
the CDKs, helps to regulate the cell cycle and is an
important target of p5S3 [29]. As shown in Fig. 5a, Western
blot analysis revealed that p-p53, the active form of p53,
and p21 were both notably upregulated by PA in a time-
dependent manner (all P < 0.05). However, co-incubation
with NAC for 24 h partially prevented this upregulation
(Fig. 5a), suggesting that the production of ROS leads to
the activation of p53 and p21.

The final effector in the G2/M checkpoint is the
Cdc2/cyclin B1 complex, which is essential for the tran-
sition from G2 to mitosis [30]. Upon DNA damage,
Cdc25¢ can no longer remove inhibitory phosphates from
Cdc2, thus preventing the function of Cdc2/cyclin Bl
complex [30]. As shown in Fig. 5b, Cdc25¢, p-Cdc2, and
p-cdc25¢ were found to be increased in a time-dependent
manner after incubation with PA, along with decreases in
cyclin B1 and Cdc2 expression (all P < 0.05, except at 3 h
where all P > 0.05). Pretreatment with NAC efficiently
inhibited the phosphorylation of Cdc2 and increased cyclin
B1 and Cdc2 expressions (all P < 0.01). Cdc25c phos-
phorylation was increased by PA, but it was not reversed
by the combined treatment of PA and NAC.
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Fig. 4 Effects of ERK and p38 inhibitors on PA-induced ROS
generation and G2/M cell cycle arrest in A549 cells. A549 cells were
cultured in the presence of 2.5 pM PD and 5 pM SB for 1 h prior to
the addition of 28.4 pM PA and incubation for 24 h. a The generation
of ROS was measured by flow cytometry using DCF-DA. b The DNA

Discussion

Previous studies have shown that PA extracted from Phy-
salis alkekengi var. franchetii had anti-proliferation effects
on a number of cancer cell lines [18, 20, 21], while lower
cytotoxicity than 5-fluorouracil and paclitaxel on normal
cells [20]. This study is the first to explore the effects of PA

content was analyzed by flow cytometry using PI staining. Data are
shown as mean £ SD from three independent experiments.
*##%P < (0.001 versus the control (Con) group; #p <001,
#p < 0.001 versus A549 cells treated with 28.4 pM PA alone

on NSCLC cell proliferation, cell cycle distribution, and
the potential mechanisms involved. Results showed that
28.4 uM PA inhibited cell proliferation and induced G2/M
cell cycle arrest in A549 cells. PA doses of 40 and 80 pM
have been shown to achieve a favorable efficacy/toxicity
balance in vitro [20], but additional studies are necessary to
determine the dose that could be used in vivo.
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Fig. 5 PA affected the expression of proteins involved in the G2/M
transition in A549 cells and this effect was mediated by ROS. A549
cells were treated with 28.4 uM PA for the indicated time periods in
the absence or presence of NAC. Western blotting was used for the
detection of p53, p-p53, and p21 (a) and of Cdc2, p-Cdc2, Cyclin B1,

MAPKSs can be activated by many stress signals [31],
including UV light, bacterial derivatives, growth factors, and
anticancer drugs [32]. MAPKSs signaling pathways regulate
the eukaryotic cell cycle, and activation of MAPKSs is essen-
tial for G2 to M progression [33]. The present study showed
that ERK and p38 were triggered by PA through phosphory-
lation in a time-dependent manner, and that ERK and p38
were involved in PA-induced cell growth inhibition because
PD98059 and SB203580 (inhibitors of ERK and P38,
respectively) were found to be able to partly reverse PA-
triggered cell growth inhibition. Furthermore, only p38 was
involved in PA-induced cell cycle arrest in G2/M, while ERK
was not involved. These results are similar to those obtained
using other compounds activating the p38 pathway, such as
10-methoxy-9-nitrocamptothecin (MONCPT) in NSCLC
AS549 cells [34], secosteroid in myeloid leukemia [35], and
bithionol in ovarian cancer [36], induced G2/M arrest. The
involvement of these two kinases in PA-induced growth
inhibition is partial, and additional studies are still necessary
to identify the other actors involved in this mechanism,
including but not limited to Akt [37] and miR-155 [38, 39].

ROS modulate signaling pathways, protein kinases, and
transcription factors [15, 40]. Oxidative stress, DNA
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PA

Cdc25c, and p-Cdc25c (b) B-actin was used as a loading control. Data
are shown as mean & SD from three independent experi-
ments.*P < 0.05 and **P < 0.01 versus control group (28.4 uM
PA for 0 h); *P < 0.05, P < 0.01 versus A549 cells treated with
28.4 uM PA for 24 h

damage, loss of cell function, cell cycle arrest, and apop-
tosis results from an excessive ROS generation [16, 17,
40]. In this study, PA stimulated the generation of ROS in a
time-dependent manner, leading to G2/M cell cycle arrest
in A549 cells. When incubated with NAC, a ROS scav-
enger, the amount of intracellular ROS was decreased, and
the proportion of cells in G2/M arrest was decreased.
Therefore, these results indicated that PA could induce G2/
M arrest in A549 cells and this arrest was mediated by
ROS. The ROS scavenger NAC almost completely blocked
PA-induced growth inhibition, indicating that ROS play an
important role in PA-induced A549 cell growth inhibition,
possibly through apoptosis, cell cycle arrest, autophagy, or
necrosis [41, 42]. The effect of NAC on PA-induced G2/M
arrest is less impressive, suggesting that ROS involvement
in PA-induced G2/M arrest and possible participation in
other types of growth inhibition such as apoptosis, necrosis,
or autophagy, also play a relevant role. However, the
results of this study could not provide additional insights
and additional studies are necessary to determine the other
types of cell growth inhibition being involved in future.
Progression of cells from G2 to M is regulated by cyclin
B/Cdc2, which has been identified as a principal
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G2/M phase transition

Fig. 6 Schematic representation of the signaling pathways involved
in PA-induced cell cycle arrest in G2/M of A549 cells

component of the mitosis-promoting factor (MPF) [43].
p21 is a member of the CIP/KIP family, and inhibits a
variety of Cdk and be regulated at the transcriptional level
by p53 [44]. Cdc25c phosphatase activates cyclin B/Cdc2
by dephosphorylated Thr-14/Tyr-15 [45]. Then, activated
p21 binds to and inactivates the cyclin B/Cdc2 complex
that is required for cell cycle progression [46]. In this
study, Western blot analysis revealed that phospho-p53,
phospho-Cdc2, and p21, and Cdc25¢c were notably upreg-
ulated, while cyclin B1 and Cdc2 were downregulated by
PA in a time-dependent manner. These effects were
reversed by incubation with the ROS scavenger NAC,
while the effects on Cdc25¢ and phospho-Cdc25¢c were not
reversed. Therefore, these results indicate that PA could
regulate some cell cycle regulatory proteins and that ROS
were involved in this process, which was supported by
previous one in A549 cells that cucurbitacin B induced G2/
M cell cycle arrest through ROS generation and the Chal-
Cdc25¢c-Cdkl and p53 pathways [47]. Since Cdc25c
phosphorylation was increased by PA, but not reversed by
NAG, it is probable that the effect of PA on Cdc25c is not
mediated by ROS, and that other mechanisms remain to be
identified.

However, the phosphorylation of ERK and P38 was not
attenuated by the addition of NAC and was even increased
after PA + NAC treatment. Inhibition of p38 could partly
inhibit PA-induced generation of ROS and G2/M cell cycle

arrest, rather than ERK. P38 is a key mediator of cell
growth, proliferation, and survival in cancer [32, 34]. In
this study, it appears that p38 is the upstream effector of
ROS and regulates, at least in part, G2/M arrest through the
generation of ROS. It is reported that Icariside II, a natural
compound, induces G2/M phase arrest by the generation of
reactive oxygen species and activation of p38 and p53 in
A375 human melanoma cells [48]. Additionally, a recent
study has also revealed that plumbagin induced G2/M
arrest, apoptosis, and autophagy in tongue squamous cell
carcinoma SCC25 cells through a ROS-mediated modula-
tion of the p38 and PI3 K/Akt/mTOR pathways [49].
However, the results of this study suggest that ERK
induced cell death through another way, and the exact
mechanisms were not involved. ERK is usually involved in
intrinsic and extrinsic apoptotic pathways by induction of
mitochondrial cytochrome c release or caspase-8 activa-
tion, autophagy, or permanent cell cycle arrest [50]. Further
studies are needed to adequately assess the role of ERK in
PA-induced cell death.

Figure 6 summarizes the effect of PA, as determined by
the present study. PA might act, at least in part, through the
p38 signaling pathway, which may result in increased ROS
levels. ROS then disrupt the normal transition of G2 to M
phase by inducing p53 and p21 activation, promoting Cdc2
phosphorylation, suppressing the expression of cyclin B1
and Cdc2, hence preventing the formation of the
Cdc2/cyclin B1 complex that regulates G2 to M phase
transition. Cdc25¢ phosphorylation was increased by PA,
but not reversed by NAC. Nevertheless, the present study
did not examine all factors involved in the cell response to
PA. Additional comprehensive studies are necessary to
address these points in future. Taken together, PA induces
G2/M cell cycle arrest in NSCLC A549 cells involving in
the p38 MAPK/ROS pathway. This study suggests that PA
might be a promising therapeutic agent against NSCLC.
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