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Triptolide exerts pro-apoptotic and cell cycle arrest activity
on drug-resistant human lung cancer A549/Taxol cells via
modulation of MAPK and PI3K/AKkt signaling pathways
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Abstract. Multidrug resistance (MDR) is a major obstacle in
the effective chemotherapeutic treatment of cancers. Triptolide
(TPL) is a diterpenoid isolated from Tripterygium wilfordii
Hook. f., a traditional Chinese medicine. It was demonstrated in
our previous study that TPL exerts anti-MDR cancers on various
MDR cell lines (including A549/Taxol, MCF-7/ADR and
Bel7402/5-Fu). The present study was designed to investigate its
anti-proliferative activity on A549/Taxol cells, and explore the
underlying mechanism of action. The anti-proliferative activity
of TPL on A549/Taxol cells was assessed by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Its
pro-apoptosis and cell cycle arrest activities were analyzed by
flow cytometry. Western blot assay was employed to investigate
the levels of mitogen-activated protein kinases (MAPKs) and
apoptosis-related proteins in cells. TPL efficiently suppressed
the proliferation of A549/Taxol cells. Co-treatment with MAPK
inhibitors in the MTT assay indicated that the extracellular
signal-regulated kinase (ERK) and c-Jun N-terminal kinase
(JNK) pathways were involved in the process. Upregulation of
p-p38, p-ERK, p-GSK-3f, Bax and cleaved caspases-3 and -9,
and downregulation of p-JNK, p-Akt and Bcl-2 were observed
upon treatment with TPL in the A549/Taxol cells. The results
from flow cytometry assay revealed that TPL induced apop-
tosis and S-phase arrest in A549/Taxol cells. This occurred as
a result of the upregulation of p-ERK and p-GSK-3f, and the
downregulation of p-JNK and p-Akt, and was responsible for
the subsequent anti-proliferative activity.
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Introduction

Lung cancer is the most commonly diagnosed cancer
worldwide, contributing to 12.7% of the total incidence of
cancers, and also the leading cause of mortality among all
tumors (18.2% of the total) (1). Multidrug resistance (MDR)
is a phenomenon whereby cancer cells exhibit simultaneous
resistance to anti-cancer drugs, with various structures and
mechanisms of action (2,3). MDR results in poor therapeutic
efficacy in the later stage of cancer treatments, and it is also the
main obstacle in obtaining a satisfactory therapeutic outcome
in lung cancer (4).

Extensive studies have revealed that MDR cancer cells
are immune from anti-cancer drug-induced cell apoptosis
through the upregulation of survival signaling pathways,
including phosphatidyl-3-phosphate kinase (PI3K) and
extracellular-regulated kinase-1 (ERK1) (5), or the suppres-
sion of anti-proliferative signaling pathways, including p38
mitogen-activated protein kinases (MAPKSs) (6). Bcl-2 is an
oncogene which contributes to tumor occurrence mainly due
to the inhibition of apoptosis, and the overexpression of Bcl-2
usually results in the resistance of cancer cells to anti-cancer
agents associated with abnormal changes of the pathways
discussed above (7,8).

Preliminary observations by the present authors demon-
strated that the pro-apoptotic and cell cycle arrest activities
of triptolide (TPL) largely contribute to its antitumor effect,
and were direct outcomes of the modulation of various
important upstream pathways, including PI3K/Akt, MAPK,
JAK/STAT and nuclear factor-xB, which subsequently
modulated the expression of apoptosis-related proteins such
as those of the Bcl-2 family (9-11). In our preliminary obser-
vations, we demonstrated that TPL inhibited the proliferation
of MDR A549/Taxol cells in vitro mainly through selective
modulation of MAPK signaling (9-11). However, until now,
our understanding of the association between the inhibitory
activity of TPL in MDR cells and the MAPK pathway has
been limited. Hence, in the present study, we investigated
the modulatory effect of TPL on the MAPK pathway in
A549/Taxol cells along with its correlation with the inhibi-
tory effect on the proliferation.
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Materials and methods

Drugs and reagents. TPL (=98%, L-004-130304) was
purchased from Chengdu Herb Purity Co., Ltd. (Chengdu,
China). It was dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 10 mmol/I to obtain the stock solution and
kept below -20°C, then diluted to various concentrations with
phosphate-buffered saline (PBS) prior to the assays. The final
concentration of DMSO was less than 0.1%. 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
RPMI-1640, a bicinchoninic acid (BCA) protein assay Kkit,
inhibitor of ERK U0126, propidium iodide (PI) staining kit
and Annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis
detection kit were purchased from Nanjing KeyGen Biotech-
nology Co. Ltd. (Nanjing, China). Anti-p-p38, anti-p-JNK,
anti-p-ERK antibodies, inhibitor of p38 SB202190 and inhib-
itor of JNK SP600125 were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-p-Akt (Ser473),
anti-p-GSK-3p (Ser9), cleaved caspase (c-caspase)-3 (1:200),
c-caspase-9 (1:1,000), Bcl-2 (1:500) and COX IV (1:1,000)
were supplied by Bioworld Technology (Nanjing, China). An
enhanced chemiluminescence kit was purchased from Thermo
Fisher (Shanghai, China). Bovine calf serum was purchased
from Wisent corporation (Nanjing, China). All other chemi-
cals and reagents used were of analytical grade.

Cell culture. The human lung cancer cell line A549 and the
corresponding MDR cell line A549/Taxol were purchased
from Nanjing KeyGen Biotechnology Co. Ltd., and cultured
in RPMI-1640 medium supplemented with 10% bovine calf
serum, 100 U/ml penicillin and 100 pg/ml streptomycin at
37°C in a humidified atmosphere of 5% CO,. Paclitaxel (Taxol,
200 ng/ml) was added to the medium in order to maintain
MDR in the A549/Taxol cells, and removed two weeks before
the experiments. Cells were passaged every 2-3 days.

Cell viability. For the cell viability assay, A549 and
A549/Taxol cells were seeded onto a 96-well plate at a density
of 8x10° cells per well. Following overnight incubation, the
culture medium was aspirated, and the cells were incubated
with various concentrations of TPL (the final concentrations
were 0.01,0.02,0.04,0.06 and 0.08 yzmol/l) or co-treated with
MAPK inhibitors in complete culture medium for 48 h. The
same volume of complete culture medium served as the nega-
tive control. Then 20 ul MTT solution (5 mg/ml) was added
to each well, and the plates were further incubated for 4 h.
The medium was removed and 150 1 DMSO was added to
solubilize the MTT formazan salt. The absorbance of the solu-
tion was measured on a microplate reader (Spectra MAX190,
Molecular Devices LLC, Sunnyvale, CA, USA) at 490 nm and
the results were expressed as a percentage of the control cells.

Apoptosis and cell cycle analyses. A549/Taxol cells were
seeded onto six-well plates at a density of 3x10° cells per well.
Following overnight incubation, cells were treated with TPL at
concentrations of 0.025 and 0.05 yM for 24 h. For the purpose
of apoptosis analysis, following treatment with TPL, the cells
were harvested and washed with PBS, and then stained with
Annexin V/PI according to the manufacturer's recommenda-
tions. Stained samples were analyzed by flow cytometry
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(FACSCalibur, BD Biosciences, San Jose, CA, USA). For
analysis of the cell cycle distribution, the supernatant was
discarded, and attached cells were harvested and fixed in cold
70% ethanol overnight at -20°C. Cell cycle distribution was
analyzed using a flow cytometer according to the manufac-
turer's instructions for the PI staining kit.

Protein extraction and western blot. A549/Taxol cells
(3x10° cells/well) were treated with TPL at concentrations of
0.025 and 0.05 M, or co-treated with MAPK inhibitors, for
24 h. Following the treatments, cells were collected, washed
twice with pre-chilled PBS, lysed, and then centrifuged at
12,000 rpm for 10 min at 4°C. The supernatant of the lysate
was boiled, and total protein was measured using the BCA
protein assay kit. Proteins were separated by SDS-PAGE,
and then transferred onto polyvinylidene fluoride (PVDF)
membranes (0.45 ym; Millipore). Non-specific protein binding
sites were blocked with 5% bovine serum albumin diluted in
Tris-buffered saline buffer containing 0.1% Tween-20 (pH 7.4)
for 2 h at room temperature, followed by incubation with the
appropriate primary and secondary antibodies. The expression
of proteins was detected using a Chemi Doc XRS+ system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The grey
level ratio of the target protein to COX IV was used to repre-
sent the relative protein expression level.

Statistical analysis. Results are expressed as the means =+ stan-
dard deviation. Statistical differences among groups were
evaluated by the t-test using GraphPad Prism 6. P<0.05 and
P<0.01 were considered to represent different levels of statis-
tical significance.

Results

Resistance fold of A549/Taxol cells. A549 and A549/Taxol
cells were treated with Taxol for 48 h and the cytotoxicity was
assessed using MTT assay. The ICy, of Taxol against A549
and A549/Taxol cells was 3.52+0.47 and 71.31+£7.95 uM,
respectively. A549/Taxol cells exhibited more than a 20-fold
resistance to Taxol in comparison with the drug-sensitive
A549 cell line.

TPL inhibits proliferation of A549/Taxol cells. Various doses
(0.01, 0.02, 0.04, 0.06, 0.08 uM) of TPL were used to treat
A549/Taxol cells for 48 h. The anti-proliferative effect of TPL
on A549/Taxol was assessed by MTT assay, and the results
revealed that TPL inhibited the proliferation of A549/Taxol
cells efficiently in a dose-dependent manner, with an ICy,
value of 46.47+0.31 nM. It was far more efficient than the
positive drug cisplatin, which demonstrated an ICs, value of
8.87+0.98 uM. TPL exhibits potent cytotoxicity in vitro in
A549/Taxol cells. Based on the primary findings, we used
TPL at concentrations of 0.025 and 0.05 #M in subsequent
experiments.

TPL modulates MAPKs in A549/Taxol cells. To investigate
the modulatory effects of TPL on MAPKSs in the course of
inhibition of proliferation of A549/Taxol cells, we performed
MTT assay using MAPK inhibitors (SB202190, SP600125
and U0126) coupled with TPL. SB202190 exerted little effect
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Figure 1. Inhibition of triptolide (TPL) and mitogen-activated protein kinase
inhibitors on proliferation of A549/Taxol cells. TPL inhibited the prolif-
eration of A549/Taxol cells in a concentration-dependent manner. SP600125
reinforced the effect, particularly when TPL was at low concentrations,
while U0126 attenuated the activity. SB202190 had little effect on the results.
Results were assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay, and values are presented as means + standard
deviation, n=3. “P<0.01 and "P<0.05, compared with the corresponding TPL
group at the same concentration.

on the result, while SP600125 and U0126 significantly rein-
forced the inhibitory effects of TPL (Fig. 1). Since there was
no significant effect observed with the addition of SB202190,
it was suggested that the modulation of p38 contributed little
to the inhibitory effect exhibited by TPL on A549/Taxol
cells. SP600125 exhibited synergistic effects with TPL, while
antagonism caused by U0126 was also noted. These findings
suggested that TPL may exert its inhibitory effects by regu-
lating the JNK and ERK signaling pathways.

TPL exerts anti-proliferative effects on A549/Taxol cells
via pro-apoptosis. To investigate the mechanism of TPL's
involvement in the anti-proliferative activity of A549/Taxol
cells, A549/Taxol cells were treated with TPL at concen-
trations of 0.025 and 0.05 pM. Twenty-four hours later,
Annexin V-FITC/PI staining flow cytometry was used to assess
the rate of cell apoptosis. Compared with the control group, we
observed that the number of apoptotic cells increased signifi-
cantly in the TPL group (Fig. 2A). In addition, we noted that
TPL significantly increased the expression of caspase-3 and
caspase-9 (Fig. 2B). These results indicated that TPL induced
caspase family-dependent apoptosis in A549/Taxol cells. In
addition, as shown in Fig. 2B, upregulation of the Bax/Bcl-2
ratio was observed following TPL treatment, which supported
our previous hypothesis concerning the role of pro-apoptosis.

Induction of S-phase arrest in A549/Taxol cells by TPL. To
elucidate the mechanism of TPL-induced proliferation inhibi-
tion, we examined the effect of TPL on cell phase distribution
by flow cytometry. As shown in Fig. 3, concomitant with the
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Figure 2. (A) Triptolide (TPL) induces apoptosis of A549/Taxol cells in
a concentration-dependent manner. (B) TPL induces apoptosis through
upregulation of cleaved caspase-3/-9 and Bax, and downregulation of Bcl-2.
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Figure 3. Triptolide (TPL) induces S-phase arrest in A549/Taxol cells. The
representative cell cycle distribution of (A) A549/Taxol cells without TPL
treatment and (B and C) A549/Taxol cells treated with 0.025 and 0.05 uM
TPL are shown using flow cytometry. (D) The proportion of TPL-treated
A549/Taxol cells in the S-phase was significantly increased, with a concomi-
tant reduction in the proportion of cells in the G,/M phase when compared
with the control.

growth inhibitory effect, treatment with TPL induced a signifi-
cant S-phase arrest. The cell populations in the G,/G,, S and
G,/M phases were 41.97,45.89 and 12.15% in the control group.
However, after 24-h incubation with 0.025 and 0.05 uM TPL,
the S-phase portion was notably enhanced by 27.2 and 6.11%),
respectively. Contrarily, the G,/M population of A549/Taxol
was markedly reduced following treatment with 0.025 and
0.05 uM TPL, indicating the blockage of the S-G, transition
in A549/Taxol cells. In addition, the sub-G, population was
increased by 1.03 and 5.70%, respectively.

Measurement of MAPKs and PI3K/Akt signaling pathways.
The inhibition of p38 usually promotes tumor formation, but in
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Figure 4. Triptolide (TPL) and mitogen-activated protein kinase inhibitors
modulate the expression of p-GSK-3f3, p-Akt, p-ERK, p-JNK and p-p38 in
A549/Taxol cells following 24 h treatment. TPL upregulated p-ERK and
p-p38 in a concentration-dependent manner, while it downregulated p-JNK.

certain cases, the tumor-forming ability is suppressed by p38
activation. JNK plays two antagonistic roles: oncogenic and
and pro-apoptotic. The oncogenic function of JNK pathways
is highly expressed in cancer cells, which promotes cell prolif-
eration (12,13). The ERK1/2 cascades are mainly involved in
tumor cell survival and proliferation regulation, but increased
levels of the phosphorylated form of ERK1/2 also induce cell
apoptosis (14). The aberrant activation of Akt is one of the
most frequent alterations observed in most types of cancer
cells, and it has been observed to correlate with poor prognosis
and resistance to various anti-cancer agents (15).

Preliminary observations in the current study shed light
on the mechanism of action of TPL on the inhibition of prolif-
eration of A549/Taxol cells. Based on the findings obtained,
we proposed that modulation of JNK and ERK signaling by
TPL contributed in a great manner to the anti-proliferative
activity observed. To validate the conclusion, the expression
of three MAPKs (p-p38, p-JNK and p-ERK) and PI3K/Akt
(p-Akt and p-GSK-3p) was analyzed by western blot analysis.
As shown in Fig. 4, TPL increased the expressions of p-p38,
p-ERK and p-GSK-3f, but exerted the opposite effect on
p-JNK and p-Akt. Compared with the TPL group, the expres-
sion of p-ERK, p-JNK and p-Akt was notably downregulated
by MAPK inhibitors, while the p-GSK-3[ expression level was
significantly upregulated by SP600125. These results were
consistent with conclusions deduced from the results of MTT
assay.

Discussion

MDR is a major obstacle in effective cancer chemotherapy.
Following cycles of chemotherapy, cancer cells have been
demonstrated to form simultaneous resistance to anti-cancer
drugs with various structures and mechanisms of action (2,3).
Traditional Chinese medicines have numerous advantages
over chemical agents, including low cost and lower toxicity,
and have long been used in the clinical treatment of cancer.
In previous studies, researchers have paid increasing attention
to Chinese medicines in their search for new potential MDR
reversal agents (16).

TPL is a diterpenoid triepoxide isolated from the traditional
Chinese herb Tripterygium wilfordii Hook. f. It possesses
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efficient antitumor activity against a range of cancer cells. TPL
has been demonstrated to exert its reversal activity on various
MDR cancer cells, mainly through the downregulation of
MDR proteins, including P-glycoprotein (17-19). Our primary
study revealed that TPL could notably inhibit the proliferation
of a panel of MDR cancer cell lines, including A549/Taxol,
MCF-7/ADR and Bel7402/5-Fu (20). Significantly, we observed
that the activity was mainly associated with the modulation
of MAPKs and the downstream pathways. Although previous
studies provided useful clues for a better understanding of
the mechanism concerning the inhibition of proliferation of
MDR cells mediated by TPL, there is insufficient evidence to
characterize the exact role of MAPKs in this process. Hence,
we designed and carried out the present study.

MAPKSs play significant roles in regulating an array of
cellular responses, particularly those involving cell prolif-
eration and apoptosis, and the modulation of these kinases
may bring promising benefits to the therapeutic treatment of
tumors (21-23). The development of MDR is often accom-
panied by the modulation of MAPKs (24-26). ERK1 and 2
are known to act as anti-apoptotic cascades by transducing
survival signals, whereas JNK or p38 phosphorylation results
in the promotion of apoptosis (27). However, the roles of these
pathways are sophisticated. For example, suppression of the
MEK-ERK signaling pathway by PD98059 increased rather
than decreased cisplatin resistance (28). In addition, inhibition
of p38 MAPK significantly reduced gemcitabine sensitivity
in NTUBI cells, and Calebin-A enhanced the cytotoxicity of
vincristine in SGC7901/vincristine cells through the inhibition
of JNK (29,30). The exact effect of the modulation of MAPKs
depends on the cell types and crosstalk among the various
pathways. The results from this study clearly demonstrate that
TPL exerts its anti-proliferative effect via downregulation of
p-JNK and upregulation of the p-ERK and p-p38 pathways.
The selective modulation effects differed from the results of
other studies, and are worthy of further investigation.

PI3K/Akt has emerged as an essential pathway in regulating
cell proliferation, survival and apoptosis, and cell migration.
Accumulating evidence reveals that Akt activation plays a
significant role in the chemoresistance of cancer cells (12,31).
Activation of the Akt signaling pathway mediates acquired
resistance to sorafenib in hepatocellular carcinoma cells (32),
and confers resistance to gefitinib in lung cancer cells (33).
Akt phosphorylation entails inhibition of a highly conserved
GSK-3, and GSK-3 inactivation leads to -catenin accumula-
tion, which entails drug resistance (34). Consistent with these
studies, downregulation of p-Akt and further regulation of
the downstream signal p-GSK-3f results in anti-proliferation
of TPL in A549/Taxol cells. SP600125 increased the expres-
sion of p-GSK-3f and reinforced the effect of TPL, whereas
U0126 downregulates the expression of p-GSK-3f3. These
findings support the hypothesis that modulation of TPL in the
PI3K/Akt signaling pathway contributed to the pro-apoptosis
and the subsequent anti-proliferation of A549/Taxol cells,
and that the effect was regulated by the modulation effect of
TPL on ERK. MAPKSs and PI3K/Akt signaling pathways are
potential targets of TPL against MDR cancers.

The pro-apoptotic activity of TPL is associated with the
modulation of MAPKs, but fundamentally via the modulation
of apoptosis-related proteins. The Bcl-2 family plays a key role



3590

in regulating the intrinsic apoptotic pathway, and is modu-
lated by MAPKSs (35). Bax is a pro-apoptotic protein, while
Bcl-2 possesses anti-apoptotic properties through stabilizing
mitochondrial membrane and suppressing the release of cyto-
chrome C. The balance between the proteins is crucial in the
progression of apoptosis (36). Caspases are proteases with a
well-defined role in apoptosis, and caspase-3 and -9 activation
eventually results in cell apoptosis. In our study, we observed
significant upregulation of Bax and c-caspase-3 and -9, and
downregulation of Bcl-2, along with simultaneous modula-
tion of MAPKs following treatment of TPL in A549/Taxol
cells. These findings indicate a close association between
modulations of Bcl and MAPKs.

The anti-proliferative activity exerted by TPL on
A549/Taxol cells may be due to the modulation of MAPKs and
PI3K/Akt pathways, which subsequently led to the activation
or suppression of the expression of apoptosis-related proteins,
apoptosis and cell cycle arrest. This study provides useful
indications for a better understanding of the mechanisms of
TPL-induced apoptosis against A549/Taxol cells.
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