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Abstract. Sinomenine (SIN) is a bioactive component derived 
from a Chinese medicinal plant. Our previous studies demon-
strated that SIN has cytotoxic effects on human lung cancer 
cells. However, the antitumor molecular mechanisms of SIN 
have yet to be elucidated in detail. In the present study, we 
further explored the effects of SIN on NCI-H460 human lung 
cancer cell viability and apoptosis and investigated the regula-
tion and function of PI3K/Akt and ERK signaling pathways 
during SIN-induced apoptosis in various lung cancer cell 
lines. NCI-H460 cells were incubated with 200 µg/ml SIN 
for the indicated times (0, 24, 48 or 72 h). Cell viability was 
assessed by MTT assay. Akt, p-Akt, ERK1/2 and p-ERK1/2 
protein levels were detected by western blotting, respectively. 
Two different selective inhibitors (LY294002 for the PI3K 
pathway; PD98059 for the MEK/ERK pathway) were used 
to characterize the relative roles of PI3K/Akt and ERK in 
SIN-induced apoptosis. Apoptosis was determined by flow 
cytometry. SIN inhibited the proliferation of NCI-H460 cells 
in a time-dependent manner, which was accompanied with 
significant activation of pAkt and pERK. LY294002 and 
PD98059 both significantly increased SIN-induced apoptosis 
in NCI-H460, NCI-H226 and NCI-H522 cells. Our findings 
suggest that the activation of the PI3K/Akt and ERK signaling 
pathways antagonize SIN-induced lung cancer cell apoptosis 
and molecules that inhibit these pathways should potentiate 
the effects of SIN. This study represents a significant step 
forward in our understanding of the signal transduction path-
ways associated with the apoptosis elicited by SIN.

Introduction

The alkaloid sinomenine (7,8-didehydro-4-hydroxy-3,7-
dimethoxy-17-methyl-9α,13α,14α-morphinan-6-one) (SIN) is 
a bioactive component derived from the Chinese medicinal plant 
Sinomenium acutum Rehd. et Wils (family Menispermaceae), 
which has been utilized by Chinese doctors to treat inflam-
matory and arthritic diseases for more than one thousand 
years (1-3). Previous pharmacological studies have shown that 
SIN has a wide range of actions, including anti-inflammation 
(4-7), immunosuppression (8), arthritis amelioration (9) and 
protection against hepatitis induced by lipopolysaccharides 
(10). Furthermore, in studies using intramuscular injection 
and multiple dosing, a combination of SIN and cyclosporin A 
produced immunomodulatory effects in a cardiac transplant 
model (11). However, little is known concerning the antitumor 
effects of SIN, and the antitumor molecular mechanisms of 
SIN have yet to be elucidated in detail.

In our previous studies, we found that SIN has cytotoxic 
effects on human lung cancer cells by inducing apoptosis 
through mechanisms including the activation of caspase-3 and 
-9, loss of ΔΨm and release of cytochrome C (12). However, 
it is unknown whether SIN also activates proliferation-associ-
ated signaling pathways. Additionally, it is unknown whether 
SIN-induced cell apoptosis is affected when proliferation-
associated signaling pathways are inhibited.

Akt and ERK are important signaling molecules that 
promote survival in different types of cancer. In this study, we 
explored the effects of SIN on human lung cancer NCI-H460 
cell viability and apoptosis and investigated the regulation 
and function of PI3K/Akt and ERK signaling pathways 
during SIN-induced apoptosis in various lung cancer cell 
lines (including NCI-H460, NCI-H226 and NCI-H522) to 
unravel the detailed molecular mechanisms underlying its 
anticancer effects.

Materials and methods

Materials and chemicals. RPMI-1640 cell culture media, anti-
biotics and trypsin were obtained from Biological Industries 
(Kibbutz Beit Haemek, Israel). Fetal bovine serum (FBS) 
was purchased from Solarbio (Beijing Solarbio Science and 
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Technology Co., Ltd., China). 3-(4,5-Dimethyl thiazol-2yl)-2, 
5-diphenyltetrazolium bromide (MTT) and the dimethyl 
sulfoxide (DMSO) kit was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Propidium iodide (PI) staining and 
Roh123 fluorescent dye kits were purchased from Nanjing 
KeyGene Biotech Co., Ltd. (Nanjing, China). SIN (HPLC 
purity ≥98%) was purchased from the Xi'an Sobeo Pharmtech 
Co., Ltd. (Xi'an, China). A 2-mM stock solution of SIN was 
prepared in RPMI-1640 growth medium and stored at -20˚C. 
Horseradish peroxidase-conjugated secondary antibody was 
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA). All other chemicals were obtained from Sinopharm 
Chemical Reagent Co., Ltd. (Shenyang, China).

Cell culture. All of the cell lines derived from human lung 
cancers were obtained from the China Center for the Type 
Culture Collection (Wuhan, China) and were cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. 
Cultures were maintained in a humidified incubator at 37˚C in 
the presence of 5% CO2. Culture medium was changed every 
2 days. For assays, cells were detached using a solution of 
0.125% trypsin and 0.02% EDTA.

MTT assay. The effect of SIN on NCI-H460 cell proliferation 
in vitro was determined by measuring MTT dye absorbance 
of living cells. In brief, cells (1x104 cells/well) were seeded 
in 96-well tissue culture plates. Cells were cultured with 
RPMI-1640 growth medium for 24 h, and then the medium 
was replaced with RPMI-1640 growth medium containing 
200 µg/ml SIN. After exposure to SIN for 0, 24, 48 or 72 h, 
25 µl of MTT solution (2 mg/ml in PBS) was added to each 
well and the plates were incubated for an additional 4 h at 
37˚C. The MTT solution in the medium was aspirated off, 
and 150 µl of DMSO was added to each well to solubilize the 
formazan crystals formed in the viable cells. Optical density 
was measured at 570 nm using an ELISA plate reader (Model 
550, Bio-Rad, USA). Each plate contained multiple wells for a 
given experimental condition and multiple control wells. This 
procedure was repeated three times.

Flow cytometric analysis. After treatment with 200 µg/ml SIN 
for 48 h, the human lung cancer cells were harvested and fixed 
with ice-cold 70% (v/v) ethanol for 24 h. After centrifugation 
at 200 x g for 5 min, the cell pellet was washed with PBS 
(pH 7.4) and resuspended in PBS containing PI (10 µg/ml) 
and DNase-free RNase (20 µg/ml). Cells were then incubated 
at room temperature in the dark for 30 min, and DNA content 
was determined by flow cytometry using a FACScan flow 
cytometer (Becton-Dickinson, San Jose, CA, USA). The data 
were analyzed using MODIFIT software (Becton-Dickinson) 
(20). Control cells were treated with medium only.

Western blot analysis of apoptosis-related proteins. Expression 
of apoptosis-related proteins was evaluated by western blot-
ting. In brief, 3x107  cells were incubated with 200 µg/ml 
SIN for 48 h. The cells were then washed in PBS and were 
suspended in five volumes of lysis buffer (20 mM HEPES, 
pH 7.9, 20% glycerol, 200 mM KCl, 0.5 mM EDTA, 0.5% 
NP40, 0.5 mM DTT, 1% protease inhibitor cocktail). Lysates 

were then collected and stored at -20˚C until further use. 
The supernatant protein concentration was determined by 
the Bradford method. Supernatant samples containing 40 µg 
of total protein were resolved by SDS-PAGE based on the 
target protein sizes, transferred to polyvinylidene fluoride 
membranes by electroblotting, and probed with anti-pAkt, 
anti-Akt, anti-pERK and anti-ERK. Membranes were incu-
bated with horseradish peroxidase-conjugated secondary 
antibodies. Blots were developed using an ECL kit.

Statistical analysis. All experiments were conducted three 
times. The results were expressed as mean and standard devia-
tion and evaluated using one- or two-way ANOVA followed 
by the Student's t-test. The statistical significance was defined 
as P<0.05.

Figure 1. Effect of SIN on the proliferation of NCI-H460 cells. Cells 
were incubated with 200 µg/ml SIN for the indicated times (0, 24, 48 
or 72 h). The figure shows the percentage of proliferation inhibition in 
a time-dependent cytotoxicity assay. The results are from at least three 
independent experiments.

Figure 2. Activation of Akt and ERK in SIN-induced apoptosis demonstrating 
the levels of pAkt and pERK protein. NCI-H460 cells were treated with 
SIN for 0, 4, 16 or 24 h, and cell lysates were subsequently separated using 
SDS-PAGE and blotted with (A) anti-pAkt or anti-Akt, (B) anti-pERK1/2 
or anti-ERK1/2 antibodies. The results are from at least three independent 
experiments.
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Results

Effects of SIN on NCI-H460 cell viability and apoptosis. To 
investigate the potential cell proliferation inhibitory activity 
of SIN, NCI-H460 cells were treated with 200 µg/ml SIN for 
the indicated times. As confirmed by MTT assay, SIN trig-

gered time-dependent cytotoxicity, resulting in a significant 
loss of cell viability (Fig. 1). These results indicate that the 
influence of SIN on the inhibition of NCI-H460 cell prolifera-
tion in vitro is mainly due to time-dependent apoptotic cell 
death.

Activation of Akt and ERK in SIN-induced apoptosis. The 
activation of the Akt and ERK1/2 pathways is normally associ-
ated with cell proliferation and survival (13-15). However, the 
role of Akt and ERK1/2 activation in SIN-induced apoptosis 
remains somewhat unclear. Therefore, to determine whether 
PI3-K/Akt and ERK pathways were involved in the regulation 
of SIN chemosensitivity, NCI-H460 cells were treated with 
SIN, and western blotting was performed. Akt phosphoryla-
tion was maximally increased at 16 h, whereas protein levels 
of total Akt were not altered (Fig. 2A). Furthermore, ERK was 
also significantly activated, and this activation peaked at 4 h 
(Fig. 2B). These results indicate that both Akt and ERK activa-
tion may be involved in SIN-induced apoptosis.

Effects of a PI3K/Akt inhibitor and a MEK/ERK inhibitor on 
SIN-treated NCI-H460 cells. To characterize the relative roles 
of Akt and ERK in SIN-induced apoptosis, two different selec-
tive inhibitors (LY294002 for the PI3K pathway; PD98059 
for the MEK/ERK pathway) were used. SIN treatment alone 
increased apoptosis when compared with the control-treated 
cells. Furthermore, co-treatment with SIN plus the PI3K/
Akt inhibitor LY294002 significantly increased apoptosis by 
25.3% over SIN treatment alone (Fig. 3). NCI-H460 cells 
co-treated with SIN and the ERK inhibitor also exhibited a 
synergistic effect on apoptosis (Fig. 3). Therefore, our results 
strongly suggest that the inactivation of PI3K/Akt may play an 
important role in SIN-induced apoptosis. Moreover, our results 
suggest that the activation of Akt and ERK is functionally 

Figure 3. Effects of a PI3K/Akt inhibitor (LY) and a MEK/ERK inhibitor 
(PD) on SIN-treated NCI-H460 cells. NCI-H460 cells were treated with the 
indicated reagents for 48 h and stained with PI. Apoptosis was then analyzed 
by flow cytometry. The final results are summarized in the column graph, 
and the results are from at least three independent experiments.

Figure 4. Effects of LY294002 and PD98059 on two addition SIN-treated lung cancer cell lines. (A) NCI-H226 and (B) NCI-H522 were incubated with SIN 
alone, SIN plus LY294002 (LY), SIN plus PD98059 (PD), LY294002 alone or PD98059 alone. FACScan flow cytometry was then used to detect the proportion 
of apoptotic cells. The results are from at least three independent experiments.
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involved in the negative regulation of SIN-induced apoptosis 
in NCI-H460 cells.

Effects of LY294002 and PD98059 on two additional 
SIN-treated lung cancer cell lines. To further confirm that the 
Akt and ERK signaling pathways play a critical role in the 
process of SIN-induced cell apoptosis, we employed two addi-
tional lung cancer cell lines, NCI-H226 and NCI-H522. These 
cell lines were incubated with SIN alone, SIN plus LY294002, 
SIN plus PD98059, LY294002 alone, or PD98059 alone. 
Using FACScan analysis, we quantitatively assessed apoptosis 
in these cancer cells under the various treatment conditions. 
Fig. 4 shows that SIN markedly inhibited growth of NCI-H226 
and NCI-H522 cells. We also found that the two-drug combi-
nation treatment resulted in more apoptotic cells than either 
single-drug treatment alone. Specifically, when combined with 
LY294002, SIN-induced apoptosis increased from 32.87 to 
60.46% in the NCI-H226 cell line and from 21.88 to 47.64% 
in the NCI-H522 cell line (P<0.05) (Fig. 4). Cells co-treated 
with SIN and PD98059 also exhibited such synergistic effects 
(P<0.05) (Fig. 4). These results indicate that both Akt and 
ERK pathways are essential for SIN-induced cell apoptosis in 
multiple lung cancer cell lines.

Discussion

Lung cancer is the most prevalent form of cancer worldwide. 
Five-year survival is achieved by approximately 10-15% of 
patients (16). Therefore, the search for new chemopreventive 
and antitumor agents is still an urgent clinical problem.

SIN is a pure alkaloid extracted from a Chinese medicinal 
plant. Although it has been used clinically as an anti-inflam-
matory agent in several inflammation-related diseases (5,6,17), 
to date few studies have addressed the anti-cancer mechanism 
of this herbal medicine. A recent study showed that SIN 
exhibits a significant apoptotic effect on hematoma carcinoma 
cells (18). In addition, SIN was shown to significantly inhibit 
proliferation of IL-1β-activated human synovial sarcoma cells 
(Hs701.T) (19). In our previous study, we found that SIN exerts 
a significant apoptotic effect on NCI-H460 cells through 
several apoptosis-associated signaling mechanisms, such as 
the collapse of the mitochondrial membrane potential, the 
release of cytochrome C and the activation of caspase-9 and 
-3 (12). In the present study, we further confirmed that SIN 
inhibits the proliferation of NCI-H460 cells and induces cell 
apoptosis in a time-dependent manner. Moreover, SIN-induced 
cell apoptosis was observed not only in the NCI-H460 cell line 
but also in the NCI-H226 and NCI-H522 cell lines.

As Akt is a crucial mediator of carcinogenesis and the 
phosphorylation of Akt is essential for its full activity (20-22), 
we measured the potential effects of SIN on Akt phosphory-
lation. As shown in Fig. 2A, Akt phosphorylation occurred 
in SIN-induced apoptosis, while suppression of Akt activa-
tion by LY294002 significantly upregulated cell apoptosis 
(Figs. 3 and 4). ERK is also known to be a critical factor in 
carcinogenesis and is closely associated with Akt signaling 
(23-26); therefore, we measured the potential effects of SIN 
treatment on ERK signaling. Similar to Akt, the inhibition of 
ERK activation by PD98059 resulted in a significant syner-
gistic effect on apoptosis such that the degree of apoptosis 

was much higher than with SIN treatment alone (Fig.  3). 
These results suggest that suppression of PI3K/Akt and ERK 
activity is responsible for the significantly elevated levels 
of SIN-induced apoptosis. Considering this, we evaluated 
the proliferation-associated signaling pathways related to 
SIN-induced apoptosis.

In conclusion, taken together, our findings indicate that the 
activation of PI3K/Akt and ERK signaling pathways antago-
nize SIN-induced lung cancer cell apoptosis, and molecules 
that inhibit these pathways should potentiate the effects of 
SIN. This study represents a significant step forward in our 
understanding of the signal transduction pathways associated 
with the apoptosis elicited by SIN. However, further in vivo 
studies are warranted to verify the therapeutic efficacy of SIN 
in the treatment of lung cancer.
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