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Abstract. Corydalis yanhusuo, a well-known herbaceous plant, 
is commonly used in the treatment of inflammation, injury and 
pain. One natural agent isolated from Corydalis yanhusuo, 
13-methyl-palmatrubine, was found to have a cytotoxic effect 
on cancer cells as reported in published studies. In the present 
study, we synthesized a potential anti-lung tumor agent, 
13-methyl-palmatrubine and analyzed its activity. 13-Methyl-
palmatrubine exhibited a cytotoxic effect on a panel of cancer 
cell lines in a time- and concentration-dependent manner. 
Among all the tested cancer cell lines, lung cancer A549 cells 
were most sensitive to 13-methyl-palmatrubine treatment. 
Meanwhile 13-methyl-palmatrubine showed less cytotox-
icity in human normal cells. Our investigation revealed that 
13-methyl‑palmatrubine induced apoptosis and cell cycle 
arrest in A549 cells in a dose-dependent manner. Furthermore, 
13-methyl-palmatrubine treatment caused activation of P38 
and JNK pathways and blocked the EGFR pathway. In conclu-
sion, our findings demonstrated that 13-methyl-palmatrubine 
inhibited the growth of A549 cells mediated by blocking of 
the EGFR signaling pathway and activation of the MAPK 
signaling pathway and provides a better understanding of the 
molecular mechanisms of 13-methyl-palmatrubine.

Introduction

Cancer is still a serious clinical issue with significant social 
and economic impact on the human health care system (1). 

Despite modern advancements in diagnosis, prevention and 
therapy, cancer still affects millions of patients worldwide, 
reduces their quality of life and is one of the leading causes 
of mortality worldwide  (1,2). Natural products including 
plants, microorganisms and marines provide rich resources for 
anticancer drug discovery (3,4). Based on ancient and modern 
Chinese herbal medicine books and Pharmacopoeia of China, 
there are many natural anticancer plants or herbal formula-
tions which provide a guide, along with clinical evidence, for 
the identification of new anticancer agents or a natural source 
of alternative cancer therapy, and these have recently received 
increasing scientific attention (5,6).

Corydalis yanhusuo, also named Rhizoma Corydalis, is a 
well-known herbaceous plant commonly used in the treatment 
of pain, injuries and coronary diseases in Traditional Chinese 
Medicine (7,8). Alkaloids are important biological active constit-
uents of Corydalis yanhusuo (9). 13-Methyl‑palmatrubine was 
isolated as a natural protoberberine alkaloid from the methanol 
extract of the tubes of Corydalis yanhusuo (10). The chemical 
structure of 13-methyl-palmatrubine is shown in Fig. 1A. One 
study found that 13-methyl-palmatrubine exhibited antitumor 
activity in 3 types of human cancer cell lines (11). In our large 
scale screening for suitable anticancer agents from herbal 
plants, 13-methyl-palmatrubine exhibited an antiproliferative 
effect on various cell lines. Further experiments indicated that 
13-methyl-palmatrubine induced apoptosis and arrested the 
cell cycle in lung cancer A549 cells, suggesting that 13-methyl-
palmatrubine may be an antitumor compound for lung cancer 
treatment.

Materials and methods

Materials. RPMI-1640 medium, fetal bovine serum (FBS), 
pancreatin, penicillin and streptomycin were obtained 
from Gibco (Carlsbad, CA, USA). Terminal deoxynucleo-
tidyl transferase (TdT)-mediated dUTP nick end-labeling 
(TUNEL) Apo-Green Detection kit was supplied by Roche 
(Roche, Basel, Switzerland). The Annexin V and PI kit was 
purchased from Biotool (Selleck Chemicals, Houston, TX, 
USA). Protein and RNA extraction kits, BCA protein assay 
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kit, propidium iodide (PI), caspase-3  and  -9 activity kit, 
dimethyl sulfoxide (DMSO), 4',6-diamidino-2-phenylindole 
(DAPI) and Hoechst 33243 were purchased from Beyotime 
Institute of Biotechnology (Beyotime, Haimeng, China). 
13-Methyl-palmatrubine standard preparation (purity >98%) 
was purchased from the National Institute for the Control 
of Pharmaceutical and Biological Products (Beijing, China). 
The JC-10 Mitochondrion Membrane Potential Assay Kit 
was obtained from AAT Bioquest (Sunnyvale, CA, USA). 
ECL Advanced Detection kit was provided by Thermo Fisher 
(Waltham, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl-2H tetrazolium bromide (MTT) and bovine serum 
albumin (BSA) was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Primary antibodies and HRP-labeled secondary 
anti‑mouse/anti-rabbit antibodies were provided by Cell 
Signaling Technology (CST; Beverly, MA, USA). All other 
chemicals needed were of analytic grade.

Cell lines and cell culture. The human cell lines used in the 
present study included A549, a human lung cancer cell line; 
HCT116, a human colon carcinoma cell line; MCF-7, a human 
breast cancer cell line; MKN-45, a human cancer cell line; 
HepG2, a human hepatocellular carcinoma cell line, L02, a 
human normal liver cell line; and HEK293 a human kidney 
normal cell line obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cells were grown in 
a humidified atmosphere of 5% CO2 at 37˚C with RPMI‑1640 
medium. Cells were supplemented with 10% fetal calf serum 
containing antibiotics (100 IU/ml penicillin and 100 IU/ml 
streptomycin).

Cytotoxicity assay in vitro. Cells were seeded and treated with 
13-methyl-palmatrubine at increasing concentrations. The 
13-methyl-palmatrubine standard was dissolved in DMSO 
at a concentration of 300 µg/ml as the initial dose. Then, the 
stock solution was maintained at -80˚C. The solutions were 
diluted to the desired concentrations when used. 13-Methyl-
palmatrubine was dissolved in DMSO with a final DMSO 
concentration <0.1%. Cytotoxicity of the control and treated 
cells was measured using the MTT assay. Cells (5x103) were 
cultured in 96-well plates treated with the indicated concentra-
tins for the indicated times. The absorbance of the treated and 
control cells at 570 nm was assessed using a microplate reader 
(PerkinElmer, Inc., Waltham, MA, USA).

Cell cycle distribution assay by flow cytometry. Cell cycle 
analysis was determined by PI staining. Briefly, A549 cells 
were treated with 13-methyl-palmatrubine. Treated and 
control cells were harvested, washed twice with phosphate-
buffered saline (PBS) and fixed with pre-cooled 70% ethanol 
for 4 h at 4˚C. Fixed cells were washed, pelleted, re-suspended 
in 500 µl PBS containing 50 µg RNase A at 37˚C and then 
stained with 5 µg PI in the dark at room temperature for 
30 min. Finally, cell cycle distributions were immediately 
assessed using a FACSCalibur cytometer (BD Biosciences, 
San Jose, CA, USA).

Cell morphological assay
Hoechst  33342 staining. The non-small cell lung cancer 
(NSCLC) A549 cells were cultured in 6-well plates and 

treated with increasing doses of 13-methyl-palmatrubine. The 
cells were fixed with 4% paraformaldehyde and incubated 
with Hoechst 33342 (5 µg/ml) for 10 min. After washing with 
cold PBS, the A549 cells after treatment and the control cells 
were observed by inverted fluorescence microscopy (D5100; 
Nikon, Tokyo, Japan).

TUNEL staining. The NCSLC A549 cells were cultured and 
treated on a specific glass cover in 6-well plates and treated 
as mentioned above. TUNEL kit was used to determine DNA 
fragmentation in apoptotic cells according to the manufac-
turer's instructions. The cells were stained by TUNEL and 
DAPI for image analysis. The samples after treatment and 
the control cells were viewed by Apo-Green fluorescence at 
520 nm and blue DAPI at 460 nm using a fluorescence micro-
scope (D5100).

Apoptosis analysis with Annexin V/PI. The A549 cells were 
cultured and treated as mentioned above. A FITC-Annexin V/
PI cell apoptosis assay was conducted to evaluate the apop-
tosis ratio in the cells according to the kit manufacturer's 
instructions. In brief, the untreated and treated cells were 
washed and harvested in 100 µl 1X binding buffer, and 5 µl 
Annexin V-FITC solution and 5 µl PI staining solution were 
added to each 100 µl of cell suspension. Then, the cells were 
incubated for 15 min. Binding buffer (400 µl) was added to the 
cell suspensions before determination by FACSCalibur flow 
cytometry (BD Biosciences).

Mitochondrial membrane potential (MMP) assay. The AAT 
JC-10 assay kit was used to evaluate the changes in MMP. 
The kit was used according to the manufacturer's instruc-
tions. Briefly, A549 cells were seeded in a 96-well plate, and 
50 µl/well JC-10 solution was added into the cell suspensions. 
Cell suspensions were incubate in a 37˚C incubator with 
5% CO2 for 30 min. The cells were washed twice with pre-
cold PBS, re-suspended in assay buffer B and immediately 
examined on a microplate reader under excitation filter of 
490 nm while emission filter of 525 and 590 nm, separately 
(PerkinElmer, Inc.).

Animals. The present study was strictly conducted according 
to the Declaration of Helsinki and the Guide for the Care and 
the Use of Laboratory Animals as adopted and promulgated 
by the United States National Institutes of Health. All animal 
experiments were approved by the Institutional Animal 
Care and Use Committee of FuDan University. Nude mice 
(6 weeks), half males and half females, were provided by 
Shanghai SLAC Laboratory Animal Center. Healthy A549 
cells were harvested, washed 3  times, and suspended in 
cold PBS. Each mouse was injected intraperitoneally with 
1x106 A549 cells. The nude mice were then divided into four 
groups: control, low dose, medium dose and high dose groups, 
with 6 mice in each group. When the volume of the tumor 
reached 100 mm3, 13-methyl-palmatrubine was injected into 
the nude mice, while saline was injected in the control group. 
All groups were administered the injection every 3 days for a 
total of 7 treatments. The nude mice were sacrificed 24 h after 
the last treatment, and the tumor xenografts were removed 
and measured. Tumor sizes were measured every 3 days using 
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micrometer calipers, and tumor weights were calculated at the 
conclusion of the experiments.

Immunohistochemistry. The paraffin-embedded implanted 
tumor samples were stained using cleaved-caspase-3 and Ki67 
antibodies separately for immunohistochemistry according 
to the manufacture's instructions. Images were captured by a 
fluorescence microscope (D5100).

Western blotting. A549 cells were planted and treated with 
the designated concentrations of 13-methyl-palmatrubine 
for the desired times. The cells were harvested, washed and 
lysed in RIPA lysis buffer. Then, the lysate was centrifuged 
at 12,000 rpm for 10 min at 4˚C. The BCA kit was used to 
determine the protein level of the supernatant. Proteins were 
separated with 8-15% SDS-PAGE, transferred to polyvi-
nylidene fluoride (PVDF) membranes, and incubated with the 
respective primary antibody at 4˚C overnight. Then, the proteins 
were subsequently incubated with the secondary antibody. 
The signals were determined by system (BD Biosciences). The 
β-actin antibody was chosen as the control.

Analysis of data. Triplicate experiments were performed with 
independent samples. The results are expressed as means ± 
standard deviation (SD). The results were analyzed using 
ANOVA t-test to assess statistical significance. A P-value at 
<0.05 was considered to indicate a statistically significant 
result. All statistical analyses were performed using commer-
cially available statistical software (SPSS 19.0; SPSS, Inc., 
Chicago, IL, USA). Statistical differences were considered at 
the P<0.05, P<0.01 or P<0.001 level vs. the control group as 
indicated in the figures and legends.

Results

13-Methyl-palmatrubine inhibits proliferation and induces 
cell cycle arrest and apoptosis in the A549 cells in vitro. To 
verify the effect of 13-methyl-palmatrubine on cancer cell 
growth, cells were treated with various concentrations of 
13-methyl-palmatrubine for 48 h. MTT assay was used to 
assess the cell viability after treatment. As shown in Fig. 1B, 
the viability of five  cancer cell lines was decreased in a 
concentration-dependent manner. Compared with the A549 

cells, the other human cancer cell lines demonstrated more 
resistance to the 13-methyl-palmatrubine treatment, indicating 
that A549 human lung cancer cells are more susceptible to 
13-methyl-palmatrubine. Furthermore, cell-induced apop-
tosis by 13-methyl-palmatrubine in A549 cells was further 
confirmed in a time- and dose-dependent manner, as shown in 
Fig. 1C. The most efficacious 13-methyl-palmatrubine treat-
ment time was 48 h. The IC50 value of 13-methyl-palmatrubine 
in the A549 cells was 58.57±3.58 µg/ml at 48 h. Significantly 
higher IC50 values for 13-methyl-palmatrubine in two normal 
human cell lines (L02 and HEK293) are shown in Fig. 1D, 
suggesting the relative safety of 13-methyl-palmatrubine.

In order to investigate the inhibitory effect on proliferation 
induced by 13-methyl-palmatrubine treatment, multiple assays 
were conducted to analyze whether 13-methyl-palmatrubine 
induces apoptosis in A549 cells. Based on the positive prelimi-
nary MTT results, we conducted the Annexin V/PI assay to 
determine the apoptotic population in the 13-methyl-palma-
trubine-treated and control cells. 13-Methyl-palmatrubine 
treatment significantly increased the percentage of apoptotic 
cells when compared with the control, as shown in Fig. 2. 
Hoechst staining exhibited differences in cell morphology 
displying cell shrinkage, nuclear fragmentation and chromatin 
compaction (Fig. 4A), which commonly represents typical 
apoptosis in most apoptotic cases. Consistently, TUNEL 
staining demonstrated an increased ratio of TUNEL (green) 
in the 13-methyl-palmatrubine-treated cells (Fig. 4B).

Subsequently, analysis of cell cycle distribution by flow 
cytometry was performed. As shown in Fig. 3, 13-methyl-
palmatrubine treatment at increasing concentrations in the 
A549 cells led to a G1 phase accumulation of cells. These 
results showed that 13-methyl-palmatrubine treatment 
induced an accumulation of A549 cells in the G1/S phase in 
a dose-dependent manner. Collectively, these results showed 
that 13-methyl-palmatrubine inhibited A549 cell proliferation 
via G1/S cell cycle phase arrest and apoptosis.

13-Methyl-palmatrubine inhibits proliferation and induces 
cell cycle arrest and apoptosis in A549 cells in vivo. An in vivo 
study was conducted to evaluate the antiproliferative effect of 
13-methyl-palmatrubine. During the study, no marked change 
in mouse body weight was noted (Table I and Fig. 1E). This 
implied that injection of 13-methyl-palmatrubine was not 

Table I. Inhibitory effect of 13-methyl-palmatrubine on A549 implantation tumor growth in BALB/c-nu mice.

		  Body weight (g)
	 Surviving	 --------------------------------------------------------------
Groups	 animals (n)	 Start	 End	 Tumor weight (g)	 Inhibition rate (%)

Control	 6	 20.2±0.30	 24.98±1.17	 1.40±0.18
Treatment
  3 mg/kg	 6	 20.88±0.36	 24.58±1.22	 0.91±0.23a	 34.59
  6 mg/kg	 6	 20.77±0.47	 24.61±1.08	 0.62±0.23c	 55.78
  9 mg/kg	 6	 20.58±0.58	 23.90±1.40	 0.38±0.16c	 73.18

aP<0.05 vs. the vehicle control; bP<0.01 vs. the vehicle control; cP<0.001 vs. the vehicle control. Treatment groups were administered 
13-methyl-palmatrubine at different doses.
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significantly toxic to the nude mice. After treatment for 21 days, 
the tumors treated with 13-methyl-palmatrubine were smaller 
than that noted in the control group (Table I and Fig. 1F). 
Therefore, we suggested that 13-methyl-palmatrubine may be 
a promising approach toward antitumor treatment. The results 
were consistent with the in vitro study.

We found a significant decrease in the Ki67-positive level 
in cells in the treatment group as compared with that noted 
in the control group. Meanwhile, cleaved-caspase-3-positive 
cells were increased in a concentration-dependent manner 

(Fig. 5), which indicated the apoptotic and antiproliferative 
effects of 13-methyl-palmatrubine in vivo.

The mechanism of 13-methyl-palmatrubine in apoptosis. 
The JC-10 assay indicated the loss of ΔΨm after 13-methyl-
palmatrubine treatment. Loss of ΔΨm is a typical event 
in the early phase of the mitochondrial apoptotic pathway. 
Thus, we choose 24 h as the experiment time in the JC-10 
assay to investigate the loss of MMP. As shown in Fig. 1G, 
our findings indicated that the red fluorescence (normal cells) 

Figure 1. Growth inhibition effect of 13-methyl-palmatrubine on several cell lines. (A) The chemical structure of 13-methyl-palmatrubine. (B) The inhibition 
effect of 13-methyl-palmatrubine on 5 human cancer cell lines at 48 h. (C) Cell viability of A549 cells following treatment with increasing concentrations of 
13-methyl-palmatrubine for 48 h. (D) Effect of increasing concentrations of 13-methyl-palmatrubine on HEK293 and L02 cells for 48 h. (E) The body weights 
of nude A549 mouse models in vivo. (F) 13-Methyl-palmatrubine suppressed tumor growth in A549 nude mouse models in vivo. (G) MMP collapse in A549 
cells at 24 h following 13-methyl-palmatrubine exposure. (H) 13-methyl-palmatrubine exposure induced caspase-9 activation in the A549 cells following a 
48-h treatment. (I) 13-Methyl-palmatrubine exposure induced caspase-3 activation in the A549 cells following a 48-h treatment. Statistical differences were 
considered significant at the levels of *P<0.05, **P<0.01 or ***P<0.001.
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was decreased while the green fluorescence (apoptotic cells) 
increased in the 13-methyl‑palmatrubine treated cells. The 

decrease in the ratio of red/green fluorescence indicated that 
13-methyl-palmatrubine induced the collapse of MMP (ΔΨm) 

Figure 2. 13-Methyl-palmatrubine induces apoptosis in the A549 cell line. A549 cells were treated with increasing concentrations of 13-methyl-palmatrubine 
or combined with EGF for 48 h, and then the cells were assessed using Annexin V/PI flow cytometric assay. Statistical differences were considered significant 
at the levels of *P<0.05, **P<0.01 or ***P<0.001.

Figure 3. 13-Methyl-palmatrubine induces cell cycle arrest in the A549 cell line. A549 cells were treated with increasing concentrations of 13-methyl-
palmatrubine or combined with EGF for 48 h, then the cells were assessed using cell cycle flow cytometric assay. Statistical differences were considered 
significant at the levels of *P<0.05, **P<0.01 or ***P<0.001.
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in the A549 cells. Caspase-9 and caspase-3 activity assay 
demonstrated activation of caspase-9 and caspase-3. As shown 

in Fig. 1H and I, 13-methyl-palmatrubine induced a significant 
activation of caspase-3 and -9 in a dose-dependent manner, 

Figure 5. Antitumor effect of 13-methyl-palmatrubine on A549 cells in vivo after 21 days of administration. Effect of 13-methyl-palmatrubine on cleaved-
caspase-3 and Ki67 levels in the A549 nude model; scale bar, 100 µm.

Figure 4. Effect of 13-methyl-palmatrubine on apoptosis and cell cycle arrest in the A549 cells. Cells were exposed to increasing concentrations of 13-methyl-
palmatrubine for 48 h. (A) Immunofluorescence microscopy images of Hoechst staining of the 13-methyl-palmatrubine-treated A549 cells in vitro; scale 
bar, 10 µm. (B) Immunofluorescence microscopy image of TUNEL staining of the 13-methyl-palmatrubine-treated A549 cells for DAPI (blue), TUNEL 
FITC (green) and their merge in vitro; scale bar, 50 µm. (C) Illustration of the mechanism involved in the effect of 13-methyl-palmatrubine on A549 cells.
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and there was a significant difference between the control and 
13-methyl-palmatrubine-treated cells.

Western blotting of the 13-methyl-palmatrubine-
treated A549 cells vs. the control cells indicated the related 
apoptotic mechanism (Fig.  6). The epidermal growth 
factor receptor (EGFR) pathway leads to numerous effects 
such as anti-apoptosis, cell cycle arrest. MAPK is one of 
its multiple downstream pathways. In the present study, 
13-methyl‑palmatrubine treatment caused downregulation of 
EGFR, RAS and ERK. Notably, there was marked upregulation 
in the MAPK expression level. Phosphorylated (p)-P38 and 
p-JNK were increased in a concentration-dependent manner, 
while there were no changes in the total P38 and total JNK 
levels. The Bax/Bcl-2 ratio was increased. The induction 
of apoptotic released c-Myc, and subsequent activation of 
caspase-9 and -3 and cleaved PARP.

Mechanism of 13-methyl-palmatrubine in cell cycle arrest. As 
above mentioned, there was an accumulation of cells undergoing 
cell cycle progression in the G1/S phase in a dose-dependent 
manner following 13-methyl-palmatrubine treatment in 
the A549 cells. Then, we investigated whether 13-methyl-
palmatrubine arrested the cell cycle through expression of 
cyclin E and CDK2. Western blotting showed an appreciable 
downregulation of cyclin E and upregulation of CDK2 with 
increasing concentrations of 13-methyl-palmatrubine. Thus, 
we examined the expression level of P53 and P21, which are 
two important proteins that lie upstream of cyclin E/CDK2 

and commonly result in cell cycle arrest and apoptosis. Our 
results indicated that treatment with 13-methyl-palmatrubine 
arrested the cell cycle in the G1/S phase in a dose-dependent 
manner in the A549 cells through upregulation of P53, P21 
and inhibition of CDK2 and cyclin E complex (Fig. 6).

Discussion

The antitumor effect of 13-methyl-palmatrubine was reported 
10 years ago. 13-Methyl-palmatrubine was found to exhibit a 
moderate cytotoxic effect in several carcinoma cell lines (11). 
The present study discovered the antiproliferative effect 
of 13-methyl‑palmatrubine in a panel of cancer cell lines. 
Meanwhile, the IC50 value of 13-methyl-palmatrubine in 
normal cells was significantly higher than this value noted in 
the cancer cell lines. These results suggested that 13-methyl-
palmatrubine may be a promising anticancer agent. Thus, 
exploration of the mechanism of 13-methyl-palmatrubine 
treatment was required.

The epidermal growth factor receptor (EFGR) protein is 
a 170-kDa glycoprotein which consists of an extracellular 
ligand-binding domain, a transmembrane domain containing 
a single hydrophobic anchor sequence and an intracel-
lular domain with tyrosine. Phosphorylated EGFR initiates 
the activation of downstream pathways, including Janus 
kinase  (JAK) signal transducer and activator of transcrip-
tion (STAT), phosphatidylinositol 3-kinase (PI3K)/AKT and 
mitogen-activated protein kinase (MAPK) cascades (12,13). 

Figure 6. Effect of 13-methyl-palmatrubine on EGFR-MAPK-related protein levels by western blot assay. A549 cells were exposed to increasing doses of 
13-methyl-palmatrubine for 48 h.
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Activation of the EGFR downstream pathway leads to cell 
proliferation, migration, adhesion, anti-apoptosis, angio-
genesis and metastasis (13,14). High expression of EGFR is 
closely associated with multiple epithelial-derived tumors, for 
example, breast (15), colon (16), ovarian (17), gastric (18) and 
lung cancer (19).

At present, novel therapeutic approaches, particularly 
antitumor agents, targeting the EGFR signaling pathway 
family and their downstream pathways have been developed, 
such as gefitinib (20) and afatinib (21). In the present study, 
we evaluated the impact of 13-methyl-palmatrubine treatment 
on the EGFR pathway. 13-Methyl-palmatrubine at a moderate 
concentration inhibited activation of the EGFR pathway with 
a downstream effect on Ras/Raf/MEK/ERK. This effect was 
closely associated with cell apoptosis and cell proliferation. 
The MAPK signaling pathway lies downstream of EGFR and 
accepts the signal transmission of EGFR (22). Numerous anti-
tumor agents focus on MAPK as a molecular target (23,24). The 
ERK of MAPK is inhibited through mediation of the EGFR 
pathway  (17). Notably, 13-methyl-palmatrubine treatment 
induced phosphorylation of JNK and P38 pathways which are 
other important signaling pathways in MAPK. The combina-
tion effect of EGFR and MAPK led to a subsequent cascade 
apoptotic reaction in 13-methyl-palmatrubine-induced cells.

MMPs play a crucial role in the apoptotic cascade 
pathways (25). MMP collapse allows release of cytochrome c 
from the space between the outer and inner mitochondrial 
membranes into the cytosol, and therefore subsequently triggers 

caspase activation and other apoptotic processes (26,27). In 
the present study, 13-methyl-palmatrubine treatment elicited 
MMP collapse, and induced the release of cytochrome c which 
is associated with the activation of caspase-3  and  -9, and 
cleavage of PARP. Thereby, 13-methyl-palmatrubine treatment 
triggers A549 cell death. The present study suggested that 
13-methyl-palmatrubine induced cells to undergo apoptosis by 
initiating the intrinsic mitochondrial-mediated pathway.

Serial study. In addition, we conducted a serial study to 
confirm the EGFR-MAPK signaling pathway activity in 
13-methyl-palmatrubine-treated A549 cells. As known, EGF 
stimulates activation of the EGFR signaling pathway (28). At 
first, the apoptosis and cell cycle in the A549 cells treated with 
13-methyl-palmatrubine at medium concentrations followed 
by the addition of EGF to 100 ng/ml were evaluated. The 
apoptosis in the 13-methyl-palmatrubine combined with EGF 
group was decreased compared with the 13-methyl‑palmatru-
bine only treated group, while the cell cycle was also arrested 
(Figs. 2 and 3). The EGFR protein and downstream ERK 
protein levels were upregulated in the combination group 
(Fig. 7). These results demonstrated that the EGFR signaling 
pathway plays an important role in the activity of 13-methyl-
palmatrubine in the A549 cells.

Secondly, SP600125 and SB203580 are commonly used 
to abolish JNK and P38 signaling pathway phosphorylation, 
separately. Thus, they were employed to further investigation 
the role of the MAPK signaling pathway in the 13-methyl-
palmatrubine-treated A549 cells. As shown in Fig. 7, SP600125 
suppressed JNK phosphorylation while it exerted no impact 
on other signaling pathways. SB203580 inhibited P38 phos-
phorylation while it elicited no impact on other signaling 
pathways. In conclusion, EGFR inhibition, JNK activation and 
P38 activation may run separately and contribute combination 
apoptotic effects.

P53 is a critical protein which causes a cellular response to 
cell DNA damage in the apoptotic pathway (29). Meanwhile, 
P53 also plays a crucial role in stimulating the transcription 
that arrests the cell cycle (30). The regulation of the cell cycle 
is also an important target of cancer therapy (31). Anticancer 
drugs usually arrest the cell cycle at the G1/S or G2/M 
phase (32,33). In the present study, 13-methyl-palmatrubine 
induced a significant increase in G1/S arrest at increasing 
concentrations. P53 and its downstream pathway genes, 
such as P21, are tightly linked to cell proliferation, apoptosis 
and differentiation  (34,35). As mentioned above, western 
blot analysis demonstrated a significant increase in P53 and 
P21 expression. The G1 phase to S phase cell progression is 
activated by phosphorylated Rb which is affected by CDK2/
cyclin E complexes. Our western blot results showed that 
13-methyl-palmatrubine inhibited the expression of CDK2 
and cyclin E.

In conclusion, in the present study, 13-methyl-palmatrubine 
was found to exert an antitumor effect via induced apoptosis 
and cell cycle arrest. The EGFR signaling pathway and down-
stream MAPK signaling pathway played important roles in 
the 13-methyl-palmatrubine-induced antitumor effect on the 
A549 cells (Fig. 4C). In conclusion, the results suggest that 
13-methyl-palmatrubine may serve as a potential therapeutic 
anticancer compound against human lung tumors.

Figure 7. Effect of 13-methyl-palmatrubine on EGFR-MAPK-related protein 
levels by western blot assay. A549 cells were exposed to 13-methyl-palma-
trubine (0 and 60 µg/ml) or 13-methyl-palmatrubine (60 µg/ml) combined 
with EGF (100 ng/ml) for 48 h, SP600125 (JNK inhibitor, 5 µM) for 9 h and 
SB203580 (P38 inhibitor, 5 µM) for 9 h.
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