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Abstract. Bruceine d is one of the active components of 
Brucea javanica (L.) Merr., which is widely used to treat 
cancer in china. The aim of the present study was to evaluate 
the potential effect of bruceine d against non-small-cell lung 
cancer (NScLc) cells and delineate its underlying mecha-
nisms. The results indicated that treatment with bruceine d 
markedly inhibited the proliferation of wild-type NScLc 
cells and epidermal growth factor receptor-mutant cells in a 
dose‑ and time‑dependent manner, and significantly decreased 
the colony-forming ability and migration of A549 cells. 
Hoechst 33342 staining and flow cytometric analysis demon-
strated that treatment with bruceine d effectively induced 
apoptosis of A549 cells. In addition, the proapoptotic effect 
of bruceine d was found to be associated with G0-G1 cell 
cycle arrest, accumulation of intracellular reactive oxygen 

species (ROS) and malondialdehyde, depletion of glutathione 
levels and disruption of mitochondrial membrane potential. 
Additionally, pretreatment with N-acetylcysteine, a ROS 
scavenger, significantly attenuated the bruceine D‑induced 
inhibition in A549 cells. Western blotting demonstrated that 
treatment with bruceine D significantly suppressed the expres-
sion of the anti-apoptotic proteins Bcl-2, Bcl-xL and X-linked 
inhibitor of apoptosis, enhanced the expression levels of 
apoptotic proteins Bax and Bak, and inhibited the expression 
of pro-caspase-3 and pro-caspase-8. Based on these results, 
it may be suggested that inhibition of A549 NScLc cell 
proliferation by bruceine d is associated with the modulation 
of ROS-mitochondrial-mediated death signaling. This novel 
insight may provide further evidence to verify the anticancer 
efficacy of B. javanica, and support a role for bruceine d in the 
anti-NScLc treatment.

Introduction

Lung cancer is a highly prevalent malignancy and the leading 
cause of cancer-related mortality worldwide. Non-small-cell 
lung cancer (NScLc) accounts for nearly 80% of all lung 
cancer casesω1). Current chemotherapies have been found to 
be only marginally effective in prolonging overall survival. 
Natural products have been used as the main sources of 
therapeutic agents in ancient times and, in modern medicine, 
they remain a major source of new drug development (2,3). 
Isolation of anticancer compounds from traditional herbs may 
offer new options for lung cancer treatment.

Brucea javanica (L.) Merr. (Fructus Bruceae) and its oil 
emulsion have long been used for the treatment of various 
types of cancer in china (4). Quassinoids are characteristic 
metabolites of B. javanica and are well-known for their 
anticancer properties (5). Bruceine d is an abundant natu-
rally occurring active tetracyclic triterpene quassinoid in 
B. javanica. Our previous studies have demonstrated that 
bruceine d exerts potent antiproliferative effects on cultured 
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human pancreatic adenocarcinoma cells through induction of 
apoptosis involving the activation of the p38-MAPK, NF-κB, 
and reactive oxygen species (ROS)-associated PI3K/Akt 
signaling pathways (6-8). By contrast, bruceine d was shown 
to exert only mild cytotoxic effects on human gastric 
mucosal epithelial GES‑1 cells, human foreskin fibroblast 
Hs68 cells and the WRL68 human hepatocyte cell line (8-10). 
Furthermore, bruceine d effectively reduced the rate of xeno-
graft human pancreatic tumor and orthotopic xenograft in 
nude mice, with no overt toxicity (7,8).

Although a number of studies have predominantly focused 
on the anti-pancreatic cancer activity of bruceine d, its poten-
tial effect and mechanism of action in other types of cancer, 
including lung cancer, remain elusive. As part of the ongoing 
investigation of natural sources of anticancer treatments, the 
present study was initiated to investigate the potential inhibi-
tory effect of bruceine d on NScLc cells in vitro and elucidate 
the underlying mechanism. In the present study, the effects 
of bruceine d on the proliferation of four NScLc cell lines, 
including wild-type (A549 and H1650) and epidermal growth 
factor receptor (EGFR)-mutant (Pc-9 and Hcc827) cell lines, 
were assessed. The mechanism of action of bruceine d was 
also evaluated through investigation of colony formation, 
migratory ability, cellular apoptosis induction, cell cycle arrest, 
oxidative status, mitochondrial membrane potential disruption 
and apoptosis-associated protein expression. The aim was to 
investigate the cytotoxic activity and elucidate the underlying 
mechanism of action of bruceine d in NScLc cells, in order 
to improve our understanding of the role of B. javanica and its 
commercially available derivatives in lung cancer therapy, and 
determine whether bruceine d may be of value as a naturally 
occurring candidate for the treatment of NScLc.

Materials and methods

Plant materials and reagents. The dried ripe fruits of B. javanica 
were purchased from Zhixin Pharmaceutical co. and were 
authenticated by Professor ZXL of Guangdong Provincial 
Key Laboratory of New drug development and Research 
of chinese Medicine, Mathematical Engineering Academy 
of Chinese Medicine, Guangzhou University of Chinese 
Medicine, according to the methods specified in the Chinese 
Pharmacopoeia (11). The voucher specimen (Pan-ca. 01) was 
deposited in the Herbarium of School of chinese Medicine, 
The chinese University of Hong Kong. Antibodies against 
procaspase-3 (cat. no. sc-7148), procaspase-8 (cat. no. sc-5263), 
X‑linked inhibitor of apoptosis (XIAP; cat. no. sc‑55550), Bcl‑2 
(cat. no. sc-492), Bcl-xL (cat. no. sc-8392), Bax (cat. no. sc-493), 
Bak (cat. no. sc-517390), β-actin (cat. no. sc-47778) and 
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were purchased from Santa Cruz Biotechnology, 
Inc. cM-H2dcFdA (cat. no. c6827) and Rhodamine 123 
(cat. no. R302) were purchased from Invitrogen; Thermo 
Fisher Scientific, Inc. FxCycle™ PI/RNase staining solution 
(cat. no. F10797) was obtained from Molecular Probes; Thermo 
Fisher Scientific, Inc. Dead Cell Apoptosis kit with Annexin V 
Alexa Fluor® 488 & Propidium Iodide (cat. no v13245) was 
acquired from Invitrogen; Thermo Fisher Scientific, Inc. All 
other chemicals were obtained from Sigma‑Aldrich; Merck 
KGaA, unless otherwise stated.

Isolation and identification of bruceine D. Bruceine d was 
isolated from B. javanica (5 kg) in our laboratory, as described 
previously (12), with a yield of 1 g. Bruceine d (c20H26O9, 
cAS: 21499-66-1) was obtained as a colorless amorphous 
solid with a melting point of 290‑292˚C, in agreement with a 
previous report (13); UV (methanol, λmax, nm): 208, 244, 315. 
ESI-MS (m/z): 411.4 [M+H]+, 433.4 [M+Na]+, 393.5, 381.6. 
Nuclear magnetic resonance (NMR) spectra were recorded 
in cd3OD on a Bruker AC 400 MHz FT NMR spectrometer 
using tetra-methylsilane as the internal standard. 1H NMR 
(cd3Od) δ 5.21 (s, H-1), 6.03 (m, H-3), 2.93 (d, J=13 Hz, H‑5), 
2.37 (dd, J=1.5 and 5 Hz, H‑6), 1.83 (m, H‑6), 5.09 (t, H‑7), 2.32 
(dt, J=3 and 15 Hz, H‑9), 4.57 (d, J=5 Hz, H‑11), 3.75 (d, J=1 
Hz, H‑12), 4.22 (s, H‑15), 3.82 (dd, J=2 and 7 Hz, H‑17), 4.52 
(d, J=7 Hz, H‑17), 1.96 (m, H‑18), 1.41 (s, H‑19), 1.17 (s, H‑20). 
13c NMR (cd3Od) δ 83.1 (c-1), 199.8 (c-2), 125.2 (c-3), 165.6 
(c-4), 44.4 (c-5), 28.7 (c-6), 81.2 (c-7), 50.8 (c-8), 46.3 (c-9), 
49.6 (c-10), 75.5 (c-11), 81.5 (c-12), 85.0 (c-13), 82.4 (c-14), 
70.7 (c-15), 176.2 (c-16), 70.4 (c-17), 22.5 (c-18), 11.5 (c-19), 
18.4 (C‑20) (Figs. S1 and S2). The compound was identified as 
bruceine d by comparing its ESI-MS, 1H and 13c NMR spectra 
with the published literature (13,14). The purity of bruceine d 
was >98.0%, as determined by high-performance liquid chro-
matography with a diode-array detector (Fig. S3).

Cell lines and culture. Human NScLc cells, including 
wild-type cell lines (A549 and H1650) and the EGFR-mutant 
Pc-9 cell line, were kindly provided by the Guangdong 
Provincial Academy of chinese Medical Sciences. The 
EGFR-mutant Hcc827 cell line was obtained from the 
Institute of Basic Medical Sciences, chinese Academy of 
Medical Sciences. All cells were maintained in RPMI-1640 
medium supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.), penicillin (100 U/ml) and 
streptomycin (100 µg/ml) in a humidified incubator with an 
atmosphere of 95% air and 5% cO2 at 37˚C.

Cell viability assay. cell viability was assessed by the MTT 
assay (Invitrogen; Thermo Fisher Scientific, Inc.), as described 
previously (6). bruceine d was dissolved in dimethyl sulfoxide 
(DMSO) and stored at 2‑8˚C. Culture media containing 
different concentrations of bruceine d (0.05, 0.5, 1, 5, 25 and 
50 µg/ml) were freshly prepared at the time of each experi-
ment. The final concentration of dMSO was <0.1% in all 
experiments. cells grown in medium containing an equivalent 
amount of dMSO without bruceine d were used as control.

Colony formation assay. colony formation assay was 
performed according to the protocol previously described, 
with minor modifications (15). A549 NSCLC cells were seeded 
in 6-well plates at a density of 200 cells per well. different 
concentrations of bruceine d (1, 2.5 and 5 µg/ml) were added 
to the wells and incubated for 24 h. cells were allowed to 
form colonies for 2 weeks post-treatment. After a 2-week 
incubation, all cells were fixed with 4% paraformaldehyde and 
stained with 0.1% crystal violet solution (Beyotime Institute 
of Biotechnology). After 15 min, the cells were washed with 
distilled water at least three times and then dried at room 
temperature. Images were obtained using an ordinary Nikon 
camera (Nikon corporation).
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Wound healing assay. A549 cells were cultured under stan-
dard conditions, as mentioned above, and plated onto 60-mm2 
dishes. Scratch wounds were created into the confluent mono-
layers after attaining ~90% confluence. The cell monolayer 
was scratched using a sterile 200-µl pipette tip and the cells 
were washed with PBS to remove the debris. cells were 
incubated in regular culture media with 1, 2.5 and 5 µg/ml 
bruceine d or vehicle. Wound closure was monitored over 
time and photographed using an Olympus IX71 microscope 
(Olympus corporation). Wound closure was quantified by 
measuring the remaining open area using ImageJ software, 
version 1.52 (National Institutes of Health). The wound open 
area was calculated as follows: Wound open area as percentage 
of original = (unmigrated area/original wound area) x100%.

Cell cycle analysis. Following incubation for 48 h, cells were 
harvested and fixed overnight in cold 75% ethanol at 4˚C. Next, 
cells were washed again with pre-cooled PBS and resuspended 
in 400 µl FxCycle™ PI/RNase staining solution (Molecular 
Probes; Thermo Fisher Scientific, Inc.), according to the manu-
facturer's protocol. The samples were incubated for 30 min 
at room temperature in the dark, and then analyzed using a 
CytomicsTM FC500 flow cytometer (Beckman Coulter, Inc.). 
cell cycle distribution was calculated with ModFit LT 4.1 
software (Becton dickinson and company).

Annexin V‑PI staining apoptosis assay. A549 cells were seeded 
onto 6-well plates at a seeding density of 5x105 cells/well and 
allowed to adhere overnight. Bruceine d was added to the 
culture media to the specified final concentrations (1, 2.5 and 
5 µg/ml). Vehicle alone was added to the culture medium, 
serving as the untreated control. After 48 h, the cells were 
harvested, rinsed twice with 1X PBS, and resuspended in 
100 µl 1X Annexin binding buffer. Apoptosis was analyzed 
by flow cytometry (Beckman Coulter, Inc.) using Dead Cell 
Apoptosis kit with Annexin V Alexa Fluor® 488 & Propidium 
Iodide (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. Fluorescence minus one 
controls were used to set the positive/negative cell gates and 
validate the flow cytometric results.

Measurement of ROS. The ROS level was measured using the 
CM‑H2DCFDA probe (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol, followed by 
analysis using cXP cytometer software (version 2.0) and a 
flow cytometer (Beckman Coulter, Inc.).

To eliminate ROS generation, N‑acetylcysteine (NAC; 
20 µM) was dissolved in PBS and incubated with the cells 1 h 
prior to bruceine d treatment. A549 cells were treated with 
vehicle, 20 µM NAc, 20 µM NAC + 5 µg/ml bruceine d, or 
5 µg/ml bruceine D for 48 h at 37˚C in 96‑well microplates. 
cell viability was assessed by the MTT assay, as described 
above.

Glutathione (GSH) and malondialdehyde (MDA) assays. 
Following treatment, A549 cells were washed twice with 
ice-cold PBS, harvested by centrifugation at 1,000 x g for 
4 min at 4˚C, pooled in 0.5 ml PBS and homogenized. The 
homogenate was centrifuged at 4,000 x g for 15 min at 4˚C, 
and the supernatant was collected for GSH and MdA assays.

GSH content was measured as previously described (16). 
The GSH level was normalized to the protein concentration of 
each sample and expressed as fold change compared with the 
control group.

The MdA content was determined using the thiobarbituric 
acid method, as previously described (16). The MdA level was 
normalized to the protein concentration of each sample and 
expressed as fold change compared with the control group.

Measurement of mitochondrial membrane potential (ΔΨm). 
The ΔΨm of cells exposed to 1, 2.5 and 5 µg/ml bruceine d 
or vehicle alone was measured using the fluorescent cationic 
dye Rhodamine 123, according to the manufacturer's protocol 
(Molecular Probes; Thermo Fisher Scientific, Inc.). Cells 
were analyzed using a CytomicsTM FC500 flow cytometer 
(Beckman coulter, Inc.).

Western blotting. A549 cells were seeded in culture dishes 
(100 mm2; 5x106 cells/dish) and treated with bruceine d 
(1, 2.5 and 5 µg/ml) for 24 h at 37˚C after seeding. The cells 
were lysed with RIPA buffer containing protease inhibitor 
cocktail (Roche Molecular Biochemicals), 1 mM PMSF and 
1 mM Na3NO4. The protein concentration was determined 
by the BCA assay (BCA kit; Sigma‑Aldrich; Merck KGaA). 
Protein aliquots (50-µg) were placed in each lane, separated by 
10% SDS‑PAGE and electrotransferred to a PVDF membrane 
(EMd Millipore). After four washes, the membranes were 
incubated with 5% skimmed milk for 2 h at room temperature, 
and then incubated overnight at 4˚C with primary antibodies 
(1:200, Santa Cruz Biotechnology, Inc.) against Bax, Bad, 
Bcl-2, Bcl-xL, X-linked inhibitor of apoptosis (XIAP), 
pro-caspase-3 and pro-caspase-8. After washing three times 
with TBST (0.1% v/v Tween-20 in TBS), the membranes were 
incubated for 2 h at room temperature with species‑specific 
HRP‑conjugated secondary antibodies (1:2,000; Santa Cruz 
Biotechnology, Inc.) for 1.5 h. Immunoreactive bands were 
visualized using the ECL chemiluminescent substrate reagent 
kit (NOVEX). β‑actin (1:500, Santa Cruz Biotechnology, Inc.) 
served as the loading control. ImageJ software, version 1.52 
(National Institutes of Health) was used to quantify the inten-
sity of the immunoreactive bands.

Statistical analysis. data are presented as the mean ± standard 
error of the mean. The experiments were repeated three times. 
Multiple-group comparisons were performed using one-way 
analysis of variance followed by Fisher's least significant 
difference test to detect differences between treatment groups 
and the control. P<0.05 was considered to indicate a statisti-
cally significant difference. All statistical tests were performed 
using SPSS software, version 17.0 (SPSS, Inc.).

Results

Bruceine D inhibits the proliferation of wild‑type and 
EGFR‑mutant NSCLC cells. To evaluate the effect of 
bruceine d on the viability of NScLc cells, wild-type A549 
and H1650 cells, and EGFR-mutant Pc-9 and Hcc827 cells 
were treated with various concentrations of bruceine d 
(0, 0.05, 0.5, 5, 25 and 50 µg/ml) for different time periods 
(24, 48 and 72 h), and the cell viability was evaluated by 
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the MTT assay. The results revealed that bruceine d treat-
ment inhibited the proliferation of the four NScLc cells 
in a concentration- and time-dependent manner (Fig. 1B). 
Following treatment with bruceine d for 72 h, the Ic50 values 
were 1.01±0.11, 1.19±0.07, 2.28±1.54 and 6.09±1.83 µg/ml 
for A549, H1650, Pc-9 and Hcc827 cells, respectively. In 
addition, the Ic50 values were 2.26±0.48, 1.76±0.15, 1.14±0.03 
and 3.48±0.10 µg/ml for cisplatin in A549, H1650, Pc-9 and 
Hcc827 cells, respectively (Fig. 1c). These results indicated 
that bruceine d exerted either a similar or superior anti-NScLc 
effect compared with cisplatin.

Bruceine D inhibits colony formation and migration of A549 
NSCLC cells. considering that bruceine d exhibited potent 
cytotoxic activity against A549 cells, this cell line was used 
in the subsequent experiments. To investigate the inhibitory 
potential of bruceine d on the colony-forming ability of A549 
NScLc cells, a colony formation assay was performed. As 
shown in Fig. 2A, the number of colonies makedly decreased 
in a dose-dependent manner following treatment with 
bruceine d, suggesting that bruceine d exerts an anti-colony 
forming effect on A549 cells. This result was consistent with 
the results of the MTT assay, indicating that bruceine d 
exhibits antiproliferative activity against A549 cells.

To elucidate the potential anti-migratory effect of 
bruceine d on A549 cells, a would healing assay was 
performed. As shown in Fig. 2B, bruceine d-treated cells 
migrated at a slower rate compared with the control group in a 
time- and dose-dependent manner, indicating that bruceine d 
exerts a potent suppressive effect on A549 cell migration.

Bruceine D increases apoptosis of A549 NSCLC cells. To 
further verify whether decreased viability was associated 
with an induction of apoptosis, flow cytometric analysis 
was performed. As shown in Fig. 3A, bruceine d treatment 
induced early and late apoptosis in a concentration-dependent 
manner compared with the untreated control cells. In the 
untreated group there was a small percentage (0.44±0.05%) of 
Annexin V‑positive cells. By contrast, the percentage of apop-
totic cells significantly increased to 12.5±0.28, 21.58±0.50 
and 25.98±0.44% (all P<0.01) in a concentration-dependent 
manner following treatment with bruceine d (1, 2.5 and 
5 µg/ml, respectively) (Fig. 3B). These results suggest that 
the reduction in the viability of A549 cells is associated with 
apoptosis induced by bruceine d.

Bruceine D induces G0/G1 phase cell cycle arrest in A549 cells. 
cell cycle regulation is a critical event in cellular division and 
is considered a valuable target in anticancer therapies (17). 
To investigate the potential mechanism underlying the anti-
proliferative activity of bruceine D, flow cytometry was used 
to determine the cell cycle distribution. As shown in Fig. 4, 
bruceine d at 1, 2.5 and 5 µg/ml significantly increased the 
percentage of cells in the G0/G1 phase (all P<0.01) and signifi-
cantly decreased the ratio of cells in the S phase (P>0.05, 
P<0.05 and P<0.01, respectively). However, the percentage of 
cells in the G2/M phase remained almost unchanged following 
bruceine d treatment. These results indicated that bruceine d 
may inhibit the proliferation of A549 cells, at least partially by 
inducing cell cycle arrest at the G0/G1 phase.

Bruceine D induces ROS overproduction, GSH depletion and 
MDA accumulation in A549 cells. Redox disequilibrium has 
been reported to play a pivotal role in apoptosis (18). To investi-
gate whether ROS generation is involved in bruceine d-induced 
apoptosis of A549 cells, the fluorescence probe DCFH‑DA 
was used to measure the intracellular ROS levels. As shown 
in Fig. 5A, flow cytometry revealed that bruceine D markedly 
induced ROS generation in A549 cells. After treatment with 
1, 2.5 and 5 µg/ml bruceine d, the level of intracellular ROS 
significantly and dose‑dependently increased from 100±5.36 
to 156.18±6.83, 202.11±9.43 and 251.90±4.55%, respectively 
(all P<0.01; Fig. 5B).

To verify whether ROS generation is associated with 
the bruceine d-induced inhibition, cells were treated with 
bruceine d in the presence or absence of NAc, a typical ROS 
scavenger. It was observed that the cell survival rate was 
significantly increased by NAC pre‑treatment compared with 
that of cells subjected to bruceine D treatment alone (P<0.05; 
Fig. 5C). This result further confirms that the accumulation 
of ROS is involved in the suppressive effect of bruceine d on 
A549 cells.

As shown in Fig. 5D, the GSH level significantly decreased 
following bruceine d treatment, from 100±0.07 at 0 µg/ml to 
67.9±2.49, 39.7±1.67 and 22.0±0.01% at 1, 2.5 and 5 µg/ml, 
respectively (all P<0.01). By contrast, the cellular MdA levels 
in the 1, 2.5 and 5 µg/ml bruceine d treatment groups were 
significantly higher compared with the control group (2.6‑, 
3.7‑ and 4.1‑fold, respectively; all P<0.01; Fig. 5E). These find-
ings indicate that a redox disequilibrium may contribute to the 
bruceine d-induced apoptosis of A549 NScLc cells.

Bruceine D decreases the Δψm and triggers the mitochondrial 
signaling pathway in A549 cells. Mitochondria play a key role 
in the regulation of ROS and apoptosis, and alternations in 
the Δψm may reflect mitochondrial dysfunction, redox status 
imbalance and apoptotic events (19). Therefore, in the present 
study, the Δψm was detected in A549 cells by flow cytometry 
following staining with Rhodamine 123 (Fig. 6A and B). The 
results revealed that, following treatment with bruceine d 
(1, 2.5 and 5 µg/ml), the mean fluorescence intensity of 
Rhodamine 123 significantly decreased from 100±3.74 to 
70.13±0.88, 62.23±1.48 and 50.33±1.97%, respectively (all 
P<0.01; Fig. 6B). These data indicate that apoptosis induced by 
bruceine D is associated with an alteration of the Δψm.

The Bcl-2 family, which includes both anti- and 
proapoptotic members, constitutes a key checkpoint in the 
intrinsic mitochondrial pathway of apoptosis (20). To inves-
tigate whether mitochondrial apoptotic events are involved 
in bruceine D‑induced apoptosis, the present study analyzed 
changes in the levels of Bcl-2 family proteins and XIAP. As 
shown in Fig. 6c, bruceine D significantly downregulated the 
expression levels of Bcl-2, Bcl-xL and XIAP, and markedly 
upregulated the expression levels of Bax and Bak in A549 cells. 
Therefore, changes in the expression levels of Bcl-2 family 
proteins and XIAP in A549 cells may play an important role 
in bruceine d-induced apoptosis.

The sequential activation of caspases is a key step in 
the execution phase of cell apoptosis. Pro-caspase-3 and its 
activator, pro-caspase-8, are two important executioners of 
apoptosis in the extrinsic pathway, and their inhibition may 
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play a key role in inducing apoptosis (21). Therefore, the role 
of pro-caspase-3 and pro-caspase-8 in bruceine d-induced 
A549 apoptosis was investigated by western blotting. The 
results demonstrated that bruceine d markedly downregulated 

the expression of pro-caspase-3 and pro-caspase-8 in a 
dose-dependent manner. These results suggest that the caspase 
family may be involved in bruceine d-induced apoptosis of 
A549 cells.

Figure 1. Antiproliferative effects of bruceine D on four NSCLC cell lines. (A) The chemical structure of bruceine D is characterized by a pentacyclic C‑20 
picrasane framework and a methyleneoxy bridge between c-8 and c-13. (B and c) dose- and time-dependent antiproliferative effects of bruceine d and 
cisplatin on A549, Pc9, H1650 and Hcc827 cells. data are presented as the mean ± standard error of the mean of three independent experiments. **P<0.01 
compared with the control group (untreated cells). NScLc, non-small-cell lung cancer.
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Discussion

Quassinoids, a family of molecules with potent anticancer prop-
erties, have been established as the major category of anticancer 
phytochemicals of B. javanica, which is commonly used for the 
treatment of cancer in Southeast Asia (4). bruceine d, one of the 
major active quassinoids isolated from B. javanica, has been 
reported to exert an inhibitory effect against several types of 
cancer (8,22,23). In our previous research, bruceine d was found 
to exhibit a prominent suppressive effect on the proliferation of 
various pancreatic cancer cells, displaying only modest cyto-
toxicity against normal tissue cell lines, including GES-1 cells, 
human pancreatic progenitor cells and the WRL68 human 

hepatocyte cell line (6,8-10). Furthermore, bruceine d adminis-
tration at a high dose (3 mg/kg) was associated with no obvious 
toxicity or distant organ metastasis in mice (8). Therefore, this 
naturally occurring tetracyclic triterpene quassinoid is consid-
ered to be promising and may be further developed into an 
effective and less toxic candidate for the treatment of cancer. In 
the present study, it was demonstrated that bruceine d-induced 
inhibition of NScLc A549 cells was associated with reduced 
migration and colony formation, increased apoptosis, induced 
G0/G1 cell cycle arrest, and a disruption of the intracellular 
redox equilibrium and Δψm. bruceine d induced pro-apoptotic 
signaling at least partially via triggering the mitochondrial 
ROS-mediated death signaling pathway.

Figure 2. Inhibition of colony formation and cell migration by bruceine d. (A) Representative image of the colony formation assay. (B) Quantitative analysis 
of the anticlonogenic effect. (c) Representative images of the wound healing assay (magnification, x100). Images were captured at 0, 12, 24 and 36 h after 
scratching. (d) Quantitative result of the anti-migratory effect of bruceine d. data are presented as the mean ± standard error of the mean of three independent 
experiments. Statistical analyses were performed using Fisher's least significant difference test. *P<0.05 and **P<0.01 vs. control of the corresponding time point.
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Migration is a key characteristic of cancer progression 
and metastasis (24), and suppression of cancer cell migra-
tion ability may be an effective mechanism for arresting 
cancer metastasis. Therefore, the present study evaluated the 
effect of bruceine d on the migratory ability of A549 cells. 
A wound healing assay revealed that bruceine D significantly 
and dose-dependently reduced the migration of A549 cells. 
Furthermore, the anticlonogenic effects of bruceine d were 
evaluated, and bruceine D was shown to significantly inhibit 
colony formation by decreasing the number and size of colo-
nies of A549 cells. In summary, these results indicate that 
bruceine d exerts both anti-migratory and anticlonogenic 
effects on A549 NScLc cells.

Apoptosis plays a key role in cell proliferation, differen-
tiation, senescence and death (25). Therefore, the ability to 
induce cancer cell apoptosis has been established as a valuable 
anticancer strategy. Bruceine d was previously found to exert 
potent apoptotic effects on hepatocellular carcinoma (22), 
pancreatic adenocarcinoma (8) and human chronic myeloid 
leukemia K562 cells (23). Using fluorescence microscopy and 
an Annexin V‑FITC assay, the present study demonstrated 
that bruceine d induces apoptosis of A549 NScLc cells. 
Following bruceine d exposure, the viability of A549 cells 
decreased rapidly, and the majority of the cells were shrunken 
and detached from the substratum of the culture dish (data S1 
and Fig. S4A). Typical apoptotic morphological changes, 
including condensation of chromatin, nuclear fragmentation 
and apoptotic bodies, were observed in bruceine d-treated 
A549 cells (data S1 and Fig. S4B). Flow cytometric analysis 
indicated that bruceine d treatment significantly induces 

both early and late apoptosis in A549 cells, confirming that 
bruceine d is an effective inducer of apoptosis in A549 cells.

cell cycle regulation has been hypothesised to be a critical 
step in cancer chemoprevention (26) and is considered as a 
feasible strategy for slowing tumor growth (17). Following 
bruceine d treatment, G0/G1 cell cycle arrest was observed. 
In addition, the proportion of cells in the S phase was signifi-
cantly decreased, which indicates inhibition of dNA synthesis. 
By contrast, the proportion of cells in the G2/M phase was less 
affected. Therefore, treatment of A549 cells with bruceine d 
inhibited the cell cycle transition from the G1 to the S phase, 
suggesting that inhibition of cell cycle progression may be 
one of the mechanisms through which bruceine d inhibits the 
proliferation of A549 NScLc cells. The present results are 
consistent with those of previous studies demonstrating that 
bruceine d induces G1 phase arrest in cancer cell lines (6,10).

The generation of intracellular ROS and depletion of GSH 
are closely associated with cellular apoptosis and disruption of 
the Δψm (18). ROS are vital for cell proliferation, differentia-
tion, apoptosis and survival (27). ROS at low concentrations 
are crucial for maintaining redox equilibrium and cell prolif-
eration (28). However, overaccumulation of intracellular ROS 
leads to mitochondrial dysfunction, which may reciprocally 
increase ROS production, leading to oxidative stress, lipid 
peroxidation, depletion of GSH and consequent cell apoptosis 
or death (17). GSH is a major non‑enzymatic antioxidant that 
participates in the maintenance of the cellular redox status (29). 
Low GSH levels are associated with mitochondrial dysfunc-
tion and induction of apoptosis, thereby increasing sensitivity 
to anticancer drugs (30). The level of MdA, an intermediate 

Figure 3. Bruceine D promotes apoptosis of A549 cells. (A) Representative flow cytometric analysis. (B) Quantitative analysis of the apoptotic rates. Dot plots 
represent the four different cell populations. The Annexin V‑FITC-/PI- cell population is considered as normal, the Annexin V‑FITC−/PI+ population indicates 
cell necrosis, and the Annexin V‑FITC+/PI− and Annexin V‑FITC+/PI+ cell populations are considered to be early and late apoptotic cells, respectively. data 
are presented as the mean ± standard error of the mean of three independent experiments. Statistical analyses were performed using Fisher's least significant 
difference test. **P<0.01 vs. control. PI, propidium iodide.
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product of lipid peroxidation, directly reflects the oxidative 
damage of cell membranes. In the present study, increased 
intracellular ROS and MdA levels associated with depleted 
GSH levels were observed in bruceine d-treated A549 cells. 
Furthermore, the inhibitory effect was significantly reversed 
by pretreating the cells with the ROS scavenger NAc prior to 
bruceine d treatment, suggesting that oxidative stress caused 
by ROS accumulation is involved in the anti-NScLc effect 
of bruceine d. These results suggest that bruceine d-induced 

overproduction of ROS and redox disequilibrium may play a 
key role in the inhibition of A549 cells.

Mitochondria play an important role in the alteration of 
the intracellular redox state and induction of apoptosis (31). 
Disruption of Δψm is an initial and irreversible step of apop-
tosis. Mitochondrial dysfunction resulting from a decrease of 
Δψm may cause defects in ROS production and lipid homeo-
stasis, leading to dNA damage and apoptosis (32). In the present 
study, when A549 cells were exposed to bruceine d, a change 

Figure 4. Bruceine D leads to G0/G1 cell cycle arrest of A549 NSCLC cells. (A) Representative flow cytometric analysis. (B) Quantitative results. Data are 
presented as the mean ± standard error of the mean of three independent experiments. Statistical analyses were performed using Fisher's least significant 
difference test. *P<0.05, **P<0.01 vs. control. PI, propidium iodide; NSCLC, non‑small‑cell lung cancer.
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in Δψm was detected, indicating that mitochondrial dysfunc-
tion contributes to the anti-NScLc effect of bruceine d.

Apoptosis usually occurs via the mitochondrial intrinsic 
pathway and/or the death receptor extrinsic pathway (33). The 
intrinsic pathway of apoptosis is regulated by the Bcl-2 family 
of proteins (34). Anti-apoptotic proteins, including Bcl-2 
and Bcl-xL, and pro-apoptotic proteins, including Bad, Bax 
and Bak, which exert opposing effects on mitochondria, are 
two subgroups of the Bcl-2 family (35). Enhancement of 

pro-apoptotic protein expression compared with anti-apoptotic 
proteins may increase the permeability of the mitochondrial 
membrane, which in turn results in the release of apoptogenic 
factors (36). In the present study, bruceine d treatment substan-
tially downregulated the expression of Bcl-2 and Bcl-xL, 
whereas it markedly upregulated the expression levels of Bad, 
Bax and Bak, resulting in of A549 cell apoptosis. These exper-
imental findings suggest that bruceine D‑induced apoptosis is 
associated with the regulation of the mitochondrial pathway.

Figure 5. Effects of Bruceine D on ROS, GSH and MDA levels. (A) Representative flow cytometric analysis of ROS as estimated by CM‑H2DCFDA fluores-
cence levels. (B) Column bar graph of cell fluorescence for CM‑H2DCFDA. (C) Cell pre‑treatment with NAC attenuated the bruceine D‑induced inhibition. 
(d) GSH depletion was observed in bruceine d-induced A549 cells. (E) MDA accumulation was identified in A549 cells treated with bruceine d. data are 
presented as the mean ± standard error of the mean of three independent experiments. Statistical analyses were performed using Fisher's least significant 
difference test. *P<0.05, **P<0.01 vs. control. ROS, reactive oxygen species; GSH, glutathione; MDA, malondialdehyde.
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caspases are known to be activated during apoptosis in 
numerous cell types and play key roles in the initiation and execu-
tion of mitochondria-mediated apoptosis (34). Pro-caspase-3 
activation is a hallmark of apoptotic induction through both 
the extrinsic and intrinsic apoptotic pathways. In the extrinsic 
pathway, pro-caspase-3 is activated by pro-caspase-8 (37). In the 

present study, western blotting demonstrated that bruceine d 
simultaneously decreased the protein expression of pro-caspase-3 
and pro-caspase-8, suggesting that a mitochondria-associated 
pathway is involved in the induction of apoptosis by bruceine d. 
However, further investigations are required to improve our 
understanding of the detailed underlying mechanism.

Figure 6. Effects of bruceine d on mitochondrial function and mitochondrial-associated apoptotic proteins in A549 NScLc cells. (A) Flow cytometric analysis 
of Δψm as estimated by Rhodamine 123 intensity. (B) Column bar graph of cell fluorescence for Rhodamine 123. Data are presented as the mean ± stan-
dard error of the mean of three independent experiments. Statistical analyses were performed using Fisher's least significant difference test. (C) Effects of 
bruceine d on the expression of mitochondrial apoptosis pathway-associated proteins (Bcl-2, Bcl-xl, XIAP, Bax, Bak, pro-caspase-3 and pro-caspase-8) in 
A549 cells. (d) densitometry analysis of the protein expression levels of Bcl-2, Bcl-xl and XIAP. (E) densitometry analysis of the protein expression levels of 
Bax and Bak. (F) densitometry analysis of the protein expression levels of pro-caspase-3 and pro-caspase-8. β-actin was used as the protein loading control. 
*P<0.05, **P<0.01 vs. control. NSCLC, non‑small‑cell lung cancer; XIAP, X‑linked inhibitor of apoptosis.
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The results of the present demonstrate that bruceine d 
exerts its anti-NScLc effects at least partially via triggering 
the mitochondrial ROS-mediated death signaling pathway. 
bruceine d appears to be a potent antiproliferative and apop-
tosis-inducing component of B. javanica, and may contribute 
to the anticancer activity of this medicinal herb. These findings 
may improve our understanding of the molecular mecha-
nisms underlying the anticancer properties of bruceine d, 
further elucidate the pharmacodynamics of bruceine d, and 
support the ethnomedical application of B. javanica and its 
preparations against NScLc. This may provide a basis for 
future in vivo studies and the potential clinical application of 
bruceine d in the treatment of lung cancer. Further research is 
required to identify other pivotal signaling pathways induced 
by bruceine d in A549 NScLc cells. Future animal studies 
are also warranted to fully elucidate the value of bruceine d as 
a treatment option for NScLc.
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