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Abstract. The active ingredients of natural plants are impor-
tant sources of antitumor agents. Miltirone is a major effective 
ingredient in traditional Chinese medicine and it is considered 
to have anti‑infection and immunosuppressive activities. 
Clinically, it is often used for the treatment of arthritis and 
immune diseases. The effect of miltirone on cisplatin‑resistant 
lung cancer cells has not been investigated to date. The present 
study aimed to examine the anticancer effect of miltirone in 
cisplatin‑resistant lung cancer cells. Treatment with miltirone 
suppressed cell viability and induced apoptosis in HCC827 
and A549 platinum‑resistant lung cancer cells. It was also 
revealed that miltirone increased caspase‑3/8 activity as well as 
B‑cell lymphoma 2‑associated X‑protein, apoptosis‑inducing 
factor (AIF), p53 and poly(ADP‑ribose) polymerase (PARP) 
protein expression, whereas it inhibited mitochondrial 
reactive oxygen species (ROS) generation and matrix metal-
loproteinase (MMP)‑2/9 protein expression in HCC827 and 
A549 platinum‑resistant lung cancer cells. The results of the 
present study demonstrated that miltirone induces apoptosis 
in cisplatin‑resistant lung cancer cells through ROS‑p53, AIF, 
PARP and MMP2/9 signaling pathways.

Introduction

Lung cancer is the most lethal malignancy worldwide. 
Chemotherapy is one of the most commonly used treat-
ments  (1). Even though chemotherapy has improved the 
survival rate of patients with lung cancer, the 5‑year survival 
rate in the last 25 years has remained at 15% (2). Multidrug 
resistance is the primary reason for the low survival rates (3). 
Cisplatin is widely used as first‑line therapy for the treatment 
of lung cancer; however, drug resistance presents a major 
concern (2).

Cisplatin is a non‑specific cytotoxic drug causing cell 
cycle arrest. Currently, Cisplatin possesses anticancer effects, 
promotes DNA shearing and changes in regulating protein 
expression associated with regulatory signal pathways  (4). 
However, drug resistance mechanisms of lung cancer cells 
are not fully understood. Therefore, it is important to further 
investigate drug resistance mechanisms and identify novel 
molecular targets aiming at improving the effects of chemo-
therapy for lung cancer (1).

It is well established that the p53 protein is not stable and is 
liable to be degraded. The half‑life of the protein is only a few 
minutes (5). The main functions of p53 are cell cycle inhibition 
and induction of apoptosis through caspase activation. There 
are three critical steps leading to the activation of the p53 
signaling pathway and subsequent induction of p53‑mediated 
apoptosis; transcriptional induction of redox‑associated genes, 
formation of reactive oxygen species (ROS) and oxidative 
degradation of mitochondria (6). p53 regulates pro‑apoptotic 
proteins, such as B‑cell lymphoma 2‑associated X‑protein 
(Bax), phorbol 12‑myristate 13‑acetate‑induced protein 1 
(Noxa) and apoptosis‑inducing factor (AIF), activates oxida-
tion of oxygen radicals, and restrains reductive expression of 
clearing ROS, so as to induce apoptosis (7).

Miltirone is a commonly used compound in traditional 
Chinese medicine  (8). A number of biological and phar-
macological activities have been attributed to it, including 
anti‑inflammatory, antioxidant and pain‑relieving mechanisms, 
regulation of menstruation (8). It has been demonstrated that 
miltirone exhibits multiple pharmacological actions, such 
as coronal flow increase, myocardial ischemic injury protec-
tion, microcirculation improvement, antisepsis, renal function 
improvement, anti‑ischemic and protection of brain tissue (9). 
Miltirone has a molecular formula of C19H22O2 and a melting 
point of 100˚C. Miltirone reduces the platelet aggregation 
induced by collagen and the central nervous system (10). A 
number of in vitro studies have demonstrated that miltirone has 
antineoplastic activity over a range of cancer types and inhibits 
cancer cell proliferation (11). In the present study, the effect of 
miltirone on cisplatin‑resistant lung cancer cells and the under-
lying molecular mechanism of action were investigated.

Materials and methods

Cell lines and cisplatin chemoresistance assay. The 
HCC827 and A549 lung tumor cells were purchased from 
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the Shanghai Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China) and were maintained in RPMI‑1640 
medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.) and incubated at 37˚C in 5% 
CO2. Miltirone (chemical structure presented in Fig. 1) and 
cisplatin were purchased from Sigma‑Aldrich; Merck KGaA 
(Darmstadt, Germany). HCC827 and A549 cells were main-
tained with 10, 100 µM, 1, 5, 10, 25 and 50 mM of cisplatin at 
37˚C for 3‑5 days until they were chemoresistant.

Cell viability assay. HCC827 and A549 cells were seeded in 
duplicate in 96‑well plates at a density of 5x103 cells per well 
and treated with 10, 20 or 40 µM miltirone for 0.5, 1 or 2 days. 
Cell viability was determined using an MTT assay (Thermo 
Fisher Scientific, Inc.). MTT incubation was performed at 
37˚C for 4 h, the formazan crystals were dissolved in dimethyl 
sulfoxide and the absorbance at 570 nm was determined using 
a microplate reader (model 550; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Activation of caspases. HCC827 and A549 cells were seeded 
in duplicate in 96‑well plates at a density of 5x103 cells per well 
and treated with 10, 20 or 40 µM miltirone for 48 h. Cells were 
incubated with N‑acetyl‑Asp‑Glu‑Val‑Asp‑p‑nitroanilide or 
N‑acetyl‑Ile‑Glu‑Thr‑Asp‑p‑nitroanilide (both from Beyotime 
Institute of Biotechnology, Haimen, China) for 2 h at 37˚C. 
Absorbance at 405 nm was determined using the model 550 
microplate reader.

Flow cytometric analysis of apoptosis. HCC827 and A549 
cells were seeded in duplicate in 6‑well plates at a density of 
2x105 cells per well and treated with 10, 20 or 40 µM miltirone 
for 48 h. HCC827 and A549 cells were then harvested and 
resuspended in 0.5 ml binding buffer containing Annexin V 
and propidium iodide (PI) (both from Nanjing KeyGen 
Biotech Co., Ltd., Nanjing, China) for 30 min at 37˚C in the 
dark. Apoptotic cells were analyzed using a flow cytometer 
(BD FASCanto C6; BD Biosciences, Franklin Lakes, NJ, USA) 
and FlowJo 7.6.1. software (FlowJo, LLC, Ashland, OR, USA).

Western blot analysis. HCC827 and A549 cells were lysed 
with a radioimmunoprecipitation assay (Sigma‑Aldrich; 
Merck KGaA) for 30 min on ice. Total protein concentration 
was determined using the Bradford protein assay (Beyotime 
Institute of Biotechnology) and 50 µg protein was separated 
using SDS‑PAGE on 8‑15% polyacrylamide gels. The sepa-
rated proteins were then transferred onto a polyvinylidene 
difluoride membrane (Sigma-Aldrich; Merck KGaA) and 
blocked with 5% skimmed milk powder in Tris‑buffered 
saline with Tween‑20 (TBST) for 1 h at 37˚C. The membr
anes were incubated with primary antibodies against Bax 
(cat. no.  sc‑6236, 1:500), AIF (sc‑5586, 1:500), p53 (cat. 
no.  sc‑6243, 1:500), matrix metalloproteinase  2 (MMP2) 
(cat. no. sc‑10736, 1:500), MMP9 (cat. no. sc‑10737, 1:500) 
(all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
and GAPDH (cat. no. AF1186, 1:2,000; Beyotime Institute 
of Biotechnology) at 4˚C overnight. Then, membranes 
were washed with TBST and incubated with horseradish 
peroxidase‑labeled anti‑rabbit secondary antibodies (cat. 

no. sc‑2030, 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h 
at 37˚C. Protein bands were visualized using the Amersham 
ECL Western Blotting Detection kit (GE Healthcare Life 
Sciences, Shanghai, China) and analyzed using Image Lab 3.0 
(Bio‑Rad Laboratories, Inc.).

Mitochondrial labelling assay. Cells were incubated for 45 min 
under growth conditions in the dark at 37˚C and 5% CO2. 
Cells were incubated with the Mitotracker® Red CM‑H2XRos 
(0.5 ng/µl) for 20 min in the dark at 37˚C. Following incu-
bation, the absorbance at 525 nm was determined using the 
model 550 microplate reader.

Statistical analysis. Results are expressed as the 
mean  ±  standard deviation. Comparison between two or 
more groups was performed by one‑way analysis of variance 
followed by a Dunnett test, Tukey's test or a Newman‑Keuls 
test. P<0.05 (two‑tailed) was considered to indicate a statisti-
cally significant difference.

Results

Miltirone inhibits the viability of cisplatin‑resistant HCC827 
and A549 lung cancer cells. To examine the effect of miltirone 
on the viability of cisplatin‑resistant HCC827 and A549 lung 
cancer cells maintained in 50 mM cisplatin, cell viability was 
determined using the MTT assay. Treatment with miltirone 
inhibited the viability of HCC827 and A549 cisplatin‑resistant 
cells in a time‑ and dose‑dependent manner (Fig.  2). As 
presented in Fig. 2, 20 and 40 µM miltirone significantly 
inhibited cell viability of HCC827 and A549 cisplatin‑resistant 
cells, compared with the untreated control.

Miltirone increases caspase‑3/8 activity in HCC827 and 
A549 cisplatin‑resistant lung cancer cells. To further inves-
tigate the anticancer effect of miltirone on the induction of 
apoptosis in HCC827 and A549 cisplatin‑resistant lung cancer 
cells, caspase‑3 and caspase‑8 activities were examined using 
commercial kits. As presented in Fig. 3A, 40 µM miltirone 
significantly increased caspase‑3 and caspase‑8 activities in 
cisplatin‑resistant HCC827 cells, compared with the untreated 
control. Additionally, as presented in Fig. 3B, 20 or 40 µM 
miltirone significantly increased caspase‑3 and caspase‑8 
activities in cisplatin‑resistant A549 cells, compared with the 
untreated control.

Miltirone induces apoptosis in HCC827 and A549 cispl‑
atin‑resistant lung cancer cells. Flow cytometric analysis was 

Figure 1. Chemical structure of miltirone.
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performed to investigate the effect of miltirone on the induc-
tion of apoptosis in HCC827 and A549 cisplatin‑resistant lung 
cancer cells. As presented in Fig. 4, 20 or 40 µM miltirone 
significantly increased the proportion of apoptotic cells in 
HCC827 and A549 cisplatin‑resistant cells, compared with the 
untreated control.

Miltirone increases Bax, AIF and p53 protein expression in 
HCC827 and A549 cisplatin‑resistant lung cancer cells. To 
investigate the regulatory effects of miltirone on HCC827 and 
A549 cisplatin‑resistant lung cancer cells, Bax, AIF and p53 
protein expression was examined using Western blotting. As 
presented in Fig. 5, 40 µM miltirone significantly increased 
the expression of Bax, AIF and p53 protein in HCC827 and 
A549 cisplatin‑resistant lung cancer cells, compared with the 
untreated control.

Miltirone suppresses MMP2/9 and increases PARP protein 
expression in HCC827 and A549 cisplatin‑resistant lung 
cancer cells. To further investigate the underlying molecular 
mechanism of miltirone treatment on HCC827 and A549 
cisplatin‑resistant lung cancer cells, MMP2/9 and PARP 
protein expression was examined using western blotting. As 
presented in Fig. 6, 40 µM miltirone significantly suppressed 
the expression of MMP2/9 protein and significantly increased 
the expression of PARP protein in HCC827 and A549 cispl-
atin‑resistant lung cancer cells, compared with the untreated 
control.

Miltirone inhibits mitochondrial ROS generation in HCC827 
and A549 cisplatin‑resistant lung cancer cells. The effect of 
miltirone on mitochondrial ROS generation in HCC827 and 
A549 cisplatin‑resistant lung cancer cells was examined. As 
presented in Fig. 7, 40 µM miltirone significantly inhibited 
ROS generation in HCC827 and A549 cisplatin‑resistant lung 
cancer cells, compared with the untreated control.

Discussion

Lung cancer is the most lethal malignancy worldwide 
characterized by the highest mortality rate. It is estimated 
that >40% of patients with lung cancer are diagnosed with 
advanced‑stage disease  (12). Only ~25% of patients are 
diagnosed with Phase I disease. For patients diagnosed at 
an advanced stage, chemotherapy is the first‑line treatment 
following surgery (13). Even though there has been prog-
ress in chemotherapy of lung cancer, 5‑year survival rates 
have not improved in the last 25 years and remain at ~15%. 
Multidrug resistance is a critical reason for the poor survival 
rates of lung cancer (14). The strategy mainly used for the 
treatment of lung cancer is platinum‑based combinational 
chemotherapy (14). To the best of our knowledge, the present 
study is the first to provide evidence that miltirone signifi-
cantly inhibited cell proliferation and induced apoptosis in 
HCC827 and A549 cisplatin‑resistant lung cancer cells.

In the treatment of lung cancer, cisplatin is an effective and 
widely used first‑line agent. However, drug resistance presents 
a major concern (15). Therefore, it is important to investigate 
the drug resistance mechanisms and identify novel molecular 
targets aiming to reverse drug resistance and improve the cura-
tive effects of chemotherapy for lung cancer. The results of 
the present study suggest that miltirone significantly increased 
caspase‑3/8 activities and Bax protein expression in HCC827 
and A549 cisplatin‑resistant cells.

Figure 3. Miltirone decreases caspase‑3/8 activity in (A)  HCC827 and 
(B) A549 cisplatin‑resistant lung cancer cells. **P<0.01 vs. the untreated 
control (0 µM miltirone).

Figure 4. Miltirone induces apoptosis in HCC827 and A549 cisplatin‑resis-
tant lung cancer cells. **P<0.01 vs. the untreated control (0 µM miltirone).

Figure 2. Miltirone decreases the viability of (A) HCC827 and (B) A549 
cisplatin‑resistant lung cancer cells. **P<0.01 vs. the untreated control 
(0 µM miltirone).
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Drug resistance of lung cancer cells is mainly attributed to 
resistance to apoptotic cell death. Induction of apoptotic cell 
death is the main mechanism of action of agents used for the 
treatment of lung cancer (16). The redox status of cells may 
determine their viability. Two oxidation‑reduction systems 
have been described in normal cells: the non‑enzyme system 
peroxide and the enzyme system peroxide (17). The former 
includes glycine peptide and thioredoxin reductase. The 
latter includes superoxide dismutase, catalase and glutathione 
peroxidase. They maintain ROS generated from oxidative 
stress in a relatively stable level. A number of studies have 
demonstrated that ROS in cells and alterations in the redox 

Figure 5. Miltirone induces Bax, AIF and p53 protein expression in HCC827 and A549 cisplatin‑resistant lung cancer cells. (A) The effect of miltirone on 
Bax, AIF and p53 protein expression was determined using western blotting in HCC827 and A549 cisplatin‑resistant lung cancer cells. The statistical analysis 
of (B) Bax, (C) AIF and (D) p53 protein expression. GAPDH served as a loading control. **P<0.01 vs. the untreated control (0 µM miltirone). Bax, B‑cell 
lymphoma 2‑associated X‑protein; AIF, apoptosis‑inducing factor.

Figure 6. Miltirone decreases MMP2/9 and increases PARP protein expression in HCC827 and A549 cisplatin‑resistant lung cancer cells. (A) The effect 
of miltirone on MMP2/9 and PARP protein expression was determined using western blotting in HCC827 and A549 cisplatin‑resistant lung cancer cells. 
The statistical analysis of (B) MMP2, (C) MMP9 and (D)PARP protein expression. GAPDH served as a loading control. **P<0.01 vs. the untreated control 
(0 µM miltirone). MMP, matrix metalloproteinase; PARP, poly(ADP‑ribose) polymerase.

Figure 7. Miltirone decreases mitochondrial ROS generation in HCC827 and 
A549 cisplatin‑resistant lung cancer cells. **P<0.01 vs. the untreated control 
(0 µM miltirone). ROS, reactive oxygen species.
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status are associated with apoptosis (18). The results of the 
present study suggest that miltirone significantly inhibited 
ROS generation and MMP2/9 protein expression in HCC827 
and A549 cisplatin‑resistant lung cancer cells. In agreement 
with these results, Wang et al (11) demonstrated that miltirone 
induced mitochondrial dysfunction and ROS‑ and p53‑depen-
dent apoptosis through MMP, AIF and activation of caspases 
in colon cancer cells.

Through DNA damage, ROS are important activating 
agents of p53 (7). ROS regulate p53 activity and DNA damage, 
promoting transcriptional activation of p53 (6). In addition, ROS 
generation may be regulated by p53. p53 is able to transcription-
ally activate genes regulating the production of reactive oxygen 
radicals. Furthermore, reactive oxygen radicals may induce 
apoptosis (19). The stability of p53 regulates the induction of 
apoptosis by promoting pro‑apoptotic proteins, such as Bax, 
Noxa or p53‑upregulated modulator of apoptosis. In addition, 
stable p53 generates increased levels of ROS and contributes to 
apoptosis induction (20). The results of the present study identi-
fied that miltirone significantly induces p53 protein expression 
in HCC827 and A549 cisplatin‑resistant lung cancer cells.

Miltirone is a flavoprotein in mitochondria and has dual 
functions, acting as an oxidoreductive and pro‑apoptotic 
molecule. Following stimulation of pro‑apoptotic signals, 
AIF moves from the mitochondrial inner membrane by 
proteolysis  (21). When the mitochondrion is damaged, the 
mitochondrial permeability transition pore is open, resulting 
in the release of AIF to the cytosol and its translocation to the 
cell nucleus (22). AIF may cause chromatin condensation and 
DNA fragmentation in the nucleus, but is caspase‑indepen-
dent. Therefore, it is considered to be a caspase‑independent 
death effector. A previous in vitro study has demonstrated 
that cisplatin induces AIF translocation from mitochondria to 
the nucleus in renal tubular epithelial cells through a p53 and 
caspase‑3‑dependent mechanism, leading to apoptosis (23). In 
the present study, it was demonstrated that miltirone signifi-
cantly induced AIF protein expression in HCC827 and A549 
cisplatin‑resistant lung cancer cells.

Recently, a number of studies indicated an important 
regulatory role of AIF for upstream activation of nuclear 
PARP. PARP is a family of proteins involved in a number of 
distinct roles including DNA damage repair and induction of 
apoptosis (24). On the one hand, PAR mediates DNA damage 
repair in cells (25). On the other hand, when PARP is activated 
following serious injury, NAD+ in cells is increased  (26). 
Thus, ATP levels are decreased, impairing normal cellular 
functions. Previous research has indicated that AIF activates 
PARP leading to apoptosis induction (27). In the present study, 
it was demonstrated that miltirone significantly induced PARP 
protein expression in HCC827 and A549 cisplatin‑resistant 
lung cancer cells. Similarly, Wu et al (28) demonstrated that 
miltirone induced apoptosis in leukemia cells through activa-
tion of caspases and PARP.

The results of the present study indicate that miltirone 
suppressed cisplatin‑resistant cell viability and induced apop-
tosis in HCC827 and A549 lung cancer cells through ROS‑p53, 
AIF, PARP and MMP2/9 signaling pathways. The results 
of the present study provide novel insights into the effect of 
miltirone on cisplatin‑resistant lung cancer cell apoptosis that 
may have clinical implications.
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