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Abstract Alantolactone is a sesquiterpene lactone isolated

from Inula helenium L. Although alantolactone possesses

anti-inflammation and apoptosis-induction activities, the

underlying mechanism of anti-cancer effect on human

breast cancer cells remains largely unknown. In this study,

we explored the possibility of alantolactone as an apopto-

sis-inducing cytotoxic agent using MDA-MB-231 cells as

in vitro model. Alantolactone significantly induced its

apoptosis, demonstrated by cell cycle analysis, annexin

V-APC/7-AAD double staining and dUTP nick end label-

ing. Additionally, alantolactone triggered the mitochon-

drial-mediated caspase cascade apoptotic pathway, which

was confirmed by increased Bax/Bcl-2 ratio, loss of MMP,

release of cytc from mitochondria to cytoplasm, activation

of caspase 9/3, and subsequent cleavage of PARP. Z-VAD-

FMK partially prevented apoptosis induced by alantolac-

tone. Alantolactone provoked the production of ROS, while

NAC (a scavenger of ROS) reversed alantolactone-medi-

ated depolarization of MMP and apoptosis. Alantolactone

modulated the activities of MAPKs. As expected, cotreat-

ment with SB203580, SP600125 or U0126 could reduced

the apoptotic rate. Furthermore, alantolactone decreased

the protein expressions of p-NF-kB p65 and p-STAT3,

increased p-c-Jun level in a dose-dependent manner. These

findings suggested that alantolactone possessed anticancer

activity via ROS-mediated mitochondrial dysfunction

involving MAPK pathway, and had an effect on the tran-

scription factors of NF-kB, AP-1 and STAT3.

Keywords Alantolactone � Apoptosis � Reactive oxygen

species � Mitochondria � MAPK

Introduction

Breast cancer is one of the most common types of malig-

nancy and is the second leading cause of cancer death for

women worldwide (Sharma et al. 2012; Sarma et al. 2015;

Kim et al. 2016). It will be useful to understand the

molecular biology of breast cancer in developing new

therapeutic schemes, which could specifically target to the

abnormal molecular. Although there have been many

treatment modalities of breast cancer, such as hormonal

therapy, radiotherapy, chemotherapy and surgery, the

mortality rates are still high (Izdebska et al. 2016).

Nowadays, the chemotherapy with drugs of natural origi-

nation is an attractive option in breast cancer because of its

low toxicity, high efficiency and less side effects (Rates

2001).

Alantolactone (molecular weight = 232.31, Fig. 1a), an

allergenic sesquiterpene lactone, is mainly extracted from

the roots of Inula helenium L. Alantolactone is a well

known medicinal plant officially listed in some European

pharmacopeias as elecampane (Stojakowska et al. 2006;

Trendafilova et al. 2010). A large body of pharmacological

studies suggested that alantolactone possessed various

pharmacologic activities, such as anti-inflammatory, hep-

atoprotective, antifungal, antibacterial and antitumor
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effects, which were responsible for its beneficial effects

(Dirsch et al. 2001; Lawrence et al. 2001; Konishi et al.

2002; Stojakowska et al. 2006). Sesquiterpene lactones,

containing an a-methylene-c-lactone group, have been

demonstrated to execute anti-cancer ability through apop-

tisis induction (Zhang et al. 2005). Interestingly, alanto-

lactone is a sesquiterpene lactone containing the a-
methylene-c-lactone group. However, the complicated

mechanisms underlying induction of breast cancer apop-

tosis by alantolactone remain largely unknown.

Apoptosis, a type of programmed cell death, is an

important pathway for regulating homeostasis and mor-

phogenesis by eliminating redundant and abnormal cells,

and is associated with various diseases, especially cancer

(Tang et al. 2016). The typical characteristics of carcinoma

is deregulation of apoptosis, so apoptosis induction by

kinds of cytotoxic anticancer agents is one of the most

effective methods for cancer therapy. Apoptosis is con-

trolled by two principal pathways, including the death

receptor-mediated (extrinsic) pathway and the mitochon-

dria-dependent (intrinsic) pathway. Numerous studies have

demonstrated that mitochondria actes as a central execu-

tioner of apoptosis (Robertson and Orrenius 2002; Cui

et al. 2011). The mitochondrial apoptosis pathway starts

from mitochondrial depolarization, which is regulated by

members of the Bcl-2 protein family, triggering the release

of cytochrome c (cytc) into cytosol, thereby activates

caspase-9 and caspase-3, ultimately leads to apoptosis

(Cory and Adams 2002). ROS formation is tightly coupled

with a number of downstream events in apoptosis,

including the activation of mitogen-activated protein

kinases (MAPKs) (Hsin et al. 2008; Mao et al. 2008).

The present study was designed to explore the effect of

alantolactone on cell proliferation and apoptosis induction

in human breast cancer cell line, MDA-MB-231. We found

that alantolactone increased the cell death ratio as well as

apoptosis in MDA-MB-231 cells, and induced ROS gen-

eration. Furthermore, we investigated the underlying

mechanism of cytotoxic effects of alantolactone to confirm

the downstream effectors of ROS accumulation in the

apoptotic process.

Materials and methods

Reagents and materials

Alantolactone (purity C 98%), 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), N-acetyl

cysteine (NAC), diphenyleneiodonium (DPI), the general

inhibitor of caspases (Z-VAD-FMK) were provided by

Sigma Chemical Co. (St. Louis, MO). L-15 cell culture

medium and fetal bovine serum (FBS) were purchased

from Gibco (USA). Alantolactone was dissolved in dime-

thyl sulfoxide (DMSO) for the further experiments. The

primary antibodies for PARP, cleaved PARP, caspase 9,

cleaved caspase 9, caspase 3, cleaved caspase 3, Bax, Bcl-

2, cytochrome c (cytc), p38 MAPK, p-p38 MAPK, JNK1/2,

Fig. 1 The chemical structure

of alantolactone and the

cytotoxity of alantolactone

against two breast cancer cells:

MDA-MB-231 cells and MCF-7

cells. a The chemical structure

of alantolactone. b MDA-MB-

231 cells were treated with

different concentration of

alantolactone for 24, 48 or 72 h

and cell death ratio was

evaluated by MTT assay.

c MCF-7 cells were treated with

different concentration of

alantolactone for 24, 48 or 72 h

and cell death ratio was

evaluated by MTT assay. All

data were expressed as

mean ± SD (n = 3)
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p-JNK1/2, p-ERK1/2, ERK1/2, p-NF-kB, NF-kB, p-c-Jun,

c-Jun, p-STAT3, STAT3 and b-actin were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA). ROS

detection kit and mitochondrial membrane potential assay

kit (JC-1) were obtained from Jiangsu Beyotime Institute

of Biotechnology. Matrigel and Annexin V-APC/7-AAD

kit were purchased from Becton–Dickinson Biosciences

(San Jose, CA, USA). All other chemicals were obtained

from commercial sources.

Cell culture

Human breast cancer MDA-MB-231 cell and MCF-7 cell

were obtained from the Cell Bank of Shanghai Institute of

Cell Biology (Shanghai, China). MDA-MB-231 cells were

grown in L-15 medium supplemented with 10% heat-in-

activated FBS, 100 units/ml penicillin/streptomycin at

37 �C with 5% CO2 in a humidified atmosphere. MCF-7

cells were grown in DMEM media containing 10% FBS,

100 units/ml penicillin/streptomycin in a humidified

atmosphere containing 5% CO2 at 37 �C. Cells were see-

ded into multi-well plates at appropriate densities for the

experiment alanalyses at a generating of 80%–90% con-

fluent layer.

Cell viability assay

The cytotoxicity activity of alantolactone on MDA-MB-

231 cells and MCF-7 cell were evaluated by the MTT assay

(Chen et al. 2016). Cells (1 9 104 cells/well) were seeded

in 96-well plates and cultured in complete growth medium

overnight, and then treated with various concentrations of

alantolactone. After the required time point, the medium

was changed and 10 lL of MTT reagent solution (5 mg/

ml) was added to each well and the cells were incubated for

an additional 4 h at 37 �C. The purple formazan crystals

were dissolved in 100 lL DMSO. After mixing for 10 min,

the plates were read at 570 nm on a SpectraMax 190

(Molecular Devices, California, Sunnyvale, USA). All the

experiments were performed in triplicate.

Preparation of mitochondrial and cytosolic fractions

Preparation of mitochondrial and cytosolic fractions was

carried out as previously described (Eum et al. 2011). Cells

were washed with ice-cold PBS and then resuspended in

isotonic homogenization buffer. After 80 strokes in a

Dounce homogenizer, the unbroken cells were spun down

at 30 g for 5 min. The mitochondrial fractions were frac-

tionated at 800 g for 10 min and 14,000 g for 30 min from

the supernatant, respectively. For cytosolic fractionation,

after ten strokes with a loose homogenizer, the collected

supernatant was spun down at 800 g for 10 min and

14,000 g for 30 min.

Cell cycle analysis

Cells were cultured in the presence or absence of various

concentrations of alantolactone (5, 10 and 15 lM) for 24 h.

Then, cells were washed with phosphate-buffered saline

(PBS), and harvested by Trypsin/EDTA digestion at 37 �C
for 5 min. Subsequently, cells were fixed in ice-cold 75%

ethanol and stained with hypotonic propidium iodide (PI)

solution (100 lg/ml RNase and 10 lg/ml PI in PBS). The

percentage of cells percentage of cells was determined

using a flow cytometric system (FACSCalibur, Becton–

Dickinson, USA).

Detection of apoptosis by flow cytometry

Cells were pretreated with a pan-caspase inhibitor (Z-

VAD-FMK, 50 lM) or the scavenger of ROS (NAC,

1 mM; DPI, 1 lM) for 1 h, and then incubated with alan-

tolactone (5, 10, and 15 lM) for additional 24 h. MDA-

MB-231 cells were also coincubated with 15 lM alanto-

lactone and 15 lM SB203580, 15 lM SP600125 or 15 lM
U0126 for 24 h. Both adherent and floating cells were

harvested and washed three times with ice-cold PBS.

Subsequently, the cells were resuspended in binding buffer

and incubated with Annexin V-APC and 7-AAD for

10 min at room temperature in the dark. Finally, the

apoptotic cells were quantified by a FACScan Flow

Cytometer (Becton–Dickinson, USA).

TUNEL analysis

TUNEL staining was performed using the in situ Cell

Death Detection Kit according to the manufacturer’s pro-

tocol (Keygen Biotech. Co., LTD, Nanjing, China). Briefly,

Cells were treated with alantolactone (5, 10, and 15 lM)

for 24 h after the fixation in paraformaldehyde. Then, cells

were permeabilized with Triton-X 100 at 4 �C for 5 min.

Cells were then washed and labeled with TUNEL reaction

mixture at 37 �C for 1 h. The number of TUNEL-positive

cells was counted in five random fields under 940 mag-

nifications. All samples were observed using fluorescence

microscopy, and representative fields were captured.

Measurement of changes in mitochondrial

membrane potential (MMP)

Cells were preincubated with 1 mM NAC, 1 lM DPI or

5 lM proton gradient uncoupler (FCCP) for 1 h, and

treated with alantolactone (5, 10 and 15 lM) overnight.

Then, cells were harvested and resuspended in PBS
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supplemented with JC-1 working solution. After the

removal of JC-1, the fluorochrome-conjugated cells were

analyzed by flow cytometric assay.

Measurement of intracellular ROS generation

Cells were treated with different concentration of alanto-

lactone for 12 h in the presence or absence of 1 mM NAC

or 1 lM DPI. The intracellular ROS mediated oxidation of

DCFH to the fluorescent compound 20,70-dichlorofluores-
cein (DCF). The fluorescence of samples was monitored

using a spectrophotometer at excitation and emission

wavelengths of 480 and 525 nm, respectively, by FACScan

flow cytometer as previously described (Martinez-Out-

schoorn et al. 2011).

Western blot analysis

After incubated with alantolactone (5, 10 and 15 lM) for

24 h, cells were washed with ice-cold PBS and lysed in

lysis buffer (50 mM Tris–Cl, pH 7.6, 150 mM NaCl,

1 mM EDTA, 1% (m/v) NP-40, 0.2 mM PMSF, 0.1 mM

NaF and 1.0 mM DTT) on ice for 30 min. Equal amounts

of supernatant protein (50 lg) were loaded, separated onto

10% sodium dodecyl sulphate polyacrylamide gel elec-

trophoresis (SDS-PAGE) and transferred onto nitrocellu-

lose blotting membranes with a semi-dry blot system.

Furthermore, membranes were blocked with 5% skim milk

and then incubated with the primary antibodies against

PARP (1:1000), cleaved PARP (1:1000), Bax (1:1000),

Bcl-2 (1:1000), caspase 9 (1:1000), cleaved caspase 9

(1:1000), caspase 3 (1:1000), cleaved caspase 3 (1:1000),

p-NF-kB (1:1000), NF-kB (1:1000), p-c-Jun (1:1000),

c-Jun (1:1000), p-STAT3 (1:1000), STAT3 (1:1000) and b-
actin (1:1000) overnight at 4 �C. Blots were then washed

Fig. 2 Alantolactone induced MDA-MB-231 cells apoptosis. a cell cycle was performed by flow cytometry. a control, b alantolactone 5 lM, c

alantolactone 10 lM, d alantolactone 15 lM. b The cells were treated with different concentration of alantolactone for 24 h to estimate the early

apoptosis and late apoptosis. a control, b alantolactone 5 lM, c alantolactone 10 lM, d alantolactone 15 lM. c The TUNEL assay was

performed to determine the induction of apoptotic effect of alantolactone (The green spots represented apoptotic cells). a control, b

alantolactone 5 lM, c alantolactone 10 lM, d alantolactone 15 lM
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three times with TBS containing 0.1% (w/v) Tween 20 and

incubated with horseradish peroxidase-conjugated sec-

ondary antibodies (1:5000) in a shaker for 2 h at room

temperature. Finally, membranes were washed for four

times (10 min/time) and then chemo luminescence

reagents (0.1 ml/cm2) were added for the visualization.

Experiments were replicated at least three times, and rep-

resentative blots were shown in the figures. The quantifi-

cation of proteins was analyzed with Image-Pro Plus (IPP)

software.

Statistical analysis

Data are mean ± standard deviation (SD) from three

independently performed experiments and analyzed statis-

tically by one-way analysis of variance (ANOVA) with the

SPSS software. P values less than 0.05 were considered

statistically significant.

Fig. 3 Alantolactone reduced MMP of MDA-MB-231 cells and the release of cytc following alantolactone treatment. a Cells were cultured with

alantolactone for 24 h or pretreated with 1 mM NAC or 1 lM DPI for 1 h. The changes of MMP in MDA-MB-231 cells were determined by a

FACScan flow cytometer. a control, b alantolactone 5 lM, c alantolactone 10 lM, d alantolactone 15 lM, e alantolactone 15 lM ? NAC

1 mM, f alantolactone 15 lM ? DPI 1 lM, g NAC 1 mM, h DPI 1 lM, i FCCP. b The value of MMP was analyzed. Data are presented as

mean ± SD (n = 3), **p\ 0.01, alantolactone 15 lM ? NAC 1 mM versus alantolactone 15 lM; ##p\ 0.01, alantolactone 15 lM ? DPI

1 lM versus alantolactone 15 lM. c The cytc protein expressions both in cytoplasm and mitochondria were detected by western blot analysis.

d The cytc protein expression was semi-quantified. Data are presented as mean ± SD (n = 3), *p\ 0.05, **p\ 0.01, alantolactone versus

control
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Results

Alantolactone showed potent cytotoxic effect

To investigate the effect of alantolactone on breast cancer

cell viability, cells were cultured with alantolactone (5, 10,

15 lM) for 24, 48 and 72 h. The cell viability was assessed

by MTT assay. As shown in Fig. 1b, alantolactone

decreased MDA-MB-231 cell viability in a concentration-

and time-dependent manner. The half maximal inhibitory

concentration (IC50) was approximately 20.6 lM at 24 h,

10.7 lM at 48 h and 7.6 lM at 72 h, respectively. As

shown in Fig. 1c, alantolactone also decreased MCF-7 cell

viability in a concentration- and time-dependent manner.

Alantolactone promoted apoptosis

Flow cytometry analysis was carried out to examine the

effect of alantolactone on cell cycle of MDA-MB-231

cells. Alantolactone induced a decrease in the population of

cells in G1 and S phase, and a remarkable accumulation of

cells in G2/M phase in a concentration-dependent manner

(Fig. 2a), suggesting that MDA-MB-231 cells were arres-

ted in G2/M phase. To further demonstrate alantolactone

could cause cell death, flow cytometric analysis was

employed to evaluate the early apoptosis and late apopto-

sis. As shown in Fig. 2b, alantolactone induced MDA-MB-

231 cell apoptosis in a concentration-dependent manner.

Compared with control group, alantolactone remarkably

triggered breast cancer cell apoptosis from 7.7 ± 0.6% to

51.7 ± 3.4% (p\ 0.01). The induction of apoptotic effect

of alantolactone was more deeply clarified by TUNEL

assay. As shown in Fig. 2c, alantolactone explicitly

induced MDA-MB-231 cell apoptosis, whereas there were

few TUNEL positive cells in control group. Similar results

could be seen in MCF-7 cells, when it was treated with

different concentrations of isoalantolactone (Data were not

shown). The important characteristics of apoptosis have

been obtained from the in situ apoptosis assays, which

evidently indicated that alantolactone-mediated suppres-

sion of MDA-MB-231 cells viability was closely associ-

ated with the increased apoptosis in cancer cells.

Alantolactone reduced mitochondrial membrane

potential (MMP)

The down-regulation of MMP was associated with apop-

tosis-releated mitochondrial dysfunction (Chipuk et al.

2006). In order to identify the molecular basis of the

apoptosis mediated by alantolactone, the changes of MMP

in MDA-MB-231 cells were determined by a FACScan

flow cytometer. As shown in Fig. 3a, the MMP in MDA-

MB-231 cells was decreased gradually when treated with

alantolactone. The ratios of cells with green light were

8.89, 22.60 and 38.76% when cells were incubated with 5,

10 and 15 lM alantolactone for 24 h, respectively

(Fig. 3b). The obtained observations indicated that alan-

tolactone caused the loss of MMP in MDA-MB-231 cells,

which was similar to the results generated by FCCP.

However, pretreatment with 1 mM NAC or 1 lM DPI for

1 h remarkably reversed the depolarization of MMP

induced by alantolactone. NAC and DPI alone group was

presented in Fig. 3a and b, the result indicated that NAC

and DPI alone has no effect on the MMP value in MDA-

MB-231 cells, further confirming that alantolactone affect

MMP via ROS pathway. Additionally, we estimated the

release of cytc following alantolactone treatment, and

results exhibited a remarkable up-regulation in the protein

expression of cytc in the cytosol (Fig. 3c, d). These data

indicated that alantolactone mediated apoptosis potently

via the mitochondrial pathway.

Alantolactone increased Bax/Bcl-2 ratio

and activated caspases

Bcl-2 family members was involved to keep cell viability

by preventing depolarization of MMP, and regulated the

release of mitochondrial cytc in apoptosis (Gross et al.

1999). To investigate the possible role of Bcl-2 family

members in apoptosis induced by alantolactone, we

assessed the effects of alantolactone on the expression of

Bax and Bcl-2 proteins by western blot analysis (Fig. 4a,

b). When compared with the control group, treatment of

alantolactone caused an obvious up-regulation of Bax/Bcl-

2 ratio.

bFig. 4 Alantolactone increased Bax/Bcl-2 ratio, activated caspase

cascade and induced apoptosis on caspase-dependent manner. a,
b MDA-MB-231 cells were treated with alantolactone for 24 h, the

expression of Bax and Bcl-2 proteins were analyzed by western

blotting. Data are presented as mean ± SD (n = 3), *p\ 0.05,

alantolactone versus control. c, d MDA-MB-231 cells were treated

with alantolactone for 24 h, the expression of caspase cascade

(caspase 9, cleaved-caspase 9, caspase 3, cleaved-caspase 3, PARP,

cleaved PARP) were analyzed by western blotting. Data are presented

as mean ± SD (n = 3), *p\ 0.05, **p\ 0.01, alantolactone versus

control. e,fMDA-MB-231 cells were treated with alantolactone in the

presence or absence of NAC, MAPK inhibitor (SB203580, SP600125

or U0126), the expression of bcl-2, cleaved caspase 9, cleaved

caspase 3, cleaved PARP proteins were determined by western

blotting. Data are presented as mean ± SD (n = 3), *p\ 0.05,

**p\ 0.01, alantolactone ? NAC versus alantolactone; #p\ 0.05,
##p\ 0.01, alantolactone ? SB203580 versus alantolactone;
&p\ 0.05, &&p\ 0.01, alantolactone ? SP600125 versus alantolac-

tone; $p\ 0.05, $$p\ 0.01, alantolactone ? U0126 versus alanto-

lactone. g Alantolactone-induced apoptosis was caspase-dependent,

(a) control; (b) alantolactone 15 lM; (c) Z-VAD-FMK 15 lM;

(d) Z-VAD-FMK 15 lM ? alantolactone 15 lM. *p\ 0.05, alanto-

lactone versus control
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It has been reported that caspases played a critical role

in the terminal, execution phase of apoptosis induced by

diverse stimuli (Salvesen and Dixit 1997). Once releasing

cytoc in the cytoplasm, it activated caspase-9 and then

caspase-3, which was a well known intrinsic cell apoptotic

pathway via mitochondria. As shown in Fig. 4c and d, after

alantolactone treatment (5, 10 and 15 lM) for 24 h, the

levels of cleaved-caspase 9 and cleaved-caspase 3 protein

were remarkably increased. To demonstrate the activation

of the caspase cascade, one of caspase downstream effec-

tors (PARP) was estimated by western blot analysis. As

expected, the expression of cleaved-PARP protein was

significantly enhanced after MDA-MB-231 cells exposure

to alantolactone. To investigate the effect of ROS and

MAPKs on caspases and bcl-2 protein levels, MDA-MB-

231 cells were treated with alantolactone (15 lM) in the

presence or absence of NAC (1 mM) or MAPK inhibitor

(SB203580, SP600125 or U0126, 15 lM). As shown in

Fig. 5 Alantolactone induced MDA-MB-231 cells apoptosis via increasing ROS level. a Alantolactone stimulated the production of ROS for the

marked time periods. MDA-MB-231 cells were treated with 15 lM alantolactone for the marked time periods. b MDA-MB-231 cells were

pretreated with 1 mM NAC or 1 lM DPI for 1 h and then incubated with 15 lM alantolactone for 12 h. Then, the production of ROS was

determined. Data are presented as mean ± SD (n = 3), **p\ 0.01, alantolactone 15 lM ? NAC 1 mM versus alantolactone; &&p\ 0.01,

alantolactone 15 lM ? DPI 1 lM versus alantolactone. c The apoptotic induction of alantolactone on MDA-MB-231 cells. Cells were

pretreated with or without 1 mM NAC or 1 lM DPI for 1 h and then incubated with 15 lM alantolactone for 24 h. a control; b NAC 1 mM; c

1 lM DPI; d alantolactone 15 lM; e alantolactone 15 lM ? NAC 1 mM; f alantolactone 15 lM ? DPI 1 lM. D, MDA-MB-231 cells death

was evaluated by MTT assay. Data are presented as mean ± SD (n = 3), *p\ 0.01, alantolactone 15 lM ? NAC 1 mM versus alantolactone;
&&p\ 0.01, alantolactone 15 lM ? DPI 1 lM versus alantolactone
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Fig. 4e and f, the bcl-2 protein level was increased to

different degree when cells were treated with alantolactone

and NAC or MAPK inhibitor, compared with alantolactone

alone. On the contrary, the expression of cleaved caspase 9,

cleaved caspase 3 and cleaved PARP proteins were

decreased when cells were treated with alantolactone and

Fig. 6 The MAPKs, including p38, JNK, and ERK, were involved in alantolactone-mediated apoptosis. a, b MDA-MB-231 cells were cultured

with 15 lM alantolactone up to 24 h, and western blotting was carried out to analyze p38, p-p38, JNK, p-JNK, ERK, and p-ERK protein

expression at indicated times. Data are presented as mean ± SD (n = 3), *p\ 0.05, **p\ 0.01, alantolactone versus control. c, d, e Cells were
cultured with 15 lM alantolactone in the presence or absence of 15 lMMAPK inhibitors, then the protein expression of p-p38, p-JNK or p-ERK

was determined by western blotting. Data are presented as mean ± SD (n = 3), **p\ 0.01, alantolactone versus control; #p\ 0.05,

alantolactone ? MAPK inhibitor versus alantolactone. f MDA-MB-231 cells were incubated with SB203580 (15 lM), SP600125 (15 lM) or

U0126 (15 lM) in the presence or absence of alantolactone (15 lM) for 24 h, and flow cytometric analysis was employed to evaluate the early

apoptosis and late apoptosis. a control; b alantolactone; c alantolactone ? SB203580; d alantolactone ? SP600125; e alantolac-

tone ? U0126; f SB203580; g SP600125; h U0126
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NAC or MAPK inhibitor, compared with alantolactone

alone. There was no significant difference between control

and NAC alone group on the protein expressions of Bcl-2,

cleaved caspase 9, cleaved caspase 3 and cleaved PARP.

And these protein expressions have no obvious defference

between control group and MAPKs inhibitor (SB203580,

SP600125, U0126) group. These results indicated that ROS

and MAPKs played an important role in the alantolactone0s
effect on caspases and bcl-2 protein levels.

To further confirm whether alantolactone-induced

apoptosis was caspase-dependent, MDA-MB-231 cells

were pretreated with Z-VAD-FMK (a pan-caspase inhi-

bitor, 15 lM) for 1 h. As shown in Fig. 4g, Z-VAD-FMK

alone has no effect on cell apoptosis, but the co-treatment

of Z-VAD-FMK and alantolactone could effectively but

not completely suppressed alantolactone-induced apopto-

sis. We therefore speculated that alantolactone might

induce apoptosis both through caspase-dependent and—

independent mechanisms.

Alantolactone increased ROS levels

It was reported that ROS played a vital role in apoptosis of

multiple types of cell. To investigate whether ROS were

involved in alantolactone-mediated MDA-MB-231 cells

apoptosis, intracellular ROS generation was determined by

the fluorescence dye DCF-DA after exposure of cells to

alantolactone. The results showed that incubation with

15 lM alantolactone rapidly induced ROS generation until

6 h after treatment when compared with control group.

Then, its level was further up-regulated over the following

18 h (Fig. 5a). As depicted in Fig. 5b, the treatment of

alantolactone for 12 h increased ROS level in a dose-de-

pendent manner. To further demonstrate that ROS played a

role of initiator in alantolactone-induced apoptosis, MDA-

Fig. 7 The releationship between ROS and MAPKs on MDA-MB-231 cells. a, b MDA-MB-231 cells were preincubated with NAC 1 mM or

DPI 1 lM for 1 h, and then treated with alantolactone 15 lM for 24 h. The expressions of p38, p-p38, JNK, p-JNK, ERK, and p-ERK were

detected by western blot analysis. Data are presented as mean ± SD (n = 3), **p\ 0.01, alantolactone versus control; #p\ 0.05,

alantolactone ? NAC versus alantolactone; &p\ 0.05, alantolactone ? DPI versus alantolactone

Fig. 8 The effect of alantolactone on the transcription factors. a MDA-MB-231 cells were treated with different concentrations of alantolactone

for 24 h. The protein expressions of p-NF-kB, NF-kB, p-c-Jun, c-Jun, p-STAT3 and STAT3 were detected by western blotting. b The

quantitation of western blot analysis. b-actin was used as a loading control. Data are presented as mean ± SD (n = 3). *p\ 0.05, **p\ 0.01,

alantolactone versus control
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MB-231 cells were pretreated with 1 mM NAC or 1 lM
DPI, and cultured with 15 lM alantolactone for 12 h. As

we expected, both ROS scavengers significantly down-

regulated ROS level (p\ 0.01). The result exhibited in

Fig. 5c indicated that NAC alone had no effect on cell

apptosis, but when cells were co-cultured with alantolac-

tone and NAC, the apoptosis was down-regulated from

51.7 ± 4.3% to 27.9 ± 2.5% (p\ 0.01). Similarly, DPI

alone had no effect on cell apptosis, the co-treatment of

alantolactone and DPI remarkably decrease the apoptosis,

compared with alantolactone (p\ 0.01). Additionally, the

co-treatment of alantolactone and NAC or DPI impres-

sively decreased cell death ratio, compared with alanto-

lactone alone (Fig. 5d). When MCF-7 cells were treated

with alantolactone, the intracellular ROS level was also up-

regulated, which was alleviated by the addition of NAC.

The ROS inhibitor also suppressed alantolactone-induced

apoptosis and cell death in MCF-7 cells (Data were not

shown). All the above results indicated that ROS was

involved in the apoptosis mediated by alantolactone in

breast cancer cells.

Alantolactone activated MAPKs pathway

To examine the potential involvement of MAPKs in alan-

tolactone-mediated apoptosis in MDA-MB-231 cells,

western blot analysis was carried out to determine the

expression of p38 MAPK, JNK and ERK proteins. As

shown in Fig. 6a and b, compared with the control group,

the phosphorylation of p38 MAPK, JNK and ERK in

MDA-MB-231 cells was increased after alantolactone

treatment. In contrast, the level of non-phosphorylated p38

MAPK, JNK and ERK was not affected by alantolactone.

The protein expression of p-p38, p-JNK or p-ERK was

significantly decreased when cells were cultured with

alantolactone (15 lM) and MAPK inhibitor (SB203580,

SP600125, U0126, 15 lM), compared with alantolactone

treatment, and there was no difference on the expression of

p-p38, p-JNK or p-ERK from inhibitor alone group versus

the control group (Fig. 6c–e). When cells were co-treated

with alantolactone and NAC or DPI, the activation of p38

MAPK, JNK and ERK by alantolactone was significantly

inhibited. However, the expression of p38 MAPK, JNK,

ERK, p-p38 MAPK, p-JNK and p-ERK proteins has no

change when cells were treated with NAC or DPI alone

(Fig. 7a, b). To demonstrate the role of MAPKs pathway in

the process of apoptosis, MDA-MB-231 cells were coin-

cubated with alantolactone and SB203580 (p38 MAPK

specific inhibitor), SP600125 (JNK specific inhibitor) or

U0126 (ERK specific inhibitor) for 24 h. As shown in

Fig. 6f, the cell apoptosis in SB203580, SP600125 or

U0126 alone group was 11.2 ± 1.1%, 10.8 ± 0.8% and

10.3 ± 0.9%, respectively, has no obvious difference with

control group (7.7 ± 0.6%). However, when cells were co-

treated with these specific inhibitors and alantolactone, the

apoptosis was effectively attenuated, compared with alan-

tolactone alone. The similar results were observed in MCF-

7 cells (Data were not shown). These findings suggested

that alantolactone induced breast cancer cells apoptosis at

least partially depending on MAPK pathway.

The effect of alantolactone on the transcription

factors of NF-kB, AP-1 and STAT3

To investigate the effect of alantolactone on the tran-

scription factors under the condition of apoptosis in alan-

tolactone-treated MDA-MB-231 cells, we tested the

expression levels of p-NF-kB, p-c-Jun and p-STAT3. As

shown in Fig. 8, alantolactone significantly decreased the

protein expressions of p-NF-kB and p-STAT3, increased

p-c-Jun level in a dose-dependent manner.

Discussion

Apoptosis induction by various cytotoxic anticancer agents

was one of the most effective methods for cancer treatment

(Yang et al. 2016). Recently, the apoptosis-inducing

activity of plant-derived natural products has attracted

much attention. Alantolactone was a sesquiterpene lactone

extracted from Inula helenium L. It has been reported that

alantolactone could induce apoptosis of leukemia T cells,

human hepatoma cells, glioblastoma cells, and so on

(Dirsch et al. 2001; Khan et al. 2012; Lei et al. 2012). In

this study, the results of cell cycle analysis, annexin

V-APC/7-AAD double staining, and dUTP nick end

labeling experiments demonstrated that alantolactone could

induce apoptosis of MDA-MB-231 cells. Our study indi-

cated that alantolactone might be a promising candidate

against breast cancer through apoptosis pathway.

It was well known that mitochondria played an impor-

tant role in the signal transduction of apoptosis (van Loo

et al. 2002). The Bcl-2 family participated in the modula-

tion of apoptosis and was a significant target of treating

cancer (Del Poeta et al. 2003; Jung et al. 2016). Bcl-2 was

an anti-apoptotic protein, whereas Bax was a pro-apoptotic

protein. The imbalance between the two proteins was

closely related to apoptosis. In the present study, alanto-

lactone reduced MMP but upregulated the ratio of Bax to

Bcl-2, leading to the following efflux of mitochondrial cytc

to cytosol and activation of caspase 9, caspase 3 and its

downstream substrate PARP. However, the pan-caspase

inhibitor (Z-VAD-FMK) could partially alleviate alanto-

lactone-induced apoptosis. Therefore, we speculated that

alantolactone potentially induced apoptosis both via cas-

pase-dependent and -independent pathway.
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Growing evidence suggested that low level of ROS

promoted cell proliferation, whereas excessive accumula-

tion of ROS led to cell apoptosis or necrosis (Wang et al.

2008; Circu and Aw 2010). In the present study, alanto-

lactone stimulated the generation of ROS to a high value in

MDA-MB-231 cells. The level of ROS was in a state of

continuous change in biological system. Contradictory

comments were present in literatures with respect to the

relationship between ROS and mitochondria. Some studies

demonstrated that ROS was released from mitochondria

when it was damaged, because mitochondria was the major

source of ROS. On the other hand, some researchers sup-

ported the opinion that excessive accumulation of ROS

damaged mitochondria, leading to the down-regulation of

MMP, stimulated the release of cytc from mitochondria

into cytoplasm, and ultimately induced cells apoptosis

(Ricci et al. 2003). In the present study, we found that NAC

(a scavenger of ROS) effectively suppressed the depolar-

ization of MMP. Additionally, NAC blocked alantolactone

induced production of ROS and cytotoxicity in MDA-MB-

231 cells. These observations indicated that alantolactone

could stimulate the mitochondria-induced apoptosis path-

way through a ROS-dependent mechanism in MDA-MB-

231 cells.

Several reports suggested that MAPKs were involved in

the signaling pathways in response to various extracellular

stimuli, resulting in apoptosis (Xia et al. 1995). There was

no dispute that p38 and JNK both were involved in apop-

tosis-induction of cancer cells. And our present study

demonstrated that alantolactone could increase the levels of

p-p38 and p-JNK protein in MDA-MB-231 cells. When

cells were co-treated with p38 or JNK and alantolactone,

the apoptosis mediated by alantolactone was remarkably

abrogated. The results revealed that the activation of p38

and JNK was involved in apoptosis-induction of alanto-

lactone. A previous study demonstrated that ERK was an

important downstream target of the ROS-mediated apop-

totic process (Han et al. 2016). Although the ERK pathway

was usually related to enhanced cell proliferation, con-

versely, many literatures indicated that ERK activation

increased expressions of apoptotic genes which contributed

to cell death (Cagnol et al. 2010). Recent study revealed

that activation of ERK by quercetin resulted in antiprolif-

erative effects such as apoptosis, senescence, or autophagy

in cancer cells (Kim et al. 2008). Park et al. reported that

MAPK proteins were activated upon Toyocamycin treat-

ment, the p38 and ERK activities were regulated by ROS-

mediated signaling pathway underlying the Toyocamycin-

induced apoptosis (Park et al. 2017). Sangivamycin, an

adenosine analog, induced apoptosis by inhibiting ERK

phosphorylation in primary effusion lymphoma cells

(Wakao et al. 2014). Compared with these, our result

showed that the effect of alantolactone had a critical role in

ERK activation in MDA-MB-231 cells, suggesting that the

impact of ERK signaling may depend on the type and

status of tumor and stimuli. Taken together, all of these

results demonstrated that the activation of p38, JNK and

ERK was involved in apoptosis-induction of alantolactone.

ROS signaling stimulated the activation of mitochon-

drial-dependent cell death pathway through activation of

MAPK pathway, resulting in up-regulated pro-apoptotic

protein expression and down-regulated anti-apoptotic pro-

tein level, followed by subsequent mitochondrial mem-

brane permeabilization and cell death (Hseu et al. 2012).

Three classic MAPK pathways have been identified in

mammalian cells, namely, ERK, JNK, and p38. These

parallel pathways may be independent or overlapping

(Saito 2010). Baohuoside I has been reported to elevate

ROS levels, JNK and p38 activation, mitochondrial cytc

release into the cytosol, loss of MMP during apoptosis of

human adenocarcinoma alveolar basal epithelial A549 cells

(Song et al. 2012). It has been reported that doxycycline

could induce intra-cellular ROS production, JNK activation

at an early stage of treatment, a remarkable increase of cytc

protein level in cytosol, and MMP change during mela-

noma cell apoptosis (Shieh et al. 2010). 7-O-Geranyl-

quercetin was reported to trigger ROS generation, activate

p38 and JNK signaling pathways, subsequently lead to

mitochondrial impairment by regulating the expression of

Bcl-2, Bcl-xl and Bax, finally promote cytc release and

caspases activation to induce gastric cancer cells apoptosis

(Zhu et al. 2017). Interestingly, alantolactone has been

previously reported to significantly inhibit MAPKs

phophorylation in LPS-stimulated RAW 264.7 cells (Chun

et al. 2012). The involvement of MAPK during alantolac-

tone-induced MDA-MB-231 cell apoptosis has not been

reported so far. Herein, we attempted to confirm whether

the MAPK pathways were involved in the process. The

results indicated that alantolactone was indeed an activator

of p38, JNK and ERK. Additionally, the specific inhibitors

SB203580, SP600125 and U0126 could potently attenuate

the apoptosis via inhibition of p38, JNK and ERK signal-

ing. NAC or DPI could also suppress MAPK pathway

activation. In all, we further conclude that the promoted

ROS generation by alantolactone is the upstream signaling

event leading to parallel p38, JNK and ERK activation.

Transcription factors, such as NF-kB, AP-1, and

STAT3, played important roles in apoptosis-induction by

natural products from plants at the molecular level. The

antitumor activity of alantolactone has been well-docu-

mented in a wide spectrum of tumor cells, and the under-

lying mechanisms of which were involved in inducing

apoptosis by suppression of NF-kB activation (Ding et al.

2016; Wei et al. 2013). We also found that alantolactone

could inhibit the protein expression of p-NF-kB p65 in

MDA-MB-231 cells. It was reported that AP-1 induces
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apoptosis in the nervous system, and it blocks apoptosis in

IL-4-deprived T cells by upregulating the expression of an

anti-apoptotic protein, Bcl-3 (Rebollo et al. 2000). Our

experiments indicated that alantolactone increased the

protein expression of AP-1 under its apoptosis-induction in

MDA-MB-231 cells, consistented with the reported results

by other researchers (Na et al. 2012; Ma et al. 2016; Ren

et al. 2013). The activation of STAT3 was found in many

cancer cells including multiple myeloma, leukemia, pros-

tate cancer, breast cancer, colon cancer and so on (Hsiao

et al. 2003; Schuringa et al. 2000; Mora et al. 2002; Dolled-

Filhart et al. 2003; Lin et al. 2005). In particular, recent

studies have reported the potential of many compounds

from natural products in cancer treatment by targeting

STAT3. For instances, curcumin inhibited constitutive and

IL-6-inducible STAT3 phosphorylation in human multiple

myeloma cells (Bharti et al. 2003). Similarly, betulinic acid

and ursolic acid suppressed STAT3 activation pathway

through induction of SHP-1 in multiple myeloma cells

(Pandey et al. 2009). Khan et al. reported that alantolactone

induced apoptosis in HepG2 cells through inhibition of

STAT3 activation (Khan et al. 2012). And we found that

alantolactone suppressed the protein level of STAT3 in

MDA-MB-231 cells.

In summary, our results confirmed that alantolactone-

induced apoptosis in human breast cancer MDA-MB-231

cells was mediated by the activation of mitochondria-de-

pendent (intrinsic) pathway, which needed ROS genera-

tion. Additionally, the ROS/MAPK signaling pathway was

an initiator of cell apoptosis, suggesting a novel insight into

the molecular mechanism of alantolactone-induced anti-

cancer activity. Furthermore, our present findings provided

a rationale for the development of alantolactone as an

alternative for the treatment of human breast cancer in an

appropriate dosage.
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