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Isoalantolactone inhibits the migration and invasion of human
breast cancer MDA-MB-231 cells via suppression
of the p38 MAPK/NF-kB signaling pathway
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Abstract. Isoalantolactone is a bioactive sesquiterpene lactone
isolated from the flowering plant Inula helenium L. This study
was conducted to assess the anti-migratory and anti-invasive
activities of isoalantolactone in MDA-MB-231 cells, and
to explore the underlying mechanisms. Wound-healing and
Transwell chambers assays demonstrated that isoalantolactone
inhibited the adhesion, migration and invasion of MDA-MB-
231 cells. The activity and expression of MMP-2 and MMP-9
were downregulated by isoalantolactone in a dose-dependent
manner. Additionally, isoalantolactone markedly decreased
the p-p38 MAPK level, whereas no significant change in
p-ERK1/2 and p-JNK1/2 was noted. The downregulation of
MMP-2 and MMP-9 protein expression and suppression of
in vitro invasion might be associated with the blockade of
p38 MAPK activation. Furthermore, isoalantolactone blocked
the translocation of NF-xB p65 from the cytoplasm into the
nucleus. These results revealed that isoalantolactone inhibited
the adhesion, migration and invasion of MDA-MB-231 cells
via suppression of the p38 MAPK/NF-kB signaling pathway,
and isoalantolactone might be an alternative treatment for
breast cancer.

Introduction
Breast cancer is one of the most aggressive cancers among

females worldwide (1). Radiotherapy, surgery and molec-
ular-targeted drug therapies have been applied in the treatment
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of breast cancer. However, these conventional therapies cause
serious side-effects, deeply affecting the quality of life of
patients (2). Therefore, there is an urgent need to search for
safe and effective drugs for the treatment of breast cancer.

Growing evidence suggests that matrix metalloprotein-
ases (MMPs) play an important role in cell invasion and
metastasis, since they essentially degrade the extracellular
matrix (ECM) (3). Among the MMPs, the protein level
and activity of MMP-2 (gelatinase A, 72 kDa) and MMP-9
(gelatinase B, 92 kDa) are frequently increased in metastatic
carcinomas, including colon, lung and breast (4-6). In cancer
cells, increased MMP-2 and MMP-9 activity and expression
require constitutive mitogen-activated protein kinase (MAPK)
activity, which includes p38 MAPK, c-Jun N-terminal kinase
(JNK) and extracellular signal-regulated kinase (ERK) (7-10).
The expression of MMP-2 and MMP-9 also depends on the
activity of activator protein-1 (AP-1) and nuclear factor-xB
(NF-«xB), which are the downstream factors of the MAPK
signaling pathway (11).

Isoalantolactone (Fig. 1A), a sesquiterpene lactone isolated
from the flowering plant Inula helenium L., has been shown
to hold various pharmacological activities, including anti-
trypanosomal, anti-apoptosis, anti-microbial activities (12-15).
It has also been reported that isoalantolactone possesses
anticancer activity in several types of cancer cells, such as
neck squamous cell carcinoma, prostate cancer and gastric
adenocarcinoma cells (16-18). However, the ability of isoalan-
tolactone to inhibit the migration and invasion of metastatic
breast cancer cells remains unknown, and the underlying
mechanism responsible for these effects is unclear. In this
study, we investigated the effects of isoalantolactone on the
viability, adhesion, migration and invasion of a highly meta-
static human breast cancer cell line MDA-MB-231, and further
explored the underlying molecular mechanism of action.

Materials and methods
Chemicals and drugs. Isoalantolactone (purity, =98%) was

obtained from Sigma Chemical Co. (St. Louis, MO, USA), and
it was dissolved in dimethyl sulfoxide (DMSO) as primary
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stock solution. The solution was stored at -20°C, and diluted
with medium for further study. During the process of the
experiment, the final concentration of DMSO was <0.5%. The
primary antibodies for MMP-2, MMP-9, p38 MAPK, p-p38
MAPK, INK, p-JNK, p-ERK, ERK, NF-xB p65 and (3-actin
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Secondary antibodies were from Amersham
Biosciences (Freiburg, Germany). L-15 medium, fetal bovine
serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), trypsin, Tween-20, and sodium
dodecyl sulfate (SDS) were purchased from Sigma-Aldrich.
Matrigel was purchased from BD Biosciences (San Jose,
CA, USA). Other reagents were obtained from commercial
sources.

Cell culture. Human breast cancer cell line, MDA-MB-231,
was purchased from the Cell Bank of the Shanghai Institute
of Cell Biology (Shanghai, China). The cells were maintained
in L-15 medium supplemented with 10% FBS, 100 U/ml peni-
cillin and 100 pg/ml streptomycin at 37°C with 5% CO, in a
humidified atmosphere.

Cell viability assay. Cell viability was determined by MTT
assay (19). MDA-MB-231 cells were seeded at a density of
1x10* cells/well (100 ul) and treated with various concentra-
tions of isoalantolactone for 24 h. Subsequently, the medium
was removed and 10 ul of MTT solution (5 mg/ml) was added
to each well for an additional 4 h. At the end of the incuba-
tion, 100 1 DMSO was added for 10 min after the removal
of medium, owing to the fact that the number of viable cells
was directly proportional to the production of formazan,
which can be solubilized by DMSO. The optimal density (OD)
was measured at 570 nm on a SpectraMax 190 (Molecular
Devices, Sunnyvale, CA, USA). All the experiments were
repeated three times.

Cell adhesion assay. After being incubated with different
concentrations of isoalantolactone at 37°C for 24 h,
MDA-MB-231 cells were digested by 0.25% trypsin and
centrifuged at 2,000 x g for 2 min. Then, the cells were
seeded into a 96-well plate (1x10* cells/well), each of which
was coated with 30 yg Matrigel (BD Biosciences) to form a
basement membrane. At the end of the incubation for 1 h, the
medium was discarded, and the cells were washed with 100 ul
phosphate-buffered saline (PBS) for three times to remove
the non-adherent cells. Subsequently, MTT (5 mg/ml) in L-15
medium was added into each well and the attached cells were
incubated at 37°C for 4 h. DMSO (100 ul) was added into each
well, and shaken for 10 min. The following processes were
performed using the same method as for measurement of
cell viability. The cell adhesion rate was calculated using the
formula: Cell adhesion rate = (OD drug/OD blank) x 100%.

Wound-healing assay. The wound-healing assay was
performed as described previously (20). MDA-MB-231
cells were seeded into 12-well plates (1x10° cells/well) in
L-15 medium supplement. Cells were grown to nearly 80%
confluency overnight and were then scratched using a 200-u1
pipette tip. The suspended cells were washed away and the
wounded cell monolayer was incubated in FBS-free medium
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with isoalantolactone and/or other agents for 24 h. The cells
were visualized under a IX73 microscope (Olympus, Tokyo,
Japan) at O and 24 h. After treatment, the relative wound area
was analyzed using Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, MD, USA). Three independent experi-
ments were performed.

Cell invasion assay. The effect of isoalantolactone on the inva-
sion of MDA-MB-231 cells was evaluated in vitro as described
previously (21). Matrigel (5 mg/ml; Becton Dickinson,
Bedford, MA, USA) was applied to 8-mm pore size polycar-
bonate membrane filters of a Transwell chamber (Corning
Costar, Cambridge, MA, USA) at 37°C for 1 h. MDA-MB-231
cells (1x10° cells/well) were seeded on the upper part of the
chamber. The bottom chamber was filled with 500 ul of L-15
medium containing 10% FBS. After treatment with isoalan-
tolactone and/or other agents for 24 h, the cells penetrating
through the Matrigel and migrating to the lower chamber were
fixed with paraformaldehyde, and stained with 0.1% crystal
violet, and photographed. Invasion of the MDA-MB-231 cells
was defined in terms of the total number of invasive cells in
five randomly selected fields.

RNA extraction and quantitative real-time PCR. After being
treated with isoalantolactone and/or other agents, cellular
RNA was extracted and reversely transcripted to determine
the expression of MMP-2 and MMP-9. According to the
manufacturer's protocols (Invitrogen, Carlsbad, CA, USA),
total RNA was isolated from the MDA-MB-231 cells using
TRIzol reagent (Invitrogen Life Technologies, Waltham,
MA, USA), followed by DNase I digestion (Thermo Fisher
Scientific, Waltham, MA, USA). Complementary DNA was
synthesized using PrimeScript™ RT reagent kit (Fermentas,
Germany).

Real-time PCR was performed to detect mRNA levels,
along with the ABI PRISM 7900 sequence detection system
(Applied Biosystems, Foster City, CA, USA). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was chosen as an
internal standard. Primer sequences (5'-3') and probe numbers
were as follows: MMP-2 forward, TTG ACG GTA AGG ACG
GAC TC and reverse, CAT ACT TCA CAC GGA CCA CTT
G; MMP-9 forward, TTC CAG TAC CAA GAC AAA GCC
and reverse, CAC GGT TGA AGC AAA GAA GG; and
GAPDH forward, CAC CCA CTC CTC CAC CTT TGA C
and reverse, GCA ACT GTG AGG AGG GGA GAT T. Results
were normalized to the GAPDH expression level, and relative
quantitation of MMP-2 and MMP-9 was analyzed using the
comparative 242 method.

Preparation of cytosolic and nuclear fractions. MDA-MB-
231 cells were treated with or without isoalantolactone for
24 h. Then, the cells were washed three times in ice-cold
PBS followed by lysis in 1% Triton X-100 lysis buffer (10 mM
HEPES, pH 7.9, 10 mM KClI, 0.1 mM EDTA, 0.5% Nonidet
P-40, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluo-
ride). The cytosolic fraction was collected and centrifuged at
14,000 x g for 15 min at 4°C, and the nuclear pellets were resus-
pended in 1% Triton X-100 lysis buffer containing 400 mM
NaCl. The nuclear extract was recovered after centrifugation
at 14,000 x g for 15 min at 4°C.
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Figure 1. Effect of isoalantolactone on the viability of MDA-MB-231 cells. (A) Chemical structure of isoalantolactone. (B) MDA-MB-231 cells were treated
with various concentrations of isoalantolactone, and cell viability was evaluated by MTT assay. All data are expressed as means + SD (n=3).

Western blot analysis. After whole-cell lysates were obtained,
cytosolic and nuclear extracts were isolated, and equal quan-
tities of protein were loaded onto 10% SDS-polyacrylamide
gels for separation and then were transferred to a PVDF
membrane blocked with 5% skim milk. Subsequently, primary
antibodies were used and then the membrane was washed for
secondary antibody staining. Antibody binding was detected
by enhanced chemiluminescence (Amersham Life Sciences,
Amersham, UK). The quantification of proteins was analyzed
by Image-Pro Plus (IPP) software.

Immunocytochemical analysis. Immunocytochemical assay
was performed to determine the NF-kB p65 protein level in the
nucleus according to a previous method (22). MDA-MB-231
cells were grown on glass coverslips and incubated with
isoalantolactone for 24 h. Then, the cells were fixed with fresh
4% formaladehyde at room temperature for 90 min and washed
twice with PBS. The cells were permeabilized with 0.1%
Triton X-100 for 20 min, and treated with 5% bovine serum
albumin (BSA; Santa Cruz Biotechnology Inc.). Primary anti-
body, NF-xB p65 (1:400), was diluted for application for the
incubation of cells, followed by the secondary antibody. An
Elivison two-step method was carried out for the immunohis-
tochemical staining and image were captured using a DM2500
optical microscope. The positive expression was analyzed by
IPP software.

Gelatin zymography assay. MDA-MB-231 cells were cultured
with or without isoalantolactone (1, 2, or 4 uM) in serum-free
media for 24 h, and then the supernatants were collected. The
activities of MMP-2 and MMP-9 were estimated by gelatin
zymography assay as previously described (23). Briefly,
conditioned medium was electrophoresed on a 8% SDS-PAGE
gel containing 0.1% gelatin. The gels were washed with 2.5%
(v/v) Triton X-100 at room temperature, and then incubated
in reaction buffer [5S0 mM Tris-Cl (pH 7.6), 10 mM CaCl,,
200 mM NacCl] at 37°C overnight to digest the gelatin. Finally,
enzyme-digested regions were observed as clear bands against
a blue background. Negatively stained bands were considered
as the zones of enzymatic activity.

Luciferase reporter gene assay. The effect of isoalantolac-
tone on NF-kB-dependent reporter gene transcription was

analyzed by NF-kB-luciferase assay. MDA-MB-231 cells
(5x10° cells/well) were plated in 6-well plates and transiently
transfected by the Liposome 2000 method with the pNF-xB-luc
plasmid reporter gene (0.5 ug; Beyotime) and B-galactosidase
(90 ng). After transfection for 24 h, the cells were treated with
isoalantolactone (1, 2 or 4 uM) for an additional 24 h. Cells
were harvested for measuring -galactosidase activity and
luciferase activity. Relative luciferase activity was normalized
to the B-galactosidase value to correct transfection efficacy.

Statistical analysis. All data in this study were taken from three
independent experiments and are expressed as means =+ stan-
dard deviation (SD). The statistical significance was analyzed
using the one-way analysis of variance (ANOVA) with the
Statistical Package for the Social Sciences (SPSS, 13.0) soft-
ware. Differences were considered significant at p<0.05.

Results

Effect of isoalantolactone on the viability of the MDA-MB-231
cells. The effect of isoalantolactone on the cell viability of
the MDA-MB-231 cells was determined by MTT assay.
MDA-MB-231 cells were treated with isoalantolactone for 24 h
at various concentrations (1-100 yuM). As depicted in Fig. 1B,
isoalantolactone did not show any cytotoxic effect on the
MDA-MB-231 cells at a dose <4 yM. Therefore, we chose 1,
2 and 4 uM of isoalantolactone in the following experiments.

Isoalantolactone suppresses the adhesion, migration and
invasion of MDA-MB-231 cells in vitro. We examined
the effect of isoalantolactone on the adhesion ability of the
MDA-MB-231 cells by MTT assay. As shown in Fig. 2A, the
number of adhesive cells was markedly decreased following
the treatment of isoalantolactone in a concentration-dependent
manner, when compared with the blank control. This result
indicated that isoalantolactone suppressed the invasiveness of
the MDA-MB-231 cells by decreasing cell adhesion.

To investigate the effect of isoalantolactone on
MDA-MB-231 cell migration, wound-healing assay was
performed. The closure rate of MDA-MB-231 cells was
determined by IPP software. As depicted in Fig. 2B and C, the
MDA-MB-231 cells covered most of the wound area after a
24-h incubation in the control blank group. The wound closure
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Figure 2. Effect of isoalantolactone on the adhesion, migration and invasion of MDA-MB-231 cells. (A) MTT assay of the adhesion of MDA-MB-231 cells.
(B) Wound-healing assay for cell migration. (C) The closure rate was analyzed by IPP software. (D) MDA-MB-231 cells were inoculated in Matrigel-coated
Transwell chambers cultured with isoalantolactone to determine cell invasion: (a) control, (b) isoalantolactone 1 M, (c) isoalantolactone 2 uM, (d) isoalanto-
lactone 4 uM, (e) isoalantolactone 4 M + SB203580. (E) Optical density of the permeated cells. Data are expressed as means + SD (n=3). "p<0.05, “p<0.01,
isoalantolactone vs. control; p<0.05, #p<0.01, isoalantolactone 4 uM + SB203580 vs. isoalantolactone 4 yM.

rates of the groups treated with isoalantolactone at 1, 2 and
4 uM were 51.67+6.03, 28.33+5.51 and 11.33+2.52%, respec-
tively. These closure rates were all significantly smaller than
the rate noted in the untreated group. Subsequently, we esti-
mated the invasive ability of the MDA-MB-231 cells incubated
in the presence or absence of isoalantolactone by the Transwell
chamber assay. As shown in Fig. 2D and E, isoalantolactone
inhibited the invasion of MDA-MB-231 cells in a concentra-
tion-dependent manner. To confirm the role of p38 MAPK
in the inhibition of isoalantolactone on MDA-MB-231 cells,
we added p38 MAPK (4 uM) to cells with isoalantolactone
(4 uM). Then, the inhibiton of isoalantolactone on adhesion,

migration and invasion was significantly reversed (p<0.05,
p<0.01). Overall, these results indicated that isoalantolactone
decreased the adhesive, migratory, and invasive ability of
highly metastatic MDA-MB-231 cells in vitro through the p38
MAPK signaling pathway.

Isoalantolactone downregulates the proteolytic activities and
expression of MMP-2 and MMP-9 in MDA-MB-231 cells. To
investigate the anti-invasive mechanism of isoalantolactone,
the activity, protein expression and mRNA levels of MMP-2
and MMP-9 in the isoalantolactone-treated MDA-MB-231
cells were determined. As shown in Fig. 3, the activity as well
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Figure 3. Isoalantolactone decreases the activity and expression of MMP-2 and MMP-x9 in MDA-MB-231 cells. (A and B) The activity of MMP-2 and MMP-9
was estimated by gelatin zymography. (C) The mRNA levels of MMP-2 and MMP-9 were estimated by real-time PCR. (D) The expression levels of MMP-2
and MMP-9 proteins were estimated by western blotting assay. (E) Quantification of MMP-2 and MMP-9 proteins by IPP software. Data are presented as

means + SD (n=3). "p<0.05, “p<0.01, isoalantolactone vs. control.

as the protein and mRNA levels of MMP-2 and MMP-9 in
the isoalantolactone-treated cells were downregulated in a
concentration-dependent manner. These results indicated that
isoalantolactone inhibited the invasion ability of MDA-MB-231
cells via suppression of the activity and expression of MMP-2
and MMP-9.

Isoalantolactone suppresses p38 MAPK activity. MAPK
superfamily members, including p38, ERK and JNK, play
important roles in cell invasion (24). To demonstrate whether
isoalantolactone inhibits invasion by regulating the MAPK
signaling pathway, we determined the protein expression of
phosphorylated p38, ERK, JNK in the isoalantolactone-treated
MDA-MB-231 cells. Western blotting indicated that isoalan-
tolactone downregulated the protein expression of p-p38
MAPK in a concentration-dependent manner with only a
slight effect on the protein expression of p-ERK1/2 and
p-JNK1/2 (Fig. 4A and B). The total protein levels were not
affected. The observations revealed that isoalantolactone
specifically suppressed p38 MAPK activity.

To explore the possible functional relationship between
p38 MAPK and MMP-2 and MMP-9, MDA-MB-231 cells
were treated with SB203580 (p38 MAPK-specific inhibitor)
with or without isoalantolactone for 24 h. Western blot
analysis indicated that the inhibitor decreased the protein
expression of MMP-2 and MMP-9 that was increased by

isoalantolactone (Fig. 4C and D). The results indicated that
isoalantolactone downregulated the expression of MMP-2 and
MMP-9 proteins and in vitro invasion via blocking the activa-
tion of p38 MAPK.

Isoalantolactone inhibits NF-kB p65 activation in the
MDA-MB-231 cells. To demonstrate the involvement of the
NF-«B pathway, the effect of isoalantolactone on NF-xB p65
protein expression in the MDA-MB-231 cells was determined
using western blot analysis. As shown in Fig. 5A and B, isoalan-
tolactone markedly blocked the translocation of NF-kB p65
from the cytoplasm into the nucleus. In addition, immunocy-
tochemical analysis was performed to clarify the translocation
of NF-xB p65 to the nucleus. As shown in Fig. 5C and D,
isoalantolactone inhibited the level of NF-kB p65 protein in
the nucleus in a dose-dependent manner.

Effect of isoalantolactone on NF-kB-mediated transcriptional
activity. The effect of isoalantolactone on NF-kB-mediated
transcriptional activity was assessed. As shown in Fig. 6A,
isoalantolactone significantly reduced luciferase activity
compared with that in the control cells in a dose-dependent
manner. To demonstrate the essential role of NF-kB signaling
in the inhibitory effect of isoalantolactone on invasion,
MDA-MB-231 cells after transfection were treated with 4 yM
isoalantolactone. The result indicated that isoalantolactone
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inhibited cell invasion (37% decrease, Fig. 6B), which was
weaker than the inhibitory effect of isoalantolactone on the
non-transfected cells (Fig. 2D and E).

Discussion

Metastasis is the primary cause of the cancer-related high
mortality rate worldwide (25,26). Therefore, the search for
agents which can be employed to effectively inhibit cancer
metastasis is urgent (27). Due to drug resistance and toxic
side-effects of current chemotherapy, herbal medicine has
attracted the attention of scientists. Isoalantolactone is a natural
sesquiterpene lactone extracted from Inula helenium. Recently
published studies have demonstrated that isoalantolactone
possesses anticancer activity against osteosarcoma U20S,
UM-SCC-10A and SGC-7901 cells (13,16,18). In the present
study, we found that isoalantolactone potently suppressed

cell adhesion, migration and invasion at concentrations
with no effect on cell viability to exert its anticancer
effect (Figs. 1 and 2). Our study suggests that isoalantolactone
may be a promising candidate agent against the metastasis of
breast cancer.

MMPs, a family of well-characterized structurally
related zinc-dependent proteases, play a pivotal role in tissue
remodeling (28-30). Among the MMP members, MMP-2
and MMP-9 are commonly related to tumor migration, inva-
sion, and metastasis in various human cancers, due to their
capacities to degrade type IV collagen which is an important
component of the basement membrane, leading to increased
cell motility (31). Previous studies have confirmed that high
levels and activation of MMP-2 and MMP-9 significantly
enhance cancer cell invasion (32). Our findings indicated that
isoalantolactone downregulated the activity and expression
of MMP-2 and MMP-9 at the protein and mRNA levels in
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NF-kB p65 protein expression in the nucleus by immunocytochemical
analysis: (a) control, (b) isoalantolactone 1 uM, (c) isoalantolactone 2 uM,
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the immunocytochemical analysis. Data are presented as means + SD (n=3).
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a dose-dependent manner in MDA-MB-231 cells (Fig. 3),
suggesting that isoalantolactone inhibited cancer cell invasion
via a decrease in MMP-2 and MMP-9, thus resulting in failure
of tissue remodeling via the ECM.

The MAPK-mediated signaling pathway is closely
associated with cell invasion and metastasis during the
development and progression of tumors (33,34). It was recently
reported that the MAPK signaling pathway is involved in the
modulation of MMP-2 and MMP-9 levels in cancer cells (35).
In the present study, we found that isoalantolactone decreased
the levels of p-p38 MAPK, but did not reduce the expression
of p-ERK1/2 or p-JNK1/2 (Fig. 4A and B). Additionally,
SB203580 (a specific inhibitor of p38 MAPK) reduced the
expression of MMP-2 and MMP-9 proteins and suppressed
MDA-MB-231 cell invasion to the same degree as did
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Figure 6. Effect of isoalantolactone on the NF-kB signaling pathway.
(A) Effect of isoalantolactone on NF-kB-dependent reporter gene tran-
scription ability. (B) Effect of isoalantolactone on invasive ability in the
transfected cells. Data are presented as means = SD (n=3). "p<0.05, “p<0.01,
isoalantolactone vs. control.

isoalantolactone (Fig. 4C-E). The results were in line with
previous studies, which demonstrated that p38 MAPK activity
was needed for 12-O-tetradecanoylphorbol-13-acetate (TPA)-,
hepatitis C virus (HCV)-, HOXA10 overexpression-induced
increase of MMP in cancer cells (9,36,37). Thus,
isoalantolactone inhibits the invasion of MDA-MB-231 cells
via blocking the activity of p38 MAPK.

It was reported that activation of the p38 MAPK pathway
activates NF-kB, which promotes NF-«xB translocation to the
nucleus and then regulates NF-xB-dependent MMP transcrip-
tion (38). Activated NF-«B by p38 MAPK induced the invasion
of prostate cancer cells by inhibiting MMP-9 expression (39).
Our results indicated that isoalantolactone inhibited the
translocation of NF-kB p65 to the nucleus (Fig. 5). Therefore,
isoalantolactone decreased the level of MMPs and had an anti-
invasive effect.

In summary, the present study demonstrated for the first
time that isoalantolactone treatment resulted in the inhibition
of adhesion, migration, and invasion of highly metastatic
MDA-MB-231 breast cancer cells in vitro. Isoalantolactone
reduced the level and activation of MMP-2 and MMP-9 by
blocking the p38 MAPK signaling pathway and NF-kB p65
transcriptional activity. These results provide experimental
evidence for further development of isoalantolactone as a
potent agent against MDA-MB-231 cells and might be used as
a promising chemopreventive agent for the treatment of breast
cancer.
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