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Abstract. Glioblastoma (GBM) is the most common aggressive 
brain tumor and is associated with an extremely poor prog‑
nosis, as the current standard of care treatments have limited 
efficacy. Natural compounds have attracted increasing atten‑
tion as potential anticancer drugs. Alantolactone (ATL) is a 
natural small molecule inhibitor, that has antitumor properties. 
In the present study, U87MG and U251 cells were treated ATL 
and changes in actin/G‑actin/F‑actin/cofilin pathway were 
detected in whole cells, in the cytoplasm and mitochondria by 
western blot analysis. Immunofluorescence and immunopre‑
cipitation analysis identified changes in the expression levels 
of target proteins and interactions, respectively. A LIMK 
enzyme inhibitor was also applied to assess the effects of ATL 
on the migration and invasion of GBM cells. Flow cytometry 
was used to detect the levels of apoptosis of GBM cells. The 
expression of matrix metalloproteinase  (MMP)‑2/MMP‑9, 
caspase‑3/caspase‑9/poly(ADP‑r ibose) polymerase 
(PARP)/cytochrome c, were determined by western blot 
analysis to assess the effects of targeting LIMK. The in vitro 

findings were verified in vivo by characterizing changes in the 
expression of cofilin/LIMK in xenograft tumors in immuno‑
deficient mice. It was found that ATL activated cofilin through 
the targeted inhibition of LIMK enzyme activity and it thus 
upregulated the ratio of G/F actin, and inhibited GBM cell 
migration and invasion. Conversely, the activation of cofilin 
and G‑actin could be co‑transferred to the mitochondria to 
initiate the mitochondrial‑cytochrome c pathway to induce 
apoptosis. On the whole, the findings of the present study 
further illustrate the molecular mechanisms through which 
ATL inhibits the metastatic phenotype of GBM cells and 
induces apoptosis. Given previous findings, it can be deduced 
that ATL can function through multiple pathways and has 
multiple targets in GBM models, highlighting its potential for 
use in clinical applications.

Introduction

Glioblastoma (GBM) is a devastating disease that has an 
extremely poor prognosis. The 5‑year survival rate of patients 
with GBM is <3% and the 5‑year mortality rate ranks third 
amongst all malignant tumors (1‑3). The high mortality rate 
is due to the invasive nature of GBM, as tumors can spread 
locally within the brain or disseminate to other sites within the 
body (4). There is a critical need for the better understanding 
of the molecular mechanisms that drive the invasive pheno‑
type of GBM so that improved therapeutic approaches can be 
developed. Moreover, the identification of natural drugs with 
efficacy in the treatment of GBM have a high potential to lead 
to the development of novel therapies that may benefit a large 
number of patients.

Alantolactone (ATL; chemical structure shown in Fig. 1A) 
is a semi‑terpene lactone compound that is isolated from the 
roots of Inula helenium. ATL has potent biological activities 
that include anti‑inflammatory, antitumor, anti‑parasitic and 
hepatoprotective properties (5). Previously, the authors demon‑
strated that ATL can pass through the blood‑brain barrier to 
inhibit the growth and metastatic phenotype of GBM and 
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also induce apoptosis (6). However, the underlying molecular 
mechanisms of these effects and the regulatory targets acti‑
vated by ATL remain to be fully characterized.

Cell migration is a critical hallmark of tumor invasion and 
metastasis (7). A detailed investigation of the mechanisms 
of cell migration has revealed that cell polarity, the dynamic 
regulation of depolymerization, the polymerization of micro‑
filaments and microtubules, and changes in signal transduction 
during migration are all related to the recombination of the 
actin cytoskeleton (8).

Actin is a protein that is divided into a polymer form of 
F‑actin (fibrous) and a monomer form of G‑actin (spherical). 
The formation of pseudopodia is dependent on the polymeriza‑
tion and depolymerization of actin. Cofilin is a binding protein 
of actin and represents a family of actin depolymerization 
factors that dominates the migration of cells. Cofilin induces 
the depolymerization of fibrous F‑actin into spherical G‑actin, 
leading to the remodeling of the cytoskeleton. This process 
affects cell migration and occurs during embryonic develop‑
ment, wound repair and tumor cell invasion and metastasis (9).

LIMK is a serine/threonine‑protein kinase that includes 
2 members, LIMK1 and LIMK2. These proteins catalyze the 
phosphorylation of cofilin as upstream molecules that regulate 
cofilin. LIMK inactivates cofilin by phosphorylating the serine 
residue at the 3rd position of cofilin protein. It also mediates 
actin polymerization to form a pseudopodoid structure and 
can regulate cofilin activity through changes in the enzyme 
activity of LIMK to control the migration and invasion prop‑
erties of tumor cells (10). Studies have found that LIMK is 
involved in the progression, migration and invasion of various 
malignant tumors, including ovarian, breast and colon cancer 
cells (11‑13). It has also been demonstrated that the transloca‑
tion of activated cofilin to the mitochondria is an early marker 
of apoptosis. Cofilin translocates to the outer membrane of the 
mitochondria and releases cytochrome c into the cytoplasm to 
induce apoptosis (14).

Based on these previous findings, it was hypothesized that 
ATL may activate cofilin through the targeted inhibition of 
LIMK enzyme activity. This may inhibit cell migration and 
invasion and also induce apoptosis. In the present study, 
in vitro and in vivo experiments were performed to investigate 
the molecular mechanisms of ATL in modulating the migra‑
tion, invasion and apoptosis of GBM cells. The data of the 
present study support the further development of ATL as a 
potential therapy for the treatment of GBM.

Materials and methods

Chemicals and antibodies. ATL (≥98.5% purity) was prepared 
by the laboratory at Dalian Medical University. Extraction and 
purification were performed via stepwise elution in a solvent 
system containing hexane:ethyl acetate:methanol:water at 
volumetric ratios of 5:3:1:2 (v/v). The concentration of the 
ATL stock solution was 100 µmol/l. The stock solution was 
dissolved in dimethyl sulfoxide (DMSO) and stored at ‑20˚C 
for further experimental use. The final concentration of DMSO 
was <0.1% when ATL was applied to the cells. The LIM 
kinase Inhibitor I (LIMKi 3) was purchased from MedChem 
Express. Antibodies against cofilin (sc‑376476), LIMK1 
(sc‑28370)/2 (sc‑365414) and phospho‑LIMK1/2 (Thr508/505) 

(sc‑28409) were purchased from Santa Cruz Biotechnology, 
Inc. Antibodies against phospho‑cofilin (Ser 3) (cat. no. 3311), 
cytochrome  c oxidase (Cox)  IV (cat. no.  4844), slingshot 
homolog (SSH; cat. no. 13578), testis associated actin remod‑
eling kinase (cat. no. 4655, TESK), GAPDH (cat. no. 2118), 
β‑actin (cat. no. 4970), cleaved caspase‑3 (cat. no. 9664)/9 
(cat. no. 20750)/poly(ADP‑ribose) polymerase (cat. no. 5625, 
PARP) were purchased from Cell Signaling Technology, Inc. 
Matrix metalloproteinase (MMP)‑2 (cat. no. 66366‑1‑Ig)/9 
(cat. no. 10375‑2‑AP) and cytochrome c (cat. no. 10993‑1‑AP) 
antibodies were purchased from Proteintech Group, Inc. and 
actin (cat.  no. A4700) antibody was from Sigma‑Aldrich; 
Merck KGaA.

Cells and cell culture. The U87MG (cat. no. HTB‑14) and 
U251 cell lines were obtained from the American Type Culture 
Collection (ATCC). All cells were maintained in DMEM 
supplemented with 10% fetal bovine serum (FBS) and main‑
tained at 37˚C in a humidified atmosphere containing 5% CO2.

The U87MG cell line is a glioblastoma of unknown origin. 
The authenticity of the cell line was verified through the 
genomic short tandem repeat profile by Shanghai Biowing 
Biotechnology Co. Ltd. and the cell line were confirmed to be 
free of mycoplasma using a Mycoplasma Detection kit‑Quick 
Test (Biotool, LLC).

Wound healing migration assay. The cells were allowed to 
grow to become fully confluent in 6‑well plates. A line of cells 
was then scraped away in each well using a pipette tip after 
6 h of serum starvation. The cells were then washed twice to 
remove detached cells. Fresh medium containing different 
drug treatments (DMSO; ATL, 10 µM; LIMKi 3, 5 µM; and 
ATL + LIMKi 3) were added to the scratched monolayers. 
Images were acquired using a Leica DM 14000B microscope 
following 24 h of incubation at 37˚C. The migrating cells were 
observed from 3 randomly chosen fields of view and quantified 
by manual counting. The percentage inhibition of migration 
was expressed as relative to the untreated cells (100%).

Transwell invasion assay. Liquefied matrix glue was mixed 
with DMEM (1:3 ratio) and kept on ice. A total of 80 µl of 
the mixture was applied to the cell membrane, and incubated 
at 37˚C for 30 min to solidify the matrix glue. Cells were 
trypsinized and resuspended in culture medium without fetal 
bovine serum. Subsequently, 100 µl of cell suspension (density 
5x105 cells/ml) were added to the upper layer of the chamber, 
which were pre‑coated with Matrigel (BD Biosciences) and 
700 µl of DMEM medium containing fetal bovine serum was 
added to the lower layer. The upper and lower layers of each 
group contained the same concentration of cells in each of 
the treatment groups. Following incubation for 24 h at 37˚C, 
cotton swabs were used to remove the residual matrix glue and 
cell suspension in the upper chamber. The chamber was then 
fixed in methanol for 15 min. After removing the chamber and 
allowing the membrane to air dry, the chamber was stained 
with 1% crystal violet (Sigma‑Aldrich; Merck KGaA) for 
20 min at room temperature and washed 3 times with PBS. 
The invading cells were detected after staining under the 
membrane of the chamber were photographed under a Leica 
DM 14000B microscope (Leica Microsystems GmbH).
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Flow cytometry analysis. Cells were seeds in 6‑cm culture 
dishes and treated with the different drugs (DMSO; ATL, 
10 µM; LIMKi 3, 5 µM; and ATL + LIMKi 3) for 24 h. The 
cells were then washed with PBS twice and trypsinized. The 
cells were collected by centrifugation (400 x g, 5 min) at 4˚C. 
The cells were then washed twice in PBS and centrifuged 
(400 x g, 5 min) at 4˚C. Cells were resuspended in 500 µl of 
binding buffer and 5 µl of Annexin V‑FITC were added to 
the samples. The samples were mixed and 5 µl of propidium 
iodide added before being incubated for 15  min at room 
temperature in the dark. Cells were then analyzed using a C6 
flow cytometer (BD FACS Accuri C6; BD Biosciences).

G‑actin/F‑actin assay. G‑actin and F‑actin were detected 
using the G‑actin /F‑actin in vivo detection kit (Cytoskeleton, 
Inc.) according to the manufacturer's instructions. Following 
48 h of treatment with various concentrations of ATL (0, 5, 10 
and 20 µM), the cells were lysed with LAS2 buffer (including 
lysis solution, F‑actin stabilization buffer, ATP stock solution 
and protease inhibitor cocktail stock solution; Cytoskeleton, 
Inc.) at 37˚C for 1 h. The cells were isolated by centrifuga‑
tion at 800 x g for 5 min at 4˚C. The cell lysates were then 
centrifuged at 100,000 x g for 1 h at 4˚C and F‑actin in the 
precipitate and G‑actin in the supernatant were precipitated. 
Samples were mixed 5  times with SDS sample buffer and 
western blot analysis was performed using an anti‑actin 
antibody. Grayscale analysis was performed using ImageJ2x 
Software (Rawak Software Inc.).

Western blot analysis and immunoprecipitation. Whole‑cell, 
cytoplasmic, nuclear and mitochondrial cytoplasmic 
proteins from each of the treatment groups were extracted 
using a corresponding extraction kit. The total protein 
extraction kit (cat. no. BC3790), cytoplasmic protein extraction kit 
(cat. no. BC3740), nuclear protein extraction kit (cat. no. R0050) 
and mitochondrial protein extraction kit (cat. no. SM0020) 
were purchased from Solarbio Life Sciences, Inc. Equal quanti‑
ties of protein (40 µg/lane) were separated by electrophoresis 
on a 7.5‑12% sodium dodecyl sulfate polyacrylamide, and 
which were transferred to PVP membranes and detected by 
specific antibodies targeting the proteins of interest. The 
membranes were blocked with 5% non‑fat milk for 2 h at 25˚C. 
The membranes were incubated with primary antibodies 
as follows: Cofilin (1:1,000), p‑cofilin (1:1,000), LIMK1/2 
(1:1,000), p‑LIMK1/2 (1:1,000), SSH (1:1,000), TESK (1:1,000), 
MMP‑2/9 (1:1,000), cytochrome c (1:1,000) and cleaved 
caspase‑3/9/PARP (1:1,000) overnight at 4˚C, followed by incu‑
bation with anti‑rabbit HRP secondary anti‑body (1:20,000, 
cat. no. 7074, Cell Signaling Technology, Inc.), or anti‑mouse 
HRP‑conjugated secondary antibody (1:20,000, cat. no. 7076, 
Cell Signaling Technology, Inc.) for 2 h at room temperature. 
β‑actin (1:5,000), GAPDH (1:3,000) or Cox IV (1:3,000) served 
as the loading controls. Proteins were visualized by exposure 
to Chem‑Doc (Bio‑Rad Laboratories, Inc.). The concentration 
of proteins was determined using a BCA protein detection kit 
(Beyotime Institute of Biotechnology). All experiments were 
performed at least in triplicate.

For immunoprecipitation, the cells were dissolved in 1% 
NP‑40 buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Noindet 
P‑40, 10% glycerol, 1 mM PMSF, 10 µg/ml aprotinin, 10 µg/ml 

leupeptone and 1 mM Na3V4]. The same amount of protein 
was then incubated with the primary antibody on a shaking 
table at 4˚C. Immune complexes were collected with protein 
G agarose beads (Santa Cruz Biotechnology Co., Ltd.) and 
washed several times in lysis buffer. The samples were boiled 
and western blot analysis was performed as described above.

Immunofluorescence. Cells from each of the treatment groups 
were grown on chamber slides, collected by centrifugation 
(400 x g, 5 min) at 4˚C, resuspended gently in pre‑warmed 
(37˚C) staining solution containing 200  nM MitoTracker 
Red CMXRos (cat. no. M7512, Molecular Probes; Thermo 
Fisher Scienific, Inc.) for 1 h at 37˚C, and washed twice with 
RPMI‑1640 medium. This was followed by fixation with 
3.7% of methanol‑free formaldehyde for 15 min, and permea‑
bilization with 0.1% Triton X‑100 for 10 min. Slides were 
blocked with 1% BSA in PBS for 30 min, then incubated with 
anti‑cofilin (1:50) primary antibody at 4˚C overnight, followed 
by the secondary Alexa  488‑conjugated goat anti‑mouse 
antibody (1:300, cat. no. R37120, Molecular Probes; Thermo 
Fisher Scienific, Inc.) for 1 h at room temperature. Cells were 
incubated with 50 nM MitoTracker Green FM (cat. no. M7514, 
Molecular Probes; Thermo Fisher Scienific, Inc.) following 
fixation. The fluorescent staining of globular and filamentous 
actin was performed using Fluorescent Deoxyribonuclease I 
Conjugates (1:500, cat. no. D12371, Molecular Probes; Thermo 
Fisher Scienific, Inc.) and Fluorescent phallotoxins (1:40, 
cat. no. R415, Molecular Probes; Thermo Fisher Scienific, 
Inc.) at 4˚C overnight, followed by the secondary Alexa 488‑ 
conjugated goat anti‑mouse antibody (1:300, cat. no. R37120, 
Molecular Probes; Thermo Fisher Scienific, Inc.) for 1 h at 
room temperature. The stained samples were mounted with 
4',6‑diamidino‑2‑phenylindole (DAPI) at room temperature 
for 5 min to counterstain the cell nuclei. Following 5 addi‑
tional 5‑min washes in PBS, the samples were examined 
under a Leica D M  14000B confocal microscope (Leica 
Microsystems GmbH).

Enzyme‑linked immunosorbent assay. The LIMK enzyme 
was detected using a cell‑based fluorometric ELISA kit 
(ImmunoWay Biotechnology Co., Ltd.) according to the 
manufacturer's instructions. Cells were seeded onto 96‑well 
plates. Following 48 h of treatment with various concentra‑
tions of ATL (0, 5, 10 and 20 µM), the cells were fixed by 
removing the cell growth culture medium, followed by 
rinsing twice with PBS, and a final incubation with 100 µl of 
4% formaldehyde in PBS for adherent cells. Incubation was 
performed for approximately 30 min at room temperature. The 
formaldehyde solution was removed and the cells were rinsed 
3  times with wash buffer. The final wash buffer was then 
removed, and 100 µl of Quench buffer was added followed by 
incubation for 25 min at room temperature; the plates were 
sealed and covered with parafilm. The Quench buffer was 
then removed and the cells were rinsed 3 times for 5 min each 
with 200 µl of wash buffer on a shaker. The wash buffer was 
removed and 100 µl of Blocking Buffer were add followed 
by incubation for 1 h at room temperature. After blocking, 
the plates were washed 3 times with wash buffer for 5 min 
each wash. Subsequently, 50 µl of Primary Antibody Mixture 
(1:100 LIMK1/2; 1:100 GAPDH) were added into each relevant 
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well on the 96‑well plate. The plates were incubated overnight 
at 4˚C. The plates were sealed with parafilm or incubated in 
a humid‑box in refrigerator, ensuring that the plates were 
plated at an even level. The Primary Antibody Mixture was 
then removed, and the wells were washed 3 times for 5 min 
each with 200 µl of wash buffer with gentle shaking on a 
shaker. The wash buffer was removed, and 50 µl of Secondary 
Antibody Mixture (DyLight®649‑conjugated anti‑rabbit IgG; 
FITC‑conjugated anti‑mouse IgG) were then added to each 
well. The plates were covered and sealed with parafilm, with 
gentle shaking on a shaker for 1 h at the room temperature. 
The Secondary Antibody Mixture was then removed and the 
cells were washed 3 times for 5 min each time with 200 µl of 
wash buffer. Subsequently, 50 µl of 1X PBS were added to 
each well on the 96‑well plate. The plates were then read at an 
excitation and emission wavelength: 654/673 (DyLight®649) 
and 495/521 (FITC) and kept in the dark. The fluorescence 
intensity ratio was calculated between DyLight®649 vs. FITC, 
comparing the ratio before and after treatment.

Animal experiments. U87MG cells were trypsinized and 
resuspended in PBS at a density of 1x107/ml. Under aseptic 
conditions, 100  µl of cell suspension was subcutaneously 
injected near the axillary fossa of male nude mice (BALB/c 
nu/nu, 4 weeks old, weighing 18‑19 g, 25 mice in total. The 
mice were maintained in a specific pathogen‑free grade 
animal facility on a 12 h light/dark cycles at 25±2˚C. The 
mice were provided with free access to sterilized food and 
water and were allowed to acclimatize for 7 days before start 
of the experiment. All procedures were performed at the SPF 
Laboratory Animal Center of Dalian Medical University, 
Dalian, China).

Following injection, the weights of the mice were recorded 
daily, and the longest and shortest diameters of the tumors 
were measured using a Vernier caliper. When the tumors 
reached a size of 3x4 mm, the mice were randomly divided into 
3 experimental groups with 5 mice in each group. In group A, 
the animals were injected with 100 µl PBS; in group B, the 
animals were treated with a low dose of ATL (10 mg/kg in 
PBS containing 33% propylene glycol, 100 µl); and group C, 
the animals were treated with a high dose of ATL (20 mg/kg 
in PBS containing 33% propylene glycol, 100 µl). The doses 
used were selected with reference to previous research (15). 
Treatments were delivered by intraperitoneal injection once 
a day for 15 days. All experimental animals were sacrificed 
and tumor tissues were collected for immuno‑histochemical 
staining and western blot analysis. All procedures were in 
performed in line with the National Institutes of Health 
Guidelines for the Care and Use of Laboratory Animals 
(National Institutes of Health, Bethesda, MD, USA). The 
experimental protocol was approved by the Animal Care and 
Ethics Committee of Dalian Medical University.

Statistical analysis. A Student's t‑test (two-tailed), a t‑test 
with Welch's correction, and an F‑test were used to statisti‑
cally analyze the datasets using GraphPad Prism  6.0 
software (GraphPad Software, Inc.). The concrete methods 
of t‑test analysis in the study were as follows: The data of 
2 groups for comparison were analyzed using an F‑test firstly 
(homogeneity test of variance). When the value of the F‑test 

was >0.05, the value of the t‑test was obtained according to 
the heteroscedasticity double sample test. When the value 
of the F‑test was <0.05, the value of the t‑test was obtained 
according to the heteroscedasticity double sample test. A 
value from the t‑test <0.05 indicated significant differences 
between the 2 experimental groups and a value of the t‑test 
>0.05 indicated no statistically significant differences between 
the 2  experimental groups. Two‑way analysis of variance 
(ANOVA) followed by a Bonferroni's test for multiple compar‑
isons were performed to analyze the data involving multiple 
groups. The data are represented as the means ± SD of at least 
3 independent experiments. P‑values <0.05 were considered 
to indicate a statistically significant difference. SPSS 18.0 
software (SPSS Inc.) was used for all of the statistical analyses.

Results

ATL induces the dephosphorylation of Cofilin and regulates 
the ratio of G/F‑actin. A previous study by the authors (6) 
demonstrated that ATL significantly reduced the migration 
and invasiveness of GBM cells. Moreover, previous research 
has indicated that the G/F‑actin ratio is an indicator of actin 
dynamics and is responsible for regulating cell migration 
and invasion (16). Cofilin is a binding protein of actin that 
functions function of cofilin is to regulate the polymeriza‑
tion and depolymerization of actin. Phosphorylated cofilin 
is inactive which hinders the process of F‑actin depolymer‑
ization into G‑actin, and disrupts the formation of invasive 
pseudopodia to enhance the migration and invasion of tumor 
cells (11,17).

In the present study, G‑actin was first separated from 
F‑actin using a G/F‑actin separation kit. The results of western 
blot analysis revealed that ATL significantly increased the 
expression of G‑actin and reduced the expression of F‑actin 
(Fig. 1B). Similarly, it was also confirmed that ATL significantly 
upregulated the expression of G‑actin and downregulated the 
expression of F‑actin in a concentration‑dependent manner, 
as shown by immunofluorescence microscopy confocal 
experiments (Fig. 1C).

Subsequently, whole‑cell protein, as well as cytoplasmic 
and mitochondrial proteins were isolated from the U87MG 
and U251 cells and were subjected to western blot analysis 
(Fig. 2A‑D). In the whole‑cell extract, it was found that ATL 
significantly inhibited the expression of p‑cofilin in a concen‑
tration‑dependent manner, whilst the total level of cofilin 
was not markedly altered (Fig. 2A). These results indicated 
that ATL can induce the dephosphorylation and activation of 
cofilin and depolymerize F‑actin into G‑actin, suggesting a 
potential role of ATL in inhibiting the migration and invasion 
of GBM cells.

ATL induces cofilin and G‑actin co‑translocation to the 
mitochondria. The authors have previously demonstrated 
that ATL induces the release of cytochrome c from the mito‑
chondria into the cytoplasm through endogenous pathways 
to initiate the caspase cascade pathway and induce apoptosis 
in GBM cells  (6). Previous research has found that cofilin 
can translocate to the mitochondria to increase the perme‑
ability transition pores, release cytochrome c and initiate the 
apoptotic cascade (18). In the present study, it was found that 
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the expression of cofilin in the cytoplasm was significantly 
decreased (Fig. 2B) and the expression in the mitochondria was 
significantly increased (Fig. 2C). The expression of Cofilin in 
whole cells was not significantly changed (Fig. 2A) after ATL 
treatment. These observations indicate that ATL can promote 
the transfer of cofilin from the cytoplasm to the mitochondria.

It was also found that the expression of p‑cofilin (Ser 3) 
protein was significantly decreased in whole cells and in the 
cytoplasm (Fig. 2B), whilst its expression was not detected 
in the mitochondria (Fig. 2C). These results confirm that 
cofilin may be activated by dephosphorylation at the Ser 3 
site and only activated cofilin may be translocated into the 
mitochondria, whilst p‑Cofilin cannot undergo mitochondrial 
translocation. Cofilin (red light) and mitochondria (green light) 
were stained with specific fluorescence probes observed under 
a laser confocal microscope (Fig. 3A). Following treatment 
with ATL, the fluorescence of cofilin and the mitochondria 
overlapped (red light and green light overlapped into yellow 
light), further confirming that ATL induced the translocation 
of cofilin to the mitochondria.

Following treatment with ATL, the expression of actin was 
upregulated in the mitochondria (Fig. 2C) and downregulated 
in the cytoplasm (Fig.  2B) in a concentration‑dependent 
manner. The expression of actin at the whole cell protein level 
was not significantly altered (Fig. 2A). These data suggest that 
ATL can significantly increase the ratio of G‑actin to F‑actin; 
thus, it was hypothesized that G‑actin is transferred to the 
mitochondria. Subsequently, specific fluorescence staining 
technology was used to observe the localization associations 
between G‑actin, F‑actin and the mitochondria under a laser 
confocal microscope to examine the hypothesis. The results 
revealed that the fluorescence of G‑actin and the mitochondria 
overlapped (yellow light, Fig. 3B) whilst the co‑localization 
between F‑actin and the mitochondrial did not occur (Fig. 3C), 
confirming the hypothesis.

We speculate that the ATL‑induced translocation of Cofilin 
to the mitochondria causes apoptosis and may also be related 
to actin translocation to mitochondria. We conducted immu‑
noprecipitation experiments to detect the levels of correlation 
between Cofilin and actin. As shown in Fig. 2D, we found 
that the direct binding of Cofilin and actin in mitochondrial 
components was significantly increased after treated with 
ATL. Also, Cofilin (red light) and G‑actin (green light) were 
found to be co‑localized and had overlapping fluorescence 
(yellow light) detected by confocal observation  (Fig. 3D). 
These results confirm that ATL induces cofilin and G‑actin 
to co‑translocate to the mitochondria. These proteins interact 
with each other and mediate the mitochondrial/cytochrome c 
pathway and to initiate the caspase cascade signaling pathway, 
leading to apoptosis.

ATL inhibits the activity of the LIMK enzyme. Studies have 
demonstrated that the activity of cofilin is mainly regulated by 
phosphorylation and dephosphorylation, whilst the third serine 
site of Cofilin is only one phosphorylation site (19). When the 
serine 3 site is phosphorylated, cofilin loses its activity and 
F‑actin will accumulate due to blocked depolymerization. 
By contrast, Cofilin will regain the function of depolymer‑
izing F‑actin after the serine 3 site is dephosphorylated. The 
enzymes that catalyze cofilin phosphorylation are LIMK and 
TESK, whilst the enzymes that can remove cofilin phosphory‑
lation include SSH (20).

To further explore the target of ATL in regulating cofilin 
activity, the expression of phosphorylase and dephosphorylase 
that catalyze cofilin were detected. As shown in Fig.  4A, 
ATL significantly inhibited the expression of p‑LIMK1/2 
in a concentration‑dependent manner, whilst the total levels 
of LIMK1 and LIMK2, TESK and SHH were not mark‑
edly altered. Furthermore, a significant downward trend of 
p‑LIMK1/2 protein was detected by ELISA (Fig. 4B). Based 

Figure 1. ATL regulates the ratio of G/F‑actin. (A) Chemical structure of ATL. Molecular formula, C15H20O2. Molecular weight, 232.32 g/mol. (B) At 48 h 
following treatment of the U87MG and U251 cells with ATL (0‑20 µM), the levels of F‑actin and G‑actin were measured using the G‑actin/F‑actin assay kit. 
(C) The levels of F‑actin (red) and G‑actin (green) in U87MG cells treated with ATL were imaged by confocal microscopy. *P<0.05 and **P<0.01 vs. the DMSO 
group. ATL, alantolactone. 
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on these data, it was hypothesized that ATL may activate 
cofilin by inducing the dephosphorylation of LIMK, inhibiting 
the activity of LIMK enzyme and blocking the phosphoryla‑
tion of cofilin.

ATL inhibits the migratory ability and invasiveness of GBM 
by targeting LIMK enzyme activity. In a previous study, the 

authors demonstrated that ATL suppressed the migratory 
ability and invasiveness of GBM cells and also downregu‑
lated the expression of MMP‑2 and MMP‑9 (6). Thus, in the 
present study, experiments were conducted to verify whether 
ATL targeting LIMK enzyme activity during the activa‑
tion of cofilin would inhibit the migration and invasiveness, 
and induce the apoptosis of GBM cells. U87MG cells were 

Figure 2. ATL induces cofilin and G‑actin co‑translocation to the mitochondria. After U87MG and U251 cells were treated with various concentrations of 
ATL (0‑20 µM) for 48 h, whole‑cell, cytosolic and mitochondrial lysates were prepared. (A) Western blot analysis was performed using antibodies against 
cofilin, p‑cofilin, actin and GAPDH. (B) The cytosolic fractions were subjected to western blot analysis using antibodies against cofilin, p‑cofilin, actin and 
GAPDH. (C) The mitochondrial fractions were subjected to western blot analysis using antibodies against cofilin, p‑cofilin, actin and Cox IV. (D) Cytosolic 
and mitochondrial fractions of control and ATL‑treated cells were prepared and subjected to immunoprecipitation using an anti‑cofilin antibody, followed by 
western blot analysis. *P<0.05 and **P<0.01 vs. the DMSO group. ATL, alantolactone; Cox IV, cytochrome c oxidase. 
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pre‑treated with LIMKi  3 (5  µM) for 8  h, and then ATL 
(10 µM) was added at the corresponding time points to detect 
migration and invasion. LIMKi 3 is a specific selective LIMK 

inhibitor. The results of the wound scratch (Fig. 5A and C) and 
invasion assays (Fig. 5B and D) revealed significant differ‑
ences between the ATL, LIMKi 3 and ATL + LIMKi 3 groups 

Figure 3. (A) The levels of cofilin (red) and mitochondria (green) in U87MG cells treated with ATL were imaged by confocal microscopy analysis. White 
arrows indicate overlapping parts (yellow). (B) Levels of G‑actin (green) and mitochondria (red) in U87MG cells treated with ATL were imaged by confocal 
microscopy. White arrows indicate overlapping parts (yellow). (C) The levels of F‑actin (green) and mitochondria (red) in U87MG cells treated with ATL were 
imaged by confocal microscopy. (D) The levels of Cofilin (red) and G‑actin (red) in U87MG cells treated with ATL were imaged by confocal microscopy. 
White arrows indicate overlapping parts (yellow). ATL, alantolactone. 

Figure 4. ATL inhibits the activity of LIMK enzyme. At 48 h following treatment of U87MG and U251 cells with ATL, (A) the protein levels of the SHH, TESK, 
LIMK1, LIMK2, p‑LIMK1/2 and GAPDH were detected by western blot analysis, and (B) the percentage p‑LIMK1/2 protein was detected by ELISA. *P<0.05 
and **P<0.01 vs. the DMSO group. ATL, alantolactone; LIMK, LIM kinase; SSH, Sonic hedgehog; TESK, testis associated actin remodelling kinase. 
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compared to the control group (P<0.05). No significant differ‑
ences were observed between the ATL and ATL + LIMKi 3 
group (P>0.05). The above‑mentioned results indicated that 
ATL, similar to LIMKi, specifically inhibited LIMK enzyme 
activity to suppress the migratory ability and invasiveness of 
GBM cells.

The U87MG and U25 cells were then treated in the same 
manner and the protein expression of MMP‑2 and MMP‑9 was 
detected by western blot analysis. The results revealed (Fig. 5E) 
that the expression of these 2 proteins was differed significantly 
between the ATL, LIMKi 3 and ATL + LIMKi 3 groups, and 
the control group. No significant difference was observed 
between the ATL and ATL + LIMKi groups. These data suggest 
that ATL may play an anti‑migratory and anti‑invasive role in 
GBM by inhibiting LIMK enzyme activity, activating cofilin, 
and downregulating MMP‑2 and MMP‑9 protein expression.

ATL induces the apoptosis of GBM cells by targeting LIMK 
enzyme activity. Previously, it was confirmed that ATL 
induces the release of cytochrome c from the mitochondria 
into the cytoplasm through endogenous pathways to initiate 
the caspase cascade pathway, and induces the apoptosis 
of GBM cells (6). In the present study, U87MG cells were 
pre‑treated with LIMKi 3 for 8 h and ATL was then applied 
(10 µM) for 24 h before detecting apoptosis by flow cytometry. 
As shown in Fig. 6A and B, compared to the control group, 
the number of apoptotic cells in the ATL, LIMKi  3 and 
ATL + LIMKi 3 groups increased significantly (P<0.05). No 
significant difference in the levels of apoptosis was observed 
between the ATL and ATL + LIMKi 3 groups (P>0.05).

The expression of key proteins regulating apoptosis was 
then detected by western blot analysis. As shown in Fig. 6C, the 
expression levels of cleaved caspase‑3, cleaved caspase‑9, cleaved 
PARP and cytochrome c were significantly increased in the ATL, 
LIMKi 3 and ATL + LIMKi 3 groups compared to the control 
group (P<0.05). No significant differences in the expression of 
apoptosis‑associated proteins were detected between the ATL 
and ATL + LIMKi 3 groups (P>0.05). These results confirm that 
ATL can activate cofilin by targeting LIMK enzyme activity. In 
addition, cofilin and G‑actin co‑translocate to the mitochondria, 
causing mitochondrial damage and the release of cytochrome c 
from the mitochondria to the cytoplasm, which acts to initiate the 
caspase signaling pathway to induce apoptosis.

ATL inhibits the expression of p‑cofilin and p‑LIMK1/2 in a 
heterotopic xenograft tumor model. To verify the results from 
the cell experiments, in vivo experiments by were conducted 
establishing a GBM xenograft model. Previously, it was 
confirmed that ATL can inhibit the growth of transplanted 
tumors in nude mice in a dose‑dependent manner (6). In the 
present study, transplanted tumor tissues from each of the 
experimental groups were first examined by immunohisto‑
chemical analysis. The results revealed that ATL inhibited the 
expression of p‑cofilin in a dose‑dependent manner (Fig. 7A). 
Western blot analysis also revealed that ATL significantly 
downregulated the expression levels of p‑cofilin and 
p‑LIMK1/2 in tumor tissues in vivo (Fig. 7B).

Molecular mechanisms responsible for the inhibitory effects 
of ATL on the GBM metastatic phenotype and the induction 

Figure 5. ATL inhibits the migratory ability and invasiveness of GBM cells by targeting LIMK enzyme activity. (A) Wound healing test results (scale bar, 
100 µm) and (C) mobility calculation results of the U87MG cells; (B) Transwell assay results (scale bar, 50 µm) and (D) the number of invasive cells (% of 
control) of the U87MG cells. (E) The protein expression of MMP‑2 and MMP‑9 was detected by western blot analysis of the U87MG and U251 cells. Similar 
tests were repeated at least 3 times. *P<0.05 vs. the DMSO group; ns, not significant (P>0.05, the ATL group vs. the ATL + LIMKi 3 group). GBM, gliobas‑
toma; ATL, alantolactone; LIMK, LIM kinase; MMP, matrix metalloproteinase. 
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of apoptosis. As demonstrated by the above‑mentioned results, 
ATL may activate cofilin through the targeted inhibition of 
LIMK enzyme activity. It can upregulate the ratio of G/F actin, 
and inhibit the migration and invasion of GBM cells. Activated 
cofilin and G‑actin can be co‑transferred to the mitochondria 
to initiate the mitochondrial/cytochrome c pathway and induce 
apoptosis (Fig. 8).

Discussion

GBM is the most common aggressive brain tumor and has an 
extremely poor prognosis as current standard of care treatments 
lack efficacy. There is an urgent need for the development of 
novel therapeutics that are effective against the disease. With 
advances in targeted therapies, it is particularly important to 

Figure 6. ATL induces the apoptosis of GBM cells by targeting LIMK enzyme activity. (A) Detection results of apoptotic cells and (B) calculation results of 
the apoptotic rate. (C) Protein expression levels of cleaved caspase‑3, cleaved caspase‑9, cleaved PARP and cytochrome c in the U87MG and U251 cells were 
detected by western blot analysis. Similar tests were repeated at least 3 times. *P<0.05 vs. the DMSO group; ns, not significant (P>0.05, the ATL group vs. the 
ATL + LIMKi 3 group). GBM, gliobastoma; ATL, alantolactone; LIMK, LIM kinase. 
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explore new targets for the diagnosis and treatment of GBM. 
ATL is a small molecule natural compound that has a variety of 
pharmacological activities including antitumor effects (21‑23). 
In a previous study by the authors (6), it was found that ATL 
inhibited the proliferation, growth, migration and invasion of 
GBM cells, and induced apoptosis. The present study aimed to 
systematically examine the specific molecular mechanism and 
regulatory targets of ATL in GBM.

The migration and invasion of tumor cells is a complex 
process (24) that consists of 4 basic steps. The process begins 
with the separation of cancer cells from tumor entities. The 
second step involves adhesion to extracellular matrix followed 
by the activation of matrix metalloproteinases (typically 
MMP‑2, MMP‑9) to degrade the extracellular matrix and the 
final involves complete cell movement and contraction. The 
migratory movement of cells is the first core step in which actin 
and its regulatory proteins play a central role (25). Actin can be 
divided into 2 forms, fibrous F‑actin (polymer) and spherical 
G‑actin (monomer). These forms exist in the form of dynamic 
equilibrium by depolymerizing F‑actin into G‑actin and polym‑
erizing G‑actin into F‑actin. Actin is closely related to tumor 
cell movement, vascular invasion and metastasis. Tumor cells 
break the dynamic balance of actin by blocking the depolymer‑
ization of F‑actin. This causes the accumulation of F‑actin that 
induces the formation of invasive pseudopodia of tumor cells 
under the guidance of chemotactic signals and promotes the 
migration, invasion and metastasis of tumor cells (26).

Actin depolymerizing factors are a group of proteins that 
can bind to actin. Cofilin is an important family member with 
a molecular weight of 21 kDa and is expressed in all eukary‑
otic cells. Cofilin and contains sites that can bind to actin at 
both ends of protein N and C termini (20). Previous research 
has demonstrated that cofilin plays a key role in regulating the 

speed and direction of tumor cell migration and in mediating 
adhesion to the extracellular matrix during invasion and 
metastasis (27). Activated cofilin can combine with actin to 
depolymerize F‑actin in the multimeric form into G‑actin in 
monomer form, increasing the conversion of actin. Therefore, 
cofilin is a key molecule that regulates dynamic changes in the 
actin cytoskeleton (28). The activation or inactivation of cofilin 
is closely related to the invasion and metastasis of tumor cells.

The n‑terminal serine 3 site of cofilin is the only phos‑
phorylation site in its structure. The phosphorylation and 
dephosphorylation of cofilin are closely related to the assembly, 
decomposition and cleavage of actin (9). Once the Ser 3 site is 
phosphorylated, cofilin will lose its activity and cannot combine 
with F‑actin to prevent F‑actin from depolymerizing into G‑actin 
and induce tumor cell migration, invasion and metastasis (29).

It has been demonstrated that the enzymes that catalyze 
cofilin phosphorylation are LIMK and TESK. The phos‑
pholipase that removes cofilin phosphorylation is SSH. 
LIMK is a key enzyme that regulates cofilin (19). LIMK is 
a serine/threonine protein kinase that exists in eukaryotes. It 
has 3 highly related family members, LIMK1 and LIMK2. 
Phosphorylated LIMK is an activated form and can specifi‑
cally catalyze the phosphorylation of the Ser 3 site of cofilin 
that inactivates cofilin. The change of cofilin activity regulated 
by LIMK is directly related to the invasion, movement and 
metastasis of tumor cells (30).

Previously, it was confirmed that ATL can suppress the 
migratory ability and invasiveness of GBM cells and downreg‑
ulates the expression of MMP‑2 and MMP‑9 (6). However, in 
the present study, it was found that the expression of p‑cofilin 
was significantly decreased, and the ratio of G/F‑actin was 
significantly increased by ATL. It was found that ATL specifi‑
cally downregulated the expression of p‑LIMK1/2 in the 

Figure 7. ATL inhibits the expression of p‑cofilin and p‑LIMK1/2 in a heterotopic xenograft tumor in nude mice. (A) Protein expression of p‑cofilin in tumor 
samples was examined by immunohistochemical analysis (scale bar, 50 and 10 µm). (B) Protein expression of p‑cofilin and p‑LIMK1/2 was detected in tumor 
samples by western blot analysis. *P<0.05 and **P<0.01 vs. the 0 mg/kg group. ATL, alantolactone; LIMK, LIM kinase. 
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detection of cofilin phosphorylation and dephosphorylation 
enzyme. The protein expression of MMP‑2/MMP‑9 and the 
characterization of migration and invasion were determined 
following treatment with LIMKi (a positive inhibitor of the 
LIMK enzyme). It was confirmed that ATL inhibited migra‑
tion and invasion by inhibiting LIMK enzyme activity and 
activating cofilin. These changes resulted in an increased ratio 
of G/F‑actin. In addition, it was verified that ATL significantly 
reduced the expression of p‑LIMK1/2 and p‑cofilin in vivo 
using a xenograft tumor model established in nude mice.

Apoptosis is the process of programmed cell death and 
the unlimited growth of tumor cells results from the inhibi‑
tion of apoptosis. Studies have found that ATL can induce the 
apoptosis of liver, colon, lung and leukemia cells (31‑34). The 
occurrence of apoptosis is mainly divided into the endogenous 
and exogenous pathways, of which the endogenous pathway is 
also known as the mitochondrial‑cytochrome c pathway (35). 
In a previous study, the authors confirmed that ATL can 

promote the transmission of cytochrome c from the mito‑
chondria to the cytoplasm and initiate the caspase cascade to 
induce the apoptosis of GBM cells (6).

The mechanism through which ATL regulates the trans‑
mission of cytochrome c by permeability changes caused by 
mitochondrial damage remains largely unknown. Studies have 
found that the mitochondrial translocation of cofilin is an 
early step in the induction of apoptosis. Moreover, it has been 
confirmed that only activated cofilin (dephosphorylated state) 
can be transferred to the mitochondria and that this transfer is 
enabled by combining the carboxyl‑terminal sequence of the 
target signal with the amino‑terminal of the mitochondria (36). 
A previous study found that following the activation of cofilin 
dephosphorylation Ser 3 site, activated Cofilin translocated to 
the outer mitochondrial membrane to open the permeability 
transition pore and induced the release of cytochrome c to the 
cytoplasm, leading to cell apoptosis (37). In the present study, 
it was found that following treatment with ATL, p‑Cofilin 

Figure 8. Schematic diagram of the molecular mechanisms of the effects of ATL against GBM. ATL may activate cofilin through targeted inhibition of 
LIMK enzyme activity. It can up‑regulate the ratio of G/F actin and inhibit the migration and invasion of GBM cells. Activated cofilin and G‑actin can be 
co‑transferred to the mitochondria to initiate mitochondrial/cytochrome c pathway and induce apoptosis. GBM, gliobastoma; ATL, alantolactone; LIMK, LIM 
kinase; MMP, matrix metalloproteinase. 
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was not detected in the mitochondria. The expression of 
active cofilin was significantly increased in the mitochondria 
and significantly decreased in the cytoplasm. In addition, the 
co‑localization of cofilin in the mitochondria was further 
confirmed, indicating that ATL can induce active cofilin to 
translocate to the mitochondria.

As previously demonstrated, the mitochondrial trans‑
location of cofilin is highly dependent on the mitochondrial 
translocation of actin (38). However, the mechanism of inter‑
action between cofilin and actin translocation remains unclear. 
In the present study, it was demonstrated that ATL upregulated 
actin in the mitochondria, whilst actin expression in the cyto‑
plasm decreased. Moreover, only G‑actin was colocalized in 
the mitochondria, whilst F‑actin was not. It was found that 
Cofilin and actin exhibited an obvious co‑precipitation in 
the mitochondria following treatment with ATL, which only 
minimally occurred in the cytoplasm. It was also confirmed 
that only G‑actin co‑localized with cofilin.

It was hypothesized that ATL can promote cofilin and 
G‑actin co‑translocation to the mitochondrial outer membrane 
to initiate the endogenous apoptosis pathway. To examine 
this hypothesis, LIMKi was used to detect the changes in the 
number of apoptotic cells and the expression of key proteins 
in the cytochrome c and caspase cascade pathways. The 
results verified that ATL at least partially induced apoptosis 
by inhibiting LIMK enzyme activity, activating cofilin, 
inducing the co‑translocation of activated cofilin and G‑actin 
to the mitochondria. These changes result in the release of 
cytochrome c and initiate the caspase signaling pathway.

In conclusion, the present study found that ATL may acti‑
vate cofilin through the targeted inhibition of LIMK enzyme 
activity. ATL can upregulate the ratio of G/F‑actin, and inhibit 
the migration and invasion of GBM cells. Activated cofilin and 
G‑actin can be co‑transferred to the mitochondria to initiate 
the mitochondrial/cytochrome c pathway to induce apoptosis 
(Fig. 8). Combined with previous findings (6), it was confirmed 
that ATL acts on multiple pathways and has multiple targets 
through which it exerts its anticancer effects on GBM. The 
data of the present study highlight the therapeutic potential of 
ATL as a natural product in the treatment of GBM and support 
its further development for clinical applications.
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