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Abstract. Micheliolide (MCL), a sesquiterpene lactone isolated 
from Michelia compressa and Michelia champaca, has been 
used previously to inhibit the NF‑κB signaling pathway. MCL 
has exerted various therapeutic effects in numerous types of 
disease, such as inflammatory and cancer. However, to the 
best of our knowledge, its underlying anticancer mechanism 
remains to be understood. The present study aimed to investi‑
gate the effects of MCL on human glioma U251MG cells and 
to determine the potential anticancer mechanism of action 
of MCL. From Cell Counting Kit‑8, colony formation assay, 
apoptosis assay and Confocal immunofluorescence imaging 
analysis, the results revealed that MCL significantly inhibited 
cell viability in vitro and induced cell apoptosis via activation 
of the cytochrome c/caspase‑dependent apoptotic pathway. 
In addition, MCL also suppressed cell invasion and metas‑
tasis via the wound healing and Transwell invasion assays. 
Furthermore, western blot and reverse transcription PCR 
analyses demonstrated that MCL significantly downregulated 
cyclooxygenase‑2 (COX‑2) expression levels, which may have 
partially occurred through the inactivation of the NF‑κB 
signaling pathway. In conclusion, the results of the present study 
indicated that MCL may inhibit glioma carcinoma growth by 
downregulating the NF‑κB/COX‑2 signaling pathway, which 
suggested that MCL may be a novel and alternative antitumor 
agent for the treatment of human glioma carcinoma.

Introduction

Gliomas, which arise from transformed glial cells, are the 
most common, lethal type of primary tumor in the central 
nervous system, accounting for 60‑70% of primary brain 
tumors and 80% of all malignant brain tumors (1,2). Previous 
studies have reported that glioma has an annual incidence 
of ~6/100,000 cases worldwide, with a high recurrence rate 
due to its diffuse invasive characteristics and malignant 
behavior, which results in a poor prognosis (3‑5). Although 
neurosurgery combined with radio‑ and chemotherapy has 
contributed to considerable progress in the treatment of the 
glioma, the median survival time for patients with glioma 
remains at 12‑15 months (6,7). Hence, there remains an urgent 
requirement to identify novel treatment strategies and effec‑
tive therapeutic agents to extend and improve the survival and 
quality of life of patients.

Increasing evidence has established that chronic 
inflammation influenced almost every aspect of cancer 
progression (8‑10) and increased the risk of cancer (11,12), 
such as the case with meningitis‑associated malignant brain 
tumors (13). Inflammatory cells and molecules exist in the 
tumor microenvironment, which promote tumor development 
and progression, such as tumor growth, cell metastasis and 
even inflammation (14,15). Cyclooxygenase‑2 (COX‑2), one 
of the pivotal factors in the progress of inflammation, has 
been causally associated with the progression of numerous 
types of human tumor, including gliomas, lung cancer and 
breast cancer (9,16,17). In addition, COX‑2 was discovered 
to be highly expressed in patients with glioma or glioma 
specimens (18), and was associated with the degree of tumor 
invasiveness and the prognosis of patients (19,20). Hence, the 
suppression of COX‑2 expression with specific small molecule 
inhibitors may represent a potential therapeutic approach for 
the suppression of glioma development.

In the past few years, researchers have paid increasing 
attention to traditional Chinese medicines, due to their demon‑
strated potential to treat various types of cancer with low 
toxicity, such as lung cancer, breast cancer and glioma (9,17,21). 
Micheliolide (MCL) is a sesquiterpene lactone isolated from 
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Michelia compressa and Michelia champaca (22). Previous 
studies have demonstrated that MCL exerted various thera‑
peutic effects in cancer, inflammation, immunomodulatory 
acute myelogenous leukemia and renal fibrosis (22‑26) through 
numerous signaling pathways, including PI3K/Akt, NF‑kB and 
MAPK signaling. Dimethylaminomicheliolide (DMAMCL), 
the prodrug of MCL, has been approved by the US Food and 
Drug Administration for its apparent efficacy in the treatment 
of pleomorphic glioblastoma (27,28). In China, DMAMCL 
is currently undergoing clinical trials for the treatment of 
several advanced or metastatic solid carcinomas, including 
gliomas (29). However, as an active molecule of DMAMCL, 
the therapeutic potential of MCL in gliomas and its underlying 
mechanisms remain unknown.

The findings of the present study suggested that MCL may 
potentially exert therapeutic effects against human glioma through 
promoting cell apoptosis and suppressing the NF‑κB/COX‑2 
signaling pathway. Thus, the present study highlighted the novel 
roles of MCL in the treatment of human gliomas.

Materials and methods

Chemicals and reagents. MCL was purchased from 
Sigma‑Aldrich; Merck KGaA. Temozolomide (TMZ) was 
purchased from Sigma‑Aldrich; Merck KGaA. MCL stock 
solution was dissolved in DMSO and stored at ‑20˚C. Prior 
to use, the stock solution was diluted with DMEM medium 
(Gibco; Thermo Fisher Scientific, Inc.), and the final concen‑
tration of DMSO was adjusted to <0.1%. The control group 
was treated with carrier solvent (0.1% DMSO).

Antibodies and other materials. The following primary 
antibodies were purchased from Cell Signaling Technology, 
Inc.: Anti‑cleaved caspase‑3 (cat.  no.  9664), anti‑cleaved 
caspase‑9 (cat.  no.  7237), anti‑COX‑2 (cat.  no.  12282), 
anti‑phosphorylated (p)‑IκBα (cat.  no.  2859), anti‑IκBα 
(cat. no. 9242) and anti‑β‑actin (cat. no. 3700). Anti‑rabbit 
IgG, HRP‑linked antibody (cat.  no.  7074; 1:5,000) and 
anti‑mouse IgG, HRP‑linked Antibody cat. no. 7076; 1:5,000) 
secondary antibodies were also purchased from Cell Signaling 
Technology, Inc. The following primary antibodies were 
purchased from ProteinTech Group, Inc.: Anti‑cytochrome c 
(cat. no. 66264‑1‑Ig), anti‑Bcl‑2 (cat. no. 12789‑1‑AP), anti‑Bax 
(cat. no. 50599‑2‑Ig), anti‑Vimentin (cat. no. 10366‑1‑AP), 
anti‑matrix metalloproteinase (MMP)‑9 (cat. no. 10375‑2‑AP) 
and anti‑N‑cadherin (cat. no. 22018‑1‑AP). DMEM, FBS and 
trypsin were purchased from Gibco; Thermo Fisher Scientific, 
Inc. Other chemicals (such as NaCl and KCl) were obtained 
from Sigma‑Aldrich; Merck KGaA.

Cell culture. The human glioma cell line U251MG was 
obtained from the American Type Culture Collection. 
U251MG cells were cultured in DMEM, supplemented with 
10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin, 
and maintained at 37˚C in a humidified atmosphere with 
5% CO2. The authenticity of U251MG cells was verified via 
genomic short tandem repeat profiling by Shanghai Zhongqiao 
Xizhou Biotechnology Co., Ltd., and the cells were confirmed 
to be free of mycoplasma using a Mycoplasma Detection kit 
(cat. no. MB000‑1591) with UDG PCR Mix and Loading Dye 

(Excell Biotech, http://www.excellbio.com/productcenter/info.
aspx?itemid=274&Lcid=42).

Cell viability assay. Briefly, 6x103 U251MG cells/well were 
seeded into 96‑well plates in 100 µl media. Cells were allowed 
to adhere overnight and then treated with different concen‑
trations of MCL (0, 2.5, 5, 10 or 20 µM) for 24 and 48 h at 
37˚C. Subsequently, 10 µl Cell Counting Kit‑8 (CCK‑8) buffer 
(Dojindo Molecular Laboratories, Inc.) was added into each 
well and incubated for 1.5 h at 37˚C according to the manu‑
facturer's protocol. The absorbance at a wavelength of 450 nm 
was measured using a microplate reader (PerkinElmer, Inc.).

Colony formation assay. U251MG cells were incubated with 
0, 5, 10 or 15 µM MCL for 24 h at 37˚C and then digested 
into single cells by trypsinization. U251MG cells were seeded 
into 6‑well plates at a density of 1.5x103 cells/well. Following 
incubation for 14 days at 37˚C with 5% CO2, the colonies were 
washed with PBS and fixed with the mixture buffer (methanol: 
glacial acetic acid, ddH2O=1:1:8) for 10 min at room tempera‑
ture, then stained with 0.1% crystal violet for 30 min at room 
temperature. The number of colonies (diameter >1 mm) were 
counted using an EVOS XL Core inverted light microscope 
inverted light microscope (magnification, x4; Thermo Fisher 
Scientific, Inc.). The colonies were then photographed using HP 
DeskJet 2132 (Hewlett‑Packard Development Company, L.P.).

Wound healing assay. A wound healing assay was performed 
to analyze cell migration. Briefly, U251MG cells (1.0x105) were 
seeded into six‑well plates and cultured to 100% confluence. 
Subsequently, the complete DMEM medium was replaced 
with serum‑free DMEM medium and incubated for 6 h at 
37˚C. The confluent cell monolayer was then scratched with 
a sterile 100‑µl pipette tip and treated with 0, 5, 10 or 15 µM 
MCL. The wounds were visualized at 0 h and after incubation 
with MCL for 48 h at 37˚C using a Leica DM 14000B light 
microscope (magnification, x200).

Transwell invasion assay. The upper surface of Transwell 
plates were precoated with Matrigel and incubated for 30 min 
at 37˚C for gelation. Briefly, 5x104 U251MG cells/well were 
plated into the upper chambers of Transwell plates in 400 µl 
serum‑free medium and the lower chambers were filled 
with 600 µl DMEM supplemented with 10% FBS; both the 
upper and lower chambers contained 0, 5, 10 or 15 µM MCL. 
Following 24 h of incubation at 37˚C, the inside surface of 
the upper membranes was wiped with cotton swabs to remove 
non‑invasive cells. The invasive cells in the lower chamber 
were fixed with methanol (100%) at room temperature for 
10 min and stained with 0.1% crystal violet at room tempera‑
ture for 30 min. Stained cells were visualized using a Leica 
DM 14000B light microscope (magnification, x200) in five 
randomly selected fields of view.

Confocal immunofluorescence imaging (IFI) analysis. The 
IFI analysis was performed as previously described  (9). 
Briefly, U251MG cells (1x105 cells/well) were seeded onto 
coverslips in 6‑well plates and treated with 0, 5, 10 or 15 µM 
MCL for 48 h at 37˚C. Subsequently, the cells were stained 
with MitoTracker™ Red CMXRos (cat. no. M7512; Invitrogen; 
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Thermo Fisher Scientific, Inc.) for 30 min at 37˚C. Cells were 
then incubated with an anti‑cytochrome c primary antibody 
(1:200) at 4˚C overnight. Following the primary antibody 
incubation, the cells were incubated with an anti‑mouse IgG 
Alexa Fluor 488‑conjugated secondary antibody (1:1,000; 
cat. no. 4408; Cell Signaling Technology, Inc.) for 1 h in the 
dark at room temperature. The nuclei were counterstained 
with DAPI for 5 min in the dark at room temperature and 
fluorescent slides were visualized using a Leica DM 14000B 
confocal microscope (magnification, x630).

Western blotting. U251MG cells (1x105) were treated with 
MCL (0, 5, 10 and 15 µM) for 48 h at 37˚C, and then total 
protein was extracted by RIPA lysis buffer and quantified 
using a bicinchoninic acid assay (Beyotime Institute of 
Biotechnology). Protein (30‑50 µg) was separated via 10‑12% 
SDS‑PAGE. The separated proteins were subsequently 
transferred onto a PVDF membrane and blocked with 5% 
non‑fat dry milk (Beyotime Institute of Biotechnology) for 
1h at room temperature. The membranes were then incubated 
at 4˚C overnight with the following primary antibodies: 

Anti‑cleaved caspase‑3 (1:1,000), anti‑cleaved caspase‑9 
(1:1,000), anti‑COX‑2 (1:1,000), anti‑p‑IκBα (1:500), anti‑IκBα 
(1:1,000), anti‑β‑actin (1:2,000), anti‑Bcl‑2 (1:2,000), anti‑Bax 
(1:2,000), anti‑Vimentin (1:1,500), anti‑MMP‑9 (1:800) 
and anti‑N‑cadherin (1:500). Membranes were washed 
three times with 1X Tris‑buffered saline with 0.1% Tween 
(Beyotime Institute of Biotechnology) and incubated with 
the anti‑rabbit IgG (1:5,000; cat. no. 7074; Cell Signaling 
Technology, Inc.) or anti‑mouse IgG (1:5,000; cat. no. 7076; 
Cell Signaling Technology, Inc.) secondary antibodies for 2 h 
at room temperature. Protein bands were visualized using an 
enhanced chemiluminescence reagent (Beyotime Institute of 
Biotechnology) and semi‑quantification was performed using 
ImageQuant TL 7.0 software (GE Healthcare).

Reverse transcription (RT‑PCR). Total RNA was extracted 
from U251MG cells (1x105), which were treated with MCL 
(0, 5, 10 and 15 µM) for 48 h at 37˚C, using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. The RNA concentration was deter‑
mined using a NanoDrop spectrophotometer (Thermo Fisher 

Figure 1. Effects of MCL on cell viability and morphology. (A) Chemical structure of MCL. (B) U251MG cells were treated with MCL at the indicated doses 
(0, 2.5, 5, 10 or 20 µM). Following treatment for 24 and 48 h, cell viability was determined using a Cell Counting Kit‑8 assay. Cells treated with vehicle control 
(DMSO) were used as the reference group (viability set at 100%). (C) Changes in cell morphology of U251MG cells treated with MCL (0, 5, 10 and 15 µM) 
were observed. Cells were photographed using a microscope fitted with a digital camera (magnification, x100). (D) U251MG cells were treated with TMZ at 
the indicated doses (0, 50, 100, 200, 400 or 800 µM). Following treatment for 48 h, cell viability was determined using the Cell Counting Kit‑8 assay. Cells 
treated with vehicle control (DMSO) were used as the reference group (viability set at 100%). Data are presented as the mean ± standard deviation of three 
times independent experiments. *P<0.05 and **P<0.01 vs. control group at 24h; #P<0.05 and ##P<0.01 vs. control group at 48 h; $P<0.05 and $$P<0.01 vs. 24 h 
group. MCL, micheliolide; TMZ, Temozolomide; DMSO, dimethyl sulfoxide. 
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Scientific, Inc.) and total RNA was reverse transcribed into 
cDNA using the PrimeScript RT Reagent kit (cat. no. RR037A; 
Takara Bio, Inc.), according to the manufacturer's protocol. 
The following primer pairs were used for the PCR: COX‑2 
forward, 5'‑TCA​CAG​GCT​TCC​ATT​GAC​CAG​‑3' and reverse, 
5'‑CCG​AGG​CTT​TTC​TAC​CAG​A‑3'; and GAPDH forward, 
5'‑TCT​TCG​CTT​TGT​CCT​TCG​T‑3' and reverse, 5'‑TGC​
TGT​AGC​CAA​ATT​CGT​TG‑3'. The conditions of the PCR 
were as follows: 94˚C for 2 min, 35 cycles at 98˚C for 10 sec, 
60˚C for 30 sec and 68˚C for 15 sec, and 68˚C for 5 min. 
Amplification products were analyzed using 1.5% agarose gel 
electrophoresis stained with GoldenView™ (Dalian Meilun 
Biology Technology Co., Ltd.) and photographed under ultra‑
violet light. ImageJ software (National Institutes of Health, 
version 1.8.0) was used to verify the band intensities as a result 
of semi‑quantitative RT‑PCR (30).

Flow cytometric analysis of apoptosis. Flow cytometric 
analysis was performed to analyze the percentage of sum 
of early and late apoptotic U251MG cells. Briefly, U251MG 
cells (1x105), which were treated with MCL (0, 5, 10 and 
15 µM) for 48 h at 37˚C, were stained with Annexin V‑FITC 
and propidium iodide using the Annexin V‑FITC Apoptosis 
Detection kit (cat.  no.  C1062S; Beyotime Institute of 
Biotechnology) for 15 min at room temperature, according 
to the manufacturer's protocol. Apoptotic cells were subse‑
quently analyzed by a BD Accuri™ C6 flow cytometer (BD 

Biosciences) using the software program BD Accuri™ C6 
Plus (version 1.0.227.4).

Statistical analysis. SPSS 17.0 software (SPSS, Inc.) was 
used for statistical analysis. All data are presented as the 
mean ± standard deviation and each experiment was performed 
at least three times. Statistical significances between different 
groups were determined using a one‑way ANOVA, followed 
by a Tukey's post hoc test for multiple comparisons, and paired 
Student's t‑test for two groups. P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

MCL inhibits viability and alters cell morphology in human 
glioma cells and TMZ inhibits viability in human glioma cells. 
To investigate the tumor suppressive effect of MCL, (3aS)‑3a
β,4,5,7,8,9,9aβ,9bα‑Octahydro‑9β‑hydroxy‑6,9‑dimethyl‑3‑m
ethyleneazuleno[4,5‑b]furan‑2(3H)‑one (Fig. 1A), the effects 
of MCL on cell viability in human glioma U251MG cells 
were determined using a CCK‑8 assay. MCL inhibited the cell 
viability of U251MG cells in both a time‑ and dose‑dependent 
manner (Fig. 1B), and the IC50 for 48 h was 12.586±1.632 µM. 
In order to further investigate the effects of MCL on cell 
phenotype, mRNA and protein, we choose 5, 10, 15 µM MCL 
for the next experiment. The effect of MCL on cell morphology 
was also investigated in U251MG cells; compared with the 

Figure 2. Effects of MCL on colony formation, cell migration and invasion. (A) U251MG cells were treated with MCL (0, 5, 10 or 15 µM) for 24 h. Following 
culture for 2 weeks, the colony formation of cells was (A) imaged using HP DeskJet 2132 (magnification, 1X) and the (B) colony formation rate was calculated. 
(C) Effects of MCL on cell migration were analyzed using a wound healing assay. Following 48 h of treatment with MCL (0, 5, 10 or 15 µM), the wound gap 
was visualized under a microscope. Black dotted line and solid line represent the wound edge of 0 and 48 h, respectively. White solid line represents the scale 
bars (1,000 µm). (D) Effects of MCL on cell invasion were analyzed using a Transwell Matrigel assay. Following treatment for 24 h, the invasive cells were 
visualized using a microscope (magnification, x200). (E) Expression levels of levels of MMP‑9, N‑cadherin and Vimentin were analyzed using western blot‑
ting. (F) Quantitative analysis of proteins. Data are presented as the mean ± standard deviation of three times independent experiments. *P<0.05 and **P<0.01 
vs. 0 µM MCL, micheliolide; MMP‑9, matrix metalloproteinase 9. 
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0 µM MCL group, MCL treatment (10 and 15 µM) induced 
cell wrinkles, reduced cytoplasm and reduced the formation 
of filopodia (Fig. 1C). To investigate the anti‑tumor ability of 
TMZ, the cell viability of human glioma U251MG cells was 
determined using a CCK‑8 assay. As shown in Fig. 1D, cell 
viability of U251MG cells was reduced in a dose‑dependent 
manner with TMZ treatment, and the IC50 for 48  h was 
445.823±59.625 µM. The results indicated that MCL may 
exhibit marked antitumor effects in human glioma.

MCL inhibits clonogenesis, and the migratory and invasive 
ability of U251MG cells. The influence of MCL on the clonogenic 
ability of U251MG cells was evaluated. Consistent with the inhibi‑
tion over cell viability, MCL treatment significantly inhibited the 
colony formation ability in a dose‑dependent manner compared 
with the control group (Fig. 2A and B). The inhibitory effects of 
MCL treatment on tumor cell migration and invasion in U251MG 
cells were subsequently investigated using wound healing and 
Transwell Matrigel assays, respectively. The migratory ability 
of U251MG cells was markedly suppressed in a dose‑dependent 
manner following the treatment of 5, 10 or 15 µM compared 
with the control group (Fig. 2C). The Transwell Matrigel assay 
also revealed similar results following MCL treatment (Fig. 2D). 
Furthermore, to analyze the underlying mechanisms of MCL on 
cell migration, the relative protein expression levels of MMP‑9, 
N‑Cadherin and Vimentin were analyzed. The expression levels 
of these proteins were downregulated a dose‑dependent manner 
following MCL treatment compared with the control group 
(Fig. 2E and F). The results suggested that MCL not only inhib‑
ited cell viability, but also inhibited cell migration and invasion.

MCL promotes apoptosis through modulating cytochrome c and 
caspase signaling. Apoptosis induction has been identified as a 
therapeutic target for all types of cancer treatments (31). Thus, 
the present study aimed to determine whether the inhibition over 
cell viability induced by MCL was related to the activation of the 
apoptotic pathway. The results revealed that MCL significantly 
induced apoptosis in a dose‑dependent manner, from 2.7% in the 
control group to 17.9% in the 15 µM MCL group (Fig. 3A and B). 
Previous studies have reported that cytochrome c released into 
the cytoplasm from the mitochondrial intermembrane activated 
cell apoptosis (32). Thus, IFI analysis was performed to deter‑
mine whether MCL could promote cytochrome c release in 
U251MG cells, by detecting the co‑localization of cytochrome c 
and mitochondria. The IFI results revealed that MCL treatment 
triggered cytochrome c release from the inter‑mitochondrial 
space into the cytosol (Fig. 3C). Furthermore, to determine 
the mechanisms underlying MCL‑induced cell apoptosis, the 
expression levels of cell apoptosis‑related proteins, such as 
caspase‑3, caspase‑9, Bax and Bcl‑2, were also analyzed using 
western blotting in U251MG cells. Compared with the control 
group, MCL treatment upregulated the protein expression levels 
of cleaved caspase‑3 and ‑9 and Bax, while downregulating 
Bcl‑2 protein expression levels, and the Bax/Bcl‑2 ratio was 
also upregulated in a dose‑dependent manner (Fig. 3D and E). 
These results indicated that MCL may promote cell apoptosis 
through triggering cytochrome c release into the cytoplasm and 
facilitating the activation of multiple caspase cascades.

MCL downregulates COX‑2 expression levels and NF‑κB 
activity. COX‑2 is often induced by inflammatory signals 

Figure 3. Effects of MCL on caspase‑dependent apoptosis. U251MG cells were treated with MCL (0, 5, 10 or 15 µM) for 48 h. (A) Apoptotic levels were 
determined by flow cytometric analysis and the (B) percentage of sum of early and late apoptotic cells was calculated. (C) Release of cytochrome c from the 
mitochondria to the cytoplasm was observed using immunofluorescence imaging analysis (magnification, x630). (D) Expression levels of cleaved caspase‑3, 
cleaved caspase‑9 and Bax/Bcl‑2 proteins were analyzed using western blotting. (E) Ratio of Bax/Bcl‑2. Data are presented as the mean ± standard deviation 
of three times independent experiments. **P<0.01 vs. 0 µM MCL. MCL, micheliolide. 
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and has been identified to promote tumor development (33). 
Accumulating evidence has indicated that COX‑2 expres‑
sion levels are markedly upregulated in a high percentage 
of gliomas  (33,34). Thus, the effects of MCL on COX‑2 
expression levels were investigated. MCL treatment signif‑
icantly downregulated COX‑2 expression levels at both the 
protein and mRNA level in a dose‑dependent manner in 
U251MG cells compared with the control group (Fig. 4A 
and B). Since COX‑2 expression levels were discovered 
to be tightly controlled by the transcription factor NF‑κB 
in numerous types of cancer  (35,36), the effect of MCL 
on NF‑κB activity was also investigated, through deter‑
mining the degradation of IκBα, an essential event for 
the activation of NF‑κB signaling  (37), which occurs 
through its phosphorylation. The results demonstrated that 
MCL treatment significantly downregulated the ratio of 
p‑IκBα/IκBα protein expression levels compared with the 
control group. Meanwhile, on an individual basis, MCL 
treatment downregulated the expression levels of p‑IκBα, 
while upregulating the expression levels of IκBα (Fig. 4C). 
Based on these results, it was suggested that MCL may 
suppress the degradation of IκBα and inhibit the activation 
of the NF‑κB signaling pathway.

Overall, these findings supported the hypothesis that 
MCL may exhibit a strong inhibitory effect on NF‑κB/COX‑2 
signaling and suppress the proliferation of human glioma 
carcinoma.

Discussion

In the past few years, Chinese medical herbs have received 
increasing attention due to their long history of clinical appli‑
cation, low toxicity and therapeutic potential in various types 
of disease, including numerous types of cancer, such as lung 
cancer, breast cancer and glioma (9,17,21). MCL is an extract 
isolated from Michelia compressa and Michelia champaca, 
which has been discovered to possess various physiological 
and pharmacological properties, such as anti‑inflammatory 
and anticancer activities via various signaling pathways, such 
as PI3K/Akt, NF‑kB and MAPK signaling (22‑26). However, 
to the best of our knowledge, its detailed mechanisms of action 
have not been fully elucidated.

The results of the present study revealed that MCL exerted 
antitumor effects in human glioma. Previous research has 
reported that MCL exhibited significant anticancer effects 
through activating the cytochrome c/caspase‑dependent apop‑
totic pathway, thereby downregulating the expression levels of 
COX‑2 by inactivating NF‑κB signaling (38,39). To the best of 
our knowledge, the current study was the first report demon‑
strating the therapeutic effect of MCL on COX‑2 expression 
levels and its underlying mechanism of action in glioma.

In the present study, MCL inhibited cell viability in human 
glioma cells at dose of 5, 10 and 15 µM, demonstrating a 
48 h half maximal inhibitory concentration (IC50) value of 
12.586±1.632 µM; however, although 12.586±1.632 µM MCL 

Figure 4. Effects of MCL on NF‑κB/COX‑2 signaling. U251MG cells were treated with MCL (0, 5, 10 or 15 µM) for 48 h. (A) Protein expression levels of 
COX‑2 were analyzed using western blotting and quantitative analysis of the proteins. (B) mRNA expression levels of COX‑2 were analyzed and quantified 
using reverse transcription‑polymerase chain reaction. (C) Expression levels of IκBα and p‑IκBα protein were analyzed using western blotting and quantita‑
tive analysis of the proteins. Data are presented as the mean ± standard deviation of three times independent experiments. **P<0.01 vs. 0 µM MCL. MCL, 
micheliolide; COX‑2, cyclooxygenase‑2; p‑, phosphorylated. 
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inhibited the survival of tumor cells, to study the antitumor 
mechanism of MCL, only survival cells were collected and 
used in western blotting and RT‑PCR experiments. Thus, the 
present study used MCL at concentrations of 5, 10 or 15 µM, 
and these concentrations did not affect the results. The results 
of the present study suggested that MCL may inhibit the migra‑
tion and invasion of U251MG cells through downregulating 
the expression levels of N‑cadherin, Vimentin and MMP‑9. 
To observe the effects of MCL treatment on cell morphology, 
the cell density was required to be low; however, for the 
wound healing assay, U251MG cells were cultured to 100% 
confluence as a high cell density was required. This provides 
reasoning for why the cell morphology was different for these 
two assays following the treatment with 15 µM MCL.

Inflammation is involved in multiple different stages of 
tumor development, including the initiation, promotion and 
migration (40,41). In previous studies, the expression levels 
of COX‑2 were reported to be significantly overexpressed 
in patients with glioma, positively correlated with glioma 
malignancy and negatively correlated with prognosis (19,20). 
In the current study, MCL significantly downregulated 
COX‑2 expression levels, alongside inhibiting U251MG cell 
viability and migration, while inducing cell apoptosis. COX‑2 
expression levels are strictly transcriptionally controlled by 
several regulatory elements, including NF‑κB, which serves 
important roles in COX‑2 promoter activity (42). However, in 
the canonical pathway, inactive NF‑κB residues are seques‑
tered in the cytoplasm through association with inhibitory 
proteins such as IκB (37). IκB degradation is a crucial step 
for NF‑κB activation; IkBs are rapidly phosphorylated by 
the active IκB kinase complex and further ubiquitinated by 
the proteasome (43). Consequently, activated NF‑κB proteins 
(p50/p65 heterodimers) translocate from the cytoplasm to the 
nucleus, where they bind to the promoters of target genes and 
regulate their expression, such as COX‑2 (9). Thus, inhibiting 
NF‑κB activation may be a beneficial treatment strategy for 
human gliomas. In the present study, the results demonstrated 
that MCL treatment inhibited the phosphorylation of IκBα, 
suggesting attenuation of the NF‑κB signaling pathway, 
thereby downregulating COX‑2 expression levels, as observed.

Over the past decade, temozolomide (TMZ) has been 
commonly used as an effective imidazotetrazine agent 
against glioma (44,45). The present study investigated the 
inhibitory effects of TMZ on cell proliferation in human 
glioma U251MG cells; following 48 h, the IC50 value of TMZ 
was 445.823 µM, while the IC50 value of MCL in the present 
study was 12.586 µM. Furthermore, the antitumor activity 
was increased ~35‑fold following MCL treatment. These 
findings indicated that MCL may be an effective and alter‑
native antitumor agent for the treatment of human glioma 
carcinomas.

In conclusion, the results of the present study revealed the 
potential of MCL to effectively inhibit the biological proper‑
ties of human gliomas in a number of ways, that is inhibition 
of invasion/migration and the NF‑κB signaling pathway. In 
addition, the results discovered that the anticancer properties 
of MCL may be mediated, at least in part, via inhibition of the 
NF‑κB/COX‑2 signaling pathway. Thus, the present findings 
provided preclinical evidence for the development of MCL as a 
potential agent for the treatment of human glioma carcinomas.
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