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Abstract: Dehydrocostus lactone (DHE), a natural sesquiterpene lactone, has been used for treatment of various 
diseases with its anti-inflammatory activity. Recently, it has caused extensive interest in researchers due to it has 
anti-cancer abilities in some types of carcinomas. However, the anti-cancer effect and mechanism of DHE in glioma 
remains unclear. The present study conducted to determine the biological effects of DHE on the glioblastoma cells, 
as well as the mechanisms underlying these effects. After treatment with DHE, the glioblastoma (U118, U251 
or U87) cells were significantly inhibited in their viability, proliferation and migration. At the meantime, DHE also 
induced mitochondria-mediated apoptosis by promoting the release of cytochrome c into cytosol, which activating 
caspase signaling pathway. Furthermore, our results fully demonstrate that DHE significantly suppressed COX-2 
expression by inhibiting the phosphorylation of IKKβ via targeting the ATP-binding site, thereby abrogating NF-κB 
binding and p300 recruitment to COX-2 promoter. Moreover, the current study firstly demonstrated that DHE can 
cross blood-brain barrier (BBB). In addition, treatment with DHE markedly inhibited neoplastic weight and volume 
without the notable adverse effects in the xenograft nude mice model, and these effects may be mediated through 
inhibition of the IKKβ/NF-κB/COX-2 signaling pathway. These findings provide the pharmacological evidence for 
development of DHE as a potential agent against glioma.

Keywords: Dehydrocostus lactone, glioblastoma multiforme, blood brain barrier, COX-2, NF-κB, IKKβ

Introduction

Glioblastoma multiforme (GBM) is the most 
common form of malignant brain tumor in 
adults, has a poor prognosis. Due to its 
extremely high proliferation and invasiveness 
etc, patients merely have a median survival of 
approximately 14 months, although with cur-
rently therapeutic intervention, such as sur-
gery, chemotherapy and radiotherapy [1, 2]. 
Therefore, it is necessary to find some novel 
therapy strategies to prolong survival and 
improve patients’ life quality whom suffered 
from glioma.

Recently, increasing evidence suggests that 
inflammatory cells and molecules in the tumor 

microenvironment, influenced almost every as- 
pects of cancer progress [3, 4]. Epidemiologic 
studies have highlighted associations between 
the regular use of nonsteroidal anti-inflammato-
ry drugs (NSAID) and reduced glioma risks in 
humans [5, 6]. Cyclooxygenase-2 (COX-2), as 
the rate-limiting enzymes for the synthesis of 
prostaglandins from arachidonic acid, involved 
in inflammatory progression, in the meanwhile, 
is causally linked to the carcinogenesis of many 
human cancers [7-9]. Previous studies have 
indicated that COX-2 protein was highly ex- 
pressed in human glioma specimens and the 
level of expression was associated with the 
WHO grade and prognosis [10, 11]. Therefore, 
inhibition of COX-2 expression might be an 
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effective alternative approach to suppress glio-
ma development.

It is well-known that activation of nuclear factor-
κb (NF-κB) contributes to an inflammatory 
response and plays a critical role in cancer, 
including proliferation, invasion, metastasis 
and resistance to apoptosis [12]. Like other 
malignancies, GBM demonstrates high consti-
tutive NF-κB activity [13-15]. In the canonical 
pathway, NF-κB is regulated by two kinases, 
IKKα and IKKβ. The latter is particularly impor-
tant as it phosphorylates IκBs, which is binding 
to NF-κB dimers in unstimulated cells [16]. 
Then phosphorylated IκBs are rapidly ubiquiti-
nated and degraded by the proteasome [17, 
18]. Consequently, the liberated NF-κB proteins 
which are mostly comprised of p50/p65 het-
erodimers translocate from the cytoplasm to 
the nucleus where they bind to specific promot-
ers and regulate target genes expression [17, 
19]. Importantly, COX-2 is one of its crucially 
downstream target genes. Therefore, it is 
essential to identify a small molecule inhibitor 
selectively suppressing NF-κB/COX-2 signaling 
pathway activation in glioma.

Traditional Chinese medicines (TCM), an impor-
tant novel source with a wide range of pharma-
ceutical potential, and more than 3,000 plants 
species have long history in the treatment of 

cancer [20]. Dehydrocostus lactone (DHE) 
(Figure 1A), a natural sesquiterpene lactone, is 
derived from many species of medicinal plants, 
such as Inulahelenium L. and Saussurea lappa 
[21]. Previous studies have shown that DHE 
has anti-inflammatory [22], anti-ulcer [23], 
immunomodulatory [24] and anti-tumor proper-
ties [25, 26]. In recent years, it has caused 
extensive interest in researchers due to its 
potential anti-cancer activities for various types 
of cancer, such as, leukemia [27], lung cancer 
[28], breast cancer [29, 30], liver cancer [31, 
32], ovarian cancer [33], prostatic cancer [34, 
35], bladder cancer [36] and colorectal cancer 
[37] etc. However, as a herbal monomer agent, 
the anti-cancer effect and mechanism of DHE 
in glioma have yet to be elucidated, and the tar-
geting proteins of DHE are not fully clarified.

In the current study, we investigated whether 
DHE inhibited viability, proliferation, migration 
and apoptotic resistance of glioblastoma cells, 
and revealed that DHE could inactivate NF-κB/
COX-2 signaling pathway by directly targeting 
IKKβ in vitro and in vivo. In addition, we demon-
strated that DHE can cross blood-brain barrier. 
Hence, our results suggested that DHE would 
serve as a potential candidate drug on target-
ing IKKβ to suppress COX-2 expression in GBM 
treatment.

Figure 1. DHE inhibited growth of glioblastoma cells in vitro. A: Chemical structure of dehydrocostus lactone (DHE). 
B: Effect of DHE on growth inhibition of U118, U251 and U87 glioblastoma cell lines. Cells were treated with various 
concentrations of DHE (0, 1, 10, 25, 50 and 100 μM) and incubated for 12, 24, 36 or 48 h, and then cell viability 
was determined by MTT assay. Data were represented as percentage of vehicle-treated control. C: U118, U251 and 
U87 cells were exposed to DHE at the indicated doses for 48 h, and cell viability was measured by MTT assay. D: 
The IC50 values were calculated by interpolation from dose-response curves. The data are presented as the mean 
± standard deviation of three independent experiments. (*P<0.05, **P<0.01 and ***P<0.001 as compared with 
the control group).
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Materials and methods

Chemicals and reagents

Dehydrocostus lactone (DHE) was isolated 
from Inulahelenium L. by Dr. Xiaochi Ma (Dalian 
Medical University, Liaoning, China), with purity 
of 98.7%. In present study, DHE was dissolved 
in dimethyl sulfoxide (DMSO) as a 100 mM 
stock solution and stored at -20°C. DHE was 
diluted to obtain the desired concentration in 
cell culture medium, where the final concentra-
tion of DMSO was less than 0.1%. Control cul-
tures received the carrier solvent (0.1% DMSO).

Antibodies and other materials

Antibodies specific to cleaved caspase-3, 
cleaved caspase-9, COX-2, p-IKKα/β, IKKα, 
IKKβ, p-IκBα, IκBα, p-p65, p65, β-actin and all 
the secondary antibodies were purchased from 
Cell Signaling Technology (Cell Signaling Tech- 
nology, Inc, USA). Antibodies specific to cyto-
chrome c, p300 and p50 were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Antibodies specific to Bcl-2, BAX and 
Lamin B1 were purchased from Proteintech 
Group (Proteintech, Inc, USA). Dulbecco’s 
Modified Eagle’s Medium (DMEM), fetal bovine 
serum (FBS) and Trypsin were purchased from 
Gibco. All other chemicals were purchased from 
Sigma Chemical Co. (St. Louis, MO) unless oth-
erwise specified.

Cell culture

Human glioblastoma cell lines U-118 MG 
(U118, p53-/-), U-251 MG (U251, p53-/-) and 
U-87 MG (U87, p53+/+) were obtained from the 
American Type Culture Collection (Manassas, 
VA, USA). The cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM), supplement-
ed with 10% fetal bovine serum (FBS), and 
grown at 37°C in a humidified atmosphere with 
5% CO2.

Cell viability assay

U118 (6×103 cells/well), U251 (8×103 cells/
well) and U87 (7×103 cells/well) cells were 
counted and allowed to adhere to obtain 70% 
confluent monolayer. Following this, the cells 
were treated with different concentrations of 
DHE as indicated. After incubation for 12, 24, 
36 or 48 h, 10 μl of MTT (5 mg/ml) was added 

to each well and the cells were incubated for 
another 4 h. Subsequently, the medium was 
replaced with 100 μl of DMSO to dissolve 
formazan crystals. The absorbance was mea-
sured at 570 nm using a microplate reader 
(Bio-Rad, CA, USA). Each experiment was 
repeated at least three times. The IC50 values 
were calculated by interpolation from dose-
response curves.

Colony formation assay

U87 and U251 cells were seeded at a density of 
4×103 cells per well in six-well plates. After 
adherence, the cells were treated with different 
concentrations of DHE for 3 h. Subsequently, 
the supernatant was replaced with fresh medi-
um, and the cells were cultured until colonies 
were large enough to be visualized. After that, 
the colonies were fixed with 4% paraformalde-
hyde and then stained with 0.1% crystal violet 
solution, dried and then imaged.

Wound healing assay

U118 and U251 cells were seeded in 6-well cul-
ture plates and allowed to form a fully confluent 
monolayer. After 6 h of serum starvation, the 
layer of cells was scraped with a 20-200 µl ster-
ile pipette tip to create some wounds with the 
same width. Subsequently, the cells were treat-
ed with serum-free medium containing various 
concentrations of DHE for 48 h. Images of the 
cells were captured at 0 and 48 h using a Leica 
DM 14000B microscope fitted with digital cam-
era and the migration rate was counted from 
five randomly selected fields.

Confocal immunofluorescence analysis

For immunofluorescence analysis, U87 cells 
were seeded on coverslips, and treated with 
different concentrations of DHE for 48 h. After 
that, the cells were fixed with 4% paraformalde-
hyde and permeabilized with 0.2% TritonX-100, 
and then blocked in 5% BSA. Subsequently, the 
cells were incubated with diluted primary anti-
bodies against cytochrome c, p300, p65 or 
p50 overnight at 4°C. Following this, the cells 
were incubated with fluorescein isothiocyanate 
or rhodamine isothiocyanate-conjugated sec-
ondary antibodies. Finally, DAPI was added to 
each sample for nuclear counterstaining and 
fluorescent images were examined using a 
Leica DM 14000B confocal microscope.
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Western blot analysis

Proteins from cell lysates or streptavidin-aga-
rose pulldown assay were subjected to sodium 
dodecyl sulfate-polyacrylamide minigels (SDS-
PAGE) and then transferred to a polyvinylidene 
fluoride (PVDF) membrane. The membranes 
were blocked in 5% non-fat powdered milk buf-
fer before being incubated with specific primary 
antibodies and secondary antibodies. Protein 
bands were visualized by enhanced chemilumi-
nescence (ECL) and integrated optical density 
of bands was quantitated by the ImageQuant 
software (GE Healthcare). The concentration  
of proteins was determined by BCA method. 
Similar experiments were performed at least 
three times.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from U87 and U251 
cells by using Trizol reagent (TaKaRa Bio Inc, 
Dalian, China) according to manufacturer’s 
instructions. Following this, reverse transcrip-
tion was performed using the Prime Script TM 
RT-PCR Kit (TaKaRa Bio Inc, Dalian, China), and 
then the cDNA was used for PCR with the fol-
lowing primers (synthesized by TaKaRa Bio Inc, 
Dalian, China): for COX-2 (sense: 5’-TCACA- 
GGCTTCCATTGACCAG-3’, antisense: 5’-CCGAG- 
GCTTTTCTACCAGA-3’); for GAPDH (sense: 5’- 
AATCCCATCACCATCTTCC-3’; antisense: 5’-CAT- 
CACGCCACAGTTTCC-3’). The PCR products 
were separated on 1.5% agarose gel electro-
phoresis and visualized under ultraviolet light 
and the band density was measured through 
quantitative analysis. Similar experiments were 
performed at least three times.

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation assay were 
performed with procedures modified from the 
protocol by previously described [38]. Briefly, 
the DHE-treated cells were harvested after 
cross-linked with 1% formaldehyde, and soni-
cated break chromatin DNA to an average 
length of ~500 bp. The lysate was incubated 
with antibodies against p300, p65, p50 or IgG 
(as negative control) overnight at 4°C, and 
immunoprecipitated by protein A/G agarose 
beads. Cross-linking of protein-DNA complexes 
was reversed at 65°C, followed by treatment 
with proteinase K solution. Finally, the DNA was 

extracted with phenol/chloroform and precipi-
tated with ethanol. The purified DNA was sub-
jected to PCR amplification using specific COX-2 
promoter primers (sense: 5’-ACGTGACTTCCTC- 
GACCCTC-3’, antisense: 5’-AAGACTGAAAACC- 
AAGCCCA-3’). The PCR products were analyzed 
by 1.5% agarose gel electrophoresis.

Streptavidin-agarose pulldown assay

Nuclear extract proteins (400 μg) were incubat-
ed in a 400 μl mixture of containing biotinylated 
DNA probe (4 μg), streptavidin-conjugated aga-
rose beads (40 μl) and supplemented with PBSi 
(PBS buffer with 1 mM EDTA, 1 mM DTT and 
protease inhibitor cocktail complete) buffer at 
room temperature for 5 h in a rotating shaker. 
Thereafter, the beads were pelleted by centrifu-
gation, and dissociated in 50 μl of 2× Laemmli 
sample buffer by boiled at 100°C for 10 min. 
The supernatant was analyzed by western blot.

Molecular modeling

The molecular docking studies were performed 
to explore the potential binding mode between 
DHE and IKKβ protein complex. DHE was opti-
mized using the semi-empirical PM3 method 
with the Polak-Ribie’re conjugate gradient algo-
rithm with an RMS gradient of 0.01 kcal mol-1 
Å-1 as convergence criterion. The optimized 
structure of DHE was docked into the active 
site of IKKβ with ligand K-252A (PDB Code: 
4KIK). The crystallographic ligand was extract-
ed from the active site, and the residues within 
a 6.5 Å radius around IKKβ molecule were 
defined as the active pocket. The SurflexDock 
program was used for the docking calculations 
with default parameters. MOLCAD surfaces 
were generated for visualizing the binding mode 
of the dock protein-ligand complexes.

Animals study

All animals maintenance and procedures were 
performed in according with protocols approved 
by the Animal Care and Ethics Committee of 
Dalian Medical University. The female athymic 
nude mice (4-6 weeks old) and Sprague Dawley 
rats (8-10 weeks old) were obtained from SPF 
Laboratory Animal Center at Dalian Medical 
University. The animals were housed under 
controlled conditions.

U87 (1×107) cells were resuspended in 100 μl 
PBS solution and subcutaneously injected into 
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the left axillary fossa of each nude mice. After 
two weeks, the mice were randomly divided 
into three groups (n = 6 per group), and daily 
intraperitoneal administered with PBS (control), 
DHE (10 mg/kg) or DHE (20 mg/kg) for 14 
days. The body weight of each mice and the vol-
ume of the implanted tumor were recorded 
every 2 days. The tumor volume was calculated 
according to the formula: V = 1/2 (length × 
width2). All mice were euthanized on day 30. 
The implanted tumors were excised and weigh- 
ed, and then fixed in 10% formalin before paraf-
fin embedding. The expression of COX-2, p-p65 
and p-IKKβ in implanted tumors was detected 
by immunohistochemical staining. The images 
were captured under a Leica DM 4000B fluo-

rescence microscope fitted with a digital 
camera.

Statistical analysis

All of the data were presented as the mean ± 
SD for at least three independent experiments. 
Statistical analysis was performed with SPSS 
17.0 software. One-way analysis of variance 
(ANOVA) or Student’s t-tests was used to evalu-
ate the statistical significance between con-
trols with treated groups. Results were consid-
ered statistically significant at the level of 
p<0.05. One asterisk, two asterisks, and th- 
ree asterisks represent P<0.05, P<0.01 and 
P<0.001, respectively.

Figure 2. DHE suppressed clonogenic and migratory ability of glioblastoma cells. (A, B) U87 and U251 cells were 
treated with different concentrations of DHE (0, 10 and 20 μM) for 3 h, and then cultured for an additional 15 
days. Representative images of the U87 (A) and U251 (B) cells were captured using a microscope fitted with digital 
camera (magnification, ×100). And the colonies number of the U87 and U251 cells was calculated. (C, D) Cells 
were treated with DHE (0, 10 and 20 μM) for 48 h after scratch. Representative images of the U118 (C) and U251 
(D) cells were captured at 0 h and 48 h using a microscope fitted with digital camera (magnification, ×100). And 
the migration rate of the U118 and U251 cells was calculated. The data are presented as the mean ± SD of three 
independent experiments. (*P<0.05, **P<0.01 and ***P<0.001 as compared with the control group).
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Results

DHE inhibited growth of glioblastoma cells in 
vitro

To evaluate the anti-glioblastoma effect of DHE, 
three glioblastoma cell lines (U118, U251 and 
U87) were treated with different concentra-
tions (0, 1, 10, 25, 50 and 100 μM) of DHE for 
12 h, 24 h, 36 h or 48 h, respectively. And then 
a MTT assay was performed to determine cell 
viability. We found that DHE could inhibit these 
cells growth in a dose-dependent and time-
dependent manner (Figure 1B). At 48 h after 
treatment, the IC50 values of DHE against  
U118, U251 and U87 cells were 17.16±2.11, 
22.33±1.93 and 26.42±2.84 μM, respectively 
(Figure 1C and 1D). Taken together, our findings 
indicate that DHE might be a potent inhibitor in 
glioblastoma cells proliferation.

DHE suppressed clonogenic and migratory 
ability of glioblastoma cells

Enabling replicative immortality is one core 
hallmark of cancers, which is manifested by 
unlimited replicative potential and high clono-
genic ability [39]. Thus we employed colony for-

mation assay to evaluate the effect of DHE on 
the clonogenic capacity of U87 and U251 cells. 
As shown in Figure 2A and 2B, treatment of 
these cells with DHE at the different concentra-
tions (10 and 20 μM) result in a dose-depend-
ently reduced the number of colonies, com-
pared with untreated control cells. 

Likewise, migration is the other important hall-
mark of cancers [39]. To identify the effect of 
DHE on the migration ability of glioblastoma 
cell lines, wound healing assay was performed 
under serum-free conditions. The results indi-
cated that the migration rate of cells signifi-
cantly decreased with increasing concentra-
tions of DHE in U118 and U251 cells (Figure 
2C, 2D) compared to the control group at 48  
h (p<0.01). These results demonstrated that 
DHE exhibits strong properties in suppressing 
colony formation and migration for glioblasto-
ma cells.

DHE induced apoptosis through mitochondrial 
pathway in U87 glioblastoma cells

The ability of anti-apoptosis is another impor-
tant hallmark of cancers [39]. Many of the sig-
nals that elicit apoptosis converge on the mito-

Figure 3. DHE induced apoptosis through mitochondrial pathway in U87 cells. U87 cells treated with DHE at the 
indicated concentrations for 48 h. A: Laser scanning confocal microscope immunofluorescence analysis of cyto-
chrome c (green) and mitochondria (red) co-localization in U87 cells. B: Cytoplasmic protein were extracted from the 
U87 cells and subjected to western blot analysis for cytochrome c and β-actin. C: And the levels of Bcl-2, BAX and 
cleaved caspase-3/9 proteins in total cell lysates from U87 cells were evaluated by western blot. The β-actin served 
as the protein loading control. Densitometric ratios of Bcl-2 and BAX proteins were quantified by Image J software.
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chondria, which respond to proapoptotic sig-
nals by releasing cytochrome c into cytosol, a 
potent catalyst of apoptosis [40]. Therefore, 
confocal immunofluorescence microscopy was 
performed to detect whether DHE resulted in 
cytochrome c release from mitochondria to the 
cytosol in U87 cells. As shown in Figure 3A, in 
the control group, cytochrome c was mainly 
localized in the mitochondria as evidenced by 
yellow-orange staining due to merging of Mito-
Tracker red and cytochrome c-associated green 
fluorescence. In the treated group, increased 

concentrations of DHE resulted in elevated lev-
els of cytosolic cytochrome c as evidenced by a 
diffused green fluorescence. Afterward, west-
ern blot was used to determine the extent of 
cytochrome c release from the mitochondria 
into cytosol during treatment. As shown in 
Figure 3B, DHE statistically increased the lev-
els of cytosolic cytochrome c in a concentra-
tion-dependent manner. To gain better insight 
into DHE-induced apoptosis in U87 cells, we 
measured the expression of major mitochon-
drial apoptosis signaling associated protein, 

Figure 4. Effects of DHE on COX-2 protein and mRNA expression in U87 and U251 cells. The U87 and U251 cells 
were treated with various concentrations of DHE (0, 10, 20 and 30 μM) for 48 h. And the expression of COX-2 pro-
tein and mRNA in the cells were evaluated by western blot (A, B) and RT-PCR (C, D), respectively. The β-actin and 
GAPDH served as the protein and mRNA loading control, respectively. Quantitative analyses of the band density 
were normalized to each loading control. The data are presented as the mean ± SD of five independent experi-
ments. (*P<0.05, **P<0.01 and ***P<0.001 as compared with the control group).
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using western blot. The results demonstrated 
that DHE remarkably reduction of Bcl-2 levels 
and anti-apoptotic Bcl-2/BAX ratio. Further- 
more, DHE resulted in cleavage of procas-
pase-9 and procaspase-3, generating the acti-
vated fragment in a dose-dependent manner 
(Figure 3C). Taken together, these results 
showed that DHE indeed induce apoptosis via 
the intrinsic mitochondrial pathways in glioblas-
toma cells.

DHE modulated the expression of COX-2 in 
glioblastoma cells

The overexpression of COX-2 in human glioma 
specimens has been identified by previous 

study [11], and it led to induce proliferation, 
migration, and development of apoptotic resis-
tance in cancer cells [41]. Firstly, the expres-
sion of COX-2 was studied in three human glio-
blastoma cell lines (U118, U251 and U87) by 
western blot. Representative immunoblot was 
shown in Figure S1. Analysis of the band densi-
ties revealed that COX-2 protein was strong 
expressed in U87 and U251 cells, whereas the 
expression of COX-2 was relatively weak in 
U118 cells. Thus, we employed U87 and U251 
cell lines to determine whether the tumor 
growth inhibitory effect of DHE was correlated 
with COX-2 expression. And the effect of DHE 
treatment on COX-2 protein and mRNA levels 
was evaluated by western blot analysis and 

Figure 5. DHE inhibited transcriptional activation of COX-2 by effect on p300 recruitments and p50/p65 NF-κB 
nuclear translocation. The U87 cells were treated with DHE at the indicated concentrations for 48 h. A: The nuclear 
extracts were harvested for ChIP assay by using specific antibodies directed against p300, p65 and p50 to immu-
noprecipitate formaldehyde-fixed chromatin, followed by regular PCR with COX-2 primers. Normal IgG served as a 
negative control. B: The binding activities of p300, p65 and p50 to COX-2 promoter were analyzed by streptavidin-
agrose pulldown assay. C: The total nuclear extracts were subjected to western blot analysis for p300, p65 and p50. 
The Lamin B1 used as a loading control. D: Laser scanning confocal microscope immunofluorescence assay was 
performed to detect the subcellular localization of p65, p50 and p300 and the co-localization of p50 with p65 or 
p300 by using specific antibodies against p65 (red), p50 (green) and p300 (red). And the typical morphology of cells 
was presented in the above.
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RT-PCR, respectively. As shown in Figure 4, 
DHE dose-dependently inhibited COX-2 protein 
expression in U87 (Figure 4A) and U251 (Figure 
4B) cell lines. Consistent with the western blot 
analysis results, DHE significantly and concen-
tration-dependently reduced COX-2 mRNA 
expression in U87 (Figure 4C) and U251 (Figure 
4D) cell lines. Collectively, these results sug-
gested that DHE effectively inhibited COX-2 
expression at both protein and mRNA levels in 
glioblastoma cells by a dose-dependently man-
ner. Consequently, we considered that DHE 
should effect on COX-2 mRNA transcriptional 
regulation in glioblastoma cells.

DHE inhibited transcriptional activation of COX-
2 by effect on p300 recruitments and p50/
p65 NF-κB nuclear translocation

The transcription activation of genes is regulat-
ed by the binding activities of transactivators 
and coactivators on gene promoter structure. 
Sequence analysis of the 5’-flanking region of 
the human COX-2 gene has identified several 
potential transcriptional regulatory elements, 
of which two nuclear factor kappa B (NF-κB) 
binding sites are essential for transcriptional 
activation of COX-2 [42, 43]. Previous study 
established that the transcriptional coactivator 

Figure 6. DHE inhibited p50/p65 NF-κB activity by targeting IKKβ kinase in glioblastoma cells. U87 (A) and U251 (B) 
cells were treated with different concentrations of DHE (0, 10, 20 and 30 μM) for 48 h. The expression of p-IKKα/β, 
IKKα, IKKβ, p-IκBα, IκBα, p-p65 and p65 proteins in the glioblastoma cells were evaluated by western blot. The 
β-actin served as the loading control. Representative immunoblot of three independent experiments is shown. (C) 
The best ranked pose of DHE in the ATP binding site of IKKβ generated with docking. (a) Interactions of DHE and 
IKKβ are delineated by ribbon structure, hydrogen bonds are displayed as yellow dashed lines, and the participating 
amino acid residues are marked. (b) MOLCAD representation the molecular lipophilic potential surface upon the 
bioactive pose of DHE in the ATP binding site of IKKβ. The blue denotes the hydrophilic, brown for the lipophilic and 
green corresponds to the neutral moiety.
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p300 recruitments to promoter-bound transac-
tivators and plays a central role in transcription-
al activation of COX-2 by regulating p50/p65 
NF-κB [44]. To determine whether p300 and 
p50/p65 NF-κB are involved in the transcrip-
tional regulation of DHE on COX-2 by binding 
directly to the promoter in U87 glioblastoma 
cells, nuclear extracts were analyzed by ChIP 
using specific antibodies directed against 
p300, p50 and p65. As shown in Figure 5A, 
DHE inhibited p300 recruitments and p50/p65 
NF-κB binding directly to the COX-2 promoter in 
a dose-dependent manner, in contrast, the 
DNA binding was undetectable when using a 
normal IgG negative control.

To further evaluate the effect of DHE on the 
binding activities of p300 and p50/p65 NF-κB 
on COX-2 promoter-transactivator complex, we 
employed the streptavidin-agarose pull-down 
assay. Nuclear extracts from U87 cells treated 
with or without DHE were incubated with the 
5’-biotinylated COX-2 promoter probe and 
streptavidin-agarose beads. After centrifuga-
tion, transcription activators p50/p65 NF-κB 
and coactivators p300 present in the complex 
were analyzed by western blot. Consistent with 
the ChIP assays, p300 and p50/p65 NF-κB 
binding to the COX-2 promoter region were 
decreased by treated with DHE (Figure 5B). 
Following this, we detected quantitative infor-
mation of p300 and p50/p65 NF-κB in total 
nuclear extracts by western blot. As expected, 
both p300 and p50/p65 NF-κB protein levels in 
nucleus decreased significantly after DHE treat-
ment (Figure 5C). To further confirm that DHE 
inhibited nuclear translocation and interaction 
between p300 and p50/p65 NF-κB protein, we 
performed immunoflurescence staining to 
investigate the distribution of p300 and p50/
p65 NF-κB in U87 cells. As shown in Figure 5D, 
both coactivators p300 and p50/p65 NF-κB 
obviously decreased in nuclear localization and 
increased in cytoplasmic localization following 
DHE treatment. Taken together, these results 
suggested that DHE inhibited transcriptional 
activation of COX-2 by effect on p300 recruit-
ments and p50/p65 NF-κB nuclear translo- 
cation.

DHE inhibited p50/p65 NF-κB activity by tar-
geting IKKβ kinase in glioblastoma cells

The canonical activation pathway of NF-κB 
major relies on IKKβ kinase activity which leads 

to phosphorylation of IκBα. And then, phos-
phorylated IκBα are degraded by the protea-
some, thereby allowing the liberated and phos-
phorylated p50/p65 NF-κB dimers to translo-
cate from cytoplasm to nucleus where they 
serve as transcriptional regulators [17-19]. 
Hence, to fully understand the related molecu-
lar mechanism of DHE treatment on glioblas- 
toma cells, we next employed U87 and U251 
cells to investigate the effects of DHE on IKKβ/ 
IκBα/NF-κB signaling pathway. As shown in 
Figure 6A and 6B, the levels of p-IKKα/β, 
p-IκBα and p-p65 protein were markedly down-
regulated by treated with DHE in a dose-depen-
dent manner, however, the whole levels of 
IKKα, IKKβ, IκBα and NF-κB p65 did not signifi-
cantly change during this study. These results 
indicated that DHE might suppress NF-κB acti-
vation through inhibiting IKKβ kinase activity.

Therefore, we hypothesized that IKKβ may be 
served as a target of DHE in the treatment of 
glioma. To test this hypothesis, computer 
molecular modeling assay was performed to 
simulate the interactions between DHE and 
IKKβ. Molecular docking studies predicted that 
DHE could bind to ATP binding site of IKKβ. 
Specifically, as shown in Figure 6Ca, DHE 
formed one hydrogen bond with the ATP binding 
pocket of the IKKβ kinase domain. The CO 
motif at the lactonic ring of DHE forms a hydro-
gen bond with the backbone NH of Cys99. The 
result of MOLCAD surface modeling indicated 
that the lacton ring of DHE extends into the 
deep hydrophobic cavity of the ATP-binding 
pocket (Figure 6Cb). All of these results sup-
ported that IKKβ was a target site of DHE in the 
NF-κB signaling pathway to suppressed COX-2 
expression.

DHE could cross blood-brain barrier and sup-
press the growth of glioblastoma xenograft in 
vivo

The mass spectrometry method was used to 
determine whether the DHE penetrate into 
mouse brain. Figure S2 shows the representa-
tive chromatograms of the cerebrospinal fluid 
(CSF) samples after intravenous administration 
of DHE at the dose of 100 mg/kg for 1 h. The 
mass spectrometry analysis of the CSF sam-
ples showed a single peak at a retention time 
of 1.81 min. The result suggested that DHE can 
rapidly cross blood-brain barrier in mouse 
model.
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Thus, we established a xenograft nude mice 
model to further determine the anti-cancer 
effect of DHE on glioblastoma in vivo. The U87 
cells were subcutaneously inoculated into the 
left axillary fossa of each mouse. After two 
weeks, the mice were intraperitoneal adminis-
tered with different doses of DHE (10 or 20 
mg/kg/d), or vehicle (PBS) for 14 days. As 
shown in Figure 7A, the body weights of mice 
were almost not changed between each group 
in the tested durations, suggesting that DHE 
administrations had no obvious side effect on 
mice. As expected, compared with the control 
group, both the tumor volume (Figure 7B) and 
the tumor weights (Figure 7C) were dramatical-
ly reduced in the treated group. Therefore, 
these results may indicate that DHE exhibits 
strong properties in suppressing the growth of 
glioblastoma in vivo. Furthermore, to determine 
the potential mechanism, we detected the 
expression of COX-2, p-p65 and p-IKKβ in 
transplanted tumors using immunohistochem-

istry analysis. When probed with COX-2, p-p65 
or p-IKKβ antibodies, there was a predominant-
ly positive staining in the xenografts from con-
trol group, and staining intensities gradually 
grew weaker in the DHE treated groups with 
increasing dose when it being sparsely ob- 
served in the high dose group (Figure 7D). 
Hence, the above results indicated that DHE 
could cross blood-brain barrier and suppress 
the activation of the IKKβ/NF-κB/COX-2 path-
way in U87 cells transplanted tumors, which 
might be partially responsible for the inhibition 
of the xenograft growth.

Discussion

Dehydrocostus lactone (DHE), a natural sesqui-
terpene lactone, has been reported as major 
and biologically active compound of the roots 
of Saussurea lappa, a well-known Chinese tra-
ditional herbal medicine. Currently, clinically 
available DHE-containing drugs, such as 

Figure 7. In vivo antitumor efficacy of DHE in U87 tumor xenograft model. Body weights (A) and tumor volumes (B) 
were recorded every 2 days during the experiment. All mice were euthanized on day 30. (C) The implanted tumors 
were excised and weighed, and representative tumor photographs of each group were shown. (D) The expression 
of COX-2, p-p65 and p-IKKβ in implanted tumors was detected by immunohistochemical staining. Representative 
images of each group were shown. The results are represented as means ± SD (n = 6). (*P<0.05, **P<0.01 and 
***P<0.001 as compared with the control group). 
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Compound Ancklandia and Berberine Tablets, 
have been used for treatment of digestive tract 
diseases with its anti-inflammatory, anti-micro-
bial activities. Recently, a few reports have 
showed that DHE has anti-cancer abilities in 
some types of carcinomas [21]. However, the 
anti-cancer effect and mechanism of DHE in 
glioma remains unknown. In the current study, 
we found that DHE has the potential to power-
fully suppress the biological characteristics of 
glioma in many aspects. First of all, treatment 
of human glioblastoma cell lines with DHE 
result in a dose-dependently inhibition of vi- 
ability, proliferation and migration. Meanwhile, 
DHE also induced mitochondria-mediated apo- 
ptosis via down-regulating anti-apoptotic Bcl-2/
BAX ratio and promoting mitochondrial release 
of cytochrome c into cytosol which activating 
caspase signaling pathway. Moreover, the pres-
ent study firstly investigated the brain penetra-
tion of DHE by using mass spectrometry meth-
od, and the result indicated that DHE can rap-
idly penetrate into the brain. Furthermore, in 
the xenograft nude mice model, treatment with 
DHE (10 and 20 mg/kg/d) significantly inhibit-
ed neoplastic growth without the notable 
adverse effects.

A lot of evidence has established that inflam-
mation regulates different stages of tumor 
development, such as initiation, promotion, 
invasion and metastasis [3]. Cyclooxygenase 
(COX) is the rate-limiting enzyme catalyzing the 
conversion of arachidonic acid to prostaglan-
dins, which is an important inflammatory medi-
ator. Two isoforms of COX have been identified: 
COX-1 and COX-2. In the central nervous sys-
tem, COX-1 is constitutively expressed in neu-
rons, astrocytes and microglial cells, and 
involved in the maintenance of tissue homeo-
stasis, whereas COX-2 is scarcely produced in 
normal brain tissues until being induced by 
some stimulations, such as inflammation and 
cancer [11, 45-48]. Previous studies have indi-
cated that COX-2 overexpression in glioma and 
plays a critical role in the progression of cancer 
by increasing proliferation, invasiveness and 
apoptotic resistance [10, 11, 49-51]. In our 
study, we found that DHE contributed to tran-
scriptional regulation of COX-2 gene, as a con-
sequence, significantly inhibited COX-2 expres-
sion at both mRNA and protein levels in a dose-
dependently manner, along with inhibiting glio-
blastoma viability, proliferation, migration and 
apoptotic resistance.

The promoter region of the COX-2 gene con-
tains the binding site for NF-κB [52-54]. NF-κB 
is a crucial transcription factor modulated 
many of the central hallmarks of cancer includ-
ing: cellular proliferation, migration and resis-
tance to apoptosis [39]. Moreover, the critical 
role of NF-kB in promoting inflammation further 
contributes to the malignant phenotype in glio-
ma [55, 56]. Therefore, agents capable of sup-
pressing NF-κB activation might be have the 
potential to inhibit glioma development. As pre-
vious described, in the canonical NF-κB path-
way, the activation of p50/p65 NF-κB mainly 
mediated by IKKβ which induced phosphoryla-
tion of IκBα. The phosphorylation and ubiquiti-
nation events alter the configuration of IκBα, 
which is consequently degraded by protea-
somes. Subsequently, p50/p65 NF-κB is re- 
leased, phosphorylated and translocated to the 
nucleus, and binding to the κB sites of the tar-
get genes, and then recruiting coactivators 
p300 to induce the transcription activation of 
multiple genes [57, 58]. In current study, we 
determine the inhibitory effects of DHE on IKKβ 
activity, IκBα phosphorylation and degradation, 
coactivators p300 recruitments and p50/p65 
NF-κB nuclear translocation, and their DNA 
binding activity on COX-2 promoter. As expect-
ed, our results showed that DHE significantly 
inhibited p50/p65 NF-κB activation, nuclear 
translocation, and DNA-binding capacity by 
inhibition of IKKβ activity, and IκBα phosph- 
orylation and degradation. Furthermore, the 
importance of the IKKβ in regulating NF-κB acti-
vation, coupled with the drug gable nature of 
kinase activity, has made IKKβ become a pri-
mary target for pharmacotherapy. While many 
IKKβ inhibitors have been used in the treat-
ment of peripheral cancers, only a few have 
been studied in glioma [56]. Therefore, we 
hypothesized that DHE might bind to IKKβ and 
subsequently inhibited its kinase activity. To 
test this hypothesis, computer molecular dock-
ing assay was conducted to simulate the inter-
actions between DHE and IKKβ. Molecular 
docking studies predicted that DHE could bind 
to the ATP binding site of IKKβ.

In summary, our result indicates that DHE can 
rapidly cross blood-brain barrier, and our data 
reveals that DHE has the potential to powerfully 
suppress the biological characteristics of glio-
ma in many aspects. Furthermore, it is possible 
that the anti-cancer properties of the DHE in 
glioma may be mediated, at least in part, 
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through inhibition of the NF-κB/COX-2 signaling 
pathway by targeting IKKβ in vitro and in vivo. 
These findings provide the preclinical evidence 
for development of DHE as a potential agent 
against glioma.
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SI methods

Detection of DHE through blood brain barrier

The six male adult SD rats (200-220 g) were intraperitoneally injected with DHE for 1 hour, and then the 
rats were anesthetized with 4% chloral hydrate. The cerebrospinal fluid was collected from the cerebel-
lomedullary cistern by puncturing the foramen magnum and the cerebrospinal fluid volume between 
50-100 μl. Next, the cerebrospinal fluid by adding 2 times the volume of acetonitrile-grade chromatog-
raphy was centrifuged 20 min at 20,000 g centrifugal force after vortex, and the supernatant was taken 
out in 1.5 ml EP tube in the nitrogen blowing instrument on the dry, then the dried sample was reconsti-
tuted by mobile phase with a volume of 50 μl. The reconstitution ratio was acetonitrile: pure water = 4:1. 
Finally, the reconstituted sample and a certain concentration of DHE standard solution were analyzed 
by LC-MS/MS. Analytical method: The Agilent 1200 high-performance liquid chromatography (HPLC) 
system consisted of a quaternary delivery system, a degasser, an auto-sampler and an UV detector. The 
chromatograph was equipped with an Elite Hypersil ODS (2.1×150 mm, 5 μm) analytical column. The 
mobile phase consisted of acetonitrile and 0.1% formicacid in aqueous solution at a flow rate of 0.5 ml/
min. An Applied Biosystems MDSSciex API3200 Triple Quadrupole Mass Spectrometer (MS/MS) 
equipped with an electrospray ionization (ESI) source was used to analyze potential metabolites, and 
the system was operated in negative mode for DHE (Q1-Q3: 231.4-185.2).
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Figure S1. The expression of COX-2 protein in the glioblastoma cells. The expression of COX-2 protein in the U118, 
U251 and U87 cells were evaluated by western blot. One representative immunoblot of three independent experi-
ments is shown. The β-actin served as the protein loading control. Densitometric analysis of COX-2 protein are quan-
tified by Image J software.

Figure S2. DHE can penetrate the blood brain barrier. LC-MS spectrum of cerebrospinal fluid sample on SD rat 
model after pretreatment with DHE (1 h). The cerebrospinal fluid samples were prepared as described in “Materials 
and Methods” section.


