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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.


