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A B S T R A C T

We investigated the pro-inflammatory response mediated by TNFa in glioblastoma and

whether treatment with organoselenium Ebselen (2-phenyl-1,2-benzisoselenazol-

3[2H]one) can affect TNFa induced inflammatory response. Exposure to TNFa increased

the expression of pro-inflammatory mediator interleukin IL-6, IL-8, monocyte chemoat-

tractant protein-1 (MCP-1) and cyclooxygenase (COX-2). Treatment with Ebselen abrogated

TNFa induced increase in pro-inflammatory mediators. Ebselen not only abrogated TNFa

induced enhanced invasiveness of glioma cells by down-regulating matrix metallo protein-

ase (MMP-9) and urokinase plasminogen (uPa) activity, but also inhibited glioma cell migra-

tion. Treatment with Ebselen also down-regulated the enhanced ROS production of TNFa

treated glioma cells. In addition, Ebselen induced DNA damage repair signaling response

in glioma cells both in the presence and absence of TNFa. These studies indicate that to-

gether with its known ability to sensitize glioma cell to TNFa induced apoptosis, Ebselen

can overcome TNFa induced pro-inflammatory mediators to prevent a build up of a delete-

rious pro-inflammatory tumor microenvironment.

ª 2008 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction cells has been attributed to the activation of NF-kB; and GBM
The increased presence of inflammatory cytokines in the tu-

mor microenvironment plays a major factor in inducing ma-

lignancy (Coussens and Werb, 2002). Pro-inflammatory

cytokines act as a tumor promoter by regulating cascade of cy-

tokines, chemokines, MMPs and pro-angiogenic activities

(Kopp and Ghosh, 1995). TNFa is a pro-inflammatory cytokine

whose signaling pathways are linked to both proapoptotic and

antiapoptotic responses (Aggarwal, 2003; Wallach et al., 1999).

Despite TNFa’s ability to induce apoptosis, several tumors are

resistant to TNFa mediated apoptosis (Tsujimoto et al., 1985).

The resistance to TNFa induced apoptosis in various cancer
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are resistant to cytotoxic effect of TNFa.

Studies have indicated that some anticancer chemothera-

peutic drugs and TNFa can kill some resistant tumor cells

(Safrit and Bonavida, 1992). We have recently documented

that Ebselen – a selenoorganic compound, sensitizes glioma

cells to TNFa mediated apoptosis by abrogating NF-kB activa-

tion (Sharma et al., 2008). TNFa induced activation of NF-kB is

crucial for tumor progression as it induces the expression of

the pro-inflammatory cytokines IL-6 and IL-8 (Kopp and

Ghosh, 1995), that plays an important role in tumor progres-

sion. Moreover, increased IL-8 levels contribute to glial tumor

neovascularity and progression (Brat et al., 2005). Increased
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expression of pro-inflammatory mediator has been impli-

cated as a possible prognostic indicator in glioblastoma and

to play a role in angiogenesis in GBM (Chang et al., 2005). As

Ebselen is a potential chemopreventive agent in inflamma-

tion-associated carcinogenesis (Nakamura et al., 2002) and

since the causal relationship between inflammation and tu-

mor progression is well documented, we investigated whether

Ebselen could abrogate TNFa induced pro-inflammatory re-

sponse in the tumor microenvironment while sensitizing cells

to TNFa induced apoptosis at the same time.
2. Materials and methods

2.1. Cell culture and treatment

Glioblastoma cell lines A172 and T98G were obtained from

American Type Culture Collection and cultured in DMEM

supplemented with 10% fetal bovine serum. On attaining

semi-confluence, cells were switched to serum free media

and after 12 h cells were treated with 10 mM of Ebselen (in

dimethyl sulphoxide, DMSO) in the presence or absence of

TNFa (50 ng/ml) in serum free media for another 24 h. Fol-

lowing treatment, the conditioned medium from cells

were collected and stored at �80 �C for cytokine bead array,

gelatin zymography and urokinase plasminogen activator

assay, whereas cells were processed for Western blot and

FACS analysis. All reagents were purchased from Sigma un-

less otherwise stated. DMSO treated cells were used as

controls.
2.2. Cytokine bead array

Cytometric bead array kit (CBA kit; BD Biosciences) was used

to quantitatively measure cytokine and chemokine levels in

the supernatant collected from control and glioma cells

treated with different combinations of TNFa and Ebselen.

The assay was performed and analyzed on FACS Calibur

(Becton Dickinson) as described previously (Sharma et al.,

2007).
2.3. Western blot analysis

Proteins from whole cell lysates were isolated as described

previously (Sharma et al., 2007). Twenty to 50 mg of protein

isolated from cells treated with TNFa either in the presence

or absence of Ebselen was electrophoresed on 6– 10% poly-

acrylamide gel and Western blotting performed as described

(Tewari et al., 2008). The following antibodies were used –

COX-2 (cell signaling), MSH2 and MLH1 (Santa Cruz Biotech-

nology). Secondary antibodies were purchased from Vector

Laboratories. After addition of chemiluminescence reagent

(Amersham), blots were exposed to Chemigenius, Bioimaging

System (Syngene) for developing and images were captured

using Genesnap software (Syngene). The blots were stripped

and reprobed with anti-b-actin to determine equivalent load-

ing as described (Sharma et al., 2007).
2.4. Gelatin zymography

MMP-9 activity in conditioned medium from cells treated with

different combinations of TNFa and Ebselen was analyzed by

gelatin zymography as described previously (Li et al., 2007).

Briefly, the conditioned medium was resolved by 10% SDS-

PAGE in the presence of 1 mg/mL gelatin. The resulting gel

was washed in 2.5% Triton X-100 and then incubated for

16 h in an enzyme assay buffer [25 mmol/L Tris (pH 8.0),

5 mmol/L CaCl2, 0.9% NaCl, 0.05% NaN3] at 37 �C. After staining

with Coomassie brilliant blue R-250, gelatinases were identifi-

able as clear bands.
2.5. Urokinase plasminogen activator (uPa) assay

The assay was performed according to the manufacturer’s in-

structions (Chemicon). Culture supernatants (160 ml) from gli-

oma cells treated with TNFa in the presence and absence of

Ebselen were added to each well of 96-well plate. Following

the addition of assay buffer and chromogenic substrate the

samples were incubated for 24 h at 37 �C, after which absor-

bance was read at 405 nm. Optical density values obtained

were compared with known standards to obtain relative

activities.
2.6. Wound healing assay

Wound healing was performed as described previously

(Sharma et al., 2007). Briefly, cells were grown in serum con-

taining media and upon reaching semi-confluence, serum

was removed and cells grown in serum free media. A plastic

pipet tip was drawn across the center of the culture to produce

a clean wound area, 12 h after serum depletion. Cells were

then left untreated or treated with TNFa in the presence and

absence of Ebselen for 24 h and cell movement in the wound

area was examined. The migration distance between the lead-

ing edge of the migrating cells and the edge of the wound at

the beginning and end of each indicated time point was taken

by light microscopy.
2.7. Measurement of ROS

Intracellular ROS generation in cells treated with TNFa in the

presence and absence of Ebselen was assessed using

20,70- dichlorodihydrofluorescein diacetate (CM-H2DCFDA,

Molecular Probes) as described previously (Sharma et al.,

2007). Briefly, cells were incubated with H2DCFDA (5 mM) for

30 min at 37 �C, washed twice with PBS, and fluorescent inten-

sity of 5 � 105 cells and analyzed on FACS Calibur (Becton

Dickinson).
2.8. Statistical analysis

All comparisons between groups were performed using two-

tailed paired Student’s t-test. All values of P less than 0.05

were taken as significant.



Figure 1 – Ebselen alters the release of pro-inflammatory mediators and decreases invasiveness of TNFa treated glioma cells. (a) Expression of IL-

6, IL-8 and MCP-1 in A172 and T98G glioma cells treated with different combinations of TNFa and Ebselen for 24 h, as observed by CBA.

Increase in pro-inflammatory cytokine/chemokine observed upon TNFa treatment was significantly suppressed in the presence of Ebselen. Values

represent mean ± SEM from three individual experiments. * Significant increase from control. # Significant decrease from control. ** Significant

decrease from TNFa treated cells (P < 0.05). (b) Ebselen decreases the elevated COX-2 level in TNFa treated A172 and T98G cells. Western

blot analysis demonstrates expression of pro-inflammatory mediator COX-2 in cells treated with either TNFa or Ebselen or both. A representative

blot is shown from three independent experiments with identical results. C, T and E denote control, TNFa and Ebselen respectively.

Figure 2 – Ebselen decreases invasive potential of glioma cells. (a) Co-

treatment of TNFa treated glioma cells with Ebselen down-regulates

MMP-9 activity. Gelatin zymography was performed on conditioned

medium collected from T98G cells treated with Ebselen in the

presence and absence of TNFa. The figure is a representative of two

independent experiments with identical results. C, T, E and M

denote control, TNFa, Ebselen and marker respectively. (b)

Treatment with Ebselen decreases the uPa in TNFa treated glioma

cells. uPa activity was performed on conditioned medium obtained

from cells treated with TNFa in the presence of Ebselen. Ebselen

down-regulates uPa activity in TNFa treated cells. The graph

represents change in uPa activity under different conditions over

control which is set to 100%. Values represent the means ± SEM from

three independent experiments. ** Significant decrease from TNFa

treated cells (P < 0.05).
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3. Results

3.1. Ebselen suppresses the release of pro-inflammatory
mediators from glioblastoma cells

As activation of NF-kB induces the expression of pro-inflam-

matory cytokines (Kopp and Ghosh, 1995) that plays an impor-

tant role in tumor progression, and since Ebselen is known to

alter the expression of inflammatory mediators (Haddad et al.,

2002), we performed CBA to investigate the cytokine/chemo-

kine profile of TNFa treated glioma in the presence and ab-

sence of Ebselen. A general trend toward increase in the

release of pro-inflammatory cytokine IL-6 and chemokines

IL-8 and MCP-1 was observed in TNFa treated glioma cells.

Treatment of A172 cells with TNFa elevated the levels of IL-6,

IL-8, and MCP-1 significantly by 1.8-, 2.0- and 2.5-fold respec-

tively, as compared to control (Figure 1a). However, treatment

of cells with TNFa in the presence of Ebselen abrogated the

ability of TNFa to induce pro-inflammatory cytokine/chemo-

kine release. The levels of pro-inflammatory mediators re-

leased from glioma treated with both Ebselen and TNFa was

almost comparable or even less than that of untreated control

(Figure 1a). Treatment with Ebselen alone also resulted in a sig-

nificant reduction of pro-inflammatory cytokines/chemokines

release from glioma cells, as compared to control (Figure 1a).

Similar trend was observed in T98G cells (Figure 1a).

TNFa induces the expression of pro-inflammatory mediator

COX-2 (Yamamoto et al., 1995). Since organoselenium reduces

the expression of COX-2 in human lung cancer (El-Bayoumy

et al., 2006), we investigated the effect of Ebselen on the expres-

sion of COX-2 in TNFa treated cells. COX-2 level was elevated in

TNFa treated glioma cells and treatment with Ebselen down-

regulated the elevated COX-2 expression in TNFa treated cells,

to levels comparable to that of control (Figure 1b).
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3.2. Ebselen down-regulates the increased invasiveness
of TNFa treated glioma cells

As TNFa induces the expression of MMP-9 associated with

invasion (Esteve et al., 2002), the effect of Ebselen on

MMP-9 activity both in the presence and absence of TNFa

was investigated. Treatment with TNFa elevated MMP-9

activity in T98G cells as compared to control (Figure 2a).

This increase in MMP-9 activity was reduced considerably

almost to control levels in the presence of Ebselen. Treat-

ment with Ebselen alone had no effect on MMP-9 activity

(Figure 2a).

The binding of urokinase plasminogen activator (uPA) to its

receptor (uPAR) initiates a proteolytic cascade facilitating the

activation of MMP, which in turn degrades the extracellular

matrix (Lakka et al., 2003). Since Ebselen decreased MMP-9 ac-

tivity in TNFa treated glioma cells (Figure 2a), we determined

uPA activity in TNFa treated cells in the presence and absence

of Ebselen (Figure 2b). The slight but insignificant increase in

uPA activity observed in TNFa treated glioma cells was signif-

icantly down-regulated in the presence of Ebselen, to levels

even lesser than that observed in control (Figure 2b). Treat-

ment with Ebselen alone had no significant effect on uPA ac-

tivity (Figure 2b). Thus, treatment with Ebselen abrogated

uPA activity of TNFa treated glioma cells below basal levels

(Figure 2b).
Figure 3 – Ebselen inhibits glioma cell migration both in the presence and a

injury was inhibited by Ebselen. Ebselen greatly inhibited the migration of

after scratch wound and the treatment lasted for 24 h. Micrographs depict

either TNFa or Ebselen or both for 0, 12 and 24 h.
3.3. Ebselen inhibits glioma cell migration both in the
presence and absence of TNFa

As chemokines are crucial regulators of cancer cell migration

and IL-8 and MCP-1 levels were significantly altered in TNFa

treated cells, we investigated the migration ability of glioma

cells treated with TNFa or Ebselen or both using wound-heal-

ing assay. There was a decrease in cell migration, as demon-

strated by the difference in the wound area covered in

Ebselen treated cells as compared to control. Although TNFa

treated cells migrated to cover the wound area, co-treatment

with Ebselen inhibited motility of TNFa treated A172 cells con-

siderably (Figure 3). Similar results were obtained with T98G

cells (data not shown).

3.4. Ebselen reduces ROS generation in TNFa treated
glioma cells

Ebselen exhibits antioxidant activities. It not only inhibits

phorbol ester-induced oxidative and inflammatory changes

(Nakamura et al., 2002), but also inhibits ROS production in

dendritic cells during antigen presentation to modulate cyto-

kine production by T cells (Matsue et al., 2003). TNFa depen-

dent activation of NF-kB leads to enhanced ROS production

and further NF-kB activation, thereby contributing to sus-

tained oxidant production in chronic inflammation (Gauss
bsence of TNFa. Ability of A172 cells to migrate after scratch wound

TNFa treated cells. TNFa or Ebselen or both were added to culture

cultures with scratch wound that were left untreated or treated with



Figure 4 – Ebselen decreases ROS generation in TNFa treated glioma

cells. The elevation in ROS production observed upon TNFa treatment

was decreased in the presence of Ebselen. FACS analysis was performed

to determine ROS generation in T98G glioblastoma cells treated with

TNFa or Ebselen or both for 24 h. The figure is a representative of two

independent experiments.
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et al., 2007). As NF-kB activity was down-regulated in cells

treated with Ebselen both in the presence and absence of

TNFa (Sharma et al., 2008), we performed FACS analysis to de-

termine ROS levels in cells treated with different combina-

tions of TNFa and Ebselen. The increase in ROS production

observed in TNFa treated T98G cells was down-regulated con-

siderably in the presence of Ebselen. Treatment with Ebselen

alone also decreased ROS levels as compared to control (Fig-

ure 4). Similar results were also observed in A172 cells (data

not shown). These results indicate that Ebselen is capable of

abrogating the increased ROS levels observed in TNFa treated

glioma cells (Figure 4).

3.5. Ebselen induces increase in DNA damage signaling
response

ROS has been shown to induce oxidative damage to DNA di-

rectly, and they are capable of damaging proteins involved

in DNA repair (Jaiswal et al., 2000). The mismatch repair
Figure 5 – Ebselen positively affects the DNA mismatch repair system in TN

in the presence and absence of TNFa was detected by determining the exp

cells treated with 10 mM Ebselen in the presence or absence of TNFa and W

and MLH1. A representative blot is shown from three independent experim

equivalent loading.
(MMR) system promotes genomic fidelity by repairing

base–base mismatches and insertion-deletion that are gener-

ated during DNA replication and recombination. Inflamma-

tion-induced DNA damage is controlled by the MMR protein

MSH2 (Kohonen-Corish et al., 2002). The loss of MMR protein

MLH1 and MLH2 in colorectal adenocarcinomas is accompa-

nied by Cox-2 over-expression (Balbinotti et al., 2007). Besides,

the efficacies of a number of cancer chemotherapeutics are

dependent on MMR system (Bellacosa, 2001). Since the in-

creased release of pro-inflammatory mediators and ROS

from TNFa treated cells was abrogated in the presence of Ebse-

len, we investigated the expression of MMR protein MLH1 and

MSH2 in cells treated with Ebselen in the presence and ab-

sence of TNFa. The level of MLH1 and MSH2 observed in con-

trol cells was down-regulated upon TNFa treatment (Figure 5).

While treatment with Ebselen had no effect on either MLH1 or

MSH2 expression in A172 cells, it was capable of restoring the

decreased MLH1 or MSH2 levels in TNFa treated cells to the

control levels (Figure 5). Similar trend was observed in the ex-

pression of MSH2 in T98G cells (Figure 5).
4. Discussion

The importance of NF-kB in controlling proliferation and inva-

sion of cancer has been well documented (Karin and Greten,

2005). The resistance to TNFa induced apoptosis in various

cancer cells including glioblastoma has been attributed to

the activation of the transcription factor NF-kB. We have re-

cently reported that Ebselen sensitizes glioma cells to TNFa in-

duced apoptosis by down -regulating NF-kB activation

(Sharma et al., 2008), as has been reported in other malignan-

cies (Shimohashi et al., 2000). Ebselen possess anti-inflamma-

tory properties (Nakamura et al., 2002; Haddad et al., 2002;

Shimohashi et al., 2000; Schewe, 1995; Zhang et al., 2002)

and NF-kB activity is crucial for the induction of pro-

inflammatory cytokines (Duan et al., 2004). It is possible that

the ability of Ebselen to abrogate TNFa induced release of

pro-inflammatory mediators was achieved through down-

regulation of NF-kB activity (Haddad et al., 2002;, Jozsef and

Filep, 2003).

Increased IL-6 gene amplification in GBM is associated with

decreased patient survival (Tchirkov et al., 2007), and IL-8
Fa treated cells. Ability of glioma cells to repair DNA mismatch both

ression of MSH2 and MLH1. Protein was isolated from A172 glioma

estern blot analysis was performed to detect the expression of MSH2

ents with identical results. Blots were reprobed for b-actin to establish
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blockade has been shown to inhibit MMP-9 activity which is

associated with invasiveness of tumor cells (Mian et al.,

2003). Besides, inhibition of MCP-1 has been shown to sup-

press migration of glioma cells (Liang et al., 2008). The ability

of Ebselen to down -regulate IL-8 and MCP-1 in TNFa treated

glioma cells could have possibly contributed to the: (i) de-

creased invasive potential through regulation of MMP-9 and

uPA activity; and (ii) decreased migratory ability. The crucial

link between inflammation and neoplastic progression comes

from studies suggesting that non-steroidal anti-inflammatory

drugs (NSAID) inhibit growth of various malignancies by

inhibiting COX-2, involved in inducing inflammatory reac-

tions in damaged tissues (Williams et al., 1999). The ability

of Ebselen to abrogate levels of COX-2 and other pro-inflam-

matory cytokines in glioma cells might prevent the establish-

ment of feed forward cycle of inflammation that promotes

disease progression.

The ability of Ebselen to elevate the decreased expression

of MMR proteins observed in TNFa treated cells suggests

that Ebselen positively regulates DNA damage repair re-

sponse. This together with its ability to reduce oxidative stress

might prevent further accumulation of genetic instability.

Thus treatment with Ebselen not only: (i) abrogated TNFa in-

duced increased expression of pro-inflammatory mediators,

ROS, migration and invasive potential of glioblastoma cells;

but also (ii) positively increased DNA damage repair signaling

response in glioma cells. These results raise the possibility of

abrogating pro-inflammatory response by Ebselen as a strat-

egy to regulate the tumor microenvironment of glioma cells.

This together with the ability of Ebselen to sensitize glioma

cells to TNFa induced apoptosis warrants attention as an ef-

fective anti-glioma therapy.
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