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Abstract. High exposure to cadmium is a risk factor for many 
neuronal diseases. Overexpression of cyclooxygenase (COX)-2 
is linked to many neuroinflammatory and neoplastic diseases. 
We, herein, investigated the effect of cadmium on the expres-
sion of COX-2 in C6 rat glioma cells. Treatment with cadmium 
sulfate (cadmium) increased the expression of COX-2 mRNA. 
Remarkably, cadmium treatment further increased expression 
of not only the N-glycosylated COX-2 protein of 72 kDa but 
also the unglycosylated COX-2 of 66 kDa, as assessed by the 
unglycosylated COX-2 induced by tunicamycin or glucos-
amine, known inhibitors of COX-2 N-glycosylation. Of note, 
when translation was blocked in the presence of cyclohexi-
mide (CHX), levels of both N-glycosylated and unglycosylated 
COX-2 proteins induced by cadmium rapidly declined but the 
decline was prevented by MG132, a 26S proteasomal inhibitor. 
However, in the absence of CHX, cadmium induced and 
maintained expression of the unglycosylated COX-2 proteins. 
Pharmacological inhibition studies importantly demonstrated 
that the cadmium-mediated COX-2 transcriptional upregula-
tion in C6 cells was not shown by exogenous glutathione 
(GSH) supplementation or treatment with inhibitors of 
extracellular signal-regulated protein kinase-1/2 (ERK-1/2), 
p38 MAPK and c-Jun N-terminal protein kinase-1/2 (JNK-
1/2), respectively. Expression of COX-2 was not noted in C6 
cells exposed to other heavy metals (cobalt or manganese). 
These results demonstrate that cadmium specifically induces 
expression of COX-2 through both transcriptional and 
co-translational (N-glycosylation) regulation in C6 cells in 
which the cadmium-induced COX-2 transcriptional upregula-
tion is closely related to oxidative stress-dependent activation 
of the family of MAPKs and the cadmium-induced expression 

of both N-glycosylated and unglycosylated COX-2 proteins is 
proteasome- and translation-dependent.

Introduction

Cadmium is a toxic heavy metal and an environmental pollutant. 
Evidence suggests that cadmium, due to its long half-life, can 
accumulate in the body, mostly in the brain, kidney, and lung 
(1,2). Importantly, many in vitro and in vivo studies have demon-
strated that acute or chronic cadmium exposure causes toxic and 
carcinogenic effects on various tissues, including brain, liver, 
kidney, lung, prostate and testis (3-6). However, the molecular 
and cellular mechanisms underlying cadmium-mediated toxic 
and tumorigenic effects on tissues still remain elusive.

Cyclooxygenase (COX), also referred to as prostaglandin 
(PG) H synthase, is the rate-limiting enzyme in the biosyn-
thesis of PGs and related eicosanoids from arachidonic acid 
metabolism (7). Physiologically, levels of PGs are involved in 
the inflammatory response, bone development, wound healing, 
and reproductive system. However, excessive PGs are linked 
to many inflammatory and neoplastic diseases. In eukaryotic 
cells, COX is expressed in two isoforms, COX-1 and COX-2 
(8,9). While COX-1 is constitutively expressed in most cells 
and PGs produced by COX-1 are involved in the maintenance 
of physiological functions, COX-2 is inducible by pro-inflam-
matory cytokines, tumor promoters, mitogenes, and growth 
factors in a variety of cell types, including monocytes, fibro-
blasts and endothelial cells (8-10). Evidence that non-steroidal 
anti-inflammatory drugs or compounds that inhibit COX-2 
lessen major inflammatory symptoms including fever and 
pain suggests a role of COX-2 in inflammation (11). Notably, 
COX-2 expression has been shown to be increased in glia of 
rats with traumatic brain injury (12) and of a mouse model of 
sporadic amyotrophic lateral sclerosis (13), suggesting a role 
of glial COX-2 expression in brain injury or neurodegenerative 
disease. Moreover, of further interest, it has been demonstrated 
that COX-2 is upregulated in the majority of high-grade human 
gliomas, and blockage of COX-2 activity by NS-398, a selec-
tive COX-2 inhibitor, inhibits growth and induces apoptosis of 
multiple glioma cells (14). However, the regulation of COX-2 
expression in glioma is not well understood.

Expression of COX-2 is regulated at levels of transcription, 
post-transcription and translation. Transcription of COX-2 is 
induced in cells following treatment with exogenous stimuli, 
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which is accompanied by activation of intracellular signaling 
pathways that in turn modulate activity of transcription factors 
(TFs) and hence stimulate the COX-2 promoter (15). Studies 
have demonstrated the presence of multiple cis-acting elements, 
including nuclear factor-κB (NF-κB), activation of transcrip-
tion factor-2 (ATF-2), and activator protein 1 (AP-1), within 
the COX-2 promoter, which are bound by specific TFs, and 
their importance for COX-2 transcriptional induction (16,17). 
Evidence also strongly suggests the post-transcriptional regu-
lation of COX-2 at levels of message stability and RNA nuclear 
export and COX-2 translational regulation by the protein turn-
over are critical for maximal COX-2 induction (18-20). It is 
also documented that COX-2 protein N-glycosylation during 
translation is critical for the protein stability, localization, and 
activity (21-23). Moreover, there is evidence that activities of 
a variety of cellular signaling proteins, such as extracellular 
signal-regulated protein kinase-1/2 (ERK-1/2), p38 mitogen-
activated protein kinase (MAPK), c-Jun N-terminal protein 
kinase-1/2 (JNK-1/2), and protein kinase B, are linked to 
upregulation of COX-2 expression by influencing levels of 
COX-2 transcription, post-transcription, and/or translation 
(24,25). However, little is known concerning the regulation of 
COX-2 expression by cadmium in glioma cells.

In this study, we investigated the effect of cadmium on 
COX-2 expression in C6 rat glioma cells and determined 
possible molecular and cellular mechanisms involved.

Materials and methods

Materials. Dulbecco's modified Eagle's medium, fetal 
bovine serum (FBS), penicillin, and streptomycin were 
purchased from WelGENE (Daegu, Korea). Antibodies of 
phospho-ERK-1/2 (p-ERK-1/2), total ERK-1/2 (T-ERK-1/2), 
phospho-JNK-1/2 (p-JNK-1/2), total JNK-1/2 (T-JNK-1/2), 
phospho-p38 MAPK (p-p38 MAPK), total p38 MAPK (T-p38 
MAPK) and phospho-ATF-2 (p-ATF-2) were purchased 
from Cell Signaling Technology (Beverly, MA, USA). 
Anti-COX-2 rabbit polyclonal antibody was purchased from 
Cayman Chemical (Ann Arbor, MI, USA). Anti-rabbit or 
mouse secondary horseradish peroxidase antibodies were 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). MG132, N-acetyl cysteine (NAC), SP600125, and 
proteinase inhibitor cocktail (100X) were purchased from 
Calbiochem (Madison, WI, USA). SB203580, PD98059 and 
LY294002 were purchased from BioMol (Plymouth Meeting, 
PA, USA). RNAzol-B reagent was purchased from Tel-Test, 
Inc. (Houston, TX, USA). Enzyme-linked chemiluminescence 
(ECL) Western detection reagents were purchased from 
Thermo Scientific (Waltham, MA, USA). Nitrocellulose 
membrane was purchased from Millipore (Rockford, IL, 
USA). Bradford reagent was purchased from Bio-Rad 
(Hercules, CA, USA). Other reagents, including anti-actin 
mouse monoclonal antibody, cadmium (CdSO4), glucosamine 
hydrochloride (GS-HCl), tunicamycin (TN), cycloheximide 
(CHX), glutathione (GSH), vitamin E (VE), cobalt chloride 
(CoCl2) and manganese (MnCl2) were purchased from Sigma 
(St. Louis, MO, USA).

Cell culture. C6 rat glioma cells were maintained at 37˚C in 
a humidified condition of 95% air and 5% CO2 in DMEM 

supplemented with 10% heat-inactivated FBS, 100 U/ml peni-
cillin, and 100 µg/ml streptomycin.

Preparation of whole cell lysates. After treatments at the indi-
cated times or conditions, C6 cells were washed with ice-cold 
phosphate-buffered saline (PBS) supplemented with 1 mM 
Na3VO4 and 1 mM NaF, and lysed in modified RIPA buffer 
[50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.1% sodium dodecyl 
sulfate, 0.25% sodium deoxycholate, 1% Triton X-100, 1% 
Nonidet P-40, 1 mM EDTA, 1 mM EGTA, proteinase inhibitor 
cocktail (1X)]. After centrifugation at 12,000 rpm for 20 min at 
4˚C, the supernatant was collected and the protein concentration 
was determined with Bradford reagent (Bio-Rad, Mississauga, 
ON, USA) using bovine serum albumin as the standard.

Western blot analysis. Equal amounts of protein (40 µg/lane) 
were resolved by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred onto a nitrocellulose 
membrane. The membrane was washed with Tris-buffered 
saline (TBS) (10 mM Tris, 150 mM NaCl) containing 0.05% 
Tween-20 (TBST) and blocked in TBST supplemented with 
5% non-fat dried milk. The membrane was further incubated 
with primary antibodies of COX-2 (1:2,000), p-JNK-1/2 
(1:2,000), T-JNK-1/2 (1:2,000), p-ERK-1/2 (1:2,000), T-ERK-
1/2 (1:2,000), p-p38 MAPK (1:2,000), T-p38 MAPK (1:2,000), 
p-ATF-2 (1:2,000) or actin (1:10,000). The membrane was 
subsequently incubated with appropriate secondary antibodies 
coupled to horseradish peroxidase and developed in ECL 
Western detection reagents.

Reverse transcription-polymerase chain reaction (RT-PCR). 
After treatments at the indicated times or conditions, total 
cellular RNA was then isolated from the conditioned cells 
using RNAzol B reagent according to manual instructions 
provided by the manufacturer. Five micrograms of total-RNA 
was reverse transcribed using 8 µl of M-MLV RT 5X buffer, 
3 µl of 10 mM dNTPs, 0.45 µl of 10,000 units RNAse inhibitor, 
0.3 µl of 50,000 units M-MLV reverse transcriptase (Promega, 
Madison, WI), and 1.5 µl of 50 pM oligo(dt) (Bioneer, 
Chungbuk, Korea) in 40 µl volume. Single stranded cDNA was 
then amplified by PCR using 4 µl of 5X Green GoTaq Flexi 
Buffer, 0.4 µl of 10 mM dNTPs, 0.1 µl of 500 units TaqDNA 
polymerase, 1.2 µl of 25 mM MgCl2 (Promega), and 0.4 µl of 
each 20 pM of specific sense and antisense primer of COX-2 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
The PCR products were analyzed on 1.2% agarose gel. The 
primer sequences used by PCR were as follows: COX-2, 
forward, 5'-CTG TAC TAC GCC GAG ATT CCT GA-3' 
and reverse, 5'-GTC CTC GCT TCT GAT CTG TCT TG-3'; 
GAPDH, forward, 5'-GGT GAA GGT CGG TGT GAA CG-3' 
and reverse, 5'-GGT AGG AAC ACG GAA GGC CA-3'. The 
PCR conditions applied were: COX-2, 35 cycles of denaturation 
at 94˚C for 30 sec, annealing at 56˚C for 30 sec, and extension at 
72˚C for 30 sec; GAPDH, 27 cycles of denaturation at 94˚C for 
30 sec, annealing at 57˚C for 30 sec, and extension at 72˚C for 
30 sec, respectively. GAPDH was used as an internal control to 
evaluate the relative expression of COX-2.

Measurement of COX-2 protein stability. C6 cells were then 
treated with cadmium alone or cadmium plus MG132 for 
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2, 4 or 8 h in the absence or presence of CHX, a translation 
inhibitor, to block ongoing translation. At each time, whole 
cell lysate was prepared and subjected to immunoblot analysis 
for COX-2 or actin to determine the amounts of each protein 
remaining in the cells.

Results

Cadmium treatment increases not only expression of 
COX-2 mRNA but also expression of both N-glycosylated 
and unglycosylated COX-2 protein in C6 cells. Initially, the 
effect of different concentrations of cadmium on expres-
sion of COX-2 protein in C6 cells was analyzed by western 
blotting. As shown in Fig. 1A (upper panel), treatment with 
cadmium at 5 µM for 8 h did not induce expression of COX-2 
protein while that with cadmium at 10 or 20 µM increased 
expression of COX-2 proteins of 72 and 66 kDa molecular 
mass. RT-PCR experiments were next carried out to evaluate 
the effect of cadmium on expression of COX-2 mRNA. As 
shown in Fig. 1B (upper panel), treatment with cadmium for 
8 h increased expression of COX-2 mRNA in a concentration-
dependent manner. We next tested the effect of cadmium on 
N-glycosylation of COX-2 in C6 cells. To accomplish this, TN 
or GS-HCl that inhibits COX-2 N-glycosylation (23,26), was 
used as the positive control. As shown in Fig. 1C (upper panel), 
the size (66 kDa) of COX-2 induced by cadmium was nearly 
identical to that of COX-2 induced by GS-HCl or TN in the 
C6 cells. Expression of control actin protein or GAPDH 
mRNA remained unchanged under these experimental condi-
tions (Fig. 1A-C, lower panels). Due to the strongest effect on 
expression of COX-2 proteins (72 and 66 kDa) and COX-2 
mRNA, we selected 20 µM of cadmium for further study.

Kinetics of the expression and/or activation of COX-2 and 
ATF-2 in the cadmium-treated C6 cells. Kinetic studies were 

next performed to determine the time of induction of COX-2 
proteins and mRNA by cadmium. Cadmium treatment at 2 h 
did not modulate expression of COX-2 protein while there was 
a time-dependent induction of both N-glycosylated and ungly-
cosylated COX-2 proteins at the cadmium treatment of 4 or 
8 h (Fig. 2A, upper panel). In case of COX-2 mRNA, treatment 
with cadmium at 2 h slightly increased expression of COX-2 
mRNA (Fig. 2B, upper panel). There was a further enhance-
ment of COX-2 mRNA expression at 4 or 8 h. Expression of 
actin protein or GAPDH mRNA remained unchanged during 
these experimental conditions (Fig. 2A and B, lower panels). 
The effect of cadmium on activation of TFs, herein ATF-2, 
in C6 cells was next investigated. Cadmium treatment led 
to a strong time-dependent activation of ATF-2 in C6 cells 
(Fig. 2C, upper panel). Expression of total ATF-2 protein 
remained unchanged during these experimental conditions 
(Fig. 2C, lower panel), suggesting that cadmium treatment 
increases phosphorylation of the preexisting ATF-2 protein 
without de novo protein synthesis.

Stability of both N-glycosylated and unglycosylated COX-2 
proteins induced by cadmium in C6 cells is 26S proteasome-
dependent and the cadmium-induced expression of both forms 
of COX-2 occurs in a translation-dependent manner. We next 
determined the stability of both N-glycosylated and ungly-
cosylated COX-2 proteins induced by cadmium in C6 cells 
using protein stability assay with CHX, a protein synthesis 
inhibitor. When translation was blocked in the presence of 
CHX, the amount of both N-glycosylated and unglycosylated 
COX-2 proteins induced by cadmium was sharply decreased 
in a time-dependent manner, suggesting that when transla-
tion is inhibited, both forms of COX-2 induced by cadmium 
are rapidly degraded (Fig. 3A, upper panel). Importantly, 
the degradation was effectively blocked by treatment with 
MG132, a 26S proteasomal inhibitor. However, when trans-
lation was ongoing (no CHX), there was expression of both 
N-glycosylated and unglycosylated COX-2 proteins induced 

Figure 1. Effect of cadmium on expression of COX-2 protein and mRNA 
in C6 cells. (A and B) C6 cells were treated without or with the indicated 
concentrations of cadmium for 8 h. Whole cell lysates and total-RNA 
were prepared and subjected to (A) western blot analysis and (B) RT-PCR, 
respectively. (C) C6 cells were treated without or with the indicated 
doses of cadmium or known inhibitor of protein N-glycosylation, such as 
glucosamine-hydrochloride (GS-HCl) or tunicamycin (TN), for 8 h. Whole 
cell lysates were prepared and subjected to western blot analysis. Data are 
representative of three independent experiments.

Figure 2. Time course experiments on expression of COX-2 protein and 
mRNA, and activation of ATF-2 in the cadmium-treated C6 cells. (A-C) C6 
cells were treated without or with cadmium (20 µM) for the indicated times. 
Whole cell lysates and total-RNA were prepared and subjected (A and C) 
to western blot analysis and (B) RT-PCR, respectively. Data are represen-
tative of three independent experiments. p-ATF-2, phosphorylated ATF-2; 
T-ATF-2, total ATF-2.
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by cadmium in C6 cells that were grown in the absence or 
presence of MG132 (Fig. 3B, upper panel). Expression of 
actin protein remained unchanged under these experimental 
conditions (Fig. 3, lower panels).

Cadmium-induced COX-2 transcriptional upregulation in 
C6 cells is closely related to oxidative stress and activation 
of the family of MAPKs. Previously, studies have shown the 
cadmium-mediated expression of COX-2 through oxidative 
stress (27,28). This promptly led us to investigate the role of 
oxidative stress in the cadmium-induced COX-2 expression 
in C6 cells using sulfhydryl group-containing reducing agents 
(NAC, GSH and an antioxidant VE). Pretreatment with NAC 
or GSH, but not with VE, strongly suppressed the cadmium-
induced expression of both N-glycosylated and unglycosylated 
COX-2 proteins (Fig. 4A, upper panel). We further determined 
whether intracellular signaling proteins participate in the 
cadmium-induced COX-2 expression in C6 cells by use of 
the specific pharmacological inhibitor of ERK-1/2 (PD98059, 
PD), JNK-1/2 (SP600125, SP), p38 MAPK (SB203580, 
SB) or PI3K (LY294002, LY). Pretreatment with PD98059, 
SP600125 or SB203580 effectively blocked the cadmium-
induced expression of both forms of COX-2 while that with 
LY294002 had little effect (Fig. 4C, upper panel). Results of 
RT-PCR analyses, demonstrated that pretreatment with NAC, 
GSH, PD98059, SP600125 or SB203580 suppressed the 
cadmium-induced COX-2 mRNA expression (Fig. 4B and D, 
upper panels). Expression of actin protein or GAPDH mRNA 
remained unchanged under these experimental conditions 
(Fig. 4, lower panels).

Oxidative stress lies upstream of activation of the family of 
MAPKs in the cadmium-treated C6 cells. We next investi-
gated any link between oxidative stress and activation of the 

family of MAPKs in the cadmium-treated C6 cells. Cadmium 
treatment for 4 h increased phosphorylation of ERK-1/2, 
p38 MAPK and JNK-1/2 in C6 cells (Fig. 5, upper panels). 

Figure 5. Effect of NAC, GSH, or VE on activation of ERK-1/2, JNK-1/2, and 
p38 MAPK in the cadmium-treated C6 cells. (A-C) C6 cells were pretreated 
without or with N-acetyl-cysteine (NAC, 10 mM), glutathione (GSH, 10 mM) 
or vitamin E (VE, 100 µM) for 1 h and then treated without or with cadmium 
(20 µM) in the absence or presence of each agent for an additional 8 h. Whole 
cell lysates were prepared and analyzed by western blot analysis. Data are 
representative of three independent experiments. p-ERK-1/2, phosphorylated 
ERK-1/2; T-ERK-1/2, total ERK-1/2; p-JNK-1/2, phosphorylated JNK-1/2; 
T-JNK-1/2, total JNK-1/2; p-p38 MAPK, phosphorylated p38 MAPK; T-p38 
MAPK, total p38 MAPK.

Figure 3. Effect of CHX or MG132 on the stability and/or expression of both 
N-glycosylated and unglycosylated COX-2 proteins induced by cadmium in 
C6 cells. C6 cells were initially treated without or with cadmium (20 µM) 
for 8 h to highly induce COX-2 protein and were then exposed to cadmium 
without or with MG132 (4 µM), a 26S proteasomal inhibitor, in the (B) absence 
or (A) presence of cycloheximide (CHX), a translational inhibitor, for the 
indicated times. At each time, whole cell lysates were prepared and analyzed 
by western blot analysis using antibodies for COX-2 or actin to measure the 
amounts of COX-2 protein remained in the cells at the respective time. Data 
are representative of three independent experiments.

Figure 4. Effect of NAC, GSH or VE on expression of COX-2 protein and 
mRNA in the cadmium-treated C6 cells. (A and B) C6 cells were pretreated 
without or with N-acetyl-cysteine (NAC, 10 mM), glutathione (GSH, 10 mM) 
or vitamin E (VE, 100 µM) for 1 h and then treated without or with cadmium 
(20 µM) in the absence or presence of each agent for an additional 8 h. Whole 
cell lysates were prepared and analyzed by (A) western blot analysis and (B) 
RT-PCR, respectively. (C and D) C6 cells were pretreated without or with 
PD98059 (PD, 50 µM), SP600125 (SP, 25 µM), SB203580 (SB, 25 µM) or 
LY294002 (LY, 25 µM) for 1 h and then treated without or with cadmium 
(20 µM) in the absence or presence of each inhibitor for an additional 8 h. 
Whole cell lysates were prepared and analyzed by (C) western blot analysis 
and (D) RT-PCR, respectively. Data are representative of three independent 
experiments.
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However, cadmium treatment did not affect total expression 
of each member of the MAPKs in C6 cells, suggesting that 
cadmium treatment also enhances phosphorylation of the 
preexisting MAPKs in C6 cells without de novo protein 
synthesis (Fig. 5, lower panels). Interestingly, pretreatment 
with NAC or GSH, but not VE, strongly interfered with the 
cadmium-mediated phosphorylation of ERK-1/2, p38 MAPK 
and JNK-1/2 in C6 cells.

Cadmium specifically induces expression of both 
N-glycosylated and unglycosylated forms of COX-2 in C6 
cells. To evaluate the specificity, C6 cells were treated with 
cadmium or different heavy metals (cobalt or manganese) and 
expression of COX-2 in the conditioned cells was measured. 
Treatment with cadmium (10 or 20 µM) induced expression 
of both N-glycosylated and unglycosylated COX-2 proteins, 
while there was no induction of COX-2 by treatment with 
cobalt (5, 10 or 20 µM) or manganese (250 or 500 µM) in 
C6 cells (Fig. 6, upper panel). Expression of actin protein 
remained unchanged under these experimental conditions 
(Fig. 6, lower panel).

Discussion

Cadmium is a toxic heavy metal and an environmental hazard 
to humans. Deregulated expression of COX-2 is linked to 
many neuronal diseases, including inflammation and cancer 
(29,30). In this study, we investigated the effect of cadmium 
on expression of COX-2 in C6 rat glioma cells.

Previously, the cadmium-mediated upregulation of 
COX-2 protein expression was shown (27,31). COX-2 is an 
N-glycoprotein and has four glycosylation sites (asparagine) 
within the structure (21,22). In general, protein N-glycosylation 
occurs during translation and is important for protein stability, 
activity, and/or cellular localization (32). Based on this 
fact, it was previously shown that exposure to GS-HCl or 
TN, inhibitors of protein N-glycosylation, prevents COX-2 
N-glycosylation leading to generation of the unglycosylated 
COX-2 with decreased molecular mass and enzymatic activity 
(23,26). In this study, cadmium induced expression not only 
of the normally expressed COX-2 of 72 kDa (N-glycosylated 
COX-2) but also the unglycosylated COX-2 of 66 kDa in C6 
cells (Fig. 1A), as assessed by the unglycosylated COX-2 
induced by GS-HCl or TN (Fig. 1C). However, considering 
the magnitude on expression of the unglycosylated COX-2 

induced by cadmium and the known inhibitor of COX-2 
N-glycosylation, it seems that cadmium only partially inter-
feres with N-glycosylation of COX-2 in C6 cells. Moreover, 
taking into account a previous study that cadmium perturbs 
COX-2 N-glycosylation in H4 neuronal cells (27), it is unlikely 
that the cadmium-mediated expression of the unglycosylated 
COX-2 is limited to C6 cells. The regulation of COX-2 turn-
over is an important contributor to COX-2 expression. The t1⁄2 
of COX-2 protein in cells is suggested to be within hours. There 
is evidence suggesting a 26S proteasome-dependent COX-2 
protein turnover (33). Notably, data of CHX-based protein 
stability assays herein demonstrated that both N-glycosylated 
and unglycosylated COX-2 proteins induced by cadmium are 
rapidly degraded while their degradation is effectively blocked 
by MG132 in the presence of CHX (Fig. 3A), which suggests 
that both forms of COX-2 induced by cadmium are labile and 
the proteasomal pathway is involved in their turnover. In addi-
tion, the present study further demonstrated that cadmium can 
induce and maintain expression of the unglycosylated COX-2 
protein in C6 cells in the absence of CHX (Fig. 3B), implying 
that cadmium induces expression of the unglycosylated COX-2 
protein by targeting N-glycosylation of nascent COX-2 poly-
peptide. To the best of our knowledge, this is the first report of 
the proteasome- and translation-dependent regulation of the 
expression of the N-glycosylated and unglycosylated COX-2 
proteins by cadmium.

Our data also indicate cadmium-induced COX-2 transcrip-
tional upregulation in C6 cells (Figs. 1B and 2B). COX-2 
transcriptional induction was found to be largely affected by 
activities of TFs (7,10,16,17) and signaling proteins (34,35). 
Previous results from our laboratory demonstrated that 
cadmium does not induce activation of NF-κB but triggers acti-
vation of ERK-1/2, p38 MAPK, and JNK-1/2 in C6 cells (36). 
In this study, we demonstrated for the first time that cadmium 
has the ability to rapidly induce activation of ATF-2 in C6 cells 
(Fig. 2C). In a recent study, the activation of p38 MAPK, but 
not JNK-1/2, was crucial for the cadmium-induced COX-2 
expression in H4 cells (27). However, the present study 
showed that cadmium-induced COX-2 expression in C6 cells 
was dependent on the activation not only of p38 MAPK but 
also ERK-1/2 and JNK-1/2 (Fig. 4C and D). There is evidence 
suggesting that p38 MAPK and/or JNK-1/2 regulate activation 
of ATF-2 (37,38) and ERK-1/2 and/or JNK-1/2 are involved in 
AP-1 activation (39,40). A recent finding revealed the effect  of 
cadmium on the rapid upregulation of c-fos and c-jun, two key 
components of the AP-1 transcription factor, in HPT human 
proximal tubule cells of the kidney (41). Although speculative, 
it is thus likely that the cadmium-induced COX-2 transcrip-
tional upregulation in C6 cells is in part mediated through 
the p38 MAPK/JNK-1/2-ATF-2 and ERK-1/2/JNK-1/2-AP-1 
pathways.

Early studies indicated a link between oxidative stress and 
COX-2 expression (42,43). Oxidative stress often occurs due to 
an imbalance in intracellular levels of oxidants (e.g., ROS) and 
reducing agents (e.g., GSH). Previous studies demonstrated 
a cadmium-mediated oxidative stress by decreasing cellular 
GSH and/or increasing cellular ROS (44,45). Supporting these 
findings, we previously demonstrated that cadmium rapidly 
lowers cellular GSH and the GSH reduction is important for 
the metal-mediated expression of MAPK phosphatase-1 in C6 

Figure 6. Comparison of the effect of cadmium or other heavy metals on 
expression of COX-2 in C6 cells. (A) C6 cells were treated without or with the 
indicated concentrations of cadmium or other heavy metals, such as cobalt-
chloride or manganese-chloride, for 8 h. Whole cell lysates were prepared 
and subjected to western blot analysis. Data are representative of three inde-
pendent experiments.
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cells (36). In this study, we further showed that oxidative stress 
probably linked to a reduction in cellular GSH is critical for 
COX-2 transcriptional upregulation by cadmium in C6 cells 
(Fig. 4A and B). It is known that oxidative stress lies upstream 
of the activation of TFs and/or signaling proteins in cadmium-
induced COX-2 expression and apoptotic death of neuronal 
cells (28). The present study also suggests crosstalk between 
oxidative stress and the activation of the family of MAPKs in 
cadmium-treated C6 cells (Fig. 5), in which cadmium treat-
ment primarily lowers cellular GSH, which subsequently leads 
to activation of p38 MAPK, ERK-1/2 and JNK-1/2.

The specificity of cadmium to induce expression of both 
N-glycosylated and unglycosylated forms of COX-2 in C6 
cells was also noted. This notion is based on the absence 
of induction of COX-2 protein in C6 cells exposed to other 
heavy metals, such as cobalt or manganese (Fig. 6). However, 
previous reports have demonstrated cobalt- or manganese-
mediated upregulation of COX-2 expression in various cell 
types, in which expression of COX-2 protein was increased 
in vector or phospholipase D cDNA-transfected U87 MG 
human astroglioma cells treated with cobalt (200 µM, 20 h) 
(46) or in PC3 human prostate cancer cells exposed to cobalt 
(100 µM, 12 h) (47).  Strong COX-2 protein expression was 
also observed in cultured astrocytes treated with manganese 
(100 µM, 16 h) (48) and in A549 human airway cells exposed 
to manganese (100 µM, 16 h) (25). It is plausible that the 
differential effect on COX-2 expression by cobalt or manga-
nese in the present study and previous reports may be due to 
the use of differential experimental systems, including cDNA 
transfection, treatment concentration and time of each metal 
and/or different type of cells used.

It is now obvious that cadmium induces expression of both 
N-glycosylated and unglycosylated COX-2 in C6 cells. However, 
the biological role (or relevance) of the cadmium-mediated 
expression of both forms of COX-2 in C6 cells remains unclear 
at this moment. However, assuming that COX-2 expression 
(and activity) contributes to the growth of glioma (14) and is 
linked to neuroinflammation (30), it is conceivable that the 
N-glycosylated COX-2 induced by cadmium may contribute to 
C6 cell growth and/or induce a pro-inflammatory response. It 
is well documented that inhibition of protein N-glycosylation 
leads to production of misfolded and/or nonfunctional proteins 
(32) and cellular accumulation of such damaged proteins elicits 
ER stress (49,50). Thus, it is suggested that accumulation of the 
unglycosylated proteins (herein COX-2) induced by cadmium 
may contribute to ER stress in C6 cells.

In conclusion, we demonstrate for the first time that 
cadmium induces expression of COX-2 through both tran-
scriptional and co-translational (N-glycosylation) regulation in 
C6 cells in which the cadmium-induced COX-2 transcriptional 
upregulation is closely related to oxidative stress-dependent 
activation of the family of MAPKs and the cadmium-induced 
expression of both N-glycosylated and unglycosylated COX-2 
proteins occurs in the proteasome- and/or translation-depen-
dent control.
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