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Cadmium specifically induces MKP-1 expression via the glutathione
depletion-mediated p38 MAPK activation in C6 glioma cells
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Cadmiumi s a toxic heavy metal and an environmental pollutant. Mitogen-activated protein kinase (MAPK)
phosphatase-1 (MKP-1) is a negative regulator of the family of MAPK. In this study, we investigated the
effect of heavy metals on MKP-1 expression in C6 rat glioma cells. Cadmium treatment induced MKP-1
at both protein and mRNA levels while cobalt or manganese treatment did not, suggesting the specificity.
Cadmium treatment also depleted intracellular GSH and activated p38 MAPK, JNKs, and AKT. Profoundly,
pretreatment with thiol-containing compounds NAC or GSH, but not vitamin E, blocked GSH depletion,
38 MAPK activation and MKP-1 expression by cadmium. Moreover, pharmacological inhibition of p38
MAPK by SB203580 suppressed the cadmium-induced MKP-1. Collectively, these results demonstrate
that cadmium specifically induces MKP-1 by transcriptional up-regulation in C6 cells in a mechanism
associated with the glutathione depletion-dependent p38 MAPK activation.

© 2008 Published by Elsevier Ireland Ltd.

Cadmium is a toxic heavy metal and an environmental pollutant. It
can accumulate in the body, mostly kidney, liver, lung, and brain [9].
Acute cadmium exposure leads to lung damage [1] while chronic
exposure causes renal toxicity [25]. In vitro cadmium induces tumor
cell death via glutathione depletion, generation of reactive oxygen
species (ROS), Bcl-2 suppression, or caspase activation [30,29,11,14].
Recent data also demonstrate that cadmium treatment elevates
inflammatory COX-2 expression and PGE, release [20,18], sug-
gesting a link between the cadmium-mediated cytotoxicity and
inflammation.

Mitogen-activated protein kinase (MAPK) phosphatase-1 (MPK-
1)isamember of the family of dual specificity phosphatases. MKP-1
functions to inactivate the member of MAPKSs, including extracellu-
lar signal-regulated kinases (ERKs), c-Jun N-terminal kinase (JNKs)
and p38 MAPK, by dephosphorylation [5,13,6]. MKP-1 is an imme-
diate early response gene and its expression is rapidly induced
in cells after treatment with cellular stress and inflammatory or
mitogenic stimuli [24,28,23]. However, the underlying mechanism
of MKP-1 induction remains unclear. While MKP-1 expression by
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interleukin-1 occurs in the p38 MAPK-dependent in HeLa cells
[16], JNK-dependent MKP-1 expression is shown in anisomycin
or UV-treated fibroblasts [2]. A role for ERKs in MKP-1 expres-
sion by serum in fibroblasts is also reported [4]. However, MKP-1
expression by calcium and serum in fibroblasts, respectively, is
independent of p38 MAPK or JNKs and ERKs [23]. It suggests that
MAPKs differentially regulate MKP-1 expression with cells or ago-
nists specificity. Notably, cadmium treatment leads to activation of
various signaling proteins, including MAPKSs, protein kinase C, and
the PI3K downstream effector AKT [18,7,15]. However, cadmium
treatment also diminishes phosphorylation of AKT in H9c2 rat heart
cells [19]. Little is known about the regulation of MKP-1 expression
by cadmium.

In this study, we investigated the effect of cadmium on MKP-1
expression in C6 rat glioma cells.

DMEM, penicillin, and streptomycin were from GIBCO-BRL. FBS
was from Hyclone. Anti-rabbit or mouse secondary horseradish
peroxidase antibodies and ECL Western detection reagents were
from Amersham Biosciences. Bradford reagent was from Biorad.
Antibodies against phospho-ERKs (p-ERKs), ERKs, p-JNKs, JNKs,
p-p38 MAPK, p38 MAPK, p-AKT, or AKT were from Cell Sig-
naling Technology. Antibodies against MKP-1 and IkB-a were
from Santa Cruz Biotechnology. PD98059 (PD), SB203580 (SB),
and LY294002 (LY) were purchased from Biomol. SP600125 (SP)
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Fig. 1. Induction of MKP-1 protein and mRNA by cadmium in C6 cells. C6 cells were treated with the indicated concentrations of cadmium (CdSO4) for 8 h. Whole cell lysates
and total RNA were prepared and analyzed for MKP-1 or actin protein by Western blot (A) and for MKP-1 or GAPDH mRNA by analyses of RT-PCR (B) or real-time PCR (C). (D)
C6 cells were treated with CdSO4 for 8 h, and cell viability was measured by a MTS assay. Data are mean =+ S.E. of three independent experiments.

and proteinase inhibitor cocktail (100x) were from Calbiochem.
Reagents for RT-PCR were from PerkinElmer. Other reagents were
from Sigma.

C6 cells were grown in DMEM supplemented with 10% FBS and
1% antibiotics at 37 °C at 95% air and 5% CO,. Cells were washed
with phosphate-buffered saline and exposed to cell lysis buffer
(50 mM Tris-Cl (pH 7.4), 150 mM Nacl, 0.1% sodium dodecyl sulfate
(SDS), 0.25% sodium deoxycholate, 1% Triton X-100, 1% Nonidet P-
40, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VOg4, 1 mM NaF, proteinase
inhibitor cocktail (1x)). Cells were harvested and centrifuged at
12,000 rpm. The supernatant was saved and protein concentrations
were determined with Bradford reagent.

C6 cells were grown in 96-well plates (10,000 cells/well). Cells
were treated without or with cadmium for 8 h, at which point they
were incubated with MTS (20 wl/well). The absorbance was then
measured at 595 nm using a microplate reader.

Proteins (70 j.g) were separated by SDS-PAGE (10%) and trans-
ferred onto nitrocellulose membranes (Millipore). The membranes
were washed with TBS (10 mM Tris, 150 mM NacCl) supplemented
with 0.05% Tween 20 (TBST) followed by blocking with TBST con-
taining 5% non-fat dried milk. The membranes were incubated with
antibodies specific for MKP-1, actin, p-ERKs, p-p38 MAPK, p-JNKs,
p-AKT, or IkB-a, and exposed to secondary antibodies coupled to
horseradish peroxidase. Immunoreactivities were then detected
by ECL reagents. Subsequently, the membrane used for phospho-
proteins was stripped and reprobed for total protein of ERKs, JNKs,
p38 MAPK, or AKT with respective antibody. The membrane used
for MKP-1 was stripped and reprobed with an anti-actin antibody.

Three micrograms of total RNA were reverse transcribed using
a random hexadeoxynucleotide primer and reverse transcrip-
tase to synthesize cDNA in 40l volume. One microlitre out
of cDNA was amplified by PCR with the following primers:
MKP-1 sense, 5'-CAG TGG AGA TCC TGT CCT TC TG-3’; MKP-1
anti-sense, 5-TTG CAG CAG CTG GCC GAT GAA GC-3'; GAPDH
sense, 5-GGTGAAGGTCGGTGTGAACG-3’; GAPDH anti-sense, 5'-
GGTAGGAACACGGAAGGCCA-3'. The PCR conditions applied were:
MKP-1, 25 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 30 s; GAPDH, 27 cycles of denat-
uration at 94°C for 30s, annealing at 57 °C for 30s, and extension
at 72 °C for 30 s. Real-time PCR amplification was performed on the
LightCycler using the ‘LightCycler FastStart DNA master SYBR Green

1’ kit (Roche Diagnostics) as we previously reported [ 12] with slight
modifications.

Intracellular GSH content was measured using a GSH Assay Kit
(Calbiochem). Briefly, 1 x 107 cells were sonicated in 5% metaphos-
phoric acid. The homogenate was centrifuged at 3000 x g for
10 min, and its supernatant was used for GSH measurement accord-
ing to the manufacturer’s instruction.

We initially determined the effect of cadmium on MKP-1 expres-
sion in C6 cells. Treatment with cadmium (5, 10 and 20 puM) for
8h induced MKP-1 protein and mRNA expressions (Fig. 1A-C).
Control actin or GAPDH was not affected by cadmium. Results
of MTS analysis showed no significant cytotoxicity in C6 cells by
cadmium treatment at 20 M for 8 h (Fig. 1D) in which high MKP-
1 was induced. However, treatment with cadmium at 20 uM for
24 h caused a significant decrease in the cell viability (data not
shown). In subsequent kinetic studies, cadmium treatment induced
atime-dependent expression of MKP-1 protein and mRNA in which
maximal MKP-1 protein and mRNA was induced after 8 and 4h,
respectively (Fig. 2A).

In this study, the exposure of cadmium into C6 cells also
increased phosphorylation of ERKs, JNKs, p38 MAPK, and AKT in
a time-dependent manner (Fig. 2B). Total protein of ERKs, JNKs,
p38 MAPK, or AKT was not affected by cadmium. Considering the
previous reports [15,19], AKT seems to be positively or negatively
regulated by cadmium in different cells in a concentration-related
manner. MKP-1 is best known for its specificity toward ERK [6],
but has a substrate preference for p38 MAPK and JNKs [8]. The
present findings showing decreased ERKs and AKT phosphoryla-
tion but sustained p38 MAPK and JNKs phosphorylation in the
cadmium-treated C6 cells for 8 h (Fig. 2B) in which high MKP-1
is induced (Fig. 2A) may suggest that the cadmium-induced MKP-
1 in C6 cells may selectively dephosphorylate ERKs and AKT via a
negative feedback. Treatment with peroxovanadium, another heavy
metal, induces MKP-1, which specifically inactivates JNKs in PC12
cells [21]. Thus, MKP-1 induced by different heavy metals may have
different substrate specificity against MAPKs, depending on cell
types. Cadmium is an oxidative stressor [10]. NF-kB is a redox-
sensitive transcription factor and its activation is associated with
proteolytic degradation of IkB-a [3]. In C6 cells, IkB-o« was not
degraded by cadmium (Fig. 2B), indicating no NF-kB activation by
cadmium in C6 cells.
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Fig. 2. Effect of cadmium on MAPKs, AKT, or IkB-a in C6 cells. (A) C6 cells were
treated with CdSO4 for the indicated times. Whole cell lysates and total RNA were
prepared and subjected toimmunoblot analysis and RT-PCR, respectively. (B) C6 cells
were treated with CdSO4 for the indicated times. Whole cell lysates were prepared
and subjected to immunoblot analysis with respective antibody.

In this study, the exposure of cadmium into C6 cells decreased
intracellular GSH in a time-dependent manner, as assessed by the
effect of BSO, a GSH depletor (Fig. 3A). Notably, as induced by cad-
mium, BSO treatment also activated p38 MAPK (Fig. 3B), supporting
that GSH depletion leads to p38 MAPK activation [17]. However,
while cadmium induced MKP-1, BSO at the concentrations used did
not (Fig. 3C), suggesting the specific ability of cadmium to induce
MKP-1 expression in C6 cells.

In this study, pretreatment with SB (a p38 MAPK inhibitor)
specifically blocked MKP-1 protein and mRNA expressions by
cadmium (Fig. 4A-C), suggesting a role for p38 MAPK in the
MKP-1 transcriptional up-regulation by cadmium in C6 cells. The
MKP-1 promoter contains multiple cis-acting elements, includ-
ing Sp1, Sp3, AP1, AP2, E-box, and two CRE elements [22].
Considering that two CREs within the MKP-1 promoter may
bind CRE-interacting proteins including ATF-2 [22], and, that
p38 MAPK regulates ATF-2 activity [26], p38 MAPK may influ-
ence the cadmium-mediated MKP-1 transcription via ATF2 in C6
cells.

In this study, pretreatment with NAC (a GSH precursor) or
GSH (a reducing agent), but not vitamin E (VE, a ROS scavenger)
that prevented GSH depletion by cadmium (Fig. 5C) blocked the
cadmium-induced MKP-1 protein (Fig. 5A) and mRNA (Fig. 5B)
expressions and p38 MAPK activation (Fig. 5D) in C6 cells. This
suggests that in C6 cells the cadmium-induced MKP-1 is due to
a depletion of glutathione rather than a production of ROS and the
cadmium-induced GSH depletion precedes p38 MAPK phosphory-
lation. To our knowledge, it is the first reporting a network between
cadmium exposure, glutathione depletion, p38 MAPK activation
and MKP-1 expression. It is previously shown that single addition
of NAC at 0.1 or 1mM to culture medium of C6 cells for 24 h does
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Fig. 3. Effect of cadmium or BSO on intracellular GSH, p38 MAPK activation and/or
MKP-1 expression in C6 cells. (A and B) C6 cells were treated with CdSO4 (20 wM) or
BSO (1 mM), a GSH depletor for the indicated times. At each time, intracellular GSH
level in the CdSO4- or BSO-treated C6 cells was determined by a GSH assay (A). Data
are mean =+ S.E. of three independent experiments. Whole cell lysates were prepared
and analyzed by Western blot (B). (C) C6 cells were treated with the indicated does
of CdSO4 or BSO for 8 h. Whole cell lysates were prepared and subjected to Western
blot.

not influence intracellular GSH [27]. Supporting it, single addition
of NAC (20 mM) or GSH (20 mM) to culture medium of C6 cells for
8 h did not modulate intracellular GSH, as assessed by the effect of
BSO (data not shown). No effect by extracellular GSH on intracel-
lular GSH level in C6 cells may be explained by that GSH is easily
oxidized in cell culture medium [10]. The underlying mechanism
of how NAC or GSH, when pretreated, elicits its inhibitory effect on
the cadmium-mediated GSH depletion in C6 cells remains unclear
at present.
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Fig. 4. Arole for p38 MAPK in the cadmium-induced MKP-1 expression in C6 cells.
C6 cells were pretreated for 1 h with vehicle (N), PD (50 uM), SP (25 wM), SB (25 M)
or LY (25 wM) and then exposed to CdSO4 for additional 8 h. Whole cell lysates and
total RNA were prepared and analyzed by Western blot (A) and by RT-PCR (B) or
real-time PCR (C), respectively.
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Fig. 5. Involvement of GSH depletion in the cadmium-induced MKP-1 expression
and p38 MAPK activation in C6 cells. (A-D) C6 cells were pretreated for 1 h with vehi-
cle (N), NAC (20 mM), GSH (20 mM), or vitamin E (VE, 100 wM) and then exposed
to CdSO,4 for additional 8 h. Whole cell lysates and total RNA were prepared and
analyzed by Western blot (A) and RT-PCR (B), respectively. (C) Measurement of intra-
cellular GSH level in the conditioned cells by a GSH assay. Data are mean + S.E. of
three independent experiments. (D) Measurement of the level of p-p38 MAPK or
p38 MAPK in the conditioned cells by Western blot.

We next evaluated the effect of other heavy metals on MKP-
1 expression in C6 cells. Compared with cadmium, neither cobalt
nor manganese induced MKP-1 (Fig. 6), suggesting a high degree
of specificity for cadmium to induce MKP-1 in C6 cells. However,
given that the exposure of cobalt (100 uM) into PC12 cells induces
MKP-1 [24], MKP-1 up-regulation by heavy metals may be the con-
centrations and/or cell types-dependent.

Although speculative, the cadmium-induced MKP-1 seen in C6
cells may regulate cell apoptosis. Dephosphorylation of ERKs and
AKT (survival proteins) in conjunction with glutathione depletion
and sustained activation of p38 MAPK and JNKs (apoptosis-related
proteins) may lead to long-term apoptosis of C6 cells by cadmium
poisoning. In conclusion, we have demonstrated that cadmium
specifically induces MKP-1 expression in C6 cells in a mechanism
associated with GSH depletion and the subsequent activation of
p38 MAPK.
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Fig. 6. Effects of other heavy metals on MKP-1 expression in C6 cells. C6 cells was
exposed to CdSOy4, CoCl,, or MnCl, with the indicated concentrations for 8 h. Whole
cell lysates were prepared and analyzed for Western blot.
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