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Increasing evidence demonstrates that cadmium (Cd) induces
inflammation, but its mechanisms remain obscure. The present
study showed that treatment with CdCl2 selectively upregulates
macrophage inflammatory protein (MIP)-2 and cyclooxygenase
(COX)-2 in RAW264.7 cells. Concomitantly, Cd2+ markedly ele-
vated the level of phosphorylated Akt in dose- and time-dependent
manners. LY294002, a specific inhibitor of phosphatidylinositol 3-
kinase (PI3K), blocked Cd2+-evoked Akt phosphorylation. Corre-
spondingly, LY294002 significantly repressed Cd2+-induced upreg-
ulation of MIP-2 and COX-2 in RAW264.7 cells. Further experi-
ments showed that treatment with Cd2+ significantly reduced the
level of PTEN protein in RAW264.7 cells. MG132, a specific pro-
teasome inhibitor, blocked Cd2+-induced reduction in PTEN pro-
tein as well as Akt phosphorylation, implicating the involvement
of proteasome-mediated PTEN degradation. Of interest, Cd2+-
induced degradation of PTEN protein appears to be associated
with PTEN ubiquitination. N-acetylcysteine, a glutathione (GSH)
precursor, blocked Cd2+-evoked PTEN degradation as well as Akt
phosphorylation. By contrast, L-buthionine-S,R-sulfoximine, an
inhibitor of cellular GSH synthesis, exacerbated Cd2+-induced
PTEN degradation and Akt phosphorylation. Alpha-phenyl-N-
tert-butylnitrone and vitamin C, two antioxidants, did not pre-
vent from Cd2+-induced PTEN degradation and Akt phosphory-
lation. In conclusion, Cd2+ selectively induces MIP-2 and COX-2
through PTEN-mediated PI3K/Akt activation. Cellular GSH de-
pletion mediates Cd2+-induced PTEN degradation and subsequent
PI3K/Akt activation in macrophages.
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nositol 3-kinase (PI3K)/Akt.

Cadmium (Cd) is one of major occupational and environ-
mental toxicants. Cd is frequently used in the process of elec-
troplating, pigments, paints, welding, and Ni–Cd batteries, dur-
ing which workers are exposed to Cd at significantly high lev-
els (Beveridge et al., 2010). The general population is also ex-
posed to Cd via drinking water, contaminated food and cigarette
smoking at a low level (Byrne et al., 2009). Increasing evi-

dence has demonstrated that Cd induces inflammation. Accord-
ing to several in vitro reports, Cd2+ significantly increased the
expression of cyclooxygenase (COX)-2 and the production of
prostaglandin E2 in neonatal mouse calvaria and primary mouse
osteoblastic cells (Miyahara et al., 2004; Romare and Lund-
holm, 1999). An in vivo study showed that oral CdCl2 expo-
sure significantly increased macrophage inflammatory protein
(MIP)-2 mRNA in the proximal intestine of mice (Zhao et al.,
2006). Moreover, treatment with Cd2+ induces interleukin (IL)-
8 in human intestinal Caco-2 cells and airway epithelial cells
(Cormet-Boyaka et al., 2012; Hyun et al., 2007). A recent study
found that culture with CdCl2 stimulated the release of tumor
necrosis factor (TNF)-� in primary human monocytes (Haase
et al., 2010). Nevertheless, the mechanisms of Cd-evoked in-
flammation remain to be determined.

PTEN (phosphatase and tensin homolog deleted on chromo-
some 10) is one of the most frequently mutated tumor suppres-
sors (Song et al., 2012). The characterized function of PTEN is
its lipid phosphatase activity, which antagonizes the phospho-
inositide 3-kinase (PI3K) and subsequent activation of protein
kinase B/Akt signaling (Hollander et al., 2011). Although the
function of PTEN has been extensively studied in the field of
cancer research, increasing evidence has elucidated the function
of PTEN as a negative regulator in the immune system (Harris
et al., 2008). An earlier study showed that T-cell-specific loss of
PTEN led to increased PI3K-dependent signaling events, such
as Akt phosphorylation and increased secretion of inflammatory
cytokines (Suzuki et al., 2001). By contrast, administration of
adenoviruses carrying PTEN cDNA or PI3K inhibitors down-
regulates the expression of vascular endothelial growth fac-
tor in allergen-induced airway inflammation (Lee et al., 2006).
Indeed, Cd causes rapid activation of Akt signaling, a down-
stream target of PTEN, in human breast cancer cells (Liu et al.,
2008). According to several recent reports, Cd induces acti-
vation of PI3K/kt signaling and malignant transformation of
human bronchial epithelial cells (Jing et al., 2012; Son et al.,
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2012). Thus, we hypothesize that PTEN-mediated PI3K/Akt
signaling also plays an important role on Cd2+-evoked inflam-
mation.

In the present study, we showed that the expression of
MIP-2 and COX-2 was significantly elevated in Cd2+-treated
RAW264.7 cells. We demonstrate for the first time that Cd2+-
induced upregulation of MIP-2 and COX-2 is associated with
the activation of PI3K/Akt signaling in RAW264.7 cells.
Moreover, proteasome-mediated PTEN degradation is involved
in the activation of PI3K/Akt signaling in Cd2+-stimulated
RAW264.7 cells. Finally, cellular glutathione (GSH) depletion
contributes, at least partially, to Cd2+-induced PTEN degra-
dation and subsequent activation of PI3K/Akt signaling in
RAW264.7 cells.

MATERIALS AND METHODS

Chemicals and reagents. Cadmium chloride (CdCl2),
N-acetylcysteine (NAC), alpha-phenyl-N-tert-butylnitrone
(PBN), LY294002, MG132, buthionine sulfoximine (BSO),
and vitamin C were purchased from Sigma Chemical Co.
(St. Louis, MO). Antibodies against COX-2 and �-actin were
from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA). Akt,
phosphor-Akt (pAkt), and PTEN antibodies were from Cell
Signaling Technology (Beverley, MA). Chemiluminescence
(ECL) detection kit was from Pierce Biotechnology (Rockford,
IL). TRIzol reagent was from Molecular Research Center, Inc
(Cincinnati, OH). RNase-free DNase, and real time (RT) and
Polymerase Chain Reaction (PCR) kits were from Promega
Corporation (Madison, WI). All the other reagents were from
Sigma or as indicated in the specified methods.

Cell culture and treatments. RAW264.7 cells, a rodent
macrophage cell line, were grown in Nunc flasks in Dul-
becco’s modified Eagle’s medium supplemented with 100
U/ml of penicillin, 100 �g/ml streptomycin, 10 mm 4-
(2-hydrocyerhyl) peperazine-1-erhaesulfonic acid, 2mM L-
glutamine, 0.2% NaHCO3, and 10% [v/v] heat-inactivated fe-
tal calf serum in a humidified chamber with 5% CO2/95%
air at 37◦C. For measurement of cytotoxicity, RAW264.7
cells (1 × 103 ∼1 × 104cells/ml) were grown in 96-well
plates for 24 h. The cells were then incubated with differ-
ent concentrations of CdCl2 (0, 6.25, 12.5, 25, and 50�M)
for different times (0, 4, 8, 16, and 24 h). Cell viability was
detected using the colorimetric 3-(4,5-dimethyl-2-thiazolyl)-
2,5-dipheny l-2H-tetrazoliumbromide (MTT) assay. For de-
tection of cytokines/chemokines and inflammatory signaling,
RAW264.7 cells were seeded into 6-well culture plates at a den-
sity of 5 × 105 cells/well and incubated for at least 12 h to al-
low them to adhere to the plates. After washing three times with
medium, the cells were incubated with different concentrations
of CdCl2 (0, 6.25, 12.5, 25, and 50�M) for different times (0, 4,
8, or 16 h). The cells were washed with chilled phosphate buffer

solution (PBS) for three times and then harvested for real-time
RT-PCR, Western blot, and immunoprecipitation.

Isolation of total RNA and real-time RT-PCR. Total RNA
was extracted using TRI reagent. RNase-free DNase-treated
total RNA (1.0 �g) was reverse-transcribed with Avian
Myelobastosis Virus (Pregmega Corporation, Madison, WI).
Real-time RT-PCR was performed with a LightCycler 480
SYBR Green I kit (Roche Diagnostics GmbH, Mannheim, Ger-
many) using gene-specific primers as listed in Table 1. The am-
plification reactions were carried out on a LightCycler 480 In-
strument (Roche Diagnostics GmbH) with an initial hold step
(95◦C for 5 min) and 50 cycles of a three-step PCR (95◦C for
15 s, 60◦C for 15 s, and 72◦C for 30 s). The comparative CT-
method was used to determine the amount of target, normalized
to an endogenous reference (gapdh) and relative to a calibra-
tor (2−��Ct) using the Lightcycler 480 software (Roche, version
1.5.0). All RT-PCR experiments were performed in triplicate.

Immunoblot. To prepare cell lysates, cells were washed three
times with ice-cold PBS and lysed by incubating for 30 min
on ice with 200 �l of lysis buffer (50mM Tris-HCl, pH 7.4,
150mM NaCl, 1mM Ethylene Diamine Tetraacetie Acid, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl-
sylphate, 1mM phenylmethylsulfonyl fluoride) supplemented
with a cocktail of protease inhibitors (Roche, Indianapolis, IN).
The cell lysates were centrifuged at 10,000 × g for 10 min to
remove insoluble material. Protein concentrations were deter-
mined with the bicinchoninic acid protein assay reagents (Pierce
Biotechnology) according to the manufacturer’s instructions.
For immunoblots, same amount of protein (40∼80 �g) was
separated electrophoretically by SDS–polyacrylamide gel elec-
trophoresis. The protein was transferred to a polyvinylidene flu-
oride membrane by electroblotting. The membranes were incu-
bated for 2 h with the following antibodies (1:1000 dilution):
Akt, pAkt, PTEN, and COX-2. �-actin was used as a load-
ing control. After washes in DPBS containing 0.05% Tween-
20 four times for 10 min each, the membranes were incubated
with goat antirabbit IgG or goat antimouse antibody for 2 h.
The membranes were then washed for four times in DPBS con-
taining 0.05% Tween-20 for 10 min each, followed by signal
development using an ECL detection kit.

Immunoprecipitation. RAW264.7 cells treated with different
concentrations of CdCl2 were lysed with Radio Immunoprecip-
itation Assay (RIPA) buffer (1% Nonidet P-40, 0.5% sodium
deoxycholate, and 0.1% SDS in phosphate-buffered saline, pH
7.4) containing 0.1mM vanadyl sulfate and protease inhibitors
(0.5 mg/ml aprotinin, 0.5 mg/ml trans-epoxy succinyl-L-
leucylamido-(4-guanidino)butane (E-64), 0.5 mg/ml pepstatin,
0.5 mg/ml bestatin, and 10 mg/ml chymostatin, and 0.1 ng/ml
leupeptin). Cell lysates (300 �g) were precleared with protein
A-agarose and then incubated with agarose-conjugated PTEN
antibody (Santa Cruz Biotechnology, Inc.,) at 4◦C overnight.
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TABLE 1
Primers for Real-time RT-PCR

Genes Sequences Sizes (bp)

gapdh Forward: 5′- ACCCCAGCAAGGACACTGAGCAAG -3′ 109
Reverse: 5′- GGCCCCTCCTGTTATTATGGGGGT -3′

TNF-� Forward: 5′- CCCTCCTGGCCAACGGCATG -3′ 109
Reverse: 5′- TCGGGGCAGCCTTGTCCCTT -3′

IL-1� Forward: 5′- GCCTCGTGCTGTCGGACCCATAT -3′ 143
Reverse: 5′- TCCTTTGAGGCCCAAGGCCACA -3′

IL-6 Forward: 5′- AGACAAAGCCAGAGTCCTTCAGAGA -3′ 146
Reverse: 5′- GCCACTCCTTCTGTGACTCCAGC -3′

MCP-1 Forward: 5′- GGCTGGAGAGCTACAAGAGG-3′ 93
Reverse: 5′-GGTCAGCACAGACCTCTCTC-3′

MIP-2 Forward: 5′- TTGCCTTGACCCTGAAGCCCCC -3′ 175
Reverse: 5′- GGCACATCAGGTACGATCCAGGC -3′

MIP-1
IL-10 Forward: 5′- GCTCCTAGAGCTGCGGACTGC-3′ 183

Reverse: 5′- TGCTTCTCTGCCTGGGGCATCA -3′
iNOS Forward: 5′- GCTCGCTTTGCCACGGACGA-3′ 146

Reverse: 5′- AAGGCAGCGGGCACATGCAA-3′
COX-2 Forward: 5′- GGGCTCAGCCAGGCAGCAAAT –3′ 187

Reverse: 5′- GCACTGTGTTTGGGGTGGGCT -3′

The precipitates were washed with cold RIPA buffer before
immunoblotting using a murine monoclonal ubiquitin antibody
(Cascade Bioscience, Winchester, MA).

Statistical analysis. Quantified data were expressed as
means ± SEM at each point. ANOVA and the Student–
Newmann–Keuls post hoc test were used to determine differ-
ences between the treated cells and the control. Differences were
considered significant only for P < 0.05.

RESULTS

Cd2+-Induced Cytotoxicity in RAW264.7 Cells

Cd2+-induced cytotoxicity in RAW264.7 cells was primarily
evaluated using the MTT assay. In an 8-h-incubation protocol,
all concentrations of CdCl2 (6.25, 12.5, 25.0, and 50�M) had
only a slight cytotoxicity in RAW264.7 cells (Fig. 1). From 12.5
to 50�M, cell viability was markedly decreased at 16 h after
incubation with CdCl2 in a concentration-dependent manner. At
24 h after incubation with CdCl2, even a low concentration of
CdCl2 (6.25�M) led to a significant reduction in cell viability
(P < 0.01).

Cd2+ Selectively Upregulates MIP-2 and COX-2 in RAW264.7
Cells

The effects of Cd2+ on the expression of
cytokines/chemokines were analyzed in RAW264.7 cells.
As cell viability was markedly decreased at 16 h after incuba-
tion, the expression of cytokines/chemokines was measured
at 4 and 8 h after CdCl2. As shown in Figure 2A, mRNA
level of TNF-� was significantly decreased. Of interest,
Cd2+ had no effect on the expression of IL-1� and IL-6 in

RAW264.7 cells (Figs. 2B and C). The effects of Cd2+ on
the expression of chemokines are presented in Figures 2D–F.
Although Cd2+ caused a slight reduction in mRNA level of
MCP-1, a chemokine (Fig. 2D), mRNA level of MIP-2, another
chemokine, was increased by more than 150 folds 4 h after
CdCl2 and about 300 folds 8 h after CdCl2 (Fig. 2E). As
shown in Figure 2F, Cd2+ had no effect on the expression of
MIP-1 in RAW264.7 cells. In addition, Cd2+ did not affect
the expression of IL-10 in RAW264.7 cells (Fig. 2G). The
effects of Cd2+ on iNOS and COX-2 in RAW264.7 cells are
presented in Figures 2H and I. Although Cd2+ had no effect
on the expression of iNOS (Fig. 2H), COX-2 mRNA was
persistently upregulated in Cd2+-treated RAW264.7 cells (Fig.
2I). We then analyzed the effects of different doses of Cd2+ on
the expression of cytokines/chemokines in RAW264.7 cells.
As shown in Figure 2J, Cd2+ downregulated mRNA level of
TNF-� in a dose-dependent manner. Cd2+ had no effect on the
expression of IL-1� and IL-6 in RAW264.7 cells (Figs. 2K and
L). As expected, Cd2+ caused a slight reduction in mRNA level
of MCP-1 in high dose group (Fig. 2M). Although Cd2+ had no
effect on the expression on MIP (Fig. 2O), Cd2+ upregulated
the expression of MIP-2 in a dose-dependent manner (Fig. 2N).
The effects of different doses of Cd2+ on IL-10, iNOS, and
COX-2 were presented in Figures 2P–R. Although Cd2+ had no
effect on the expression of IL-10 and iNOS (Figs. 2P and Q),
Cd2+ upregulated the expression of COX-2 in a dose-dependent
manner (Fig. 2R). In the present study, we also measured
the expression of inflammatory cytokines/chemotokines in
RAW264.7 cells incubated with low concentration of CdCl2
(6.25�M) for 16 h. As Supplementary figure 1, the expression
of TNF-� was significantly downregulated in RAW264.7 cells
incubated with low concentration of CdCl2 (6.25�M) for 16

 at A
nhui M

edical U
niversity on M

ay 18, 2014
http://toxsci.oxfordjournals.org/

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/


CADMIUM INDUCES MIP-2 AND COX-2 313

FIG. 1. Cd2+-induced cytotoxicity. RAW264.7 cells were then preincubated with different concentrations of CdCl2 (0, 6.25, 12.5, 25, and 50�M) for different
times (0, 4, 8, 16, and 24 h). Cell viability was detected using MTT assay. Data were expressed as means ± SEM of six samples. *P < 0.05 and **P < 0.01 as
compared with control group.

h. Of interest, the expression of IL-10 in RAW264.7 cells
was slightly upregulated 16 h after incubation with 6.25�M
of CdCl2 (Supplementary figure 7). Incubation with low
concentration of Cd2+ had no effect on IL-1�, IL-6, MCP-1,
MIP-2, MIP-1, iNOS, and COX-2 (Supplementary figures 1–6,
8, and 9).

PI3K/Akt Activation Is Involved in Cd2+-Induced
Upregulation of MIP-2 and COX-2 in RAW264.7 Cells

To investigate whether PI3K/Akt signaling is involved in
Cd2+-induced upregulation of MIP-2 and COX-2, pAkt/Akt
was measured in Cd2+-stimulated RAW264.7 cells. As shown
in Figures 3A and B, the level of pAkt was markedly increased
in Cd2+-treated RAW264.7 cells in a time- and dose-dependent
manner. The effects of LY294002, a specific inhibitor of
PI3K, on Cd2+-induced upregulation of MIP-2 and COX-2
were analyzed. As expected, LY294002 almost completely
inhibited Cd2+-induced Akt phosphorylation in RAW264.7
cells (Fig. 3C). Correspondingly, LY294002 obviously inhib-
ited Cd2+-induced upregulation of MIP-2 and COX-2 mRNA
(Figs. 3D and E). In addition, LY294002 significantly attenu-
ated Cd2+-induced elevation of COX-2 protein in RAW264.7
cells (Fig. 3F).

Proteasome-Mediated PTEN Degradation Contributes To
PI3K/Akt Activation In Cd2+-Stimulated RAW264.7 Cells

The effects of Cd2+ on the level of PTEN protein in
RAW264.7 cells are presented in Figure 4. As shown in Fig-
ures 4A and C, the level of PTEN protein was significantly re-
duced in Cd2+-stimulated RAW264.7 cells in a dose-dependent
manner. Further analysis showed that the level of PTEN pro-
tein was reduced by about 80% in 8 h after CdCl2 (Figs. 4B
and D). The effects of MG132, a specific inhibitor of pro-

teasome, on Cd2+-induced reduction in PTEN protein were
then investigated. Of interest, MG132 blocked Cd2+-induced
reduction in PTEN protein in RAW264.7 cells (Figs. 5A
and B). Concomitantly, MG132 significantly attenuated Cd2+-
induced Akt phosphorylation (Figs. 5C and D). To investi-
gate the mechanism of reduction in PTEN protein in Cd2+-
stimulated macrophages, ubiquitination of PTEN protein was
then analyzed using IP. Although total PTEN protein was sig-
nificantly decreased in Cd2+-stimulated RAW264.7 cells, the
level of ubiquitinated PTEN, which was partially degradated,
was increased in Cd2+-stimulated RAW264.7 cells in a dose-
dependent manner (Fig. 5E). Finally, the expression of PTEN
mRNA was investigated in Cd2+-stimulated macrophages. Of
interest, Cd2+ slightly downregulated the expression of PTEN
mRNA in RAW264.7 cells (Fig. 5F).

Cellular GSH Depletion Is Involved In Cd2+-Induced PTEN
Degradation And Akt Activation In RAW264.7 Cells

The effects of Cd2+ on cellular GSH content in RAW264.7
cells were analyzed. Consistent with reduction in PTEN, cellu-
lar GSH content was significantly decreased in Cd2+-stimulated
RAW264.7 cells in a time-dependent manner (Fig. 6A). Inter-
estingly, NAC, a GSH precursor, blocked Cd2+-induced PTEN
degradation in RAW264.7 cells (Figs. 6B and C). In addition,
NAC blocked Cd2+-induced Akt phosphorylation in RAW264.7
cells (Figs. 6D and E). By contrast, BSO, an inhibitor of cellu-
lar GSH synthesis, exacerbated Cd2+-induced PTEN degrada-
tion in RAW264.7 cells (Figs. 6F and G). In addition, BSO ag-
gravated Cd2+-induced Akt phosphorylation in RAW264.7 cells
(Figs. 6H and I).
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314 HUANG ET AL.

FIG. 2. Cd2+ selectively regulates the expression of inflammatory cytokines, chemokines, iNOS, and COX-2 in a dose-dependent manner. (A)–(I) RAW264.7
cells were incubated with CdCl2 (50.0�M). The expression of inflammatory cytokines, chemokines, iNOS, and COX-2 was measured using real-time RT-PCR at
4 and 8 h after CdCl2. (A) TNF-�, (B) IL-1�, (C) IL-6, (D) MCP-1, (E) MIP-2, (F) MIP-1, (G) IL-10, (H) iNOS, and (I) COX-2. (J)–(R) RAW264.7 cells were
incubated with different concentrations of CdCl2 (0, 6.25, 12.5, 25, or 50.0�M). The expression of inflammatory cytokines, chemokines, iNOS, and COX-2 was
measured using real-time RT-PCR at 8 h after CdCl2. (J) TNF-�, (K) IL-1�, (L) IL-6, (M) MCP-1, (N) MIP-2, (O) MIP-1, (P) IL-10, (Q) iNOS, and (R) COX-2.
Data were expressed as means ± SEM of six samples. *P < 0.05 and **P < 0.01 as compared with control group.

Antioxidants Do Not Affect Cd2+-Induced PTEN Degradation
And Akt Activation In RAW264.7 Cells

The effects of PBN, a free radical scavenger, on Cd2+-
induced PTEN degradation and Akt phosphorylation were an-
alyzed. As shown in Figures 7A and B, PBN had little effect
on Cd2+-induced PTEN degradation in RAW264.7 cells. In ad-
dition, PBN did not affect Cd2+-induced Akt phosphorylation
in RAW264.7 cells (Figs. 7C and D). The effects of vitamin
C, an antioxidant, on Cd2+-induced PTEN degradation and Akt
phosphorylation were then analyzed. Unexpectedly, vitamin
C exacerbated Cd2+-induced PTEN degradation in RAW264.7
cells (Figs. 7E and F). In addition, vitamin C aggravated Cd2+-

induced Akt phosphorylation in RAW264.7 cells (Figs. 7G and
H).

PI3K Inhibitor Partially Inhibited Cd2+-Induced PTEN
Degradation In RAW264.7 Cells

To investigate the influence of the PI3K/Akt signaling on
Cd2+-induced PTEN degradation, the effects of LY294002,
a specific inhibitor of PI3K, on Cd2+-induced reduction
of PTEN protein were analyzed. As shown in Figure 8,
the level of PTEN protein was significantly decreased in
Cd2+-stimulated RAW264.7 cells. Of interest, treatment with
LY294002 partially attenuated Cd2+-induced reduction of
PTEN in RAW264.7 cells.
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FIG. 3. Akt activation is involved in Cd2+-induced upregulation of MIP-2 and COX-2 in rodent macrophages. (A) RAW264.7 cells were incubated with
different concentrations of CdCl2 (0, 6.25, 12.5, 25, and 50.0�M). Akt and pAkt were measured using Western blot at 8 h after CdCl2. (B) RAW264.7 cells were
incubated with CdCl2 (50.0�M). Akt and pAkt were measured using Western blot at 1, 4, and 8 h after CdCl2. (C)–(F) RAW264.7 cells were incubated with
CdCl2 (50.0�M) in the absence or presence of LY2940022 (50.0�M). (C) Akt and pAkt were measured using Western blot at 8 h after CdCl2. (D) MIP-2 and (E)
COX-2 mRNA was determined using real-time RT-PCR at 8 h after CdCl2. (F) COX-2 protein was measured using Western blot at 8 h after CdCl2. Data were
expressed as means ± SEM of six samples. **P < 0.01 as compared with control group. ¶¶P < 0.01 as compared with CdCl2 group.

DISCUSSION

The present study showed that treatment with CdCl2 caused
a significant elevation of COX-2 expression in macrophages
in a dose-dependent manner. This result is in agreement with
an earlier report (Seok et al., 2006), in which Cd stimu-
lates PGE2 release accompanied by increase of COX-2 expres-
sion in cerebrovascular endothelial cells. A recent study has
demonstrated that Cd2+ differentially regulates the expression
of cytokines/chemokines in different types of cells (Lag et al.,
2010). The present study found that the expression of TNF-�
and MCP-1 was downregulated after exposure to Cd2+ for 4–
8 h, whereas Cd2+ did not affect the expression of IL-1� and
IL-6 in macrophages. Of interest, the expression of MIP-2, a
functional analogue of human IL-8, was upregulated by 150–
300 folds in Cd2+-stimulated macrophages. These results sug-
gest that Cd2+ selectively regulates cytokines/chemokines in
macrophages. MIP-2/IL-8 may be important in governing the
Cd2+-induced inflammatory responses.

The PI3K/Akt signaling is one of the most important signal-
ing cascades that regulate inflammatory genes (Foster et al.,
2012). Indeed, the present study showed that the level of

phosphorylated Akt was markedly increased in Cd2+-treated
macrophages, indicating that the PI3K/Akt signaling was ac-
tivated by Cd2+. Increasing evidence indicates that COX-2 is a
downstream target of PI3K/Akt signaling (Chen et al., 2009;
Rodriguez-Barbero et al., 2006). The present study showed that
LY294002, a specific inhibitor of PI3K, significantly attenuated
Cd2+-induced upregulation of COX-2 mRNA in macrophages.
In addition, LY294002 significantly attenuated Cd2+-induced
elevation of COX-2 protein in macrophages. An earlier study
found that oxidized low-density lipoprotein upregulated the ex-
pression of MIP-2 through activating PI3K/Akt signaling in
macrophages (Miller et al., 2005). The present study showed
that Cd2+-induced upregulation of MIP-2 was blocked by
LY294002. These results suggest that the PI3K/Akt signaling
contributes, at least partially, to Cd2+-induced upregulation of
MIP-2 and COX-2 in macrophages.

Increasing evidence demonstrates that PTEN negatively reg-
ulates PI3K signaling and subsequent Akt phosphorylation
(Hollander et al., 2011). To investigate the role of PTEN on
Cd2+-induced Akt phosphorylation, the present study examined
Cd2+-induced regulation of PTEN protein in macrophages. As
expected, treatment with Cd2+ caused an obvious reduction in
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FIG. 4. Cd2+ reduces the level of PTEN protein in rodent macrophages. (A) and (C) RAW264.7 cells were incubated with different concentrations of CdCl2
(0, 6.25, 12.5, 25, and 50.0�M). PTEN protein was measured using Western blot at 8 h after CdCl2. (B) and (D) RAW264.7 cells were incubated with CdCl2
(50.0�M). PTEN protein was measured using Western blot at 1, 4, and 8 h after CdCl2. Data were expressed as means ± SEM of six samples. **P < 0.01 as
compared with control group.

PTEN protein in macrophages in a dose- and time-dependent
manner. Of interest, pretreatment with MG132, a specific pro-
teasome inhibitor, completely blocked Cd2+-evoked reduction
in PTEN protein. Correspondingly, MG132 significantly at-
tenuated Cd2+-induced Akt phosphorylation in macrophages.
These results suggest that proteasome-mediated PTEN degra-
dation is involved in Cd2+-induced Akt phosphorylation in
macrophages.

The present study also observed a slight downregulation of
PTEN mRNA in Cd2+-treated macrophages. However, the con-
tribution of decreased PTEN mRNA appears to be minimal in
Cd2+-induced reduction in PTEN protein for the following rea-
sons: first, PTEN protein is decreased by 90% in Cd2+-treated
macrophages, whereas treatment with Cd2+ only causes a slight
reduction in PTEN mRNA; second, the reduction in PTEN pro-
tein occurs earlier than the downregulation of PTEN mRNA

in Cd2+-stimulated macrophages. Several studies reported that
polyubiquitination of PTEN led to its degradation, during which
the ubiquitin ligase Nedd4–1 was dispensable for the regula-
tion of PTEN stability and localization (Fouladkou et al., 2008;
Trotman et al., 2007; Wang and Jiang, 2008). According to a
recent study, PTEN is also post-translationally modified by the
small ubiquitin-like proteins, small ubiquitin-related modifier
1 (SUMO1) and SUMO2 (Gonzalez-Santamaria et al., 2012).
Indeed, several studies showed that Cd2+ elevated accumula-
tion of high-molecular weight of polyubiquitinated proteins in
mouse embryonic fibroblast cells and primary rat Sertoli cell-
gonocyte cocultures (Yu et al., 2008, 2011). The present study
found for the first time that Cd2+ exposure induced ubiquiti-
nation of PTEN protein in macrophages in a dose-dependent
manner. Further analysis showed that ubiquitinated PTEN pro-
tein was partially degradated in Cd2+-stimulated macrophages.
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FIG. 5. PTEN ubiquitination mediates Cd2+-induced Akt activation in rodent macrophages. (A) RAW264.7 cells were incubated with different concentrations
of CdCl2 (0, 6.25, 12.5, 25, and 50.0�M). PTEN ubiquitination was measured using IP at 8 h after CdCl2. (B)–(E) RAW264.7 cells were incubated with CdCl2
(50.0�M) in the absence or presence of MG132 (50.0�M). PTEN, Akt, and pAkt were measured using Western blot at 8 h after CdCl2. (F) RAW264.7 cells were
incubated with CdCl2 (50.0�M). PTEN mRNA was measured using real-time RT-PCR. Data were expressed as means ± SEM of six samples. *P < 0.05 and **P
< 0.01 as compared with control group. ¶¶P < 0.01 as compared with CdCl2 group.

Thus, we guess that PTEN ubiquitination is required for Cd2+-
induced PTEN degradation in macrophages.

Increasing evidence demonstrates that the ubiquitin-
proteasome pathway (UPP) is governed by cellular redox
status (Shang and Taylor, 2011). An earlier study showed that
a brief exposure of cells to physiologically relevant levels
of H2O2 induced a transient increase in the UPP activity and
intracellular proteolysis (Shang et al., 1997). On the other hand,
the UPP activity is also regulated by cellular GSH content.
According to an earlier report, cellular GSH depletion aggra-
vates arsenite-induced accumulation of ubiquitinated proteins
in human urothelial cells (Bredfeldt et al., 2004). A recent
study found that pretreatment with GSH protected against
arsenite-induced protein ubiquitination in � -glutamate cysteine
ligase catalytic subunit (Gclc)-deficient cells (Habib et al.,
2007). Indeed, the present study revealed that GSH content

was significantly decreased in Cd2+-stimulated macrophages.
Moreover, NAC, a GSH precursor, completely blocked
Cd2+-induced PTEN degradation and Akt phosphorylation
in macrophages. By contrast, BSO, a specific inhibitor of
GSH synthesis, exacerbated Cd2+-induced PTEN degradation
and Akt phosphorylation in macrophages. Of interest, the
present study revealed that PBN, a free radical scavenger, and
vitamin C, a well-known antioxidant, did not protect against
Cd2+-induced PTEN degradation and Akt phosphorylation in
macrophages. Actually, vitamin C exacerbated Cd2+-induced
PTEN degradation and Akt phosphorylation in macrophages.
These results suggest that cellular GSH depletion, rather
than excess production of reactive oxygen species, mediates
ubiquitin-associated PTEN degradation and subsequent Akt
phosphorylation in Cd2+-stimulated macrophages.
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FIG. 6. Differential effects of NAC and BSO on Cd2+-induced PTEN reduction and Akt activation in rodent macrophages. (A) RAW264.7 cells were incubated
with CdCl2 (50.0�M). GSH was measured at 1, 4, and 8 h after CdCl2. (B)–(E) RAW264.7 cells were incubated with CdCl2 (50.0�M) in the absence or presence
of NAC (4.0mM). (B) and (C) PTEN protein was measured using Western blot at 8 h after CdCl2. (D) and (E) Akt and pAkt were measured using Western blot
at 8 h after CdCl2. (F)–(I) RAW264.7 cells were incubated with CdCl2 (50.0�M) in the absence or presence of BSO (1.0mM). (F) and (G) PTEN protein was
measured using Western blot at 8 h after CdCl2. (H) and (I) Akt and pAkt were measured using Western blot at 8 h after CdCl2. *P < 0.05 and **P < 0.01 as
compared with control group. ¶¶P < 0.01 as compared with CdCl2 group.
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FIG. 7. Effects of PBN and vitamin C on Cd2+-induced PTEN reduction and Akt activation in rodent macrophages. (A)–(D) RAW264.7 cells were incubated
with CdCl2 (50.0�M) in the absence or presence of PBN (4.0mM). (A) and (B) PTEN protein was measured using Western blot at 8 h after CdCl2. (C) and (D)
Akt and pAkt were measured using Western blot at 8 h after CdCl2. (E)–(H) RAW264.7 cells were incubated with CdCl2 (50.0�M) in the absence or presence of
vitamin C (100.0�M). (E) and (F) PTEN protein was measured using Western blot at 8 h after CdCl2. (G) and (H) Akt and pAkt were measured using Western
blot at 8 h after CdCl2. **P < 0.01 as compared with control group. ¶P < 0.05 as compared with CdCl2 group.

FIG. 8. PI3K Inhibitor partially inhibits Cd2+-induced PTEN degradation in macrophages. RAW264.7 cells were incubated with CdCl2 (50.0�M) in the
absence or presence of LY294002 (50.0�M). (A) PTEN protein was measured using Western blot at 8 h after CdCl2. (B) Data were expressed as means ± SEM
of six samples. **P < 0.01 as compared with control group. ¶P < 0.05 as compared with CdCl2 group.
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Given that the phosphorylation of PTEN regulates its stabil-
ity (Leslie et al., 2008), the present study examined the pos-
sible role of PI3K/Akt signaling in Cd2+-induced degradation
of PTEN using a specific PI3K inhibitor, LY294002. Surpris-
ingly, LY294002 partially attenuated Cd2+-induced reduction
of PTEN in macrophages. These results are in agreement with
an earlier report, in which LY294002 significantly attenuated
Zn2+-induced reduction of PTEN in human airway epithelial
cells (Wu et al., 2003). Thus, the present study does not exclude
the role of PI3K/Akt signaling in Cd2+-induced degradation of
PTEN in macrophages.

In summary, the present study indicates that Cd2+ selec-
tively upregulates COX-2 and MIP-2 in macrophages in a dose-
dependent manner. We demonstrate for the first time that the
activation of PI3K/Akt signaling partially contributes to Cd2+-
induced upregulation of MIP-2 and COX-2 in macrophages.
Moreover, proteasome-mediated PTEN degradation is involved
in Cd2+-induced activation of PI3K/Akt signaling, during
which PTEN ubiquitination may play a major role. Finally,
cellular GSH depletion mediates ubiquitin-associated PTEN
degradation and subsequent activation of PI3K/Akt signaling
in Cd2+-stimulated macrophages.
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