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Methylmercury (MeHg) is a potent neurotoxicant and prefer-

entially induces oxidative injury in astrocytes. In neuronal tissues,

nuclear factor erythroid 2–related factor 2 (Nrf2) is a key factor

determining the protective antioxidant response against various

environmental toxicants. Nrf2 is subjected to regulation by many

other signaling pathways. The purpose of this study is to

characterize its interaction with the phosphatidylinositol 3 (PI3)

kinase in cultured rat neonatal primary astrocytes. The results

showed that at pathologically relevant concentrations, exposure of

primary astrocytes to MeHg led to Nrf2 activation and

upregulation of its downstream antioxidant genes. Inhibition of

the PI3 kinase resulted in decreased Nrf2 activity, decreased

cellular glutathione, and increased cell death to high-dose MeHg.

The functional interaction between the two signaling pathways

underlined an important mechanism for astrocyte protection

against MeHg toxicity. Modulation of Nrf2 by pharmacological

modalities should afford a treatment to attenuate MeHg-induced

neurotoxicity.
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phosphatidylinositol 3 kinase.

Methylmercury (MeHg) is converted from inorganic mer-

cury by aquatic anaerobic organisms (Jensen and Jernelov,

1969; Wood et al., 1968). The methylated form, MeHg, is

rapidly taken up by living organisms in the aquatic environ-

ment and biomagnified through the food chain reaching

concentrations in fish 10,000–100,000 times greater than in

the surrounding water (EPA, 1997; Wiener et al., 2003). MeHg

is a potent neurotoxicant that affects both the developing and

mature central nervous system (CNS). In adults, MeHg

intoxication causes loss of neurons in the calcarine cortex

and cerebellar granule cells, leading to vision and motion

abnormalities, including blurred vision, visual field constric-

tion, malaise, paresthesias, and atasia (Bakir et al., 1973;

Hamada and Osame, 1996; Oyake et al., 1966; Takeuchi,

1982). In infants, MeHg exposure leads to cerebral palsy-like

effects (Stewart et al., 2003; Takeuchi, 1977; Wagner et al.,

2007), characterized by ataxic motor and mental symptoms

with hypoplastic and symmetrical atrophy of the cerebrum and

cerebellum. The neuropathological features include a decreased

number of neurons and distortion of cytoarchitecture in the

cortical and cerebellar areas (Choi et al., 1978; Takeuchi,

1977). Specifically, these are characterized by incomplete or

abnormal migration of neurons to the cerebellar and cerebral

cortices and deranged cortical organization of the cerebrum

with heterotopic neurons, both isolated and in groups in the

white matter of cerebrum and cerebellum. Furthermore, the

laminar cortical pattern of the cerebrum is disturbed, consisting

of irregular groupings and deranged alignment of cortical

layers. Developmental exposure to MeHg in animal models

affected behavioral performance later in life (Cox et al., 1989;

Stern et al., 2001).

The primary site of lesion and the molecular mechanisms of

MeHg toxicity have yet to be clearly defined. In mammalian

CNS, astrocytes are known as a preferential site of MeHg

accumulation and a main target of toxicity (Aschner and

Kimelberg, 1991; Aschner et al., 1994; Charleston et al., 1995;

Oyake et al., 1966). A number of previous studies have shown

that MeHg exposure led to astrocytic dysfunction associated

with increased Naþ (Vitarella et al., 1996) and aspartate uptake

(Yao et al., 1999, 2000) and excessive production of excitatory

neurotransmitter, affecting the glial-neuron interaction

(Schousboe et al., 1992).

In general, the pathological sequelae of MeHg exposue will

depend on the balance between dose and exposure duration and

the ability of detoxification systems and related cell survival

signaling pathways to mitigate the aberrant effects of this metal.

Mammalian cells have developed a multitude of protective

mechanisms against xenobiotics, including the activation of

multidrug resistant–associated proteins (MRPs) (Konig et al.,
1999) and the nuclear factor erythroid 2–related factor 2 (Nrf2)–

mediated antioxidant response (Toyama et al., 2007). While

MRPs attenuate the accumulation of MeHg in the CNS, Nrf2

activation upregulates a number of antioxidant proteins as well

as nonprotein antioxidant thiols (Ishii et al., 2000; Itoh et al.,
1999; Kim et al., 2001b), which afford neuroprotection.

The phosphatidylinositol 3 (PI3) kinase/Akt pathway is

a major cell survival pathway and regulates Nrf2-mediated
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antioxidant and detoxification reactions (Lee et al., 2001; Li

et al. 2006; Wang et al., 2008). A previous report showed that

PI3 kinase was involved in MeHg-induced dysfunction in

mouse pancreatic b cells (Chen et al., 2006). In the present

study, we investigated the mechanism of MeHg-induced Nrf2

activation and its association with the PI3 kinase pathway in

primary rat neonatal astrocytes. Our results showed that MeHg

exposure activated Nrf2 and upregulated its downstream

antioxidant genes and that inhibition of the PI3 kinase

downregulated the Nrf2-dependent antioxidant response. The

functional interactions between the two signaling pathways

underlined a potentially important mechanism of protecting

astrocytes against MeHg toxicity.

MATERIALS AND METHODS

Materials. c-Glutamylglutamate (cEE), wortmannin, and LY294002 were

purchased from MP Biomedicals (Irvine, CA), Upstate (Lake Placid, NY), and

Promega (Madison, WI), respectively. Anti-b-actin antibody was purchased

from Sigma-Aldrich (St Louis, MO). Anti-Nrf2, anti-PI3K p85a, and anti-

Hsc70 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz,

CA). Anti-histone H3 antibody was obtained from Upstate.

Cell cultures and experimental conditions. Primary rat astrocyte cultures

were prepared as described by Frangakis and Kimelberg (1984). The cerebral

hemispheres of postnatal day-1 neonatal rats were removed and meninges were

dissected off. The basal ganglia and midbrain were removed, and the remaining

cortical tissue was dissociated with dispase. Cells were grown in minimal essential

medium (Mediatech, Hemdon, VA), supplemented with 5% heat-inactivated fetal

bovine serum and 5% horse serum (Sigma). The cultures were maintained in

a humidified environment of 5% CO2 at 37�C. The media were changed twice

a week. Cultures were >95% positive for the astrocytic marker, glial fibrillary

acidic protein. After 4 weeks in culture when cells reached ~95% confluence, cells

were exposed to MeHg at different concentrations for different durations.

Plasmid construction. The antioxidant response element (ARE) reporter

plasmid was previously described (Wang et al., 2008); it contained the

consensus Nrf2-binding site–inserted upstream of the firefly luciferase gene.

Full-length human Nrf2 complementary DNA (cDNA) was cloned by reverse

transcription polymerase chain reaction (RT-PCR) using forward primer (5#-ATG

ATG GAC TTG GAG CTG CCG CCG-3#) and reverse primer (5#-AAC TAG

CTC AGA AAA GGT CAA ATC CTC-3#). The PCR products were gel purified

and subcloned into pcDNA3.1/V5-His vector (Invitrogen, Carlsbad, CA).

Transfection and dual luciferase reporter assay. The primary astrocytes

were cotransfected with 1 lg of the ARE reporter plasmid, 1 lg of the

pcDNA3.1/V5-His vector containing Nrf2 cDNA, and 20 ng of the pRL-CMV

vector (Promega) for normalization (Wang et al., 2008). Twenty-four hours

later, medium was replaced with fresh medium containing MeHg. After

treatment, cells were lysed with 500 ll passive lysis buffer (Promega), and the

reporter gene activity was measured by a dual luciferase assay kit (Promega).

GSH and oxidized glutathione measurement by high-performance liquid

chromatography. The intracellular glutathione (GSH) concentrations were

measured by high-performance liquid chromatography (HPLC) as previously

described (Wang et al., 2008). Briefly, astrocytes were extracted with 5%

perchloric acid/0.2M boric acid. Acid-soluble thiols were derivatized with

iodoacetic acid and dansyl chloride and were analyzed by HPLC using

a propylamine column (YMC Pack, NH2, Waters, Milford, MA) and an

automated HPLC system (Alliance 2695, Waters). The GSH and oxidized

glutathione (GSSG) concentrations were normalized to the protein contents of

the samples measured by the Bradford assay (Bio-Rad, Hercules, CA).

Measurement of Nrf2 localization by subcellular fractionation and

Western blot analyses. The cytosolic and nuclear fractions were prepared as

previously described (Wang et al., 2008). Briefly, astrocytes were lysed in ice-

cold hypotonic buffer (Sigma) containing 10mM HEPES, pH 7.9, 1.5mM

MgCl2, 10mM KCl, 1mM dithiothreitol, 0.6% NP40, and a cocktail of protease

inhibitors (Roche, Indianapolis, IN). After 30 s centrifugation at 4�C at

12,000 3 g, the supernatant was collected as the cytosolic fraction. The pellet

was further extracted for 30 min in a high salt lysis buffer containing 50mM

HEPES, 500mM NaCl, 1% NP40, pH 7.0, and protease inhibitors. After 5 min

centrifugation at 4�C at 12,000 3 g, the supernatant was collected as the

nuclear fraction. The proteins were separated by sodium dodecyl sulfate

polyacrylamide gel electrophoresis and Western blot analyses. Histone H3 was

used as a marker of nuclear proteins.

Measurement of antioxidant gene expression by quantitative RT-

PCR. The messenger RNA (mRNA) levels of heme-oxygenase1 (HO-1),

NADPH: quinone oxidoreductase (NQR), and the light chain of cystine/

glutamate transporter (XC-) (xCT) were measured by real-time RT-PCR using

the Universal Probe Library approach (UPL) (Roche). The primers used for

xCT were forward (5#-TCC ATG AAC GGT GGT GTG T-3#), reverse (5#-
CCC TTC TCG AGA TGC AAC AT-3#), and UPL probe No. 80. The primers

used for HO-1 were forward (5#-GTC AGG TGT CCA GGG AAG G-3#),
reverse (5#-CTC TTC CAG GGC CGT ATA GA-3#), and UPL probe No. 9.

The primers used for Nqo1 were forward (5#-AGC GCT TGA CAC TAC GAT

CC-3#), reverse (5#-CAA TCA GGG CTC TTC TCA CC-3#), and UPL probe

No. 50. Average threshold cycle (Ct) values were used to determine the relative

difference between control and treated groups and were normalized to 18S

ribosomal RNA.

Knockdown Nrf2 and p85 by small interference RNA approach. The

sequence of small interference RNA (siRNA) against rat Nrf2 and the

regulatory subunit of PI3 kinase (p85a) was 5#-GCA GGA GAG GGA AGA

ATA AAG TT-3# and 5#-GAA GGA AAT TCA AAG GAT AAT GCA T-3#,
respectively. Primary astrocytes at 60–70% confluence were transfected with

siRNA duplex (Integrated DNA Technologies, Coralville, IA) using the

Lipofectamine reagent (Invitrogen) (Wang et al., 2008). In some experiments,

the ARE reporter plasmid was cotransfected with the siRNA. Western blot

analyses and reporter assays were performed 48 h after transfection.

Cell viability measurement by flow cytometry. The astrocyte viability was

measured with a LIVE/DEAD Viability/Cytotoxicity Assay Kit (Invitrogen)

(Chen et al., 2002). Astrocytes were pretreated with LY294002 followed by

exposure to different concentrations of MeHg in a serum-free medium. Calcein

AM was used for live cell staining, and ethidium homodimer (EthD-1) was

used for dead cell staining. Cells were gated to exclude debris. The ratio of live

target events to total events was expressed as percentage of viable cells.

RESULTS

MeHg-Induced Changes of Intracellular GSH Content

Hg compounds react with accessible sulfhydryl (-SH) groups

and forms -S-Hg-R complexes; therefore, GSH is a principal

cellular protective thiol against MeHg toxicity. To investigate

how MeHg affected the intracellular GSH contents in primary

rat neonatal astrocytes, cells were exposed to MeHg at

concentrations from 0.01 to 10lM for 6 h followed by HPLC

measurement of the GSH and GSSG. These concentrations

have been carefully considered. Brain levels in human autopsy

material from individuals in Japan with acute and chronic

MeHg exposure reached ~25 and 100lM, respectively

(Takizawa, 1986). The maximum concentration used in the

current study was 10lM, a concentration which is known to
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elicit significant reactive oxygen species generation, yet causes

minimal cell death (Kasuya, 1976; Sanfeliu et al., 2001). At

concentrations higher than 5lM, MeHg caused significant (p <
0.01) decreases in both GSH and GSSG (Figure 1). GSH

decreased to 66 ± 11% and 40 ± 9% of control and GSSG

decreased to 63 ± 13% and 34 ± 11% after exposure to 5 and

10lM MeHg, respectively. When treated with 0.1 and 1lM of

MeHg, however, the intracellular GSH increased to 134 ± 12%

and 134 ± 9% of control, respectively (Figure 1).

Nrf2 Coordinated Protective Gene Expression against MeHg-
Induced Cytotoxicity

Nrf2 is an essential inducible factor that mediates the

transcription of cytoprotective genes. To investigate the effect

of MeHg on Nrf2 activation, we used an ARE reporter assay

(Wang et al., 2008) to measure the transcriptional activity Nrf2

in cells exposed to MeHg at different concentrations for

different durations. The data (Figure 2A) showed a concentra-

tion-dependent increase in ARE activity (3.1 ± 0.2 to 3.6 ± 0.4

times of control, p < 0.01) when cells were treated for 90 min

with MeHg at 1–10lM. At 4 h, ARE activity increased by

~50% over control values at MeHg exposures between 0.1 and

5lM (Figure 2B). The localization of Nrf2 was measured by

subcellular fractionation and Western blot analyses (Figure 3).

In cultured primary astrocytes, a significant amount of Nrf2

was present in the nuclear fraction and its expression was

further increased after 90 min exposure to 5lM MeHg.

The uptake of cystine, a substrate of GSH synthesis, is

partly mediated by the sodium-independent transporter XC-,

which is also known as the solute carrier family 7 member 11

(SLC7A11). The XC- consists of two subunits, xCT as the

light chain and 4F2hc as the heavy chain. When xCT

expression was measured by quantitative RT-PCR, significant

increase (2.2 ± 0.4 and 2.8 ± 0.4 times of control)

was observed in cells exposed for 3 h to 1 and 5lM MeHg

(Figure 4A). Similar upregulation was observed for two other

antioxidant genes functioning downstream of Nrf2. In cells

exposed to 5lM MeHg for 3 h, the mRNA level of NQR and

HO-1 was increased to 2.3 ± 0.1- and 10.7 ± 1.5-fold of

control values, respectively (Figure 4B and C). These data

collectively suggest that nonlethal doses of MeHg activated

an Nrf2-dependent antioxidant response in cultured primary

astrocytes.

We also used the siRNA approach to knockdown the expres-

sion of Nrf2 in primary astrocytes. As shown in Figure 5A, the

FIG. 1. MeHg-induced changes in intracellular GSH and GSSG contents.

Primary rat astrocytes were treated with indicated concentrations of MeHg for

6 h. Cellular GSH and GSSG were measured by HPLC. Data presented are the

average of three separate experiments performed in duplicate (mean ± SE)

(*p < 0.05; **p < 0.01; significantly different from control untreated cells, one-

way ANOVA and Dunnett post hoc test).

FIG. 2. ARE activity measurement in astrocytes treated with MeHg. Cells

were cotransfected with Nrf2, an ARE reporter plasmid, and a pCMV-Renilla

luciferase vector for normalization. After 16 h, cells were further exposed to

indicated concentrations of MeHg for 90 min (A) and 4 h (B), respectively. The

ARE activities were measured by a dual luciferase assay. Each point represents

the average of three separate experiments performed in duplicate (mean ± SE)

(**p < 0.01; significantly different from control untreated cells; one-way

ANOVA and Dunnett post hoc test).

Nrf2 AND MeHg TOXICITY 137



Nrf2 protein was decreased to 60% of control level after

transfection with the siRNA. MeHg-induced HO-1 expression

was significantly lower in cells transfected with siRNA against

Nrf2 (Figure 5C); however, xCT expression was not affected

(p > 0.05, Figure 5B).

PI3 Kinase Activity Was Required for GSH Synthesis and
Nrf2 Activity in Astrocytes

To determine how changes in PI3 kinase signaling affected

GSH content, astrocytes were treated with two different PI3

kinase inhibitors, LY294002 and wortmannin, followed by

HPLC measurement of intracellular GSH. Treatment with

LY294002 for 16 h caused a concentration-dependent decrease

in the intracellular GSH level (Figure 6A). Total GSH in

control astrocytes was 12.0 ± 2.3 nmol/mg protein and

decreased to 3.7 ± 0.6 nmol/mg protein after exposure to

10lM LY294002 (p < 0.01). Treatment of astrocytes with

wortmannin (50–500nM for 6 h) resulted in similar GSH

depletion (Figure 6B). Under the same condition, LY294002

led to a concentration-dependent decrease of Nrf2 activity

(Figure 6C). Treatment with 10lM LY294002 caused a nearly

50% reduction in Nrf2 activity (p < 0.01).

In addition to the chemical inhibitors, we also used siRNA to

knockdown the regulatory subunit of PI3 kinase, p85a. Nearly

50% downregulation in the enzyme expression was achieved

by transfection of astrocytes with the siRNA (Figure 7A).

Compared to cells transfected with control siRNA, MeHg-

induced increase in ARE activity was significantly lower when

p85a was knocked down (Figure 7B).

We further performed cell viability assay as another end

point measurement of MeHg toxicity. Astrocytes were

treated with MeHg for 16 h at either 1 or 5lM, either with

or without 10lM LY294002. As shown in Figure 8, the

percentage of viable cells significantly decreased to 74 ±
4.5% of control values after exposure to 5lM MeHg in

presence of LY294002 (p < 0.01). In the absence of

cotreatment with LY294002, cell viability was not signifi-

cantly affected by MeHg and was indistinguishable from

control values.

DISCUSSION

Hg compounds react with reduced GSH, binding to

sulfhydryl groups of cysteine (Griffith, 1980; Hughes, 1957;

Meister, 1984; Rabenstein and Fairhurst, 1974; Simpson,

1961). The conjugated products can be transported out of the

target cells by the MRPs (Konig et al., 1999), which

substantially decrease the intracellular concentrations of

mercurials and lower the toxicity. Previous studies have also

FIG. 4. MeHg-induced changes in the mRNA level of antioxidant genes

downstream of Nrf2. Astrocytes were treated with indicated concentrations of

MeHg for 3 h. The mRNA levels of xCT (A), NQR (B), and HO-1 (C) were

measured by real-time RT-PCR. The differences in the average threshold cycle

(DCt) values were determined and normalized to the expression of 18s rRNA.

Each point represents the average of three separate experiments performed in

duplicate (mean ± SE) (*p < 0.05; **p < 0.01; significantly different from

control untreated cells; one-way ANOVA and Dunnett post hoc test).

FIG. 3. MeHg treatment increased Nrf2 in the nucleus. Cells were treated

for 90 min with 5lM MeHg. The amount of Nrf2 in the cytoplasmic and

nuclear fractions was measured by subcellular fractionation followed by

Western blot analyses. Hsc70 and Histone H3 were used as loading control.
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established the protective roles afforded by GSH in MeHg-

induced toxicity (Mullaney et al., 1993, 1994). In the present

study, we showed that MeHg exposure lead to a biphasic

response in intracellular astrocytic GSH content (Figure 1), and

the increase of GSH was associated with activation of Nrf2

(Figure 2). High concentrations of MeHg resulted in depletion

of GSH, while incubation with low concentrations of MeHg led

to increased intracellular GSH (Figure 1). Nrf2 activation was

observed at 90 min after MeHg treatment (Figure 2A) and led

to increased expression of its downstream antioxidant genes

(Figure 4). Thus, consistent with the previous reports (Ali

et al., 1992; Dreiem and Seegal, 2007; Ganther et al., 1972), an

early adaptive response can be elicited in astrocytes to protect

against MeHg-induced oxidative injury.

It is well established that activation of Nrf2 will lead to

upregulation of glutamate cysteine ligase, the rate-limiting

enzyme of GSH synthesis (Kensler et al., 2007). Cystine is an

essential precursor of GSH synthesis (Chawla et al., 1984; Sato

FIG. 5. Effects of knockdown Nrf2 on MeHg-induced antioxidant gene

expression. Astrocytes were transfected with siRNA against Nrf2. After 48 h,

the Nrf2 level was measured by Western blot analyses (A). Hsc70 was used as

loading control. The expressions of xCT (B) and HO-1 (C) were measured by

real-time RT-PCR, after cells were further treated for 3 h with MeHg at the

indicated concentrations (*p < 0.05; Student’s t-test).

FIG. 6. Effects of PI3 kinase inhibitors on GSH synthesis and Nrf2 activity in

primary astrocytes. Astrocytes were treated with PI3 kinase inhibitors, LY294002

(A) and wortmannin (B), for 16 and 6 h, respectively. Total GSH was measured by

HPLC. (C) The Nrf2 activity was measured by transient transfection with the ARE

reporter plasmid followed by the luciferase assay. Cells were treated with

LY294002 at indicated concentrations. Each point represents the average of three

separate experiments performed in duplicate (mean±SE) (**p< 0.01; significantly

different from control untreated cells; one-way ANOVA and Dunnettpost hoc test).
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and Robbins, 1981). The Naþ-independent XC- transporter

system mediates cystine uptake by astrocytes and neurons

(Bannai and Kitamura, 1980, 1981). The expression of its light

chain, xCT, is controlled by Nrf2 (Kim et al., 2001a; Tomi

et al., 2003). XC- is expressed at low levels under normal

physiologic conditions, but it is upregulated by oxidative stress

(Guidotti and Gazzola, 1992). Our results show that Nrf2

activation (Figure 4A) was associated with increased expres-

sion of xCT (Figure 3) after exposure to MeHg, increasing

cystine uptake and GSH synthesis. However, when exposed to

high-dose MeHg, it needs to be considered that such

antioxidant response may also negatively affect glial-neuron

interactions and promote excitotoxicity since XC- is a gluta-

mate/cystine antiporter. Accordingly, increased influx of

cystine may result in exchange for intracellular glutamate,

leading to glutamate accumulation in the extracellular fluid and

activation of N-methyl D-aspartate receptors (Choi, 1992).

An important feature of the Nrf2-dependent antioxidant

system is the simultaneous upregulation of multiple antioxidant

genes that work coordinately to detoxify and protect against

MeHg. In addition to xCT, HO-1 and NQR were upregulated

by MeHg (Figure 4); both enzymes are involved in GSH-

independent detoxification mechanisms upon ARE activation

by Nrf2. Knockdown of Nrf2 led to inhibited HO-1 gene

induction but did not affect the MeHg-induced xCT expression

(Figure 5B). The data indicate that other signaling pathways

may be involved in the transcriptional regulation of xCT.

The PI3 kinase/Akt pathway is essential for cell survival

(Martindale and Holbrook, 2002). Various studies have shown

that oxidative stress regulates the activation of Akt (Esposito

et al., 2003; Gorin et al., 2003; Ushio-Fukai et al., 1999) and that

MeHg activates the PI3K/Akt pathway via increased production

of reactive intermediates (Chen et al., 2006). There are cross-

talks between the PI3 kinase and Nrf2 pathways. The PI3K and

Akt functions are required for Nrf2 activation by various

inducers such as tert-butylhydroquinone, hemin, and peroxyni-

trite (Lee et al. 2001; Li et al. 2006; Nakaso et al. 2003).

Consistent with the literature reports, astrocytes treated with PI3

kinase inhibitors (Figure 4) showed a concentration-dependent

decrease in Nrf2 activity and decrease in GSH synthesis. Similar

effects were achieved by transfection with siRNA against p85a
(Figure 8) Inhibition of the PI3 kinase pathway potentiated the

cytotoxicity of MeHg (Figure 5). These results indicate that the

PI3 kinase/Akt pathway contributes, at least in part, to the

detoxification of MeHg in astrocytes.

Several recent studies have explored the molecular mecha-

nisms underlying the interaction between Nrf2 and PI3 kinase

pathways. PI3 kinase generates signaling lipids, phosphoinosi-

tides PI(3, 4, 5)P3, and PI(3, 4)P2, which recruit Akt (Brazil and

Hemmings, 2004) to the plasma membrane where Akt is

phosphorylated and activated by protein kinases, including

PDK1, at Thr308 and Ser473. Activated Akt phosphorylates

various downstream substrate proteins that are critical in cell

cycle progression and survival (Lawlor and Alessi, 2001).

FIG. 7. Effects of knockdown PI3K by siRNA on Nrf2 activity. Astrocytes

were transfected with siRNA targeting p85a. After 48 h, the p85a level was

measured by Western blot analyses (A). Hsc70 was used as loading control. (B)

Measurement of Nrf2 activity by reporter assay after downregulation of PI3K.

Cells were cotransfected with p85a siRNA and ARE reporter plasmid. After

48 h, they were further exposed for 90 min to MeHg at the indicated

concentrations. The ARE activities were measured by the dual luciferase assay.

Each point represents the average of three separate experiments performed in

duplicate (mean ± SE) (*p < 0.05; **p < 0.01; significantly different from cells

transfected with control siRNA; Student’s t-test).

FIG. 8. Measurement of astrocytes viability after exposure to MeHg. Cells

were treated with MeHg and LY294002 as indicated for 16 h. The percent of

viable cells was quantified after flow cytometry analyses. Data are the average

from four separate experiments (mean ± SE) (**p < 0.01; significantly different

from control untreated cells; one-way ANOVA and Dunnett post hoc test. #p <

0.05; significantly different between LY294002-treated and -untreated cells;

Student’s t-test).
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Glycogen synthase kinase 3b (GSk3b) is a major protein kinase

downstream of Akt. Akt phosphorylates GSK3b at the serine 9

position and causes inhibition of its activity. Two recent studies

reported that GSk3b is a negative regulator of Nrf2 by excluding

its translocation from the nuclear compartment (Jain and

Jaiswal, 2007; Rojo et al., 2008). Whether similar mechanisms

are involved in MeHg toxicity remain to be determined.

There is abundant evidence in support of the ‘pivotal’ role of

astrocytes in mediating neurotoxicity, establishing astrocytes as

a unique and relevant experimental model for the assessment of

mechanisms underlying MeHg-induced cytotoxicity (Aschner

et al., 2002). Astrocytes are the most numerous nonneuronal

cell-type in the CNS. They make up ~50% of human brain

volume (Chen and Swanson, 2003). Chronic exposure to

MeHg in primates is associated with preferential accumulation

of MeHg in astrocytes (and to some extent in microglia). The

selectivity could be partly due in part to the inhibitory effect of

MeHg on glutamate and cystine transport in astrocytes (Allen

et al., 2001; Aschner et al., 1993).

In summary, we have demonstrated that MeHg activated

Nrf2 and its downstream antioxidant system in neonatal rat

primary astrocytes. Nrf2 function is regulated by PI3 kinase.

Further characterization of the cross-talks between the two

pathways is likely to reveal novel mechanistic information on

MeHg intoxication and should facilitate the design of effective

treatment strategies.
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