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Abstract
Excessive exposure to manganese (Mn) increases levels of oxidative stressors and
proinflammatory mediators, such as cyclooxygenase-2 and prostaglandin E2. Mn also activates
nuclear factor-κB (NF-κB), an important mediator of inflammation. The signaling molecule 15-
deoxy-Δ12,14-prostaglandin J2 (15 d-PGJ2) is an anti-inflammatory prostaglandin. Here, we
tested the hypothesis that 15 d-PGJ2 modulates Mn-induced activation of astrocytic intracellular
signaling, including NF-κB and nuclear factor erythroid 2-related factor (Nrf2), a master regulator
of antioxidant transcriptional responses. The results establish that 15 d-PGJ2 suppresses Mn-
induced NF-κB activation by interacting with several signaling pathways. The PI3K/Akt pathway,
which is upstream of NF-κB, plays a role in this activation, because (i) pretreatment with 15 d-
PGJ2 (10 µM for 1 h) significantly (p<0.01) inhibited Mn (500 µM)-induced PI3K/Akt activation
and (ii) inhibition of the PI3K/Akt pathway with LY29004 significantly (p<0.05) decreased NF-
κB activation. 15 d-PGJ2 also significantly (p<0.05) attenuated Mn-induced astrocytic NF-κB
activation by inhibiting the Mn-induced phosphorylation of IκB kinase and subsequent IκB-α
degradation. Because Mn-induced oxidative stress is also associated with Nrf2 activation,
additional studies addressed the ability of 15 d-PGJ2 to modulate the Nrf2 pathway. 15 d-PGJ2
significantly (p<0.01) increased Nrf2 expression in whole-cell lysates. Consistent with its pro-
oxidant properties, Mn also increased Nrf2 expression. Nevertheless, cotreatment of whole-cell
lysates with both Mn and 15 d-PGJ2 partially suppressed (p<0.01) the 15 d-PGJ2-induced increase
in astrocytic Nrf2 protein expression. Mn treatment also decreased (p<0.001) expression of DJ-1,
a Parkinson disease-associated protein and a stabilizer of Nrf2, and 15 d-PGJ2 attenuated Mn-
induced astrocytic inhibition of DJ-1 expression. Collectively, these results demonstrate that 15 d-
PGJ2 exerts a protective effect in astrocytes against Mn-induced inflammation and oxidative stress
by modulating the activation of the NF-κB and Nrf2 signaling pathways.
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Manganese (Mn) is an essential trace element for numerous cellular enzyme reactions,
including those of glutamine synthase, arginase, and mitochondrial superoxide dismutase
[1,2]. However, excessive brain Mn accumulation causes an abnormal neurological
syndrome with marked clinical resemblance to Parkinson disease (PD), referred to as
manganism [3]. The mechanisms by which Mn induces neurotoxicity are not completely
understood, but oxidative stress, neurotransmitter metabolism dyshomeostasis, and glial
inflammation may mediate its effects [4–6]. Mn activates glial cells, increasing
proinflammatory mediator expression [7–9], which causes neuroinflammation, release of
proinflammatory cytokines, breaching of blood–brain barrier permeability, and leukocyte
invasion.

Prostaglandins (PGs) are signaling molecules with diverse biological activities [10,11],
including inflammation, thrombosis, and calcium regulation. PGs are synthesized from
arachidonic acid released from membrane phospholipids by phospholipase A2. The major
signaling pathway of PGs involves binding to G-protein-coupled receptors at the plasma
membrane and nuclear orphan receptors [10]. A subclass of PGs may also affect multiple
additional targets. For example, intracellular levels of 15-deoxy-Δ12,14-prostaglandin J2
(15 d-PGJ2) generated from PGD2 by spontaneous or induced dehydration [12–14] increase
under inflammatory conditions [15]. 15d-PGJ2 has anti-inflammatory properties [12],
possessing high affinity for PPARγ (peroxisome proliferator-activated receptor γ) [16,17].
Upon binding to 15 d-PGJ2, PPARγ translocates from the cytoplasm to the nucleus, where it
initiates transcription of a large number of genes that contain a PPARγ-responsive element
in their promoter sequence [18].

The cellular effects of 15 d-PGJ2 are also PPARγ-independent [19]. 15 d-PGJ2 can
covalently modify several proteins and affect their function. For example, 15 d-PGJ2
modulates nuclear factor-κB (NF-κB) pathways [13,20] and attenuates NF-κB signaling by
inhibiting the degradation of IκB, the nuclear translocation of p65, and the activation of
PI3K/Akt [19]. 15 d-PGJ2 binds to cysteine in the IκB kinase (IKK) sequence, which
phosphorylates IκB, the inhibitor of the transcription factor NF-κB. This binding reduces
the proinflammatory effects of IκB kinase-activating cytokines, partially explaining the anti-
inflammatory effects of 15 d-PGJ2 [21,22]. In addition to its function as an endogenous
signaling molecule, exogenously supplemented 15 d-PGJ2 induces anti-inflammatory effects
[12] by inhibiting the CRM1-dependent nuclear protein export pathway [23].

15 d-PGJ2 also reduces inflammation by activating nuclear factor erythroid 2-related factor
(Nrf2), an oxidative stress-responsive transcription factor. Nrf2 is sequestered in the
cytoplasm by binding to a cytoskeletal protein, Keap1. Upon oxidative stress, Nrf2 is
released from its repressor protein, Keap1, and translocates to the nucleus where it interacts
with the antioxidant-response element (ARE) located in the promoter sequence of Nrf2-
responsive genes [24,25]. 15 d-PGJ2 induces the dissociation and subsequent translocation
of “free” Nrf2 to the nucleus by directly binding to a cysteine linker region on Keap1 via
covalent linkage [26,27].

Nrf2 is regulated by DJ-1 and mutations in the DJ-1 gene induce juvenile parkinsonism [28].
Loss-of-function mutations of DJ-1 lead to selective neurodegeneration of nigrostriatal
dopaminergic neurons, characteristic of PD and manganism [28,29]. DJ-1 promotes cell
survival and protects cells from oxidative stress [30], but the mechanisms by which DJ-1
induces cytoprotection have yet to be completely understood. Notably, Nrf2 is unstable in
the absence of DJ-1, resulting in attenuated Nrf2-regulated transcriptional responses [31].
DJ-1 is also required for stabilization of Nrf2 by preventing its association with Keap1,
which prevents Nrf2's subsequent ubiquitination [31].
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Because Mn induces cytotoxic effects in astrocytes via oxidative stress and inflammation,
and given the role of 15 d-PGJ2 in regulating intracellular reactive oxygen species (ROS)
generation, this series of studies was designed to test the hypothesis that 15 d-PGJ2 offers
protective effects against Mn toxicity in astrocytes. Specifically, we aimed to characterize
the modulatory effects of 15 d-PGJ2 on the astrocytic NF-κB and Nrf2 signaling pathways
in response to Mn treatment.

Materials and methods
Materials

Manganese chloride (MnCl2) was purchased from Sigma–Aldrich (St. Louis, MO, USA), 15
d-PGJ2 from Cayman (Ann Arbor, MI, USA), LY29004 from Tocris (Ellisville, MO, USA).
Minimal essential medium (MEM) with Earle's salts, heat-inactivated horse serum,
penicillin, and streptomycin were purchased from Invitrogen (Carlsbad, CA, USA). All
other chemicals and supplies were purchased from Fisher Scientific (Pittsburg, PA, USA),
unless otherwise specified.

Primary cultures of rat astrocytes
Primary cultures of astrocytes were prepared according to previously established protocols
[32] in a protocol approved by the Vanderbilt University Medical Center Institutional
Animal Care and Use Committee. One-day-old Sprague–Dawley rats were decapitated
under halothane anesthesia and the cerebral cortices were dissected out and digested with
bacterial neutral protease (dispase; Invitrogen). Dissociated astrocytes were then plated at a
density of 1 × 105 cells/ml. Twenty-four hours after the initial plating, the medium was
changed to preserve the adhering astrocytes and to remove neurons and oligodendrocytes.
The cultures were grown at 37 °C in a 95% air/5% CO2 incubator for 3 weeks in MEM with
Earle's salts supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml
streptomycin. The medium was changed twice a week. The surface-adhering monolayer
cultures were >95% positive for the astrocyte-specific marker glial fibrillary acidic protein.
All experiments were performed 3 weeks after isolation, when cultures were confluent.

Astrocyte treatments
Astrocytes (3 weeks old) were incubated with 500 µM MnCl2 for 6 h or the indicated time in
the presence or absence of 15 d-PGJ2 (10 µM) for 2 h. When treated with the PI3K/Akt
inhibitor, astrocytes were preincubated with LY29004 (20 µM) [33] for the indicated times.
Toxic Mn concentrations present in relevant mammalian cells can be estimated from the
literature. For example, weekly injections of Mn over a 3-month period in the striatum and
glubos pallidus (GP) of monkeys (0, 2.25, 4.5, and 9 g) produce dose-related clinical signs
that are more severe in the higher dose ranges. At the highest dose, the Mn concentration is
increased 12-fold in the striatum and 9-fold in the GP [34]. The “physiological range” (no
symptoms) is ~75–100 µM, and clinical signs increase in frequency and severity above this
level, suggesting this concentration is near the threshold of toxicity. Accordingly, a 500 µM
Mn concentration, deemed to be toxic, was chosen for the present series of studies.

Subcellular fractionation and detection of NF-κB and Nrf2 levels and localization
After treatment, astrocytes were lysed in ice-cold hypotonic buffer containing 10 mM
Hepes, 1.5 mM MgCl2, 10 mM KCl, 1 mM dithiothreitol (DTT), and protease inhibitor
cocktail (Sigma–Aldrich). After 30 min incubation on ice, the samples were centrifuged at 4
°C at 12,000 g for 3 min and the supernatant (cytosolic fraction) was collected. The pellet
was extracted for 30 min in a high-salt lysis buffer containing 50 mM Hepes, 500 mM NaCl,
1 mM DTT, and protease inhibitor cocktail (Sigma–Aldrich). After 10 min centrifugation at
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4 °C at 12,000 g for 3 min, the supernatant (nuclear fraction) was collected. Ku-86, a nuclear
protein, was used for the normalization of the NF-κB protein content in the nuclear fraction.
Mitochondrial fractionation was performed with a mitochondria fractionation kit (Abcam,
Boston, MA, USA).

Western blot analysis
After treatments with designated compounds, astrocytes were washed with HBSS and lysed
with radioimmunoprecipitation assay buffer containing protease inhibitor cocktail (Sigma–
Aldrich). Cell lysates were sonicated and centrifuged at 4 °C at 10,000 g for 5 min and the
supernatant was used for protein quantification with the bicinchoninic acid (Thermo Fisher
Scientific, Rockford, IL, USA) protein assay kit. An equal amount of protein (30 µg) from
each sample was separated by SDS–PAGE and transferred to a nitrocellulose membrane.
Immunoblot analysis was carried out with the primary antibodies, rabbit anti-NF-κB
(1:2000), rabbit anti-Nrf2 (1:1000), rabbit anti-pAkt (1:2000), rabbit anti-Akt (1:1000)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and mouse anti-β-actin (1:2000)
(A1978; Sigma–Aldrich). Secondary antibodies were mouse anti-rabbit IgG conjugated with
horseradish peroxidase (HRP) (1:2000) (Santa Cruz Biotechnology) and donkey anti-mouse
IgG conjugated with HRP (1:2000) (Santa Cruz Biotechnology).

RT-PCR
Total RNA was extracted from cells using the RNeasy Mini RNA isolation kit (Qiagen,
Valencia, CA, USA). The evaluation of mRNA levels of DJ-1 was performed by
semiquantitative RT-PCR with GAPDH as a control as described previously [35]. The
primers were the following: for DJ-1, 5′-TGGCTCACGAAGTAGGCTTT-3′ (forward) and
5′-AGGGCTTGGGCTCTCTAGTC-3′ (reverse), and for GAPDH, 5′-
TCCCTCAAGATTGTCAGCAA-3′ (forward) and 5′-AGATCCACAACGGATACATT-3′
(reverse), to yield products of 247 and 300 bp, respectively, with 30 PCR cycles.

Immunocytochemistry
At the end of the treatments, astrocytes were washed twice with Tris-buffered saline (TBS)
and fixed with 100% methanol for 10 min at room temperature. After being rinsed in TBS
containing 50 mM Tris, 150 mM NaCl, pH 7.4, the cells were incubated with TBS
containing 5% normal goat serum and 0.1% Triton X-100 (TGT) for 30 min at room
temperature. Cultures were incubated overnight at 4 °C in TGT containing rabbit anti-NF-
κB (1:250, Santa Cruz Biotechnology). After being rinsed in TBS containing 0.1% Triton
X-100, the cells were incubated for 2 h at room temperature in TGT containing anti-rabbit
IgG–TRITC conjugates (1:200, Santa Cruz Biotechnology). In addition, in separate
experiments, primary or secondary antibodies were omitted to test for the specificity and
possible cross-reaction. To visualize cell nuclei, cells were rinsed and coverslips were
mounted with Vectashield solution containing DAPI. Images were taken with a Nikon
confocal microscope (A1R laser scanning confocal; Melville, NY, USA).

Statistical analysis
All data are expressed as means±SEM relative to controls (standardized to 1). The data were
analyzed by one-way analysis of variance followed by Bonferroni's multiple comparisons
test with statistical significance set at p<0.05. When the overall significance resulted in the
rejection of the null hypothesis (p<0.05), the source of the variance was determined with the
Tukey–Kramer test. All analyses were carried out with GraphPad software (GraphPad
Software, San Diego, CA, USA). Each experiment was carried out in three or more
independently cultured primary astrocyte preparations.
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Results
15d-PGJ2 inhibits the Mn-induced phosphorylation of PI3K/Akt

PI3K/Akt phosphorylation is upstream of NF-κB activation [19] and Mn is known to
activate this pathway [36]. Accordingly, as a first step, we examined whether 15 d-PGJ2
protects against the cytotoxic effects of Mn. LY29004 (20 µM) [33], a specific inhibitor of
PI3K/Akt, was used as a positive control (Fig. 1A). As shown in Fig. 1, Mn treatment (6 h)
readily activated PI3K/Akt (with pAkt levels increasing by approximately fourfold over
control levels, Fig. 1A) and this effect was attenuated by LY29004 (Fig. 1A), as well as 15
d-PGJ2 (Fig. 1B). 15 d-PGJ2 alone did not activate PI3K/Akt, but 2 h pretreatment of
astrocytes with 15 d-PGJ2 before 6 h Mn treatment (total treatment with 15 d-PGJ2 of 8 h)
significantly attenuated Mn-induced activation of PI3K/Akt. As shown in Fig. 1B, 15 d-
PGJ2 significantly blocked PI3K/Akt activation at multiple time points (15, 30, 60, and 120
min) when astrocytes were pretreated for 2 h with 15 d-PGJ2 (Fig. 1B).

15d-PGJ2 inhibits the Mn-induced phosphorylation of IKK
NF-κB mediates cellular responses to stimuli such as oxidative stress and inflammation
[36,37]. Under resting conditions, the NF-κB complex is sequestered in the cytoplasm by a
family of inhibitors, referred to as IκB's. Activation of NF-κB is initiated by signal-induced
degradation of IκB, secondary to the activation of IKK. Accordingly, we tested whether Mn
activates the NF-κB pathway by IKK activation. As shown in Fig. 2A, Mn increased
phosphorylation of IKK, whereas 15 d-PGJ2 almost fully suppressed the Mn-induced
activation of IKK. Consistent with these observations, cytosolic IκB was degraded in
response to Mn treatment (IκB-α subunit measured by Western blotting), and the Mn (500
µM, 6 h)-induced effect on IκB degradation was fully reversed by 2 h pretreatment with 15
d-PGJ2 (Fig. 2B). There was no statistical difference between the control and the Mn–PGJ2
groups with respect to IκB-α protein expression.

15d-PGJ2 suppresses the Mn-induced activation of the NF-κB pathway
Once activated, NF-κB is translocated into the nucleus where it binds to specific response
element consensus sequences, upregulating the transcription of multiple genes, including
interleukin-6 and inducible nitric oxide synthase (iNOS). Accordingly, next we tested if Mn
treatment in astrocytes caused the translocation of cytosolic NF-κB to the nucleus. As
shown in Fig. 3A, Mn (500 µM, 6 h treatment) increased NF-κB p65 protein levels in the
nucleus, and this effect was partially but significantly (p<0.001) reduced by 2 h pretreatment
with 15 d-PGJ2 (10 µM). These results were corroborated by cellular staining (Fig. 3C)
showing that 2 h pretreatment with 15 d-PGJ2 suppressed the Mn-induced nuclear
translocation of NF-κB. Inhibition of the PI3K/Akt pathway with LY29004 (20 µM) only
partially blocked the Mn-induced NF-κB translocation (Fig. 3B), indicating that NF-κB
nuclear translocation is not regulated solely by PI3K/Akt.

15d-PGJ2 regulates Mn-induced Nrf2 activation
Mn increases the nuclear localization of Nrf2 and its subsequent binding to the ARE, leading
to upregulation of heme oxygenase-1 (HO-1) and other genes in PC12 cells [38]. Herein, we
show that Mn treatment significantly (p<0.05) increased astrocytic Nrf2 protein levels by
77.2% in whole-cell lysates (Fig. 4A); 15 d-PGJ2 had an analogous and more potent effect
than Mn alone (p<0.001). Pretreatment (2 h) with 10 µM 15 d-PGJ2 before Mn treatment (6
h), which was in the presence of 15 d-PGJ2, partially suppressed the 15 d-PGJ2-induced
increase in Nrf2 protein expression (p<0.01; Fig. 4A). Inhibition of PI3K/Akt with the
specific inhibitor LY29004 completely blocked the Mn-induced increase in Nrf2 protein
expression in whole-cell lysates (Fig. 4B), indicating that PI3K/Akt activity is required for
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this effect. Next, we tested whether 15 d-PGJ2 modulates the effect of Mn on Nrf2 nuclear
translocation. As shown in Fig. 4C, Mn (500 µM for 2 h) induced a significant (p<0.05)
increase in nuclear Nrf2 protein expression. 15 d-PGJ2 also significantly (p<0.001)
increased Nrf2 accumulation in the nucleus and the effect was more pronounced than that of
Mn treatment alone. Pretreatment (2 h) with 15 d-PGJ2 followed by Mn (2 h) treatment also
increased Nrf2 protein accumulation in the nucleus (p<0.001), but the effect was not
additive. Whereas the 15 d-PGJ2-induced increase in Nrf2 nuclear accumulation was
blocked by 15 min treatment with Mn, this effect was absent upon Mn treatments for ≥30
min. After 30 min treatment, 15 d-PGJ2 potentiated the Mn-induced Nrf2 activation. Nrf2
protein levels in the cytosolic fraction were also analyzed to offer more comprehensive
detail. At the early time points coinciding with Mn- and 15 d-PGJ2-induced increases in
nuclear Nrf2 (p<0.001), cytosolic Nrf2 levels were significantly reduced (Fig. 4C, p<0.05).
However, after 1 h of treatment with 15 d-PGJ2 or Mn, cytosolic Nrf2 proteins levels were
indistinguishable from control levels.

15d-PGJ2 reverses the Mn-induced reduction in DJ-1 expression
Next, we tested whether DJ-1 plays a role in modulating the ability of 15 d-PGJ2 to suppress
the Mn-induced effects (see above). DJ-1 is a 189-amino-acid protein that protects cells
from oxidative stress [39], but the functional basis of this protection is unclear. DJ-1 is
primarily localized in the cytosol and barely detectable in astrocytic mitochondria (Fig. 5A).
Mn (500 µM) treatment suppressed DJ-1 expression in astrocytes, with a significant
decrease at 4 h, in a time-dependent manner (Fig. 5A). Mn (500 µM) significantly decreased
(p<0.001) DJ-1 expression, whereas 15 d-PGJ2 attenuated (p<0.001) the Mn-induced
suppression of DJ-1 (Fig. 5B). 15 d-PGJ2 alone did not significantly reduce DJ-1 levels from
the control level. Mn-reduced DJ-1 mRNA levels were also reversed by 15 d-PGJ2
pretreatment (Fig. 5C). To determine whether the PI3K signaling pathway is involved in the
Mn-reduced DJ-1 expression, astrocytes were pretreated for 1 h before Mn exposure with
LY294002. Inhibition of the PI3K pathway attenuated the Mn-reduced DJ-1 expression (Fig.
5D).

Discussion
In this study, we show for the first time that 15 d-PGJ2 inhibits Mn-induced NF-κB
signaling in rat primary astrocytes by repressing the Mn-induced phosphorylation of IKK.
15 d-PGJ2 also increased astrocytic Nrf2 protein expression in whole lysates as well as its
nuclear translocation. Furthermore, 15 d-PGJ2 reversed the Mn-induced decrease in DJ-1
protein expression. These results indicate that 15 d-PGJ2 effectively protects against Mn-
induced inflammation and oxidative stress in astrocytes.

The mechanism by which 15 d-PGJ2 blocks the Mn-induced inhibition of IKK
phosphorylation and subsequent NF-κB activation has yet to be fully understood. One
potential mechanism is covalent binding of 15 d-PGJ2 to the IKKb cysteine residue
(Cys179); this reduces the Mn-induced degradation of IκB-α [21]. In addition to binding to
IKK, 15 d-PGJ2 may also interact directly with IκB given its ability to bind at the Ser32 site
[40]. This mechanism is involved in various in vivo oxidative stress models in which 15 d-
PGJ2 has been shown to inhibit NF-κB activation by preventing IκB-α degradation [41].
Whereas 15 d-PGJ2 is a ligand for PPARγ, numerous studies, including this one, suggest
that it induces cellular events via PPARγ-independent pathways [23,42]. 15 d-PGJ2 also
seems to target Mn-induced activation of the PI3K/Akt pathway because it significantly
attenuated the Mn-induced phosphorylation of PI3K (Fig. 1). Mn-induced NF-κB activation
could be achieved indirectly by Mn-generated ROS activation of IKK because oxidative
stress is considered a general mechanism for NF-κB activation in astrocytes [36]. In addition
to inhibiting NF-κB activation, 15 d-PGJ2 might afford its protective effect against Mn

Lee et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



toxicity by enhancing Nrf2 protein expression (Fig. 4A). The morphologic change in Mn-
treated astrocytes vs control (Fig. 3C) is probably the result of Mn-induced toxicity, such as
generation of ROS. There were no changes in cell morphology in the 15 d-PGJ2 plus Mn
group or the 15 d-PGJ2 alone group vs controls, consistent with the protective effect of 15 d-
PGJ2. 15 d-PGJ2 is also known to block NF-κB inflammatory processes downstream of 15
d-PGJ2-induced Nrf2 activation [43].

Nrf2 probably plays a role in 15 d-PGJ2-induced inhibition of the NF-κB pathway. It has
been reported that NF-κB antagonizes Nrf2 by depriving Nrf2 of CREB-binding protein
(CBP) [44], indicating that there is cross talk between the NF-κB and the Nrf2 pathways.
When 15 d-PGJ2 increases Nrf2 activation, it would deprive NF-κB p65 of CBP, which is
required for the activation of the NF-κB pathway, thus resulting in the inhibition of NF-κB
activation.

Because Nrf2 induction is an important cellular mechanism for preventing oxidative stress,
we examined the effects of 15 d-PGJ2 on Nrf2 expression [45,46]. Upon exposure to Mn,
multiple antioxidant genes are upregulated [38]. Consistent with this observation, Mn
increased Nrf2 expression (Fig. 4A). Notably, compared with Mn treatment alone, 15 d-
PGJ2 was more effective in increasing astrocytic Nrf2 expression (Fig. 4C); yet, a combined
treatment with both Mn and 15 d-PGJ2 led to reduced astrocytic Nrf2 protein expression
compared with treatment with 15 d-PGJ2 alone. Several cysteine residues on Keap1 are
highly reactive and 15 d-PGJ2 is known to directly alkylate Keap1 without dissociating
Keap1 from Nrf2, preventing the recruitment of Cul3 ligase and Nrf2 degradation. Keap1
dissociation from Nrf2, in turn, leads to the upregulation of the Nrf2 pathway [47]. A
potential mechanism for the seemingly unexpected inhibition by Mn of 15 d-PGJ2-induced
Nrf2 activation is that Mn itself can increase Nrf2 expression (Fig. 4A), yet it concomitantly
inhibits the covalent binding of 15 d-PGJ2 to Keap1, thus overall attenuating astrocytic Nrf2
activation in the presence of both compounds. Ultimately, concomitant treatment with 15 d-
PGJ2 and Mn would potentiate Mn-induced Nrf2 activation, thus strengthening protection
against Mn-induced cytotoxicity.

However, a temporal factor must be associated with this effect. The only significant time
point at which this antagonism was apparent was the 15-min treatment time point. Notably,
Mn antagonism of the PGJ2 effect is absent at 30, 60, and 120 min. The reason for the
difference between the 15-min treatment and the other time points remains unclear. One
possibility for such discrepancy is that PGJ2 at 30 min causes a maximal activation of Nrf2,
such that a ceiling effect is reached, with Mn failing to further potentiate Nrf2 activation.

15 d-PGJ2-induced Nrf2 activation has been shown to modulate multiple cellular functions.
It contributes to cytoprotection against oxidative stress by regulating ARE-dependent gene
expression [48–50] and against inflammatory processes by activating macrophages [43]. 15
d-PGJ2-induced Nrf2 activation also induces Nrf2-dependent HO-1 and peroxiredoxin 1
expression, which in turn, inhibits inflammatory cytokine TNF-α expression [43].

Mn-induced reduction of DJ-1 expression may represent an alternative pathway by which
Mn attenuates the 15 d-PGJ2 induction of Nrf2 protein expression. DJ-1 is known to be a
positive regulator of Nrf2 [31]. DJ-1 stabilizes the Nrf2 protein by impairing Keap1-
dependent proteasomal degradation of Nrf2 [51]. Our results showed that Mn reduces
astrocytic DJ-1 protein as well as mRNA expression, which was readily reversed by 15 d-
PGJ2 (Figs. 5B and C). DJ-1 functions as a redox sensitive molecular chaperone [52] and its
overexpression protects against oxidative stress-induced toxicity. Conversely, attenuated
DJ-1 levels render cells more susceptible to oxidative injury [30]. Because under basal
conditions DJ-1 is predominantly localized within the cytosol (Fig. 5A), it might be
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overexpressed in mitochondria upon stimulation, secondary to oxidative stress, representing
a protective mechanism [53]. Indeed, the same authors have localized DJ-1 within both the
mitochondrial matrix and the intermembrane space [54], where it maintains mitochondrial
integrity and affords protection from oxidant damage [55]. The significant decrease in DJ-1
protein expression upon Mn treatment (Fig. 5) is consistent with the propensity of Mn to
preferentially accumulate within mitochondria [56,57]. DJ-1 is also required for Nrf2
activation and its consequent binding to the nuclear ARE and upregulation of antioxidant
genes [51]. The PI3K pathway is involved in Mn-induced suppression of DJ-1 because the
PI3K pathway inhibitor (LY294002) abolished Mn's effect on DJ-1 suppression. Notably,
the reduced DJ-1 protein expression in Mn-treated astrocytes is consistent with observations
of increased ROS levels upon treatment with this metal [38]. Mn activates the PI3K pathway
in various cell types, including microglia [59], thus modulating a diverse array of cellular
functions. For example, in microglia, Mn induces iNOS by the PI3K pathway. Mn induces
oxidative stress, which in turn causes cleavage of DJ-1 [60]. Thus, Mn-induced oxidative
stress and the ensuing decrease in DJ-1 expression may be mediated by activation of the
PI3K pathway.

The 15 d-PGJ2-induced activation of the Nrf2 pathway in astrocytes may play a central role
in mediating neuroprotective effects. For example, Nrf2-mediated neuronal protection
against MPTP correlates with astrocytic Nrf2 activation [58]. Moreover, expression of
astrocytic Nrf2 suppresses microglial function, suggesting that microglial activation and the
ensuing neuroinflammation is secondary to astrocyte dysfunction [58].

Taken together, results presented herein suggest that 15 d-PGJ2 protects against Mn-induced
cellular toxicity via multiple pathways in astrocytes (as diagrammed in Fig. 6). 15 d-PGJ2
inhibits PI3K/Akt activation (Fig. 1), which is associated with NF-κB activation, promoting
cell survival. 15 d-PGJ2 also suppresses NF-κB activation by blocking Mn-induced
phosphorylation of IKK (Fig. 2). 15 d-PGJ2-induced Nrf2 activation (Fig. 4) and the
resulting transcriptional upregulation of antioxidant-related genes represents an additional
important mechanism in conferring a measure of cytoprotection. Given that DJ-1 is
necessary for transcriptional function and stability of Nrf2, a further mechanism of
neuroprotection, including the PI3K pathway, invokes the ability of 15 d-PGJ2 to reverse the
Mn-induced reduction in DJ-1 expression (Fig. 5).

Mn preferentially accumulates in astrocytes, where it causes inflammation as well as PI3K/
Akt and NF-κB activation [36]. Although 15 d-PGJ2 did not completely abolish the Mn-
induced inflammatory effects via the aforementioned pathways, indicating there might be
other pathways involved, it effectively afforded significant protection against Mn toxicity.
The efficacy of 15 d-PGJ2 in attenuating Mn-induced neurotoxicity is noteworthy as it
affords a putative target for mediating neuroprotection. Various mechanisms including Nrf2,
NF-κB, DJ-1, and PI3K appear to be involved in Mn-induced neurotoxicity and the
protective effect by 15 d-PGJ2 (Fig. 6). Our results suggest that 15 d-PGJ2 could be targeted
as a novel therapeutic modality to protect against neurotoxicity in a plethora of other
neurotoxic and/or neurodegenerative disorders. Our findings are limited by the lack of dose–
response and acute vs chronic exposure assays and a relatively high in vitro dose (500 µM).
Nevertheless, they form the basis for additional experimentation in vivo to shed further
information on the potential for PGJ2 to afford neuroprotection. Future studies should be
carried out in animal models of neurodegeneration to further characterize 15 d-PGJ2's
efficacy in attenuating ROS generation and inflammation.
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Fig. 1.
15d-PGJ2 inhibits the Mn-induced activation of the PI3K/Akt pathway in astrocytes.
Astrocytes were pretreated with LY290047 (20 µM) for 1 h before treatment with Mn (500
µM). (A) Mn increased phosphorylation of Akt; LY20094, an inhibitor of this pathway,
blocked the Mn-induced activation of pAkt. Mn increased the phosphorylation of Akt within
as little as 15 min of treatment. (B) 2 h pretreatment with 15 d-PGJ2 (10 µM) before Mn
(500 µM) treatment blocked the Mn-induced activation of Akt at multiple time points. Data
are means±SEM (n=4). ***p<0.001 compared to the controls; ##p<0.01, ###p<0.001
compared to the matched groups; @@@p<0.001.
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Fig. 2.
15d-PGJ2 inhibits Mn-induced (A) activation of pIKKα/β (phosphorylation of IKK) and (B)
IκB degradation in astrocytes. Astrocytes were pretreated for 1 h with 15 d-PGJ2 (10 µM)
before 15 min treatment with Mn (500 µM). Cytosolic fractions were immunoblotted for
pIKK (86 kDa) (A) and IκB-α (38 kDa) (B). Data are means±SEM (n=4). *p<0.05
compared to the controls, ##p<0.01, ###p<0.001 compared to the matched
groups; ***p<0.01, @@@p<0.01 . NS, not significant.
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Fig. 3.
15d-PGJ2 reduces Mn-induced activation of NF-κB in astrocytes. NF-κB expression was
examined by the detection of the p65 subunit. Astrocytes were pretreated for 2 h with (A) 15
d-PGJ2 (10 µM) or (B) LY29004 (20 µM) before treatment with Mn (500 µM) for 6 h.
Nuclear fractions were immunoblotted for the NF-κB p65 subunit. (C) Intracellular
localization of NF-κB was examined by the detection of p65 with immunocytochemistry
upon treatment with Mn, 15 d-PGJ2, or 15d-PGJ2 plus Mn for the indicated incubation time
periods. Data are means±SEM (n=4) (A, B). Imaging sections are representative of six
examined sections. ***p<0.001 compared to the controls, #p<0.05, ###p<0.001 compared to
the matched groups, @@@p<0.01.
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Fig. 4.
15d-PGJ2 increases Mn-induced Nrf2 expression in astrocytes. Astrocytes were pretreated
with (A) 15 d-PGJ2 (10 µM) for 2 h or (B) LY29004 (20 µM) for 1 h before treatment with
Mn (500 µM) for 6 h, followed by Western blot analysis. (C) Time course of Nrf2 protein
expression. Astrocytes were pretreated for 2 h with 15 d-PGJ2 (10 µM) before treatment
with Mn (500 µM; several time points, up to 120 min). Nuclear and cytosolic fractions were
probed for Nrf2 proteins by Western blot analysis. Data are means±SEM
(n=4). *p<0.05, ***p<0.001 compared to the controls; ##p<0.01, ###p<0.001 compared to the
matched groups; ^p<0.05, ^^^p<0.001; •••p<0.001; @p<0.05, @@@p<0.01.
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Fig. 5.
15d-PGJ2 attenuates Mn-induced inhibition of DJ-1 expression in astrocytes. (A) Top:
astrocyte lysates were fractionated into nuclear, cytosolic, and mitochondrial fractions.
Bottom: astrocytes were incubated with Mn (500 µM) for various times to analyze DJ-1
protein levels. (B, C) Astrocytes were pretreated for 2 h with 15 d-PGJ2 (10 µM) before Mn
(500 µM) exposure for 6 h, followed by (B) Western blot or (C) RT-PCR analyses. (D)
Astrocytes were also pretreated for 1 h with LY294002 (20 µM) before Mn (500 µM)
exposure for 6 h. Data are means±SEM (B, n=4). ***p<0.001 compared to the
controls; ###p<0.001 compared to the matched groups; @@p<0.01.
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Fig. 6.
Proposed mechanisms for 15 d-PGJ2 modulation of Mn-induced cytotoxicity. 15 d-PGJ2
modulates several cellular pathways in response to Mn treatment: it inhibits PI3K/Akt
activation, suppresses NF-κB activation by blocking the phosphorylation of IKK, enhances
Nrf2 activation in response to Mn-induced oxidative stress, and reverses the Mn-induced
attenuation of DJ-1 expression.
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