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Abstract

Multiple studies demonstrate that manganese (Mn) exposure potentiates inflammatory mediator
output from activated glia; this increased output is associated with enhanced mitogen activated
protein kinase (MAPK: p38, ERK, and JNK) activity. We hypothesized that Mn activates MAPK
by activating the kinases upstream of MAPK, i.e., MKK-3/6, MKK-1/2, and MKK-4 (responsible
for activation of p38, ERK, and JNK, respectively), and/or by inhibiting a major phosphatase
responsible for MAPK inactivation, MKP-1. Exposure of N9 microglia to Mn (250uM), LPS (100
ng/ml), or Mn+LPS increased MKK-3/6 and MKK-4 activity at 1 h; the effect of Mn+LPS on
MKK-4 activation was greater than the rest. At 4 h, Mn, LPS, and Mn+LPS increased MKK-3/6
and MKK-1/2 phosphorylation, whereas MKK-4 was activated only by Mn and Mn+LPS. Besides
activating MKK-4 via Ser257/Thr261 phosphorylation, Mn (4 h) prevented MKK-4’s
phosphorylation on Ser80, which negatively regulates MKK-4 activity. Exposure to Mn or Mn
+LPS (1 h) decreased both mRNA and protein expression of MKP-1, the negative MAPK
regulator. In addition, we observed that at 4 h, but not at 1 h, a time point coinciding with
increased MAPK activity, Mn+LPS markedly increased TNF-a., IL-6, and Cox-2 mRNA,
suggesting a delayed effect. The fact that all three major groups of MKKs, MKK-1/2, MKK-3/6,
and MKK-4 are activated by Mn suggests that Mn-induced activation of MAPK occurs via
traditional mechanisms, which perhaps involve the MAPKSs farthest upstream, MKKKs
(MAP3KS). In addition, for all MKKSs, Mn-induced activation was persistent at least for 4 h,
indicating a long-term effect.
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Introduction

Manganese (Mn) is an essential metal and a common environmental contaminant. Besides
mining operations, Mn is found in alloys, fertilizers, batteries, certain fungicides, and as a
component of the fuel additive methylcyclopentdienyl manganese tricarbonyl (MMT;
Aschner 2000; Aschner et al., 2007). Excessive exposure to Mn is of human health concern,
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since in certain occupational settings Mn causes specific basal ganglia parkinsonism,
manganism (Aschner 2000; Aschner et al., 2007; Calne et al., 1994; Huang et al., 2007;
Meco et al., 1994). Mn is thought to exert its effects, at least partially, by disrupting
neuronal mitochondrial respiration, leading to increased oxidative stress and cell death
(Gavin et al., 1999).

Besides direct effect on neuronal cells, Mn neurotoxicity appears to involve activation of
glia. For example, astrocytes accumulate Mn and may produce reactive oxygen species
(ROS) and other substances that are damaging to neurons (Aschner 2000; Hazell 2002).
Importantly, it has been demonstrated that glial cells (microglia and/or astrocytes) may
produce inflammatory mediators that could be involved in the mechanisms of Mn
neurotoxicity (Barhoumi et al., 2004; Chang and Liu 1999; Chen et al., 2006; Crittenden
and Filipov 2008; Filipov et al., 2005; Spranger et al., 1998; Zhang et al., 2010). Due to its
inflammation-enhancing effects, the role of inflammation in Mn neurotoxicity appears to be
particularly relevant when an additional inflammatory stimulus, such as lipopolysaccharide
(LPS), is present (Chang and Liu 1999; Crittenden and Filipov 2008; Filipov et al., 2005;
Spranger et al., 1998; Zhang et al., 2010).

LPS is a known environmental contaminant (Niehaus and Lange 2003) and model
inflammagen due to its ability to stimulate inflammatory cells to produce cytokines, nitric
oxide (NO), and ROS (Chao et al., 1992; Chen et al., 2002; Jeohn et al., 2002). Binding of
LPS to CD14 and Toll-like receptor-4 (TLR4) cell surface receptors leads to the activation
of intracellular kinases, including the mitogen activated protein kinases (MAPK; Bhat et al.,
1998; Jeohn et al., 2002). The MAPK family of proteins is comprised of a series of kinases,
beginning with the MAP kinase kinase kinases (i.e. TAK1, ASK1) that phosphorylate MAP
kinase kinase (i.e. MKK-1, -2, -3, -4, -6), which subsequently phosphorylate MAPK. This
MAPK cascade culminates in the activation of one or more MAPK, including the
extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and the p38
MAPK (p38; Koistinaho and Koistinaho 2002). MAPK deactivation is dependent on the
actions of dual specificity phosphatases, primarily the MAP kinase phosphatase-1 (MKP-1)
in the case of p38 and ERK (Kaoistinaho and Koistinaho 2002; Lang et al., 2006; Wang and
Liu 2007). In the case of INK, besides action of phosphatases, its deactivation occurs via
specific phosphorylation of its primary MKK, MKK-4, on Ser 80 (Park et al., 2002).

In primary microglia and microglial cell lines, LPS increases the phosphorylation of ERK,
JNK, and p38, and it also increases the expression of iNOS and TNF-a in a time- and dose-
dependent manner (Bhat et al., 1998; Lee et al., 1994; Lee et al., 1993). Of note, LPS-
induced, p38-dependent, increases in NO and TNF-a by microglia have been shown to
decrease neuronal survivability in neuronal-glial co-culture (Jeohn et al., 2002).

Within the context of Mn neurotoxicity, exposure to Mn potentiates LPS-induced production
of microglial inflammatory cytokines (TNF-a & IL-6) and NO in vitro (Crittenden and
Filipov 2008; Filipov et al., 2005). In addition, Mn also potentiates Cox-2 expression and
ensuing prostaglandin production by inflammagen-activated mixed glial cells (Liao et al.,
2007). Potentiating effect of Mn on microglial TNF-o & IL-6 production involves the
activation of NF-kB and p38, as inhibitors of NF-kB or p38 were able to prevent it
(Crittenden and Filipov 2008; Filipov et al., 2005). Besides p38, Mn has been reported to
either activate by itself and/or to potentiate the activation of the other two major MAPKS,
ERK and JNK, in glial cells stimulated with inflammagens and/or inflammatory cytokines in
vitro (Bae et al., 2006; Chen et al., 2006; Moreno et al., 2008; Zhang et al., 2007).

Whether the potentiating effects of Mn on cytokine production (and other inflammatory
molecules) are at the level of transcription, and the temporal relationship with MAPK

J Appl Toxicol. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crittenden and Filipov Page 3

activation, is unknown at present. Moreover, the mechanism(s) of prolonged p38 activation
in the presence of Mn (Crittenden and Filipov 2008) and the activation of the other MAPKs
by Mn is/are not understood. It may be that Mn enhances, or extends, the activation of the
MKKSs responsible for the activation of p38, ERK, and JNK, which primarily are MKK-3/6,
MKK-1/2, and MKK-4, respectively (Enslen et al., 1998). However, cross-activation at the
level of MKKSs may occur, i.e., MKK-1/2 (Meja et al., 2000) and MKK-4 (Derijard et al.,
1995) may also activate p38. Alternatively, Mn exposure may cause decreased expression of
MKP-1, the dual-specificity phosphatase (DUSP) responsible for dephosphorylating p38 and
ERK, which may lead to prolonged MAPK activation (Hammer et al., 2005; Lang et al.,
2006; Wang and Liu 2007). In the case of JNK, Mn exposure may modulate the
phosphorylation status of MKK-4 on Ser 80, which deactivates this MKK (Park et al.,
2002).

Because of the increasing importance of MAPK activation by Mn for its toxic action, this
study sought to explore the mechanism(s) of MAPK activation by Mn in glial cells as the
exact mechanism of MAPK activation by Mn has not been studied before. In particular, we
examined effects of Mn exposure in resting and LPS-activated microglia on the major
MKKs responsible for activating MAPKs, MKK-1/2, MKK-4, and MKK-3/6. Additional
objective was to determine whether Mn has an effect on the major phosphatase responsible
for deactivating p38 and ERK, MKP-1. A final goal of this study was to evaluate the time-
course of the expression of certain inflammatory mediators (e.g. TNF-a., IL-6, and Cox-2)
in Mn-exposed activated microglia in order to determine whether the potentiating effect of
Mn is at the transcription level and whether enhanced mRNA for TNF-a., IL-6, and Cox-2
by Mn coincides temporally with the activation of the MAPK pathway (e.g., p38; Crittenden
and Filipov 2008).

Materials and Methods

Chemicals

Cell Culture

Unless specified, all chemicals and reagents were purchased from Sigma-Aldrich (Sigma;
St. Louis, MO) and endotoxin-free MnCl, with purity >99% was used.

The N9 mouse microglial cell line (Righi et al., 1989) was a gift kindly provided by Dr. P.
Ricciardi-Castagnoli (University of Milan, Italy) and is similar to primary microglia and
other cell lines, i.e. BV-2, N13, in that it produces inflammatory cytokines, such as IL-1p ,
IL-6, and TNF-a, as well as NO when activated by inflammagens, such as LPS (Han et al.,
2007; Heyen et al., 2000; Righi et al., 1989).

The cultures were maintained (5% CO,, 95% air, at 37°C) in RPMI-1640 supplemented
with 10% FBS (low endotoxin, < 25 EU/mI; Hyclone, Logan UT), 0.075% sodium
bicarbonate, 1 mM sodium pyruvate, 1 mM non-essential amino acids, 2 mM L-glutamine,
50 uM 2-mercaptoethanol, 25 pg/ml gentamycin, 100 U/ml penicillin G, and 100 mg/ml
streptomycin (all from Invitrogen, Carlsbad, CA). For real-time quantitative PCR (qPCR)
and western blot protein analysis, cells were seeded at 2.5 x 106 cells/well (5 ml volume) in
6-well plates (Costar). Cells were incubated for up to 4 h in the presence of Mn (250 uM)
and/or LPS (Escherichia coli 0111: B4; 100 ng/ml) in complete (10% FBS) media.

Detailed dose justification for Mn and LPS is provided in Filipov et al. (2005) and
Crittenden and Filipov (2008). Briefly, the concentrations of Mn used here were selected to
be non-cytotoxic in this cell line (Filipov et al., 2005), to be in line with numerous other in
vitro studies where levels of Mn (Mn2*) range from 10 uM to 4 mM with the most typical
exposure range (for cultures up to 48 h) being 100 to 500 uM (Li et al., 2005; Malthankar et
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al., 2004), and, importantly, to be representative of Mn levels found in brains of non-human
primates following exposure to Mn for 3 months (ranging from 35 to 350 uM; (Suzuki et al.,
1975), as well as of basal ganglia Mn levels observed in autopsied brains of patients with
cirrhosis, who have inability to eliminate Mn efficiently (YYase 1972). The concentration of
LPS we have used in the present study (100 ng/ml) is relatively low in this cell line and we
have already reported that when greater amounts of LPS are present in the culture medium,
less Mn is required for a potentiating effect on cytokine production to be observed (Filipov
et al., 2005).

Dexamethasone (Dex) was used as a positive control for MKP-1, as Dex has been shown to
induce MKP-1 and to enhance the LPS-induced expression of MKP-1 (Zhou et al., 2007).

Immunoblot analysis of MKKs and MKP-1

After incubation for 1 and 4 h, cells were removed from the culture wells via scraping and
the cell suspensions were centrifuged (300x g; 10 min; 4°C). Following centrifugation, the
supernatants were discarded and the cell pellets were lysed in 100ul of RIPA (modified
radioimmuno-precipitation) lysis buffer (1x PBS, 1% Igepal, 0.5% sodium deoxycholate,
0.1% SDS) containing PMSF (Sigma), protease and phosphatase inhibitors (Protease
Inhibitor Cocktail, Sigma, and Halt Phosphatase Inhibitor Cocktail, Pierce [Rockford, IL],
respectively). Protein concentration in the cell lysates was determined using the Bradford
method with reagents obtained from Bio-Rad (Hercules, CA) and with bovine serum
albumin (BSA) as a standard. Aliquots of each sample were diluted in reducing sample
buffer and heat denatured for 5 min at 95 oC. Twenty micrograms of total protein
(MKK-3/6, MKK-1/2, MKK-4, and a-tubulin), or 50 ug (MKP-1) was loaded, separated on
a 10% SDS-PAGE gel, and transferred to a PVDF membrane (Immunolon-P, Millipore
Corp., Billerica, MA). The membranes were blocked in 5% milk (MKK-3/6, MKP-1, and a-
tubulin; 1 h at RT), or 5% BSA (MKK-1/2 and MKK-4, 1 h at 4°C) and then incubated
overnight at 4°C with rabbit antibodies specific for the (i) non-phosphorylated (1:1000) and
phosphorylated (Ser 189; 1:500) MKK-3/6 (Santa Cruz Biotechnology, Santa Cruz, CA), (ii)
non-phosphorylated (1:1000) and phosphorylated (Ser 218/Ser 222; 1:500; Santa Cruz)
MKK-1/2, (iii) non-phosphorylated (1:1000; Cell Signaling) and phosphorylated (Ser 257/
Thr 261; 1:1000, R&D Systems, Minneapolis, MN, or Ser 80; 1:500, Santa Cruz) MKK-4,
(iv) MKP-1 (1:500; Santa Cruz), and (v) a-tubulin (1:1000, Santa Cruz) . Following a wash
(3x), the membranes were probed with goat anti-rabbit-HRP secondary antibodies
(1:10,000-50,000, Bio-Rad). Next, the blots were exposed to Super Signal West Pico
chemiluminescent substrate (Pierce) for 5 min and then either exposed to x-ray film, or
placed in a ChemiDoc XRS HQ (Bio-Rad) imaging apparatus. Band density was analyzed
using the UNSCAN-IT (Silk Scientific Inc., Orem, UH).

Real-time quantitative PCR (qPCR) analysis of MKP-1, IL-6, TNF-a , and Cox-2

Total RNA was isolated, including the recommended DNase treatment step, using the
RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified with a NanoDrop
Spectrophotometer ND-1000 (NanoDrop Technologies). One ug of total RNA was used to
synthesize the first strand cDNA with the RT2 PCR Array First Strand Kit (SA Biosciences,
Frederick, MD). Using 10 ng starting RNA per sample, expression of TNF-a, IL-6, Cox-2,
and MKP-1 was determined by gPCR using mouse-specific, certified primers (SA
Biosciences). Reaction mixtures were assembled in optically-clear 96-well plates using the
RT-PCR SYBR Green Master Mix (SA Biosciences). Amplifications were performed in an
iCycler iQ (Bio-Rad) programmed for an initial step of 30 min at 50 °C and 10 min at 95 °C,
followed by 40 cycles at 95 °C for 15 s and 1 min at 60 °C. To check the quality of the
products, the melting curve program was run after the above cycling program. The
expression of GAPDH, which was verified of not being affected by vehicle/Mn/LPS
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treatment, was used as a house-keeping gene for all samples. Data were analyzed using the
A ACt method and are presented as relative induction (fold changes) of MKP-1,
inflammatory cytokine, or Cox-2 normalized to GAPDH.

Statistical Analysis

Data were analyzed using analysis of variance (ANOVA). When statistical differences were
detected (p < 0.05), treatment means were separated by the Fisher’s LSD post hoc test. All
data are presented as means + S.E.M.

Results

Immunoblot analysis of MKKs

To determine the source of the enhanced/prolonged p38 activation observed in the presence
of Mn (Crittenden and Filipov 2008), we first examined the induction of the major MKK
upstream of p38, MKK-3/6. Following exposure to Mn (250 uM) with and without LPS
(100 ng/ml) for up to 4 h, levels of non-phosphorylated MKK-3/6 did not change in
response to Mn and/or LPS exposure (Figure 1). However, induction of MKK-3/6
phosphorylation was observed at 1 h post exposure to Mn, LPS, or Mn+LPS (p < 0.05;
Figure 1A). This effect persisted through the 4 h time point for all three treatment groups,
which were significantly higher than control values (p < 0.05) but not significantly different
from each other (p > 0.3; Figure 1B).

Next, we examined the induction of MKK-1/2, the major MKK upstream of ERK, which
also activates p38. Similar to MKK-3/6, levels of non-phosphorylated MKK-1/2 were not
affected by any of the treatments at either time point (Figure 2). At 1 and 4 h, exposure to
LPS or Mn+LPS increased pMKK-1/2 levels substantially (p < 0.05; Figure 2). Mn alone
did not cause appreciable phosphorylation of MKK-1/2 at the 1 h time point, but it did so at
4 h (Figure 2).

We also examined the phosphorylation status of MKK-4, the major MKK upstream of JNK,
which also activates p38. In the case of MKK-4, phosphorylation on Ser 257/Thr 261 leads
to activation, whereas phosphorylation on Ser 80, leads to deactivation (Park et al., 2002).
Exposure to Mn and/or LPS for 1 or 4 h, nor did it change the expression levels of the non-
phospho MKK-4 (Figures 3 and 4). However, at 1 h, Mn, LPS, and the combination of Mn
+LPS significantly increased the phosphorylation of MKK-4 on Ser 257/Thr 261, with the
effect of Mn+LPS being significantly (p < 0.05) greater than the effect of Mn or LPS. At 4
h, microglia exposed to Mn or Mn+LPS had MKK-4 activity still increased (p < 0.05),
whereas the effect of LPS was no longer apparent (Figure 4B). After 1 h exposure, LPS and
Mn+LPS induced phosphorylation of MKK-4 on Ser80 (p < 0.05), whereas Mn alone was
ineffective (Figure 5A). Interestingly, at 4 h Ser 80 phosphorylation of MKK-4 was only
observed in cells exposed to LPS (p < 0.05), whereas Mn and Mn+LPS treated cells did not
differ in their Ser 80 phosphorylation status on MKK-4 from that of control cells (Figure
5B).

Immunoblot and qPCR analyses of MKP-1

Based on published observations in primary microglia (Zhou et al., 2007), Dex was used as
a positive MKP-1 control; similar to primary microglia, Dex+LPS, increased the MKP-1
protein and mRNA levels at1 h in N9 microglia more than any of the other treatments (data
not shown). At 1 h, MKP-1 protein levels were increased only in LPS-treated cells (p <
0.05; Figure 5A). Interestingly, MKP-1 protein levels in cells exposed to Mn were decreased
(p < 0.05) relative to controls and a similar decrease was observed in Mn+LPS exposed cells
relative to cells exposed to LPS alone (Figure 5A).
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Similar to the MKP-1 protein levels, decreased expression of MKP-1 mRNA was observed
for Mn exposed cells at 1 h (p < 0.05; Figure 5B). Although Mn+LPS increased the overall
expression of MKP-1, the effect was less than the effect of LPS alone (p < 0.05; Figure 5B).
Again, the decrease in MKP-1 mRNA expression (almost 2-fold) was similar for Mn and
Mn+LPS, in comparison to their respective controls (vehicle and LPS; Figure 5B).

gPCR analysis of TNF-a, IL-6, and Cox-2

To examine the temporal expression of the inflammatory cytokines TNF-o and IL-6, as well
as Cox-2, we quantified TNF-a , IL-6, and Cox-2 mRNA at 1 and 4 h post exposure to Mn
and/or LPS. Two hundred and fifty uM Mn did not affect TNF-a mRNA at either time point
(Figures 6A and 6B). Exposure to 100 ng/ml LPS on the other hand, significantly (p < 0.05)
increased TNF-o. mRNA about 100-fold at 1 h; this effect diminished by 4 h (Figures 6A
and 6B). Similar to the effect observed with LPS alone, Mn+LPS significantly (p < 0.05)
increased TNF-o. mRNA at 1 h, with the effect of Mn+LPS on TNF-a expression being
moderately greater than the effect of LPS alone (Figure 6A). While the LPS effect
diminished substantially by 4 h, the Mn+LPS persisted, thus allowing for much greater
TNF-a mRNA fold increase at 4 h in the cells exposed to Mn+LPS (p < 0.05; Figure 6B).

In accord with the TNF-o. mRNA data, LPS significantly increased expression of IL-6
mRNA at 1 hand 4 h ((p < 0.05; Figures 6C and 6D). Similar to TNF-a , no effect on IL-6
MRNA expression was observed following exposure to Mn alone (Figures 6C and 6D).
Interestingly, although Mn+LPS increased IL-6 expression at 1 h, this effect was not greater
than the effect of LPS alone (Figure 6C). However, similar to TNF-a , the expression of
IL-6 mRNA in cells exposed to Mn+LPS increased over time from 1 to 4 h, almost 10-fold
(Figure 6D). This effect was specific for Mn+LPS, as IL-6 mRNA in LPS-exposed cells,
although significantly greater than vehicle, did not increase between the 1 and 4 h time
points (Figures 6C and 6D).

As recent data have suggested that non-cytokine inflammatory molecules, such as
prostaglandin E-2 (PGE2), may be important in Mn-induced inflammation (Liao et al.,
2007), we quantified Cox-2 mRNA in the presence of Mn and/or LPS at 1 and 4 h. Although
exposure to LPS or Mn+LPS increased (p < 0.05) the expression of COX-2 mRNA by 20-
fold at 1 h, the effect of Mn in combination with LPS was not greater than LPS alone
(Figure 6E). However, similar to TNF-a and IL-6, by the 4 h time point, Mn+LPS exposure
had increased Cox-2 mRNA even further to 30-fold. In contrast, the LPS-induced increase in
Cox-2 mRNA, although still present, was only 11-fold, which was significantly (p < 0.05)
less that the increase caused by Mn+LPS (Figure 6F).

Discussion

Previous research has demonstrated that Mn exposure, in combination with an inflammagen,
can increase the production of INOS/NO (Barhoumi et al., 2004; Chang and Liu 1999; Chen
et al., 2006; Filipov et al., 2005), PGE2 (Liao et al., 2007), as well of the inflammatory
cytokines TNF-a (Chen et al., 2006; Filipov et al., 2005; Zhang et al., 2010), IL-1B (Zhang
etal., 2010), and IL-6 (Filipov et al., 2005) by glial cells. Although Mn alone increases
ROS, i.e., hydrogen peroxide, production in microglia (Zhang et al., 2007), its ability to
induce cytokine production is very limited, suggesting that prior/ongoing microglial
activation is necessary for Mn-potentiation of, at least, TNF-o., IL-1p and IL-6, to be
observed (Filipov et al., 2005; Zhang et al., 2010).

The cause of the Mn-induced potentiation is not understood. However, several potential
mechanisms have been explored. In earlier studies, the effects of Mn on the production of
inflammatory molecules by activated glia was shown to involve the activation of the
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transcription factor NF-xB (Barhoumi et al., 2004; Chen et al., 2006; Filipov et al., 2005).
Additionally, Mn activates either by itself or in conjunction with an inflammagen, the three
major MAPKSs, ERK, p38, and JNK, in glial cells (Bae et al., 2006; Chen et al., 2006;
Crittenden and Filipov 2008; Moreno et al., 2008; Zhang et al., 2007). Of these, the
activation of p38 appears to be long-lasting (Crittenden and Filipov 2008).

In our current study, we examined key signaling molecules that may be responsible for the
Mn-caused MAPK activation. The upstream MKKs, MKK-3 and -6, can activate p38,
leading to the production of inflammatory mediators (Fujishiro et al., 2001; Igarashi et al.,
2000). However, based on our results, the enhanced and prolonged p38 activation observed
in Mn-exposed, LPS-stimulated N9 microglia (Crittenden and Filipov 2008) does not appear
to be solely driven by enhanced MKK-3/6 activation. Indeed, at both time points examined
in our study, the combination of Mn+LPS was no more effective than LPS alone in inducing
MKK-3/6 phosphorylation. On the other hand, Mn by itself did increase MKK-3/6 activity
indicating that Mn is capable of activating p38 through MKK-3/6. In addition, in contrast to
the still ongoing activation of p38 in cells exposed to Mn or Mn+LPS, p38 activation by
LPS alone at 4 h had already subsided (Crittenden and Filipov 2008), suggesting that factors
other than MKK-3/6 are involved.

Another possible explanation for increased and/or prolonged p38 phosphorylation caused by
Mn exposure which we investigated in this study is decreased activity of the phosphatase
MKP-1 which is responsible for deactivating p38 and ERK. The DUSPs, particularly
MKP-1, are important regulators of the innate immune responses. Overexpression of MKP-1
in macrophages has been shown to inhibit phosphorylation of MAPK and production of
inflammatory cytokines (Chen et al., 2002; Shepherd et al., 2004; Zhao et al., 2005).
Conversely, reduced expression of MKP-1 results in increased production of the
inflammatory cytokines TNF-a and IL-6 (Chi et al., 2006; Hammer et al., 2006). This
observation is in line with our current findings which demonstrate that exposure to Mn for 1
h leads to reduced expression of MKP-1 protein. As TLR signaling not only promotes the
expression of MKP-1 mRNA, but also prolongs the half-life of the transcript, it was
necessary to examine both protein and mRNA expression in the presence of Mn (Hammer et
al., 2005). We observed that MKP-1 mRNA was inhibited by Mn. Likewise, compared to
the LPS alone treatment, the decreased MKP-1 following exposure to Mn+LPS was of the
same magnitude as the decrease caused by the Mn-only treatment (as compared to vehicle
control), suggesting that the reduction in MKP-1 mRNA and protein expression could
contribute to the prolonged p38 activation, as we have reported (Crittenden and Filipov
2008). However, Mn alone does not increase 1L-6 and TNF-a (Filipov et al., 2005). Thus,
these data corroborate our previous findings where Mn alone increased p38 activity, but did
not increase 1L-6 and TNF-a cytokine production and further highlight the fact that
persistent increase of p38 by Mn is necessary, but not sufficient, for the increased cytokine
production previously observed (Crittenden and Filipov 2008). It is also interesting to note
that while kinases control primarily the degree of MAPK pathways activation, the
phosphatases, such as MKP-1, control both degree and duration of activation (Hornberg et
al., 2005; Junttila et al., 2008).

MKK-4, the MKK upstream of JNK, was activated by Mn, LPS and Mn+LPS, with the
effect of the combined exposure being greater than the rest at 1 h. Interestingly, LPS effect
on MKK-4 activation had subsided by 4 h, whereas the effect of Mn and Mn+LPS was still
present, suggesting that activation of JNK in glial cells exposed to Mn (Bae et al., 2006;
Chen et al., 2006) occurs via activation of its upstream MKK, MKK-4 via phosphorylation
of Ser 257/Thr 261. Our data also hints that of the three major MAPKSs, in microglia, INK
activation by inflammagens, such as LPS, is the most likely to be potentiated by Mn
especially at early time points. Thus, microglial INK activation may at least partly
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responsible for the increased inflammatory mediator output and corresponding enhanced
neurotoxicity as reported for dopaminergic neurons (Zhang et al., 2010). Mechanistically,
MKK-4 is an interesting MKK in that its activity is inhibited by a specific phosphorylation
at Ser 80 (Park et al., 2002). Ser 80 phosphorylation on MKK-4 is done by the protein
serine-threonine kinase Akt (Park et al., 2002), which is induced by inflammagens, such as
LPS, as a normal way of feedback regulation of the pathway. Our data suggest that, as
expected, LPS increased MKK-4 phosphorylation on Ser 80; this phosphorylation persisted
through 4 h. Presence of Mn, however, eliminated LPS effects at 4 h in cultures treated with
Mn+LPS and it also numerically decreased basal Ser 80 phosphorylation of MKK-4. The net
result of the effect of Mn on Ser 80 phosphorylation is allowing MKK-4 to stay activated
longer.

We also examined the effects of Mn with and without the presence of LPS on MKK-1/2, the
MKKSs primarily responsible for activation of ERK. At 1 h, only LPS and Mn in
combination with LPS increased phosphorylation of MKK-1/2, with the activation caused
by Mn+LPS not being greater than the one caused by LPS; Mn caused a delayed (4 h)
activation of MKK-1/2 on its own. Thus, it appears that the glial activation of ERK by Mn
reported previously (Bae et al., 2006; Chen et al., 2006; Moreno et al., 2008; Zhang et al.,
2007) occurs via activation of its upstream MKKs, MKK-1/2. Moreover, at least in
microglia, our current data suggest that in the absence of an additional inflammatory
stimulus, ERK activation by Mn is delayed.

Although we reported increased production of inflammatory cytokines by microglia exposed
to Mn+LPS for 24 and 48 h in vitro (Crittenden and Filipov 2008; Filipov et al., 2005), we
did not examine cytokine mRNA expression. Previous studies have suggested that Mn-
inflammagen exposure results in increased TNF-o (Chen et al., 2006) and Cox-2 (Liao et al.,
2007) mRNA expression by glial cells at 6 h post exposure. In accord with these data,
compared to the effects of LPS alone, we observed that TNF-a., IL-6, and Cox-2 mRNA
levels in cells exposed to Mn+LPS were markedly greater at 4 h post exposure. In contrast,
at 1 h post exposure, except for a moderate potentiating effect on TNF-a , presence of Mn in
the culture medium did not enhance inflammatory mediator mRNA above the effects of LPS
alone. Interestingly, at this early time point, IL-6 mMRNA levels in cells exposed to Mn+LPS
were significantly less than the levels induced by LPS alone. In this regard, mechanistically,
it is well known that IL-6 signaling differs from that of TNF-a , with the JAK-STAT3
pathway being very important for IL-6, but not for TNF-a. . Thus, it may be that Mn
exposure leads to early inhibition or that pathway. How exactly Mn achieves this effect is
unknown at present. However, one possibility is via hydrogen peroxide (H,0,). Microglia
exposed to Mn produce H,0O, (Zhang et al., 2007) and while enhanced microglial output of
H,0 is detrimental to dopaminergic neurons (Zhang et al., 2009), as of late, H,O, has
emerged not as an inducer of NF«x B, but as a modulator, i.e., an agent that modulates the
activation of the NF«x B pathway by other stimuli, such as LPS (Oliveira-Marques et al.,
2009). This inhibition is overcome later and the potentiating effects of Mn on IL-6 are seen.
A possible mechanism for it is through the earlier increased TNF-a , as it has already been
shown that TNF-a will increase IL-6 via NFkB-dependent and JAK-STAT3-dependent
pathways (Tanabe et al., 2010). Thus, if H,O, synergizes with LPS in activating the NFxB-
dependent pathways and it also moderately inhibits JAK-STAT3-dependent pathways,
perhaps by targeting JAKZ, as it has been suggested for ROS (Kurdi and Booz 2007), the
increased TNF-o would overcome the JAK-STAT3 inhibition and, ultimately, lead to
increased IL-6.

Intuitively, it would be reasonable to assume a correlation between an increased
inflammatory mediator message expression and prolonged MAPK activity. Indeed, as we
reported for p38, Mn+LPS effects on p38 were not different from the effects of LPSat 1 h
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post exposure. However, by 4 h, LPS-induced activation of p38 was no longer present, while
the presence of Mn in the exposure solution maintained p38 in its activated state (Crittenden
and Filipov 2008). Besides p38, it may be that ERK and JNK also play a role in the
inflammation-potentiating properties of Mn and/or that there is a MAPK cross-talk that is
being affected by Mn at the MKK level. In this regard, involvement of role of JINK and ERK
for the Mn-induced potentiation of TNF-o and COX-2 in mixed glial cells has been
suggested (Chen et al., 2006) and our current data indicate that MKK-4, the MKK upstream
of JNK that also regulates p38, is targeted by Mn.Besides its role in glial activation, the role
of MAPK activation by Mn has also been studied in neuronal cells. For example, activation
of INK, specifically through its upstream kinase, MKK-4, appears to play a role in Mn-
induced apoptosis in PC 12cells (Hirata et al., 1998). Considering the potentiating effects of
Mn on MKK-4 activation by LPS in our study with microglia, it appears that the INK
pathway is a primary and cell-type independent target for Mn and that this pathway warrants
further investigation within the context of Mn neurotoxicity. Other than JNK, p38 is
activated by Mn in PC12 cells (Roth et al., 2000). Interestingly, it appears that, at least in
SN4741 dopaminergic neuronal cell lines, ERK and p38 activation by Mn is
neuroprotective, whereas JNK activation is pro-apoptotic (Kim et al., 2008), suggesting that
MAPK activation by Mn is a wide-spread phenomenon and that Mn may, to a certain extent,
use similar MAPK activation pathways in diverse cell types. The fact that all three major
groups of MAP2Ks, MKK-1/2, MKK-3/6, and MKK-4 are activated by Mn suggests that
Mn-induced activation of MAPK occurs via traditional mechanisms, which perhaps involve
the MAPKSs farthest upstream, MAP3KSs. In addition, for all MKKs, Mn-induced activation
was persistent at least for 4 h, indicating a long-term effect. Taken together, as depicted on
Figure 7, Mn causes over-activation of MAPK signaling, in part by dysregulation of
feedback control, especially in the case of INK (MKK-4) and p38 (MKP-1). In the presence
of an inflammagen, this MAPK over-activation is associated with enhanced inflammatory
mediator expression and may lead to prolonged neuroinflammation, resulting in excessive
neuronal damage and death.
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Figure 1.

Effects of Mn and/or LPS on MKK-3/6 activity. Shown are quantification and representative
western blots of phosphorylated MKK-3/6 (pMKK-3/6; Ser 189) and total MKK-3/6 in N9
microglia following exposure to vehicle, 250 uM Mn, 100 ng/ml LPS, or 250 uM Mn + 100
ng/ml LPS for 1 (A) and 4 (B) h. Densitometric data were normalized as a ratio of
phosphorylated to total MKK-3/6 protein. All data points represent means + SEM from at
least 3 independent experiments. Data were analyzed with ANOVA and means were
separated using Fisher’s LSD multiple comparison post hoc test. 2 Letters denote statistically
significant difference from control at p < 0.05.
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Figure 2.

Effects of Mn and/or LPS on MKK-1/2 activity. Shown are quantification and representative
western blots of phosphorylated MKK-1/2 (pMKK-1/2; Ser 218/Ser 222) and total

MKK-1/2 in N9 microglia following exposure to vehicle, 250 uM Mn, 100 ng/ml LPS, or
250 uM Mn + 100 ng/ml LPS for 1 (A) and 4 (B) h. Densitometric data were normalized as
a ratio of phosphorylated to total MKK-1/2 protein. All data points represent means = SEM
from at least 3 independent experiments. Data were analyzed with ANOVA and means were
separated using Fisher’s LSD multiple comparison post hoc test. 2 Letters denote statistically
significant difference from control at p < 0.05.

J Appl Toxicol. Author manuscript; available in PMC 2012 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Crittenden and Filipov Page 15

PMKK 4-Ser257/Thr261 (1h)
A

b
150
. = . W WS S @ <« PMKK-4-1h
. | \ ‘ \ - <— MKK-4-1h
0

PMKK-4-Ser257/Thr261 (4h)

150

Normalized Ser257/Thr261 pMKK-4 (pMKK-4/total MKK-4*100)

B
125
100 a a
75
- —-——-<—pMKK-4-4h
= | — e —— — MKK-4 -4 h
0
3 & ) > o\ O D oo
& &S W28
@) QO

Figure 3.

Effects of Mn and/or LPS on MKK-4 activity modulated at Ser 257/Thr 261. Shown are
quantification and representative western blots of Ser 257/Thr 261-phosphorylated MKK-4
(pPMKK-4; Ser 257/Thr 261) and total MKK-4 in N9 microglia following exposure to
vehicle, 250 pM Mn, 100 ng/ml LPS, or 250 uM Mn + 100 ng/ml LPS for 1 (A) and 4 (B) h.
Densitometric data were normalized as a ratio of Ser 257/Thr 261-pMKK-4 to total MKK-4
protein. All data points represent means = SEM from at least 3 independent experiments.
Data were analyzed with ANOVA and means were separated using Fisher’s LSD multiple
comparison post hoc test. 2 Letters denote statistically significant difference from control,
with different letters also being different from each other at p < 0.05.
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Figure 4.

Effects of Mn and/or LPS on MKK-4 activity modulated at Ser 80. Shown are quantification
and representative western blots of Ser 80-phosphorylated MKK-4 (pMKK-4; Ser 80) and
total MKK-4 in N9 microglia following exposure to vehicle, 250 uM Mn, 100 ng/ml LPS, or
250 uM Mn + 100 ng/ml LPS for 1 (A) and 4 (B) h. Densitometric data were normalized as
a ratio of Ser 80-pMKK-4 to total MKK-4 protein. All data points represent means + SEM
from at least 3 independent experiments. Data were analyzed with ANOVA and means were
separated using Fisher’s LSD multiple comparison post hoc test. @ Letters denote statistically
significant difference from control at p < 0.05.
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Figure 5.

Effects of Mn and/or LPS on MKP-1. Shown are representative western blots and
quantification of MKP-1 protein (A) and mRNA (B) levels following exposure to vehicle,
250 uM Mn, 100 ng/ml LPS, or 250 uM Mn + 100 ng/ml LPS for 1 h. Densitometric data
were normalized as a ratio of MPK-1 to a-tubulin protein. All data points represent means +
SEM from at least 3 (protein) or 4 (MRNA) independent experiments. Data were analyzed
with ANOVA and means were separated using Fisher’s LSD multiple comparison post hoc
test. @:P.C | etters denote statistically significant difference from control, with different letters
also being different from each other at p < 0.05.

J Appl Toxicol. Author manuscript; available in PMC 2012 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Crittenden and Filipov Page 18

[E h . an =
125 a

T 75
100
75 50 3 TNF.a
0 26
25

o —

-----

.
0 - 500§
IL-6
, | Em
» i 2
10 3 Cox-2
.
of — [ =
& s &

ve to control)

mRNA (fold change relat
8

Figure 6.

Fold change (up/down from vehicle control) in TNF-a (A and B), IL-6 (C and D), and
Cox-2 (E and F) mRNA expression following exposure to 250 pM Mn, 100 ng/ml LPS, or
250uM Mn + 100 ng/ml LPS for 1 (left-hand graphs) and 4 (right-hand graphs) h. All data
points represent means = SEM from 4 independent experiments. Data were analyzed with
ANOVA and means were separated using Fisher’s LSD multiple comparison post hoc

test. 2P Letters denote statistically significant difference from control, with different letters
also being different from each other at p < 0.05.
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Figure 7.

Simplified MAPK signaling pathway diagram depicting places where Mn has (demonstrated
previously and in this study) an effect. In microglial cells, this pathway can be activated by a
variety of stimuli, including inflammagens, such as LPS. Arrows beside components of the
pathway denote increases or decreases caused by Mn (1, |, respectively). Potential effects of
Mn on MAP3K have not been studied yet and are hence marked with a question mark (?).
Abbreviations: Mitogen activated protein kinase kinase kinase (MAP3K, i.e., MLK3, TAK,
ASK1); mitogen activated protein kinase kinase (MAP2K, i.e. MKK-1/2, MKK-4,
MKK-3/6); mitogen activated protein kinase (MAPK, i.e., extracellular regulated protein
kinase [ERK], p38, c-Jun N-terminal kinase [JNK]); mitogen activated kinase phosphatase-1
(MKP-1); interleukin-6 (IL-6); tumor necrosis factor-alpha (TNF-a ); cyclooxygenase-2
(Cox-2).
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