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Abstract
Excessive manganese (Mn) exposure increases output of glial-derived inflammatory products,
which may indirectly contribute to the neurotoxic effects of this essential metal. In microglia, Mn
increases hydrogen peroxide (H2O2) release and potentiates lipopolysaccharide (LPS)-induced
cytokines (TNF-α, IL-6) and nitric oxide (NO). Inducible heme-oxygenase (HO-1) plays a role in
the regulation of inflammation and its expression is upregulated in response to oxidative stressors,
including metals and LPS. Because Mn can oxidatively affect neurons both directly and indirectly,
we investigated the effect of Mn exposure on the induction of HO-1 in resting and LPS-activated
microglia (N9) and dopaminergic neurons (N27). In microglia, 24 h exposure to Mn (up to 250
μM) had minimal effects on its own, but it markedly potentiated LPS (100 ng/ml)-induced
HO-1protein and mRNA. Inhibition of microglial HO-1 activity with two different inhibitors
indicated that HO-1 is a positive regulator of the Mn-potentiated cytokine output and a negative
regulator of the Mn-induced H2O2 output. Mn enhancement of LPS-induced HO-1 does not
appear to be dependent on H2O2 or NO, as Mn+LPS-induced H2O2 release was not greater than
the increase induced by Mn alone and inhibition of iNOS did not change Mn potentiation of HO-1.
However, because Mn exposure potentiated the LPS-induced nuclear expression of small Maf
proteins, this may be one mechanism Mn uses to affect the expression of HO-1 in activated
microglia. Finally, the potentiating effects of Mn on HO-1 appear to be glia-specific for Mn, LPS,
or Mn+LPS did not induce HO-1 in N27 neuronal cells.
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1. Introduction
Manganese (Mn) is an essential metal, important in the metabolism of lipids, proteins, and
carbohydrates (Aschner et al., 2007). However, in cases of overexposure, Mn accumulates in
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the brain causing a disorder termed “manganism”, which is characterized by motor and
psychological abnormalities similar to the symptoms observed in Parkinson’s disease (PD)
(Calne et al., 1994;Eriksson et al., 1992;Pal et al., 1999). At the neurochemical level,
excessive exposure to Mn is associated with a dysregulation of cortical glutamate and
midbrain dopamine (DA) and γ-amino-butyric acid (GABA) neurotransmission (Aschner et
al., 2007;Dobson et al., 2004). Concerns related to adverse effects of Mn overexposure on
the brain have escalated due to continued common uses of the metal including in steel
manufacturing, for welding, and as an ingredient of fungicides, fertilizers, dry-cell batteries
and the gasoline antiknock additive methylcyclopentadienyl manganese tricarbonyl (MMT;
(Bolte et al., 2004;Bowler et al., 2007;Zayed et al., 1999).

While mechanistic studies have largely focused on direct neuronal effects of Mn exposure
including the resultant oxidative stress and mitochondrial dysfunction as causative factors
for Mn neurotoxicity (Gavin et al., 1992;HaMai and Bondy, 2004;Kitazawa et al.,
2002;Milatovic et al., 2009;Zhang et al., 2003), mounting evidence suggests that Mn-
induced, glial-derived reactive oxygen species (ROS) and inflammatory products may
indirectly affect surrounding neurons (Liu et al., 2006;Perl and Olanow, 2007;Spranger et
al., 1998;Zhang et al., 2010). For example, increased gliosis has been observed in brains
from humans exposed to Mn and non-human primate models of manganism (Perl and
Olanow, 2007). In addition, elevated astrocyte derived nitric oxide (NO) is associated with
interneuron injury in striatal and pallidal regions of Mn-treated mice (Liu et al., 2006). In
rats, Mn exposure causes increased striatal expression of proinflammatory chemokines
(Ccl2, Cxcl2) and cytokines (TNF-α, IL-1β; (Antonini et al., 2009). In vitro, Mn potentiates
glial-derived inflammatory mediators induced by the inflammagen lipopolysaccharide
(LPS), including NO, cytokines (TNF-α, IL-6, IL-1β) and prostaglandins (Chang and Liu,
1999;Chen et al., 2006;Filipov et al., 2005;Liao et al., 2007;Zhang et al., 2010). Depending
on the additional inflammatory stimuli’s nature and magnitude, the inflammation-enhancing
effects of Mn are seen in both microglia and astrocytes. Microglia, however, appear to
require minimal additional stimulation for this phenomenon to be observed. In fact, Mn on
its own can induce microglial release of ROS, namely hydrogen peroxide (H2O2), which
was found to precede DA cell death in mesencephalic mixed-cell cultures (Zhang et al.,
2010).

As the reported evidence indicates, Mn-induced, glial-derived inflammatory mediators have
the potential to harm nearby neurons, further activate surrounding glia, and be activated by
neuronal-derived ROS, thereby establishing a vicious cycle that ultimately results in
neuronal cell death. To protect cells from oxidatively-induced inflammation, glial and
neuronal cells are equipped with a number of endogenous antioxidant defense mechanisms
including glutathione (GSH), superoxide dismutase, and catalase (Dringen, 2005). However,
compared to astrocytes and microglia, neurons have decreased antioxidant capacity
(Halliwell, 2006) and DA neurons appear to be particularly sensitive to oxidative insults
(Jenner, 1998).

Expression of inducible heme oxygenase (HO-1), an enzyme responsible for the cleavage of
the oxidant heme into biliverdin, carbon monoxide (CO), and iron (Fe2+) is upregulated in
response to oxidative stressors and plays a role in the regulation of inflammation (Gilroy et
al., 2004;Pae and Chung, 2009). Mice deficient in HO-1, have exaggerated response to
endotoxin (LPS) challenge (Poss and Tonegawa, 1997), while overexpression of HO-1 in
the substantia nigra, protects DA neurons from 1-methyl-4- phenyl- 1,2,3,6-
tetrahydropyridine (MPTP)-induced cell death (Hung et al., 2008). HO-1 induction is
believed to be caused by increased ROS and/or reactive nitrogen species (RNS, i.e., NO),
excess production of which has been found to enhance transcriptional regulation of HO-1
most often through the Nrf2-ARE pathway (Motterlini et al., 2002). Nuclear factor E2-
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related factor-2 (Nrf2) is a transcription factor that normally resides in the cytosol. However,
upon activation by stress stimuli, cytosolic Nrf2 levels increase and translocate to the
nucleus where Nrf2 binds to the antioxidant response element (ARE) inducing antioxidant
response enzymes like HO-1(Kensler et al., 2007). Nrf2 binding to ARE is regulated in part
by members of the Maf protooncogene family, small Maf proteins (Maf F, -G, & -K). Nrf2/
Maf heterodimers form preferentially, bind to ARE, and promote transcription of ARE-
responsive genes, whereas Maf homodimers can have opposite effects (Igarashi et al.,
1994;Itoh et al., 1997).

Information on the expression of HO-1 in DA neurons is minimal. While HO-1 was found to
be prominent in the PD brain, diseased nigral DA neurons contain the same moderate
immunoreactivity for HO-1 as normal controls (Schipper et al., 2009). In addition, HO-1
was induced in striatal astrocytes and not in DA neurons in the MPTP mouse model of PD
(Fernandez-Gonzalez et al., 2000). However, in vitro, the toxic metabolite of MPTP, 1-
methyl-4-phenyl-pyridium (MPP+), induced a time dependent increase of HO-1 in
dopamine producing pheochromocytoma (PC12) cells that was cytoprotective (Bae et al.,
2010), while dieldrin, an environmental neurotoxicant linked to PD, increased HO-1
expression in SN4741 dopaminergic neuronal cells (Kim et al., 2005). Furthermore, a recent
report demonstrated that high, cytotoxic concentrations of Mn (300 μM) induce HO-1 in
PC12 cells via the Nrf2-ARE pathway (Li et al., 2010).

The proinflammatory stimulus LPS, used to model PD, has also been linked to the induction
of HO-1 in astrocytes and microglia (Kitamura et al., 1998). Pre-treatment with LPS resulted
in a time dependent increase in HO-1 in microglia that increased anti-inflammatory activity
following cytotoxic challenge (IFN-γ/LPS) (Lee and Suk, 2007). Intense HO-1
immunoreactivity was also observed in surviving DA neurons, dual labeled for tyrosine
hydroxylase and HO-1, following treatment with IFN-γ/LPS in midbrain slice cultures
(Kurauchi et al., 2009).

At present, the effect of Mn on HO-1 induction in microglia has yet to be determined.
However, because Mn can increase both neuronal oxidative stress and glial-derived ROS
(Burton and Guilarte, 2009;HaMai and Bondy, 2004;Zhang et al., 2007), we hypothesized
that exposure to Mn will induce HO-1 in both microglia and DA neurons. Moreover, as Mn
potentiates LPS-induced, glial-derived proinflammatory mediators, we hypothesized that, at
least in microglia, the LPS-induced HO-1 will be altered in the presence of Mn.

In order to identify whether HO-1 plays a role in Mn neurotoxicity, namely in the Mn-
caused enhanced inflammatory mediator output by microglia, the current study aimed to (1)
investigate HO-1 induction in both microglial and DA neuron cell lines following exposure
to Mn, (2) determine whether LPS-induction of HO-1 is modulated by Mn, (3) identify
potential mediators of such induction, and (4) evaluate the role of HO-1 in the increased
glial inflammatory and oxidative output caused by Mn exposure.

2. Materials & Methods
2.1 Reagents

Unless otherwise stated, all chemicals including manganese (II) chloride solution (1 M,
MnCl2), lipopolysaccharide E.coli, serotype 0111:B4, (LPS), and L-arginine methyl ester
hydrochloride (L-NAME) were purchased from Sigma (St. Louis, MO). Culture media
reagents including RPMI 1640 and other cell culture supplements were purchased from
Invitrogen (Carlsbad, CA), while low endotoxin fetal bovine serum (FBS) was obtained
from American Type Culture Collection (ATCC; Manassas, VA).
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2.2 Cell Culture
The immortalized N9 murine microglia cell line used in this study was received as a gift
from Dr. P. Ricciardi-Castagnoli (University of Milan, Italy). Similar to primary microglia,
N9 microglia respond to inflammagen stimulation with a release of inflammatory mediators,
such as the cytokines IL-1β, IL-6, and TNF-α, as well as NO (Righi et al., 1989). The
immortalized rat mesencephalic cell line 1RB3AN27 (N27) was selected for its expression
of dopaminergic characteristics including tyrosine hydroxylase (TH), dopamine transporter
(DAT) and the dopamine metabolite homovanivllic acid (HVA) (Adams et al., 1996), as
well as for the fact that it has been used extensively in investigating the impact of Mn
exposure on DA neurons (Anantharam et al., 2004;Latchoumycandane et al., 2005). N9 and
N27 cells were maintained (5% CO2, 95% air, at 37°C) in RPMI-1640 culture medium
supplemented with 10% FBS, 1% sodium bicarbonate, 1 mM sodium pyruvate, 1 mM non-
essential amino acids, 2 mM Glutamax, 50 μM 2-mercaptoethanol, 250 ng/ml fungizone,
100 U/ml penicillin, and 100 mg/ml streptomycin. N9 cells were seeded at 2.5 × 106 cells/
well (5-ml volume) in 6-well plates (Costar; Fisher Scientific, Pittsburgh, PA) for western
blot, qPCR, and inductively coupled plasma analysis (ICP) and 0.25 × 106 cells/well (0.5-ml
volume) in 48-well plates for ELISA. For the H2O2 assay, N9 cells were seeded at 0.5 × 106

cells/well (1-ml volume) in 24-well plates and incubated overnight in complete RPMI.
Before treatment, culture media was carefully removed and replaced with Hanks Buffered
Salt Solution (HBSS, pH 7.4, 1 ml). N27 cells were seeded at 1.25 × 106 cells/well (5-ml
volume) in 6-well plates for western blot analysis and incubated overnight to assure cell
adherence before treatment.

2.3 Treatment
To identify whether Mn can induce HO-1 in microglia or neuronal cells on its own or alter
LPS induction of HO-1, both N9 microglia and N27 dopamine cells were treated with
vehicle (0.9% saline), MnCl2 (100 μM), LPS (100 ng/ml), or both Mn+LPS for 24 h. For the
dose response analysis of HO-1 induction, microglia were exposed to Mn concentrations in
the range of 1 to 250 μM for 24 h. Additionally, a time course study was conducted to
determine the time dependency of the effects of Mn and LPS on HO-1 protein (1, 4, 8, and
24 h) and mRNA (1, 4, and 24h) The concentrations of Mn utilized in this study are relevant
to occupational exposures (Bowler et al., 2007) and are in line with numerous other studies
with neuronal and glial cells, i.e, (Milatovic et al., 2009;Zhang et al., 2009). The selected
concentrations were also based on previous in vitro research from this laboratory which
found that Mn up to 250 µM had no significant cytotoxicity and enhanced LPS-induced
release of inflammatory cytokines (TNF-α and IL-6) and NO in N9 microglia (Filipov et al.,
2005). The selected time points where chosen based on previous results from our laboratory
indicating that at the message level Mn potentiation of inflammatory mediators does not
occur until 4 h post exposure (Crittenden and Filipov, 2011)

In order to ascertain the role of HO-1 induction in relation to ROS and inflammatory
cytokine output by microglia, HO-1 activity was blocked with either tin protoprphyrin IX
dichloride (SnPP) or zinc protoporphyrin IX (ZnPP), both obtained from Tocris Bioscience
(Ellisville, MO; Bae et al., 2010;Drummond and Kappas, 1981;Lakari et al., 2001). N9 cells
were pre-treated for 3 h with SnPP (5 μM), ZnPP (1 μM), or vehicle (0.9% saline containing
20 μM NaOH) prior to treatment with Mn, LPS, or Mn+LPS for 1 and 6 h (H2O2 assay), 21
h (ELISA and qPCR), or 4 h (qPCR).

To determine if NO contributes to the induction of HO-1 in microglia, NO production was
impeded with the NOS inhibitors, L-NAME (Rees et al., 1990) or aminoguanidine (AG,
Cayman Chemical, Ann Arbor, MI; Ruetten and Thiemermann, 1996). N9 cells were pre-
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treated for 30 min with L-NAME (2 mM), AG (25 μM) or vehicle (0.9% saline), before
treatment with Mn, LPS, or Mn+LPS for 23.5 h (western blot and ELISA).

To determine the roles of the transcription factor Nrf2 and its key regulatory molecule Maf
in the Mn-potentiated expression of HO-1, N9 cells were treated with vehicle (0.9% saline),
MnCl2, LPS, or Mn+LPS for 15 min, 1, or 4 h before collecting cytosol and nuclear protein
fractions for subsequent analysis by western blot.

2.4 Western Blot Protein Analysis for HO-1 and iNOS
Following 24 h incubation with Mn, LPS, or Mn+LPS, plates were spun (300 × g; 5 min at
4°C), media was removed, and cells were scraped, washed and collected in PBS (1 ml).
Following centrifugation (300 × g; 10 min at 4°C), the cell pellet was resuspended in lysis
buffer (radioimmunoprecipitation buffer; RIPA; 100 μl) containing phenylmethylsulphonyl
fluoride (PMSF; 10 μg/ml), protease inhibitor cocktail (10 μl/ml), and phosphatase inhibitor
cocktail (10 μl/ml; Thermo Scientific, Rockford, IL). Protein concentration in the whole cell
lysates was determined via the chromogenic method of Bradford (Bio-Rad, Richmond, CA)
using a seven point linear curve and a BSA as a standard. 10% bis-acrylamide gels were
loaded with 20 μg of protein per sample and, following electrophoresis, protein was
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore Corp., Billerica,
MA). Membranes were blocked with 5% milk (1.5 h; RT), probed overnight at 4°C with
antibodies for HO-1 (1:1000) or iNOS (1:500; Santa Cruz Biotechnologies, Temecula, CA).
Following incubation with secondary antibody conjugated with HRP and chemiluminescent
detection of the bands of interest, blots were stripped using gentle review buffer (Amresco,
Solon, OH) and reprobed for β-actin (1:500) (Santa Cruz). Bands were analyzed using
Quantity One software (Bio-Rad) and normalized to β-actin.

2.5 Western Blot: Cytosol and Nuclear Protein Analysis for Nrf2 and Maf F/G/K
After 15 min, 1, or 4 h incubation with Mn, LPS, or Mn+LPS, plates were spun (300 × g; 5
min at 4°C), media was removed, and cells were scraped, washed and collected in PBS (1
ml). Following centrifugation (300 × g; 10 min at 4°C), cells were washed again and cytosol
and nuclear protein were separated using NE-PER extraction reagents (Thermo Scientific).
Briefly, the cell pellet was resuspended in cold cytoplasmic extraction reagent (100 μl),
centrifuged (16,000 × g; 5 min at 4°C), and supernatant (cytosol fraction) was collected
leaving the pellet for further nuclear extraction. Upon addition of nuclear extraction reagent,
the cells were vortexed, incubated on ice (40 min), centrifuged (16,000 × g; 5 min at 4°C),
and the supernatant (nuclear fraction) collected. Protein concentration in the two fractions
was determined as described in section 2.4. Cytosol (10 μg) and nuclear (5 μg) fractions
were run side by side on 10% bis-acrylamide gels, and transferred to PVDF membranes.
Following transfer, membranes were blocked in 5% milk (1.5 h; RT) and probed overnight
at 4°C with antibodies for Nrf2 (1:300) and Maf F/G/K (1:250; Santa Cruz). Blots were
stripped using gentle review buffer (Amresco) and reprobed for β-actin (1:500), the nuclear
protein marker Lamin-b (1:500), and the cytosol protein marker α-tubulin (1:500; Santa
Cruz). Bands were analyzed using Quantity One software (Bio-Rad).

2.6 ELISA Analysis for Secreted TNF-α and IL-6
At the end of incubation, plates were centrifuged (300 × g; 5 min at 4°C) and supernatants
(cell culture media) were collected for cytokine analysis using the mouse-specific Duo set
ELISA development kit for the inflammatory cytokines TNF-α and IL-6 (R&D Systems,
Minneapolis, MN). Briefly, following overnight incubation with capture antibody, wells
were blocked with 1% BSA. Samples were run in duplicate against a four parameter
standard curve for TNF-α (2000 -31.25 pg/ml) and IL-6 (1000-15.625 pg/ml). Absorbance
(450 nm analytical read; 570 nm background correction read) was measured using a Synergy
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4 hybrid multi-mode microplate reader (BioTek Instruments, Winooski, VT). The mean for
each sample replicate was used for statistical analysis.

2.7 mRNA Analysis for HO-1, TNF-α, and IL-6
For isolation of total RNA, all steps of the cell collection were the same as described in
section 2.4 for the total protein collection except that the pellet was suspended in RLT buffer
(Qiagen RNeasy Mini kit, Valencia, CA; 350 μl) supplemented with 2 mM dithiothreitol.
The cell lysate was homogenized using a rotar-stator homogenizer for 15 sec. One volume
of 70% ethanol was added to promote selective binding of RNA to the membrane of the
RNeasy spin column (Qiagen). Following a series of washes (3X), the total RNA was eluted
in nuclease free H2O. Total RNA was quantified on a NanoDrop 1000 spectrophotometer
(Thermo Scientific) and converted to cDNA (250-500 ng) using qScript cDNA SuperMix
(Quanta Bioscience, Gaithersburg, MD) incubated in a peltier thermal cycler (Bio-Rad; 5
min 25°C, 30 min 42°C, and 5 min 85°C). qPCR was run using Brilliant SYBR Green
(Stratagene, La Jolla, CA) and certified primers for HO-1, TNF-α, IL-6, and GAPDH (SA
Biosciences, Frederick, MD). Ten ng of cDNA was added to each reaction well and
amplifications were performed in a Mx3005P qPCR machine (Stratagene) programmed for
an initial warming (10 min 95°C) followed by 45 cycles (30 sec 95°C, 1 min 60°C) with
each sample run in triplicate. The quality of products was checked by running a melting
curve. The fold change was obtained using the ΔΔCT method and reported for each
treatment relative to control normalized to GAPDH.

2.8 Intracellular measurement of Mn and Fe
For analysis of intracellular Mn and Fe, cells were collected as described for total protein in
section 2.4. The supernatant was discarded and the pellet was washed in PBS (1 ml). The
cell suspension for each sample was transferred to metal-free glass borosilicate tube,
covered, and centrifuged (300 × g; 10 min at 4°C). After removing the supernatant, cells
were washed 2 more times in PBS, digested in 1 ml concentrated nitric acid (2 h at 70°C)
and then brought to 5 ml total volume with ddH2O. Inductively Coupled Argon Plasma-
Axially Viewed Optical Emission Spectrophotometry (ICP-AVOES) was used to determine
Mn and Fe concentration from single elemental standards. Samples were run on a Spectro
Arcos EOP (SPECTRO Analytical Instruments Inc., Mahwah, NJ) under operating
conditions consisting of plasma power 1400 W, pump speed 30 RPM, and nebulizer flow
0.92 L/min. Three replicates were run for each sample, a calibration curve was run before
the analysis using concentrations of 0 to 0.01 mg/L, and quality control standards were run
at the beginning, middle, and end of sample analysis. Values of Mn and Fe were reported as
concentration in solution (mg/L) with a method detection limit of 0.0001 (Mn) and 0.0005
(Fe). The mean for each sample was expressed as nmol/mg protein and used for statistical
analysis.

2.9 Measurement of H2O2 Release
Following 1 and 6 h incubation, plates were centrifuged (300 × g; 5 min at 4°C) and
supernatants (1 ml) were collected. The fluoro H2O2 detection kit (Cell Technology Inc.,
Mountain View, CA) measures H2O2 via the peroxidase catalyzed oxidation of the detection
reagent in a 1:1 stoichiometry to produce a fluorescent product resorufin (Zhou et al., 1997).
Samples were run in triplicate against a seven point linear standard curve with H2O2
concentrations ranging between 0.156 and 2.5 μM. Fifty μl of supernatant was incubated
with 50 μl of freshly prepared reaction mix for 10 min protected from light in black bottom
96 well plates (NUNC, Roskilde, Denmark). Fluorescence (Ex: 540 nm, Em: 595 nm) was
measured using the Synergy 4 hybrid multi-mode microplate reader (BioTek Instruments).
The mean for each sample replicate was used for statistical analysis.
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2.10 Statistical Analysis
All data were subjected to analysis of variance (ANOVA) using Sigma Stat 2.03 (Systat
Software, Inc., San Jose, CA). The Student-Newman-Keuls (SNK) post hoc test was used to
determine differences between the means when an overall effect was detected (p < 0.05). All
data are presented as mean ± S.E.M.

3. Results
3.1 HO-1 Induction

To assess whether Mn can induce HO-1 in N9 microglia, a 24 h dose response study was
completed. Mn on its own up to 250 μM did not induce HO-1 protein above control levels
(Fig.1C). qPCR confirmed that 100 μM Mn does not alter HO-1 at the message level up to
24 h post exposure (Fig.1B). To asses Mn potentiation of LPS induced HO-1, a 1, 4, 8, and
24 h time-course study was completed. LPS (100 ng/ml) did not increase HO-1 above
control levels at 1, 4, or 8 h, while at 24 h LPS significantly increased HO-1 protein and
mRNA; this effect was potentiated by Mn (100 μM) at both protein and mRNA level (Fig.
1A, B, and C). Neither Mn alone (100 μM), LPS alone (100 ng/ml), nor combined Mn+LPS
induced HO-1 protein expression in the N27 dopaminergic cell line (Fig.2).

3.2 Intracellular Mn and Fe
To determine whether the Mn enhancement of LPS-induced HO-1 in N9 microglia was
caused by increased metal accumulation inside the cells, we measured the intracellular levels
of Mn and Fe following 24 h Mn+LPS exposure. Intracellular Mn increased markedly in the
Mn and Mn+LPS groups. However, the two groups were not different from each other (Fig.
3A). There was also a small but significant increase in intracellular Mn (2-fold) following
exposure to LPS. In regards to intracellular Fe, while there was a moderate trend toward an
increase in all three treatment groups, only the increase in the Mn+LPS treatment was
significant (1.8-fold; Fig. 3B).

3.3 Cytokines and iNOS
Because we were interested in the function of HO-1 within the context of inflammation, we
focused on the production of inflammatory mediators after 1, 4, or 24 h exposure to Mn
+LPS. In the absence of HO-1 inhibitor, at 24 h, as previously reported (Chang and Liu,
1999;Chen et al., 2006;Filipov et al., 2005), Mn potentiated LPS induction of HO-1 was
accompanied by an increase in protein expression for iNOS (Fig. 4), and the inflammatory
cytokines TNF-α and IL-6 (Fig. 5). Interestingly, pretreatment (3 h) with either HO-1
inhibitor (SnPP; 5 µM or ZnPP; 1 µM) significantly altered Mn potentiation of LPS-induced
TNF-α, while only HO-1 inhibition with ZnPP produced a significant reduction in IL-6
cytokine microglial output (Fig. 5). Furthermore, at the message level, HO-1 inhibition
significantly decreased Mn potentiation of cytokines in a time dependent manner, i.e., at 4 h
for TNF-α and at 24 h for IL-6 (Fig. 6).

3.4 H2O2 Release
As a potent ROS, H2O2 is a possible inducer of HO-1(Ferrandiz and Devesa, 2008).
Because it has been reported to be increased in microglia exposed to Mn (Zhang et al.,
2007), we looked at the role of H2O2 in the Mn potentiated induction of HO-1 and at its
regulation by HO-1. Just as reported for primary microglia (Zhang et al., 2007), Mn
exposure increased H2O2 (1 and 6 h post treatment) in N9 microglia (Fig. 7). However, this
effect was not potentiated by the dose of LPS used in this study. More importantly, the
presence of either HO-1 inhibitor further increased H2O2 output by microglia exposed to
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Mn, as well as from control and LPS exposed microglia, with ZnPP, at the concentration
administered, being more potent than SnPP (Fig. 7).

3.5 NO Inhibition
As a reactive species, NO is also a possible inducer of HO-1(Motterlini et al.,
2002;Naughton et al., 2002). Because the LPS-induced increase in iNOS protein was
potentiated by Mn (our study; Barhoumi et al., 2004;Chang and Liu, 1999;Chen et al.,
2006;Filipov et al., 2005), we focused on the role of NO in the Mn-caused enhancement of
HO-1. Specifically, we examined HO-1 induction following NO inhibition with the NOS
inhibitor L-NAME (2 mM) and the selective iNOS inhibitor aminoguanidine (AG; 25 μM).
Following pretreatment (30 min) with either L-NAME or AG, the Mn potentiating effect on
LPS-induced HO-1 protein remained unchanged (Fig. 8). In addition, NO inhibition resulted
in a small but significant decrease in cytokine output (data not shown).

3.6 Nrf2 and Small Maf Proteins
Because the transcription factor Nrf2 has been linked to LPS-induced increased HO-1
expression in macrophages (Ashino et al., 2008;Rushworth et al., 2005) and the small Maf
proteins regulate Nrf2 binding to ARE (Itoh et al., 1997), we studied the cytosolic and
nuclear expression of Nrf2 and Maf F/G/K in microglial cells following 15 min, 1, and 4 h
exposure to Mn, LPS, or Mn+LPS. After 15 min, nuclear small Maf protein expression
increased by Mn and LPS, but the increase in the nuclei of cells exposed to Mn+LPS was
greater than the increases caused by Mn or LPS (Fig. 9A). Apparently, this was a rapid and a
transient effect as at later time points small Maf nuclear protein expression was no longer
increased by the presence of Mn, LPS, or Mn+LPS (data not shown). Nrf2 protein
expression (cytosolic or nuclear) did not change following 15 min exposure (data not
shown), while at 1(Fig. 9B) and 4 h (data not shown) cytosolic Nrf2 expression was
increased by Mn, LPS, and Mn+LPS to a similar extent. Additionally, the expression of
Nrf2 in the nuclear fraction was not different from control for any treatment.

4. Discussion
The major findings of our current study are that (1) Mn up to 250 μM does not induce HO-1
on its own, but it does potentiate LPS-induction of HO-1 in microglia cells, (2) HO-1
activity appears to be important in regulating Mn-induced H2O2 release, (3) increased HO-1
plays a role in the enhancement of inflammatory mediator output, particularly TNF-α, in Mn
+LPS-exposed microglia as inhibition of HO-1 activity resulted in decreased inflammatory
cytokines,(4) NO is not the key regulator of HO-1 induction by Mn+LPS, as iNOS
inhibition did not significantly alter Mn-potentiated HO-1 induction, (5) small Maf proteins
appear to be transcriptional regulators targeted by Mn for potentiation of HO-1, and (6) the
increased HO-1 by Mn+LPS appears to be glia-specific as, neither Mn, LPS, or combined
Mn+LPS induced HO-1 in N27 dopaminergic neurons.

Mn neurotoxicity has been linked to increased oxidative stress and mitochondrial
dysfunction, namely in midbrain neurons (Aschner et al., 2007). Mn may also indirectly
cause neuronal degeneration because it can affect glial cells, astrocytes and microglia in
particular, thereby increasing the release of RNS, ROS, prostaglandins, and inflammatory
cytokines from activated glia (Chang and Liu, 1999;Filipov et al., 2005;Liao et al.,
2007;Spranger et al., 1998;Zhang et al., 2007). Excess ROS and RNS can further contribute
to increased glial cell activation triggering transcriptional regulation of glial-derived
inflammatory products (Block et al., 2007). The extent of cellular damage induced by
oxidative stressors may be determined not only by their induction of proxidants and ensuing
inflammation, but also by their ability to trigger antioxidant enzymes. HO-1 is an enzyme
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with anti-inflammatory properties that is up-regulated in response to various forms of
inflammatory stimuli, including LPS (Lee and Suk, 2007;Takahashi et al., 2007). Cells
lacking HO-1 have increased sensitivity to oxidatively-induced cytotoxicity (Poss and
Tonegawa, 1997).

This study reports the first look at the role of HO-1 in Mn neurotoxicity. Because Mn can
induce ROS and potentiate RNS (Chang and Liu, 1999;HaMai and Bondy, 2004;Zhang et
al., 2007), both potential triggers of HO-1 (Ferrandiz and Devesa, 2008), we predicted that
Mn alone would induce HO-1 in N27 dopaminergic neurons and N9 microglia. Our results
indicate that 24 h Mn exposure is not a sufficient stimulus on its own for HO-1 induction in
microglia (up to 250 μM, Fig. 1C) or DA neuronal cells (up to 100 μM, Fig. 2). Side by side
comparison of neuronal cells versus microglia (Fig. 2) clearly shows that HO-1 under basal
conditions is not highly expressed in N27 DA neurons when compared to N9 microglia.
Moreover, no stimulus tested in the N27 cells (Mn, LPS, or Mn+LPS) was capable of
increasing HO-1 levels. LPS stimulates immune cells through toll-like receptor 4 (TLR4).
Because neurons do not typically express, TLRs, we would not expect LPS to activate
neurons on its own. However, combined treatment of neuronal-like PC12 cells with TNF-α
and LPS induced iNOS and resulted in NO-mediated cell death (Heneka et al., 1998).
Importantly, midbrain slices treated with the cytokine IFN-γ followed by LPS, had increased
HO-1 immunoreactivity in remaining DA neurons (Lee and Suk, 2007). Thus, it seems that
the initial priming of neurons with cytokine stimuli may be responsible for neuronal
response to LPS. Unlike microglia, the resident macrophages of the brain, DA neurons are
not capable of releasing inflammatory cytokines. Because Mn potentiates LPS-induced
cytokine production by microglia cells (Filipov et al., 2005), it is conceivable that coculture
of DA neurons and microglia in the presence of Mn and LPS might result in HO-1 induction
in DA neurons, which is what probably would occur in vivo as well.

Because the Mn-potentiated induction of HO-1 in N9 microglia was accompanied by an
increase in inflammatory mediators, namely TNF-α, IL-6, H2O2 and NO, as well as by a
small but significant increase in intracellular Fe, there was a possibility that in the presence
of Mn, HO-1 acts as a pro-oxidant and is involved in the enhanced cytokine production by
Mn-exposed activated microglia that has been reported previously (Crittenden and Filipov,
2008;Filipov et al., 2005). Fe is a product of heme degradation, thus the increased presence
of HO-1 observed with Mn+LPS could result in the increased presence of its products. In a
free non-bound form, Fe is highly reactive with H2O2 and can lead to the formation of
hydroxyl radicals (OH-), which could enhance inflammation. Moreover, overexpression of
HO-1 in dopaminergic cells (MN9D) was found to increase both intracellular Fe and ROS
following exposure to polychlorinated biphenyls (PCB), while inhibition of HO-1 prevented
PCB-induced ROS and cell death (Lee et al., 2006). In addition, suppressing the expression
of HO-1 with nimperidine decreased hippocampal Fe and ROS following exposure to
aluminum (Yuan et al., 2008). In our study, inhibition of HO-1 activity curbed the release of
Mn-potentiated inflammatory cytokines by LPS-activated microglia (Fig 5). Thus, at least in
microglia, the increased HO-1 in Mn+LPS exposed cells serves to enhance the production
and release proinflammatory cytokines, namely TNF-α. Similarly, Kampfer and colleagues
found that inhibition of HO-1 activity in LPS/IFN-γ stimulated RAW 264.7 macrophages
resulted in reduced TNF-α output (Kampfer et al., 2001).While the exact proinflammatory
mechanism of HO-1 remains elusive, it could be related to products of heme degradation,
including Fe (as previously discussed) or CO, which has properties similar to NO. More
than 80% of the endogenous CO results from heme metabolism by HO-1 (Ryter et al.,
2006), and while some data suggests direct application of CO to LPS-challenged RAW
264.7 macrophages inhibits the release of TNF-α and IL-1β (Otterbein et al., 2000) others
suggest, CO can stimulate cyclic 3’, 5’-monophosphate (cGMP) an important messenger in
the pathway to the production of TNF-α (Tamion et al., 1999). Additionally, because Mn
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induces microglia release of ROS (H2O2) it is feasible that moderate excess Fe produced as
a consequence of increased HO-1 enzyme activity could lead to the formation of free
radicals (OH-) ultimately enhancing the production of inflammatory cytokines. As the Mn-
induced microglial H2O2 release was further increased following inhibition of HO-1 activity
in our study (Fig. 7), the possibility of this very mechanism playing a role is distinct. That is
preventing breakdown of heme and the release of Fe would ultimately result in a decreased
potential for hydroxyl radical formation creating an elevated H2O2 along with suppression
of Mn-potentiated microglial cytokine output. Moreover, our cytokine data at the message
level corroborates the possible involvement of this mechanism for inhibition of HO-1
significantly decreases Mn potentiation of TNF-α mRNA, as early as 4 h post Mn+LPS
treatment, while a similar effect appears for IL-6 after 24h incubation with Mn+LPS.

Since it is now clear that the increased HO-1 in Mn+LPS-treated microglia serves to
maintain Mn-potentiated inflammatory cytokines, we decided to examine possible
mechanisms of HO-1 induction that may be used by Mn. As there was no difference
between intracellular Mn concentration in the Mn+LPS-treated versus Mn-treated cells, the
potentiated HO-1 increase in Mn+LPS-treated cells was not due to an increase in
intracellular Mn. Expression of HO-1 mRNA and protein can be induced by agents that
generate or cause the production of intracellular reactive oxygen and/or reactive nitrogen
species (Applegate et al., 1991;Keyse and Tyrrell, 1989;Motterlini et al., 2002). The ROS
H2O2, has been linked to the induction of HO-1 in many mammalian cell types (Applegate
et al., 1991). More importantly, direct application of H2O2 in neuron-glia cultures resulted in
a rapid induction of HO-1 (Saavedra et al., 2005). Because Mn can produce a time- and
dose-dependent release of H2O2 in microglia (current study; Zhang et al., 2007), it is
possible that H2O2 could be the trigger used by Mn to increase HO-1 in N9 cells. However,
in the current study Mn on its own did not induce HO-1 (Fig. 1) and Mn-induced H2O2
release was not potentiated by LPS (Fig. 7). Thus, it appears that although the Mn-induced
release of H2O2 may play a role in the ability of HO-1 to enhance cytokine output it is not
the driving force for the microglial induction of HO-1. Recently, it was reported that Mn
(10-300 μM) increased production of intracellular ROS in primary microglial cultures
(Zhang et al., 2009). While the particular intracellular ROS entity induced by Mn has yet to
be identified, it is possible that ROS, other than released H2O2, is/are responsible for the Mn
effects on HO-1 in activated microglia.

Molecules that release or increase the production of NO are also known inducers of HO-1
(Motterlini et al., 2002). Because Mn potentiated LPS- induced microglia iNOS expression
and/or ensuing NO release (current study, (Chang and Liu, 1999;Filipov et al., 2005), we
decided to examine the role of NO in the Mn enhancement of HO-1 induction. In our study,
inhibition of NO production with two different NOS inhibitors, L-NAME and AG resulted
in the same HO-1 induction pattern that was observed in the absence of NOS inhibitors (Fig.
8), indicating that increased expression of iNOS and ensuing increased NO release is not the
driver of HO-1 induction in Mn+LPS-treated microglia.

While NO releasing agents have been associated with increased expression of HO-1, there is
evidence that the formation of peroxynitrite (ONOO-) may be important to the modulation
of HO-1 by NO (Motterlini et al., 2002). LPS-stimulated macrophages were found to induce
HO-1 through the increased formation of ONOO- (Srisook et al., 2005), while superoxide
dismutase attenuated HO-1 induction in endothelial cells, suggesting that NO by itself may
not be responsible for inducing HO-1 (Foresti et al., 1997). Therefore, the increase in NO
observed with Mn+LPS may require conversion to ONOO- in order to modulate HO-1.
While, many studies, including the current one, report a Mn-potentiated increase in NO, the
ability of Mn to induce superoxide (O2

-) and/or form ONOO- following Mn exposure has
yet to be demonstrated for microglia.
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So far, our study indicates that Mn-induced H2O2 release and the Mn-potentiated increase in
NO do not account for the Mn-potentiated induction of HO-1. Thus, the possibility remains
that (1) another intracellular ROS not yet identified, or (2) a ROS-independent mechanism is
responsible for the potentiated expression of HO-1 by Mn. It is clear that Mn has the
potential to increase levels of microglial derived ROS (Zhang et al., 2009), and once all
major ROS constituents are identified, it may be possible to determine their significance in
the induction of HO-1. Additionally, mitogen activated protein kinase (MAPK: p38, ERK,
& JNK) pathways have been shown to be involved in the regulation of HO-1 (Alam and
Cook, 2007). In fact, inhibition of the MAPK p38, reduced LPS-induced HO-1 expression in
RAW264.7 macrophages (Wijayanti et al., 2004). Because Mn regulates the activation of
MAPKs in microglia (Bae et al., 2006;Crittenden and Filipov, 2008;Zhang et al., 2007) it is
possible that Mn affects the induction of HO-1 by LPS through one or more of the MAPK
pathways.

It is well documented that HO-1 expression is regulated at the transcription level. In
particular, the transcription factor, Nrf2 has an important role in the ARE-mediated
expression of stress inducible genes, including HO-1(Alam and Cook, 2007). In fact, HO-1
was found to be less inducible in mice lacking Nrf2 (Cho et al., 2002), and Nrf2 knockdown
in primary microglial cells increased their susceptibility to oxidative stress (Ni et al., 2010).
In addition, LPS can induce HO-1 through the Nfr2/ARE pathway in both macrophages and
human monocytes (Ashino et al., 2008;Rushworth et al., 2005). Here we investigated the
role of Nrf2 in the Mn potentiated induction of HO-1 by LPS and found that as early as 15
min following exposure, Mn potentiated LPS-induced nuclear small Maf proteins suggesting
that while Mn does not potentiate nuclear translocation of Nrf2 protein, it increases the
likelihood of its dimerization with Maf. Because heterodimers formed between Nrf2 and
small Maf proteins preferentially bind to ARE (Itoh et al., 1997), by increasing the chance
for heterodimer formation, Mn-potentiated Maf and hence increased activation of ARE
could be the mechanism behind the Mn-enhanced expression of HO-1. In addition while
Nrf2 does not appear to change at 15 min, at later time points, increased synthesis of Nrf2 is
evidenced by enhanced expression in the cytosol, suggesting an increased demand for Nrf2
in the nucleus (Fig. 9B). It should also be noted that homodimers of Maf were found to act
as negative regulators of ARE-induced transcription in erythroid cells (Igarashi et al., 1994).
However, in the case of Mn potentiated Maf, one would expect to see a decrease in HO-1
rather than an increase if there were Maf homodimers being formed. Finally, because small
Maf proteins can form heterodimers with other transcription factors, such as Jun (Kataoka et
al., 1994), which also mediate transcription of antioxidant enzymes, including HO-1, it may
be that the Mn-potentiated increase in Maf affects HO-1 expression through multiple
transcription factors.

In summary, this study indicates that in the presence of an inflammagen, Mn caused
potentiation of microglial-derived inflammatory response is stabilized somewhat through a
concurrent enhancement of HO-1 expression. Interestingly, inhibition of HO-1 further
increases the release of H2O2 caused by Mn, which suggests that basal level HO-1 in
microglia is serving in an antioxidant capacity in part by controlling the redox status of the
cells. However, our data indicate that neither increased microglial release of H2O2 nor
enhancement of NO output by Mn play a role in the effects of Mn on HO-1 expression in
LPS-activated microglia. While the initial mediator of Mn potentiated HO-1 remains elusive
it appears that at the transcriptional level, a Mn-potentiated increase in nuclear small Maf
proteins is responsible for the enhancement of LPS-induced HO-1 expression by Mn.
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Stydy Highlights

The major findings of our current study are:

1. Manganese (Mn) up to 250 μM does not induce heme oxygenase (HO-1) on its
own, but it does potentiate lipopolysaccharide (LPS)-induction of HO-1 in
microglia cells.

2. HO-1 activity appears to be important in regulating Mn-induced hydrogen
peroxide (H2O2) release.

3. Increased HO-1 plays a role in the enhancement of inflammatory mediator
output, particularly TNF-α, in Mn+LPS-exposed microglia as inhibition of
HO-1 activity resulted in decreased inflammatory cytokines.

4. Nitric oxide (NO) is not the key regulator of HO-1 induction by Mn+LPS, as
iNOS inhibition did not significantly alter Mn-potentiated HO-1 induction

5. Small Maf proteins appear to be transcriptional regulators targeted by Mn for
potentiation of HO-1.

6. The increased HO-1 by Mn+LPS appears to be glia-specific as neither Mn, LPS,
nor combined Mn+LPS induced HO-1 in N27 dopaminergic neurons.
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Figure 1.
Effects of Mn and/or LPS on HO-1 in microglia. (A) Quantification and representative
western blots following 1, 4, 8, and 24 h exposure to vehicle, 100 μM Mn, 100 ng/ml LPS,
and combined Mn+LPS. Densitometric data were β-Actin-normalized and are presented as
percent of control. (B) Effects on HO-1 mRNA 1, 4, and 24 h post exposure to Mn (100
μM), LPS (100 ng/ml) and combined Mn+LPS. mRNA data are presented as fold change
relative to control. (C) Representative western blot for a dose-response to Mn (1-250 μM) in
the absence or presence of LPS (100 ng/ml) after 24 h exposure. Data were analyzed with
ANOVA and means were separated using SNK post hoc test. a,b Letters denote significant
differences (p ≤ 0.05).
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Figure 2.
Comparison of the effects of Mn and/or LPS on HO-1 in N9 microglia versus N27 neuronal
cells. Quantification and representative western blots following 24 h exposure to vehicle,
100 μM Mn, 100 ng/ml LPS, and combined Mn+LPS. Densitometric data were β-Actin-
normalized and are presented as percent of control. a,b Letters indicate significant
differences (p ≤ 0.05).
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Figure 3.
Effects of Mn and/or LPS on intracellular Mn (A) and Fe (B) following 24 h exposure to Mn
(100 μM), LPS (100 ng/ml) and combined Mn+LPS in microglia. a,b Letters indicate
significant differences (p ≤ 0.05).
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Figure 4.
Effects of Mn and/or LPS on iNOS in microglia. Quantification and representative western
blots following 24 h exposure to vehicle, 100 μM Mn, 100 ng/ml LPS, and combined Mn
+LPS are presented. Densitometric data were β-Actin-normalized and are presented as
percent of control. a,b Letters indicate significant differences (p ≤ 0.05).
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Figure 5.
Effect of HO-1 inhibition on microglial TNF-α (A) and IL-6 (B) cytokine production (24 h).
N9 microglia were pretreated for 3 h with vehicle (white bars) or HO-1 inhibitor (SnPP, 5
µM, small checkered bars; ZnPP, 1 µM, large checkered bars), followed by 24-h exposure to
Mn (100 µM), LPS (100 ng/ml), or combined Mn+LPS. Supernatant TNF-α and IL-6
concentrations were determined by ELISA. a,b Letters indicate significant effects of Mn/
LPS; *,** Indicate significant effect of HO-1 inhibitor within Mn/LPS (p ≤ 0.05).
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Figure 6.
Effect of HO-1 inhibtion on microglia TNF-α (A) and IL-6 (B) mRNA. N9 microglia were
pretreated for 3 h with vehicle (white bars) or HO-1 inhibitor (SnPP, 5 µM, small checkered
bars), followed by 4 h (A) and 24 h (B) exposure to Mn (100 μM), LPS (100 ng/ml), or
combined Mn+LPS. mRNA data are presented as fold change relative to control. a,b Letters
indicate significant effects of Mn/LPS; * Indicates significant effect of HO-1 inhibitor
within Mn/LPS (p ≤ 0.05).
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Figure 7.
Effect of HO-1 inhibition on microglial H2O2 release. N9 microglia were pretreated for 3 h
with vehicle (white bars) or HO-1 inhibitor (SnPP, 5 μM, small checkered bars; ZnPP, 1
μM, large checkered bars), followed by 1 h or 6 h exposure to Mn (100 μM), LPS (100 ng/
ml), or combined Mn+LPS. a,b Letters indicate significant effects of Mn/LPS; *,** Indicate
significant effect of HO-1 inhibitor within Mn/LPS (p ≤ 0.05).
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Figure 8.
Effect of iNOS inhibition on HO-1 protein expression. N9 microglia were pretreated for 30
min with vehicle (white bars), L-NAME (2 mM, small checkered bars), or AG (25 μM, large
checkered bars), followed by Mn (100 μM), LPS (100 ng/ml), or combined Mn+LPS for 24
h. Quantification and representative western blots are presented. Densitometric data were β-
Actin-normalized and are presented as percent of control. a,b Letters indicate significant
effects of Mn/LPS (p ≤ 0.05).
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Figure 9.
Effects of Mn and/or LPS on small Maf (A) and Nrf2 (B) protein expression in the cytosol
and nucleus of microglia following 15 min (A) and 1 h (B) exposure to Mn (100 μM), LPS
(100 ng/ml) and combined Mn+LPS. Quantification and representative western blots are
presented. Densitometric data were β-Actin-normalized and are presented as percent of
control. Lamin-b and α-tubulin represent nuclear fraction and cytosolic fraction control,
respectively. a,b Letters indicate significant effects of Mn/LPS (p ≤ 0.05).
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