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ABSTRACT

Exposure to high levels of manganese [Mn] has been shown to cause a Parkinson’s-like syndrome known
as ‘Manganism. Present study has attempted to elucidate the cellular and molecular pathways involved
in manganese toxicity employing an immortalized dopaminergic cell line. Mn-treated cells exhibited a
concentration-dependent apoptosis that was caspase dependent. Mn induced a rapid surge of intracellular
reactive oxygen species [ROS] generation, followed by p38 mitogen-activated protein kinase [MAPK] activation
and nuclear accumulation of hypoxia-inducible factor-1alpha [HIF-1alpha]. Activation of p38 MAPK and HIF-
lalpha accumulation were attenuated by N-acetyl-L-cysteine, GSH [antioxidants], 1400W [specific iNOS
inhibitor], or a selective p38 MAPK inhibitor [SB203580]. Finally, RNAi knockdown of HIF-1 alpha protected
the cells from Mn. These results indicate that Mn activated the HIF-1alpha-mediated signaling pathway which
served as an initiator of Mn induced apoptosis in neuronal cells.
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Introduction

Manganese [Mn] is an essential trace element required for
development and multiple physiological functions [1].

tricarboxylic acid [TCA] cycle [12,13] and a reduction in the activities
of the electron transport chain [14], ultimately resulting in ATP
depletion [15]. Some of these mitochondrial events are significantly

However, blocked by antioxidants [16], suggesting the involvement of oxidative

chronic exposure to excessive Mn levels can lead to a variety of
psychiatric and motor disturbances, termed manganism [2,3].
Generally, exposure to ambient Mn air concentrations of more than 5
pug Mn/m3 can lead to Mn-induced symptoms. These exposure levels
are encountered in occupational cohorts employed in welding [4,5],
Fe and/or Mn smelting [6], mining [7], as well as the manufacturing
of batteries [8]. Excess brain Mn represents a risk factor for idiopathic
Parkinson’s disease [[PD] [9,10]. Mn is known to cause mitochondrial
dysfunction [11], including the inhibition of the enzymes of the

stress in the mechanism of Mn-induced mitochondrial dysfunction.
Therefore, understanding the underlying molecular mechanism|s]
of Mn-induced neurotoxicity is of increasing importance.Apoptosis
mediated by hypoxia is linked to upregulation of pro-death Bcl-2
proteins by stimulating hypoxia-inducible factor-1 [HIF-1]. Hypoxia-
inducible factor-1 is a transcriptive factor that regulates genes
involved in metabolism, angiogenesis, proliferation, and apoptosis.
HIF-1 is composed of HIF-1a and HIF-1f subunits. In conditions of
normal oxygen concentration, HIF-1 is constitutively expressed,
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whereas HIF-1a undergoes rapid degradation by proteasomes [17].
Under hypoxic conditions, proteasomal degradation of HIF-la is
reduced, leading to HIF-1a accumulation and translocation to the
nucleus. In the nucleus, HIF-1a binds to the hypoxia response element
[HRE] to activate the transcription of pro-death target genes [18].

Itwas reported that several non-hypoxic stimuli can also stimulate
HIF-1 protein levels including vasoactive peptides, cytokine, and
hormones [19-21]. All these stimuli can activate the HIF-1 cascade
by stimulating ROS production. Therefore, a non-hypoxic stimulus
can also activate HIF-1a through redox signaling through activation
of certain kinases or inactivation of phosphatases [22]. It was
shown that overexpression of p38 MAP kinases can enhance HIF-1«
protein levels under normoxic or hypoxic conditions [23]. We have
previously reported that in a rat dopaminergic cell line, p38 MAPK
is phosphorylated through a ROS-mediated pathway [Toxicologist
2008]. Thus, it is possible that Mn-induced stimulation of p38 MAPK
could lead to activation of HIF-1 pathway to initiate a cell death
cascade. In the current study, Mes 23.5, an immortalized dopaminergic
cell line, was used to investigate Mn neurotoxicity. This cell line
displays properties of substantia nigra zona compacta neurons and is
considered a dopaminergic cell that expresses tyrosine hydroxylase

and synthesizes dopamine [24].

Materials and Methods
Cell Culture

The Mes 23.5 cell line was derived from somatic cell fusion of
rat embryonic mesencephalic cells and the murine neuroblastoma-
glioma cell line N18TG2. Cells were seeded on poly-I-lysine-precoated
plates and maintained in DMEM supplemented with 5% fetal bovine
serum [FBS], 2% new born calf serum [NBS], 15 mM HEPES and SATO
components [insulin 5 pg/ml, transferrin 5 pg/ml, pyruvic acid 48.6
ug/ml, putrescine 4 pg/ ml, sodium selenite 5 ng/ml, progesterone
6.3 ng/ml] at 37°C in an atmosphere of 5% CO2 and 95% air.

Apoptosis Assay

Apoptosis was quantitated 24 h after exposure to different
concentrations of Mn. The insitu terminal deoxynucleotidyl
transferase-mediated DNA nick-end labeling [TUNEL] assay was
used to confirm apoptosis. The TUNEL assay was performed on
paraformaldehyde [4% in PBS] fixed cells using ApoptagTM in situ
apoptosis detection kit as described previously [25]. Cells with
condensed and fragmented DNA were considered apoptotic.

Measurement of ROS Generation

MES 23.5 cells grown in a polystyrene 96-well plate at a density
0f 30,000 cells per well were treated with 600 mM of Mn for 3 h. The
generation of ROS was assessed by an oxidation-sensitive fluorescent
probe DCFH-DA [26]. DCFH-DA is a non-polar compound that readily

defuses into cells, where it is cleaved by intracellular esterases to
form DCFH and, thereby, is trapped inside the cells. DCFH is oxidized
to the highly fluorescent 2,7-dichlorofluorescein [DCF] by ROS. Cells
were loaded with 30 mM DCFH-DA [Molecular Probes, Eugene, OR]
for 30 min at 37 8C in the dark and then washed with PBS to remove
free DCFHDA. After Mn treatment, the culture medium was removed
and cells were washed twice with PBS. Fluorescence intensity was
monitored with a microtiter plate reader at the excitation wavelength
0f 485 nm and emission wavelength of 535 nm. Values were expressed
as percent of control groups [without Mn treatment].

Western Blotting

Following treatments, whole cell lysates were prepared using
a lysis buffer containing 220 mM mannitol, 68 mM sucrose, 20 mM
HEPES, pH 7.4, 50 mM KCI, 5 mM EGTA, 1 mM EDTA, 2 mM MgCl,, 1 mM
dithiothreitol, 0.1% Triton X-100 and protease inhibitors. Western
blotting was carried out using the ECF Western blot kit [Amersham
Biosciences, Piscataway, NJ] as described by the manufacture. The
primary antibodies were: anti-f-actin antibody [Sigma Chemical
Co, St. Louis, Mo], anti-phospho-p38 MAPK antibody, anti-p-38
MAPK antibody. For detection of nuclear HIF-1a, nuclear extracts of
the cells were prepared. Briefly, cells were harvested and lysed in
buffer containing 10 mM HEPES, 1.5 mM MgClz, 10 mM KCI, 1 mM
DTT, 1 mM PMSF supplemented with a protease inhibitor cocktail
and centrifuged at 14,000 rpm for 5 min at 4°C. Supernatants were
harvested as cytosolic extracts. The pellets were further lysed with
buffer containing 20 mM HEPES, 1.5 mM MgCl,, 0.42 mM NaCl, 0.2
mM EDTA, 0.5 mM DTT, 25% glycerol, supplemented with a protease
inhibitor cocktail. Thirty minutes later, the supernatants [nuclear
extracts] were harvested after centrifugation at 14,000 rpm at 4°C
for 10 min. HIF-1a expression in nuclear extracts was detected by
Western blotting as described above. The primary antibodies were
anti-HIF-1a [Novus, Littleton, CO] and antihistone H3 antibodies [Cell
Signaling, Danvers, MA].

RNA Interference

Pre-designed siRNA for HIF-1a [Santa Cruz Biotechnology, Santa
Cruz, CA] was used to knock down gene expression. The silencer
negative control siRNA, which does not target rat, mouse or human
genes, was used as a negative control [Ambion, Austin, TX]. Transient
transfection of siRNA was performed with Lipofectamine 2000™
[Invitrogen, Carlasbad, CA].

Statistics

Data were expressed as mean * SEM. One-way analysis of
variance [ANOVA] followed by Tukey-Kramer procedure for multiple
comparisons was used to determine statistical differences between
treatments. Differences were considered significant at P<0.05.
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Results

Manganese-Induced Apoptosis Correlates with Increased
HIF-1 Alpha Expression

InMes 23.5 cells, Mninduced a concentration-dependentapoptotic
cell death over the range of 200-600uM, (Figure 1A). The percentage
of cells exhibiting positive TUNEL staining was significantly higher
in the Mn-treated group than in the control cells. A similar increase
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in oxidative stress has been observed in cells treated with varying
concentrations of manganese [data not shown]. To establish whether
Mn could alter HIF-1alpha protein level, cells were exposed to Mn
[200-600 mM] for 24 h and nuclear expression was analyzed by
Western blotting. Mn exposure induced a concentration-dependent
increase of HIF-1 alpha expression paralleling the cell death response.
HIF-1 alpha was expressed at a low level under control conditions,
whereas exposure to Mn [600 mM] rapidly increased expression
(Figure 1B).
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Figure 1:

A.  Mn-induced apoptosis. Mes 23.5 cells were treated with Mn (200-600 pM) for 24 hrs. Apoptosis was determined using TUNEL assay.
B.  Mn-induced HIF-1a expression. Mes 23.5 cells were treated with varying concentrations of Mn for 12 hrs. and cell lysates were subjected to
nuclear fractionation followed by Western blotting to determine HIF-1a levels.

Oxidative Stress-Mediated p38 MAPK Pathway is Involved
in HIF-1a Activation by Mn

It has been shown that the p38 MAPK activation is an upstream
initiator of Mn-induced apoptosis in brain cells. In the present study,
manganese activated p38 MAPK within 2 hrs. and peaked at 4 hrs.
(Figure 2A). The activation, as measured by protein phosphorylation,
was blocked by SB203580, a p38 MAPK antagonist, whereas the
control peptide SB202474 did not alter phospho-p38 expression.
Pretreatment with the antioxidant NAC also reduced p38 MAPK
activation, showing that ROS is an initiating signal for the kinase.

(Figure 2B) Since p38 MAPK can regulate HIF-1a accumulation in
the nucleus, it was determined whether HIF-1a was activated by Mn.
Increased HIF-1a expression was observed within 1 h of Mn exposure,
and maximal levels were detected at 3 h (Figure 3A). Also, total cellular
HIF-1a levels were increased by Mn [data not shown]. The increased
HIF-1a expression was markedly suppressed by NAC, CAT, 1400W,
and SB203580 (Figure 3B). Thus Mn-induced HIF-1a accumulation
is dependent on oxidative stress and p38 MAPK activation. On the
other hand, pretreatment with antioxidants and p38 MAPK inhibitor
resulted in a significant reduction of apoptosis (Figure 3C).
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Figure 2:

A.  Mn exposure leads to activation of p38 MAP Kinase. Cells were treated with 600 pM of Mn for 2 to 6 hrs. Expression and phosphorylation
of p38 MAP Kinase determined by Western blotting.

B.  Effects of antioxidant and a p38 inhibitor. Cells were pretreated for 30 min with NAC (0.5 mM), SB203580 (20 pM) prior to treating with 600
PM Mn for 6 h. Phosphorylation of p38 MAP Kinase determined by Western blotting.
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Figure 3:

A.  Mn-induced HIF-1a expression. Mes 23.5 cells were treated with 600 tM of Mn. Samples were collected at different time points and cell
lysates were subjected to nuclear fractionation followed by Western blotting to determine HIF-1a levels.

B.  Effects of blocking oxidative stress and a p38 MAPK phosphorylation on HIF-1a protein expression. Cells were pretreated for 30 min with
NAC (0.5 mM), 1400W (0.1 mM), SB203580 (20 1M) or SN-50 (20 pM) prior to 600 tM Mn treatment for 6 h. Cell lysates were subjected to nuclear
fractionation followed by Western blotting.

C.  Effects of blocking oxidative stress and a p38 MAPK phosphorylation Mn-induced apoptosis. Cells were pretreated for 30 min with NAC
(0.5 mM), 1400W (0.1 mM), SB203580 (20 pM) prior to 600 pM Mn treatment for 24 hr. Apoptosis determined by TUNEL staining.
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Downregulation of HIF-1 alpha Prevents Mn-Induced
Apoptosis

To determine that HIF-1 alpha is an upstream regulator of cell
death, Mn-induced expression of HIF-1 alpha was knocked down by

RNAi. The RNAIi treatment markedly reduced HIF-1 alpha expression
and protected the cells from manganese-induced apoptosis
Transfection with a negative control RNAi did not significantly alter
induction of HIF-1 alpha expression or cell death by Mn (Figures 4A
& 4B).
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Figure 4:

A.  HIF-1a silencing reduced nuclear accumulation of HIF-1 in Mn treated cells. Cells were transfected with either control siRNA or siRNA
specific for HIF-1a for 24 h, followed by Mn exposure (600 uM) for 6 hrs. Expression determined by Western blotting.

B.  HIF-1a silencing prevented Mn-induced apoptosis. Cells were transfected with either control siRNA or siRNA specific for HIF-1a for 24 h,
followed by Mn exposure (600 uM) for 6 hrs. Apoptosis determined by TUNEL staining.

Discussion

In the present study, Mn induced a rapid surge of ROS generation,
followed by activation of p38 MAPK and HIF-1 alpha accumulation
HIF1 alpha is a transcription factor, hence, it is likely that manganese-
induced toxicity is dependent upon gene activation. Both normoxic
and hypoxic conditions can upregulate HIF-1. A non-hypoxic stimulus
such as oxidative stress induces HIF-1 activation. Substances such
as growth factor, thrombin, or insulin can promote HIF-1 expression
through increasing cellular ROS generation [19,27,28]. These
responses were inhibited by antioxidants or over-expression of redox-
modifying enzymes, indicating that an antioxidant state reduces
levels of free radicals to limit activation of the HIF pathway, on the
other hand, elevated cellular levels of oxidative radicals promote
the pathway. In the present study, the initiation signal for HIF-1
accumulation by Mn was reactive oxygen species, whereas treatment
with a free radical scavenger such as NAC reduced ROS and prevented
apoptosis by inhibiting HIF-1 pathway activation. Present results
indicate that p38MAPK signaling is necessary for the induction of
HIF-1a by Mn. The p38 MAPK, a member of the MAP kinase family
involved in apoptotic cell death can be activated by phosphorylation
[29,30].

Numerous studies have shown that stimulation of cellular ROS
generation can lead to MAP kinase activation whereas antioxidants
can inhibit activation. In the case of Mes 23.5 cells, Mn-induced
activation of p38 MAP kinase preceded nuclear HIF-1a accumulation
since pharmacologic inhibition of p38 MAP kinase blocked the
expression of HIF-1a. Although the mechanism underlying HIF-1a

regulation by p38 MAPK is unclear, it appears that p38 MAPK acts
as a redox-sensitive factor to induce HIF-1a stabilization, followed by
nuclear translocation to promote transcription of target genes. The
functional result is a transfer of the redox signal to the nucleus to
initiate transcription of pro-death gene products. As a transcription
factor, HIF-1a regulates a series of target genes encoding proteins
that promote cell survival [31]. On the other hand, HIF-1a can also
participate in cell death by activating pro-death genes, including
BNIP3, and Nix [32]. BNIP3 expression can be upregulated under
both hypoxic and non-hypoxic conditions in cell lines derived from
carcinomas, fibroblasts, and macrophages [32,33]. In the nervous
system, BNIP3 functions as a pro-death factor in select brain regions
following subarachnoid hemorrhage [34] or focal cerebral ischemia
[35]. Recently, BNIP3 was linked to brain developmental apoptosis
in which BNIP3 mRNA increased in parallel with developmental cell
death in neonatal rat brains [36]. BNIP3 induction was shown to be
regulated by HIF-1a and induces apoptotic cell death in many non-
neuronal celllines [Bruick [37,38]]. A similar induction of BNIP3 by Mn
in a dopaminergic cell line was reported by us. Knockdown of BNIP3
by siRNA transfection protected cells from cytotoxicity, providing
strong support for the role of BNIP3 in cell death [26]. Overall, these
results, show that in Mn-induced cell death by upregulating HIF-1.
Oxidative stress and p38 MAP kinase activation initiate upregulation
of HIF-1a mediated signaling and its role in inducing the expression
of cell death-promoting genes.
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