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Homeostatic and toxic mechanisms regulating
manganese uptake, retention, and elimination
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ABSTRACT

This review attempts to summarize and clarify our basic knowledge as to the various factors that potentially
influence the risks imposed from chronic exposure to high atmospheric levels of manganese (Mn). The studies
describe the interrelationship of the different systems in the body that regulate Mn homeostasis by
characterizing specific, biological components involved in its systemic and cellular uptake and its elimination
from the body. A syndrome known as manganism occurs when individuals are exposed chronically to high
levels of Mn, consisting of reduced response speed, intellectual deficits, mood changes, and compulsive
behaviors in the initial stages of the disorder to more prominent and irreversible extrapyramidal dysfunction
resembling Parkinson’s disease upon protracted exposure. Mn intoxication is most often associated with
occupations in which abnormally high atmospheric concentrations prevail, such as in welding and mining.
There are three potentially important routes by which Mn in inspired air can gain access the body to: 1) direct
uptake into the CNS via uptake into the olfactory or trigeminal presynaptic nerve endings located in the nasal
mucosa and the subsequent retrograde axonal transport directly into the CNS; 2) transport across the
pulmonary epithelial lining and its subsequent deposition into lymph or blood; and/or 3) mucocilliary elevator
clearance from the lung and the subsequent ingestion of the metal in the gastrointestinal tract. Each of these
processes and their overall contribution to the uptake of Mn in the body is discussed in this review as well as
a description of the various mechanisms that have been proposed for the transport of Mn across the blood-
brain barrier which include both a transferrin-dependent and a transferrin-independent process that may
involve store-operated Ca channels.

Key terms: manganese, iron, lung, Parkinson’s disease, divalent metal transporter (DMT1), transferrin,
transferrin receptor

Manganese (Mn) is one of the most Mn is an essential trace metal required
prevalent metals on the earth, being thfor a variety of enzymatic and cellular
fifth most abundant metal and twelfth mosprocesses within the human body
abundant element on earth. It is an essentigdchroeder et al., 1966; Hurley, 1981;
component for the production of steelGrieger, 1999; Keen et al., 1999). Under
batteries, welding metals, ceramics, andormal dietary consumption, systemic
pigments. In nature, Mn exists in 1lhomeostasis of Mn is maintained by both its
different oxidation states ranging from -3 tarate of transport across enterocytes lining
+7, although within biological systems thethe intestinal wall and by its efficient
+2 and +3 valences are the most dominamémoval within the liver (Papavasiliouet al.,
species. Within recent years, the U.S. hak966). At the cellular level, Mn balance is
developed considerable interest in Mrproficiently managed by processes
because of the potential health rislcontrolling cellular uptake, retention, and
associated with increased atmospheriexcretion. These processes are in delicate
levels prompted by the impending use obalance to maintain essential levels of Mn
the gas additive methylcyclopentadienythat fulfill nutritional requirements of the
manganese tricarbonyl (MMT). different organelles within the body. This
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normally efficient system of checks andmost part, in individuals with high Mn
balances that regulate Mn levels in vivogcontent in blood and brain. Abnormal
however, appear to fail under conditions ofluorodopa scans, however, have been
exposure to chronic high doses of the metaleported recently in a patient with
and thus, alterations in the elaboratenanganism, suggesting that overexposure
homeostatic mechanisms are no longado Mn may manifest in a more diffuse
adaptable to maintaining the status quinjury within the basal ganglia than
required. generally acknowledged (Racette et al.,
Mn intoxication, a syndrome known as2005). These findings are consistent with
manganism, is most often associated withtudies demonstrating loss of neurons in the
prolonged occupational exposure tcubstantia nigra in rats treated with Mn for
abnormally high atmospheric 18 months (Gupta et al., 1980) and with
concentrations of the metal. Neurologicatecent studies demonstrating Mn-induced
symptoms consist of reduced responsiajury to the substantia nigra subsequent to
speed, irritability, intellectual deficits, degeneration of neurons within the globus
mood changes, and compulsive behaviors pallidus of rats (Wright et al., 2004). Thus,
the initial stages of the disorder to moreéhe central nervous system (CNS) injury
prominent and irreversible extrapyramidataused by Mn actually manifests in a
dysfunction resembling Parkinson’s diseasdiverse set of symptoms reflecting upon the
upon protracted exposure (Mena et alfact that the basal ganglia is one of the most
1969; Huang et al., 1993; Olanow et al.complex areas of the brain and associated
1996; Mergler and Baldwin, 1997; Pal etwith many positive and negative feedback
al., 1999). Classic symptoms include maskoops in an attempt to preserve normal
like face, limb rigidity, mild tremors, gait function. A disturbance in any one of these
disturbance, cock-like walk, slurred speechomponents, whether it occurs in the globus
excessive salivation and sweating and pallidus as in manganism or the nigro-
disturbance of balance. Although Mnstriatal neurons as in Parkinson’s disease,
intoxication and Parkinson’s disease arenay manifest with insidious neurological
both associated with neurological changedeficits that are remarkably similar. In fact,
in the basal ganglia, the latter disordethere is not always a clear distinction in the
correlates with loss of dopaminergicexpressed symptoms between the two
neurons within the nigro-striatal pathwaydisorders since the observed neurotoxic
whereas manganism is associated with thesponses to Mn tend to vary greatly
preferential degeneration of GABAminergicbetween individuals. Differences in
neurons within the globus pallidus, at leastesponse to Mn overexposure, most likely,
in the acute exposure paradigm and in there due to underlying genetic variability,
initial stages of the disorder (Olanow et al.which ultimately manifests in variation in
1996; Pal et al., 1999). both susceptibility and in the characteristics
The strongest evidence indicating thef the neurological lesions and symptoms
sparing of neurons within the nigro-striatalexpressed. The similarities in symptoms
pathway in manganism comes from studiesetween the two disorders are not totally
demonstrating that fluorodopa scans arenexpected, since exposure to high levels of
normal in individuals with high brain Mn Mn is associated with elevated levels in
levels (Olanow et al., 1996; Kim et al.,both the globus pallidus and the substantia
1998). Fluorodopa is a dopamine derivativaigra, as seen in T1l-weighted magnetic
that is taken up selectively within theresonance imaging (MRI) scans (Hauser et
presynaptic dopaminergic nerve endings ial., 1994; Burkhard et al., 2003). Moreover,
the striatum. The intensity of fluorodopathere also is increasing evidence that
scans is depressed significantly irchronic exposure to elevated levels of Mn
individuals with Parkinson’s disease,correlates with increased vulnerability to
indicative of the loss of dopaminergicdevelop Parkinsonism, again implicating a
neurons in the nigro-striatal pathwaypossible common genetic component
whereas these scans are normal, for thregulating these disorders (Pal et al., 1999;
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Gorellet al., 1999; Hudnell, 1999; Kim et(TLV) in the U.S. is set at 0.2 mg/ntm

al., 2002; Racette et al., 2001; Racetté[here is strong sentiment, however, in

2005). This is consistent with themuch of the scientific community that these

observation that chronic asymptomaticoncentrations are actually set too high,

exposure to miners manifests in &ince there is the potential risk that these
detectable late-life abnormalities ofconcentrations are sufficient to provoke
movement (Hochberg et al., 1996)neurological damage in particularly

Similarly, markedly decreased D2 receptosusceptible individuals (Roels et al., 1987).

density using B-methylspiperone positron  This raises an important question as to

emission tomography (PET) scans havlBow Mn in inspired air actually enters the
been reported during the very late stages dbdy and ends up in the brain. There are
chronic manganese toxicity, suggesting thatiree potentially important routes by

manganese intoxication may trigger avhich Mn can gain access to the body: 1)

neurodegenerative disease process (Kesslditect uptake into the CNS via transport

et al., 2003). into the olfactory or trigeminal presynaptic
Actually Mn overexposure can manifesinerve endings located in the nasal mucosa
in a broad spectrum of symptoms noand the subsequent retrograde axonal
necessarily confined to or associated witkelivery directly into the CNS; 2) transport
the degeneration of the basal ganglia. Facross the pulmonary epithelial lining and
example, tremor and seizures were showis subsequent deposition into lymph or
to develop in a 2-year-old girl receivingblood; and/or 3) mucocilliary elevator
total parenteral nutrition (Komaki et al.,clearance from the lung and the subsequent

1999). In her case, blood Mn levels werengestion of the metal in the

elevated, and T1-weighted MRI imagegastrointestinal tract. The relative

revealed areas of hyperintensity in the basabntribution of each of these to increasing
ganglia, brainstem, and cerebellum. Othethe body burden of Mn is difficult to
studies suggested that Mn also may play determine, although chances are that all
role in the pathogenesis of encephalopatiyiree components factor into the final
in patients with liver failure (Kreiger et al., accumulated toxic levels observed.

1995). Since the lung is the first organ exposed
to Mn, the events that take place within the
respiratory tract will determine, without

ROUTES OF EXPOSURE TO MANGANESE guestion, its biological availability.
Deposition within the pulmonary airway of

As noted above, Mn intoxication generallythe inspired particulates containing Mn is
is considered to be an occupational disordelependent on the size, mass, and density of
confined to individuals mining the metal orthe particle. In general, ultrafine particles
those individuals working at or nearthat are breathed in are rapidly exhaled
industrial settings in which Mn is used inwithout being deposited in the lung,
production or processing of other materialswhereas particles ranging from 0.02 tqul

Thus, welders and those working in omre preferentially deposited in the lower

living near ferroalloy processing plants arairway (Pityn et al, 1989; Yu et al, 2000).

at particular risk for developing Larger particles, (> Ju) in general, fail to

manganism. The common feature in each gfenetrate the smaller branches of the
these exposure settings is elevaterkspiratory tract and are mainly deposited in
atmospheric levels of the metal that initiallythe upper airway. In addition to the site of
enter the body via the inspired ambient airdeposition, several other factors ultimately

The Occupational Safety and Healtlgovern biological availability of inspired

Administration (OSHA) has set theMn and include the composition of Mn

permissible occupational airborne exposureithin the particulate matter, the time of

limit (PEL) to 5 mg/mnd based on an eight- exposure within the lung, and how
hour total weighted average exposureefficiently the metal is solubilized by
whereas the current threshold limit valuenacrophage within the lung.
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The first potential site for entry of represent approximately 3-5% of all cells in
inspired Mn into the body is a relativelythe alveolar region (Lehnert, 1992), and the
unique process that allows for the directundamental process of metal solubilization
transport of Mn into the brain, bypassings facilitated by the acidic environment
the blood-brain barrier. Numerous studiesvithin the macrophage (Kreyling, 1992;
confirm that Mn is readily taken up within Heilmann et al., 1992; Lundborg et al.,
the nasal cavity in presynaptic nervel992, 1995). Once solubilized, one of two
endings of axonal projections leading fronthings can happen: either Mn or some other
the olfactory (Tjalve and Henriksson, 1999potentially cytotoxic component within the
Vitarella et al., 2000; Fechter et al., 2002particulate can provoke degeneration of the
Dobson et al., 2003; Normandin et al.pulmonary macrophage (Antonini et al.,
2004; Dorman et al., 2002) and trigeminall999; Wesselius et al., 1999) or a specific
nerves (Lewis et al., 2005). Mn that is taketransport processes can expel the
up into these axons undergoes retrogradmlubilized metal back into the pulmonary
transport up the axons to the perikarya dluid. Particulates that are liberated intact
the respective neurons within the CNScan again be rephagocitized, and the
where it is subsequently released into thprocess of resolubilization will be resumed.
interstitial space. The amount of Mn that isThe solubilized metal that is released is
transported into brain via this route ispresumably transported across the epithelial
dependent on its composition in the inhaletining of the lung by a transferrin-
air with the more soluble forms being moréndependent or transferrin-dependent
efficiently taken up via this process. Thergrocess that is subject to the valence state
also is evidence that extremely smalbf solubilized Mn. If Mri3 is released, it
ultrafine particles can be taken up by thevill bind avidly to transferrin present
nerve endings and subsequently deliveredithin the pulmonary fluid, whereas Mt
to the CNS via a similar retrogradewill bind to other proteins such as albumin
transport process (Oberdorster et al., 2004)Wang et al., 2002; Yang et al., 2002). The
The majority of the studies examining thigransport proteins, divalent metal
process have utilized the rat as a model, artichnsporter 1 (DMT1) and ferroportin, are
therefore, the significance of this deliveryboth present within the alveolar epithelial
system in humans should be viewed witleells lining the pulmonary/blood partition,
some caution since the rat may not be presumably to aid in the transport of metals
suitable paradigm for comparison inacross the alveolar cells for deposition in
humans. The caveat lies in the fact that thine lymphatic system or directly into blood
nasal surface of the rat is almost 20 time@Vang et al., 2002; Yang et al., 2002). In
greater than that for the human, and thusddition to this carrier-mediated system,
the overall contribution of neuronal uptakehere is also the possibility that Mn, which
process in primates may likely beis complexed to transferrin in the
attenuated. pulmonary fluid, can be directly transported

The second process responsible foacross the epithelium by the process of
transport of Mn, and that which probablytranscytosis, as recently reported for the
represents the major factor contributing t@&CSF-transferrin complex (Widera et al.,
its uptake, is transport across the pulmonar®003a,b). In this case, the Mn-TfR
epithelial lining. Mn that is taken into thecomplex, located within the endosomal or
lung from inspired air is probably apinocytotic vesicles that are formed,
complex mixture of soluble and insolubletransverses directly from the apical-to-
Mn oxides along with aggregates of othebasolateral surface of the alveolar cell
metals. The particulate matter deposited ilning the pulmonary/blood interface. It also
the lung is normally cleared by a procesg feasible that over an extended period of
involving engulfment and the subsequentime the accumulated Mn and other noxious
solubilization by pulmonary macrophagecomponents of particulates can lead to
(Antilla, 1986; Lehnert, 1992; Antonini et disruption of the epithelial cells, allowing
al., 2004). Pulmonary macrophageshe direct access of the metals into the



ROTH Biol Res 39, 2006, 45-57 49

circulatory system (Pascal and Tessie@nticipate uptake to only be around 5%
2004). 1t is difficult to quantitate the extentsuggesting that a small percentage of Mn
to which pulmonary uptake contributes tdrom inspired air actually will enter the
the overall increase of Mn in blood andblood stream via the gastrointestinal tract
brain seen in miners and welders, but it i$Davidsson et al., 1989; Johnson et al.,
likely to represent the major route for entryl991).
of metals into the body. It is important to Although the mechanism responsible for
realize the fact that much of the Mn thathe delivery of Mn from inspired air into
accumulates in the lung persists fothe body is still under investigation, the
extended periods of time, having a biphasititerature is unequivocal about the fact that
half-life in the lung of 2 and 125 daysthe levels of Mn are elevated significantly
(Kalliomaki et al., 1983), thus allowing thein blood and brains of individuals exposed
biological systems that are in place tdo high levels of Mn in the environmental
eventually solubilize the metal within theworkplace. Regardless of the route of entry,
particulates, thus favoring its entry into théts prevalence is brought about by its
fluids of the body. protracted accumulation on a daily basis to
The remaining Mn within the pulmonaryhigh levels of the metal in particulate
fluid, whether it represents particulate omatter. The accumulated Mn in the lung
solubilized Mn that is bound to proteins omore than likely reaches a steady state in
present in macrophage, will undergowvhich increased stores are met with an
mucocilliary escalator transport up theequal rate of elimination ultimately leading
bronchioles, where it is eventually ingestedo enhance uptake and the creation of
and enters the digestive system. It isoxious levels within the body.
estimated, at least in the rat, that
approximately 2.4% of the alveolar
macrophage are transported to the upp@roob - BRAIN BARRIER
respiratory tract daily (Fritsch and Masse,
1992). The fate of Mn ingested via theOther than the direct uptake of Mn via the
mucocilliary escalator likely will behave olfactory or trigeminal nerves, Mn must
within the intestinal tract in a similar cross the blood-brain barrier to get into the
fashion as dietary Mn. The stomach, beingrain. Unfortunately, the mechanism for
approximately pH 2, readily dissolvestransport of Mn across the endothelial cells
complexed metal allowing for itslining the cerebral vasculature has not been
subsequent uptake within the intestinaildentified satisfactorily, as there is
tract. The emptying time for the stomacltonsiderable conflicting data in the
varies considerably from 1 to 5 hrs and isiterature as to the actual biochemical
largely dependent on content of therocesses involved. Substantial evidence
stomach. Thus, the extent to which Mn is1as been presented in recent years
solubilized within the stomach is a functionindicating that Mn is transported into these
of its concentration and composition as weltells via DMT1, in a transferrin-dependent
as the presence of other ingested foodsy possibly a transferrin-independent
which directly impacts on emptying time.process (Burdo et al., 2001, 2004; Zheng et
Solubilized Mn that is released from theal., 2003; Wu et al., 2004; Roth and
stomach into the duodenum is transporte@arrick, 2003). Arguments in favor of
across the microvilli into blood via theDMT1 being the major transport protein
transport protein, DMT1 and ferroportinresponsible for Mn uptake is based on
(Canonne-Hergaux et al., 1999; Trinder eseveral observations including the fact that
al., 2000; Knopfel et al., 2005). TheDMTL1 is present in the vasculature wall
percentage for Mn entering the intestinealong with the transferrin receptor (Burdo
from mucocilliary escalator is not knownet al., 2001) and ferroportin 1 (Wu et al.,
nor is it known what percentage is actuall2004), the protein assumed to be involved
absorbed into the body via this routein export of Mn out of the vascular
Assuming it behaves like dietary Mn, weendothelial cell. DMT1 expression has been
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reported to be regulated by iron status wit€ecchelli, 2003; Moroo et al., 2003).
low iron increasing DMT1 expressionObviously, further studies are necessary to
(Oates et al., 2000; Moos et al., 2002adequately characterize the specific
Erikson et al. 2004). Several studies havemechanisms responsible for the transport of
reported that Mn accumulation in the CNSMn across the cerebral vasculature.

is, in fact, elevated during iron deficiency,

supporting the hypothesis that DMT1 is

involved in this uptake process (Erikson eMANGANESE HOMEOSTASIS: NUTRITIONAL

al. 2002, 2004). In addition, the Belgrade®REQUIREMENTS, BLOOD SPECIATION AND LIVER

rat, which has a mutation in DMT1 that

essentially makes it inactive, has decrease®s noted above, Mn is an essential trace
brain levels of Mn and other divalent metalsnineral required for normal growth and
known to be transported by this proteidevelopment. Deficiency of Mn is
(Burdo et al., 2001). The major argumentextremely rare in the adult, although
against DMT1 playing a role in Mn neurological and behavioral deficits as well
transport into the CNS come from theas other abnormalities have been observed
studies of Moos and Morgan (2004)during development (Hurley, 1981; World
Takeda et al. (2000) and Yokel andHealth Organization, Environmental Health
Crossgrove (2004). Their findings revealCriteria, 1981; Keen et al. 1999; Grieger,
that the Mn/transferrin-complex is not thel999). The total body burden of Mn for the
most favorable species of the metal capabktandard 70 kg man is estimated to be
of crossing the blood-brain barrier and thaapproximately 10 to 20 mg of which 25 to
DMT1 is not present in capillary 40% is present in bone. Concentrations in
endothelial cells. Yokel and Crossgrovemost adult tissues range between 3 and 20
(2004) have further demonstrated that thgM.

neutral pH optimum observed for Mn Other than occupational exposures, the
transport into the CNS is inconsistent withmajor source of Mn is from our diet. Foods
the expected acidic pH optimum found fothat are particularly rich in Mn include
DMT1-mediated uptake. Thesecereal, vegetables, fruits, nuts, spices and
investigators propose that store-operated Greverages such as wine, tea and coffee
channels, as well as other mechanisms, af@/enlock et al., 1979; Gillies and Birkbeck,
responsible for the transport of Mn acros4983). The ubiquitous presence of Mn in a
the blood-brain barrier (Crossgrove andariety of foods accounts for the fact that
Yokel, 2005). The evidence against ain deficiency in the adult is practically
transferrin-DMT1-dependent processponexistent. The average daily intake is
however, is not sufficient to exclude theestimated to be between 3 and 9 mg/day
possibility that DMT1 plays a role in Mn which is greater than the recommended
transport across the blood brain barrier. Theaily allowance of 2.3 mg/day set by the
studies of both Takeda et al., (2000) an&DA in the U.S. Overdoses from dietary
Yokel and Crossgrove (2004) may bantake of Mn are unlikely, as approximately
explained by the fact that transferrin-5% of the Mn ingested actually ends up in
dependent transport into the endothelial cethe body via the intestines (Davidsson et
may not be the rate-limiting step for Mnal., 1989; Johnson et al., 1991).

transfer into the CNS. Instead, we also have The ionic species of Mn that enters the
to consider the possibility that transport oblood stream from the intestines is not
Mn out of the cell may be rate limiting, andknown but will have a major impact on the
this may occur at optimal pH nearfate of Mn retained in the body. As noted
neutrality. This suggestion recently hasbove, the liver plays a vital role in
been introduced for Fe transport acrossegulating Mn levels in vivo principally
enterocytes cells (Beutler, 2004). It is alsbbecause it is the major route for its
feasible that Mn can cross the blood-braielimination. Hepatic elimination of Mn,
barrier complexed to transferrin by ahowever, is greatly dependent on the Mn-
process involving transcytosis (Fenart angrotein complex present in serum. Mnp
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the predominant form in blood, is boundKrieger et al., 1995; Hauser et al., 1994,
tightly to transferrin (Gibbons et al., 1976)1996; Spahr et al., 1996; Burkhard et al.,
and, under normal conditions, is not i2003). These individuals express both
direct competition with bound F& since elevated blood and brain levels of Mn and
only 30% of the available binding sites ordisplay many of the behavioral and
transferrin are typically bound by iron. Thisneurological symptoms associated with this
raises an interesting question as to the fatBsorder. Based on T1-weighted MRI scans,
of Mn in blood in conditions such as sickleMn levels were elevated in both the globus
cell anemia or hemochromatosis whergallidus and substantial nigra (Hauser et al.,
transferrin may be totally saturated with1994). The observation of elevated Mn in
iron. Mn*3 has a high affinity for transferrin patients with liver failure is not unexpected,
(Gibbons et al., 1976), but its ability togiven the fact that hepatic elimination of
compete with iron under these condition®n is the normal route for its removal from
has not been examined. Because *fnthe body and anything that disrupts normal
forms a stable complex with transferrinhepatic function has the potential to
hepatic removal is relatively slow andprovoke elevated systemic levels of the
comparable to that for Tf-Fé complex. metal. A similar situation occurs for
Mn*2in blood is preferentially bound to a2-individuals receiving parenteral nutrition,
macroglobulin, although because of theince they also display classical symptoms
significantly greater abundance of albumirof Mn overexposure (Reimund et al., 2000;
in serum, a large percentage also iBok et al., 2001; Suzuki et al., 2003; linuma
presumed to be bound to this latter proteiret al., 2003). Thus, when evaluating the
as well. The ligand interaction betweercontribution of the various factors that
Mn*2 and serum proteins is rather wealpotentially influence Mn toxicity, we must
accounting for the rapid hepatic eliminatiomot only include the different routes of
from blood. Unlike F&, oxidation of Mri2  delivery but also the ability of the liver to
to Mn*3 does not occur spontaneously irremove the various species of Mn that exist
vivo and probably requires the copperin blood.
containing enzyme, ceruloplasmin, or the
equivalent to support this conversion.
Importantly, M2 is essentially the only TRANSPORT OF MN
oxidation state of Mn that is seen
intracellularly. Within the past decade, various transport
Thus, by regulating the body burden ofmechanisms that are responsible for cellular
Mn, the liver can directly influence brainuptake of MriZ and other divalent transition
levels upon chronic exposure to abnormallynetals have been identified. These studies
high levels of the metal (Papavasiliou et alreveal that Mn is transported into cells via a
1966). Since welders and miners experienaeaechanism similar to that for iron, as
substantially elevated Mn blood and brairevidenced by the fact that both Mn and iron,
levels, the assumption must be made thaas well as several other divalent transition
under these conditions, the liver ismetals, compete for uptake into a number of
incapable of keeping up with the demanddifferent cell systems (Gunshin et al., 1997,
to maintain  normal homeostaticRoth et al.,, 2002, 2003). As illustrated in
concentrations. This may partially befigure 1, there are two distinct but related
explained by the fact that much of the Mmmechanisms responsible for the transport of
from inspired air that is transported acrosMn and ferrous ion: a transferrin-dependent
the pulmonary epithelium is absorbed int@nd a transferrin independent pathway. As
tissues prior to it ever being encountered bilustrated, the transferrin dependent
the liver. pathway proposes that the transferrin#®in
Mn toxicity is not only restricted to complex initially binds to the transferrin
clusters of occupational exposed workerseceptor (TfR) on the cell surface similar to
but also is seen in individuals with cirrhosighat which occurs for iron. After attachment
of the liver and related hepatic dysfunctiorof Tf to the TfR, endosomal vesicles that are
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formed at the cell surface are internalizedariation in the signaling processes and
and subsequently acidified by a hydrogedisposition of Mn in different cells. There is
ion ATPase pump causing release of thstrong evidence that apoptosis contributes to
metal from the Tf/TfR complex. M®¥ Mn toxicity, since many of the classical
released into the vesicles is presumablgnarkers and signaling pathways associated
reduced to Mm?2 although a specific with programmed cell death are activated in
reductase responsible for this reaction halls treated with Mn. These include:
not been identified. Mi¥ is subsequently increased TUNEL staining; internucleosomal
transported across the endosomal membrab®NA cleavage; activation of the JNK and
via the transport protein, divalent metap38 (stress-activated protein kinase);
transporter 1 (DMT1; also named NrampZ2activation of caspase activity; cytochrome c
DCT1 or SLC11A2) (Gunshin et al., 1997;release; and caspase-dependent cleavage of
Fleming et al., 1997; Fleming et al., 1998)PARP (Desole et al., 1996, 1997; Hirata et
Since Mrt2 forms a relatively weak complex al., 1998; Schrantz et al., 1999; Roth et al.,
with either a2-macroglobulin or serum2000; Chun et al., 2001; Latchoumycandane
albumin, there is also the possibility thaet al., 2005). In addition, Bcl-2
transport of Mri?released from this complex overexpression is capable of preventing Mn-
can be taken up directly at the cell surface bgtimulated toxicity (Schrantz et al., 1999;
DMT1, independent of transferrin. Which ofKitazawa et al., 2005).

the two uptake mechanisms functionally
predominates is likely to be cell specific at
dependent on the presence of TfR on the «
surface. In addition to cellular uptake t
DMT1, there is also evidence in th
literature, as illustrated in figurel, fo
transport of Mn via the voltage regulated a
store-operated Cachannels, as well as th
ionotropic glutamate receptor €achannels W
(Lucaciu et al., 1997; Kannurpatti et al
2000; Riccio et al., 2002). In each of the
processes, Mn transport requires an exter
signal to initiate its entry into the cell suc
as membrane depolarization, agoni
mediated depletion of Ca stores, or
glutamate attachment to its receptc
respectively. The extent to which the: .
processes contribute to the overall cellu VR-Ca"-channel

uptake of Mn is not known, however & hcdaj ~N L
noted above, recent evidence suggests - " ca
SOC-Ca+2 Mn

the store-operated Cachannels may play

. : hannel
an important role in the transport of M channe

across the blood-brain barrier (Crossgro Glu Rec
and Yokel, 2005). o,
n

CYTOTOXIC MECHANISMS OF MANGANESE

Considerable progress has been made withiiigure 1. Transport mechanisms responsible for
the past decade regarding the mechanism bhye uptake of manganese. Tf — transferrin; TfR
which Mn induces cell death. Both apoptosisransferrin receptor; DMT1 — divalent metal
and necrosis have been implicated imransporter 1; VR — voltage gated*€&hannel;
provoking Mn-induced cell toxicity with SOC — store operated €achannel; Glu Rec —
differences in the mechanisms reflectinglutamic acid ionotropic receptor.
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In contrast, other studies have suggestext al. 1996; Mergler and Baldwin, 1997).
that Mn is, in fact, a potent antioxidantPallidal neurons are GABAminergic and
capable of suppressing oxidative-initiatedeceive glutaminergic input from the
events within the cell (Sziraki et al.,, 1995subthalamic nuclei. Because of this, there
1998, 1999; Talavera et al., 1999; Roth diave been a number of studies that have
al., 2000). Studies in our laboratory havattempted to examine the actions of the
shown that Mn toxicity is probably notexcitatory neurotransmitter, glutamate, on
solely due to apoptosis, since inhibitors oMn-induced toxicity (Plenz et al., 1998;
several classic apoptotic markers fail tdRouse et al., 2000). Results of these studies
prevent cytotoxicity (Roth et al., 2000). Forimplicate glutamate as a potential
example, selective inhibitors of both thecontributing factor to the toxicity of Mn
caspase family of proteases and the stressithin pallidal neurons and suggest that
activated protein kinase, p38, do notoxicity is not caused by any one factor but,
prevent Mn toxicity in PC12 cells, eveninstead, result from an amalgamation of
though these apoptotic markers arseveral events occurring simultaneously,
stimulated upon treatment with Mn. Thusthe center of which includes accumulation
other cytotoxic events must be responsiblef glutamate in this area of the brain. These
for the observed cell death initiated by Mnfactors include: 1) excess accumulation of
Several studies have reported that Mn isin in the globus pallidus; 2) Mn inhibition
capable of inducing mitochondrialof glutamate transport leading to increase
membrane transients leading to disruptiosynaptic levels of glutamate (Hazell and
of mitochondrial function (Gavin et al., Norenberg, 1997; Erikson and Aschner,
1992, 1999). These investigators hav@002); and 3) increased uptake of Mn in
proposed that Mn promotes calciumpallidal neurons by activated glutamate
accumulation within the mitochondria bychannels (Kannurpatti et al., 2000). This
inhibiting both the sodium-dependent andwypothesis is supported by the studies of
sodium-independent exporter, resulting iBrouillet and coworkers (1993)
the activation of the permeability transitiondemonstrating that the noncompetitive
pore (PTP) and loss of mitochondrialNMDA receptor antagonist, MK-801, is
function. In addition, Mn also can interferecapable of blocking lesions produced by
with oxidative phosphorylation by intrastriatal injections of Mn.
inhibiting both mitochondrial F1-ATPase
(Gavin et al., 1992, 1999) and complex |
(Galvani et al., 1995), causing a depletiooncLusIONS
of ATP (Brouillet et al., 1993; Roth et al.,

2000; Chen and Liao, 2002; Zhang et alThe studies above attempt to summarize
2005). Thus, either apoptosis or necrosiand clarify our basic knowledge as to the
may lead to the ultimate demise of the ceNarious factors that potentially influence the
integrity with the predominant cytotoxicrisks imposed from chronic exposure to
pathway most likely being cell specific. high atmospheric levels of Mn. These

Because of the similarities between thstudies endeavored to define the
neurological symptoms associated withinterrelationship of the different systems in
manganism and Parkinson’s disease, mosie body that regulate Mn homeostasis by
research efforts in the past have focused arharacterizing specific  biological
model cell systems in which dopamine ixomponents involved in its systemic and
the principal neurotransmitter. Althoughcellular uptake, transport in blood and
considerable information has been profitedelivery to organelles, retention in the brain
from these studies, it is reasonable tand other target organs, and its elimination
assume that signaling events controlling Mifrom the body. Results from these studies
cytotoxicity may be considerably differenthave begun to define environmental and
than those provoking cell death within thedietary conditions, such as iron deficiency,
neurons of the globus pallidus, since thesihat alter the biological parameters that
neurons do not contain dopamine (Olanownaintain normal iron balance and to explain
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how these changes may result in adverd®/RKHARD PR, DELAVELLE J, DU PASQUIER R,

i SPAHR L (2003) Chronic parkinsonism associated
conditions that aCtua”y support and with cirrhosis: A distinct subset of acquired

accelerate Mn toxicity. It is reasonable t0 nhepatocerebral degeneration. Arch Neurol 60: 521-528
hypothesize that genetic and environment&ANONNE-HERGAUX F, GRUENHEID S, PONKA P,

; R GROS P (1999) Cellular and subcellular localization of
factors reQUIatlng SUSCGpthI“ty to develop the Nramp2 iron transporter in the intestinal brush

Mn toxicity also may influence border and regulation by dietary iron. Blood 93: 4406-
vulnerability to acquire Parkinson’s 4417

: : : : EN CJ, LIAO SL (2002) Oxidative stress involves in
dlsease’ since phySIOIOglcaI processe@" astrocytic alterations induced by manganese. Exp

controlling the two disorders are Neurol 175: 216-225
mu|tifaceted, Contingent on theCHUN HS, LEE H, SON JH (2001) Manganese induces

: : endoplasmic reticulum (ER) stress and activates
Interdependence of many overlapplng multiple caspases in nigral dopaminergic neuronal

biochemical and molecular systems within cells, SN4741. Neurosci Lett 316: 5-8

the body. To fully understand theseCRCJ_StS%RtQVE Js, YOt*;ELbIRAd(%OO_S) évlangan?\s;e
; ; ; ; istribution across the blood-brain barrier: V.

relatlonshlps, fUtu_re SFUdIeS will n_EEd to Evidence for brain influx through store-operated

focus on genetic differences in the calcium channels. Neurotoxicol 26: 297-307

population that regulate vulnerability toDAVIDSSON L, CEDERBLAD A, LONNERDAL B,

P SANDSTROM B (1989) Manganese retention in man:
develop Mn tOXICIty and that control the A method for estimating manganese absorption in man.

expressed symptoms in this disorder. Am J Clin Nutr 49: 170-179
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