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Abstract—Manganese toxicity can evoke neuropsychiatric and neuromotor symptoms, which have frequently been
attributed to profound oxidative stress in the dopaminergic system. However, the characterization of manganese as a
pro-oxidant remains controversial because antioxidant properties also have been associated with this metal. The current
study was designed to address these disparate findings concerning the oxidative properties of manganese. The apparent
ability of manganese in its divalent form to promote formation of reactive oxygen species (ROS) within a cortical
mitochondrial-synaptosomal (P2) fraction was completely abolished by the addition of one five hundredth of its molarity

of desferroxamine (DFO), a trivalent metal chelator. This large ratio and the high specificity of DFO for trivalent metal
ions discounted the possibility of inhibition of ROS generation by direct sequestration of divalent manganese, and
implied the trace presence of a trivalent metal. Further analysis suggested that this trace metal was manganic rather than
ferric ion. Ferric ion was able to dampen the reactive oxygen species-generating capacity of manganous chloride,
whereas manganic ion markedly promoted this property attributed to manganous ion. Such findings of the potent effects
of trace amounts of trivalent cations upon Mnrelated free radical generation offer resolution of earlier disparate
findings concerning the oxidative character of manganese. © 2001 Elsevier Science Inc.

Keywords—Manganese, Reactive oxygen species, Oxidative stress, Pro-oxidant, Antioxidant, Neurotoxicity, Transi-
tion metals, Free radicals

INTRODUCTION transition metals to modulate and transport oxygen, the
resence of free transition metals that are not bound to
roteins creates the potential danger for promotion of

unwanted free radical reactions. Such an excess of tran-

sition metals may exert a pro-oxidant effect and initiate

neuronal degeneration.

Chronic exposure to manganese devastates the centr
nervous system with symptoms strikingly similar to
schizophrenia and Parkinsonism [1,2]. Brain lesions,
marked by neuronal degeneration [3], are focal within

brain regions that are particularly active in oxidative The pro-oxidant effects of transition metals have been

metapolism and have a S|gn|f|caqt dopamine cpntgnt, confirmed repeatedly in vitro and in vivo studies [5-7]. A
such as the rat hypothalamus or primate substantia nigra

[4]. Due to their high consumption of oxygen, these small increase in levels of free iron within cells can
g 9 P ' oxygen, enhance lipid peroxidation and dopamine auto-oxidation
regions tend to generate Iarge qua_mutles of hydrogen [8—10]. Similarly, in its oxidation from the univalent to
ge_rg;(thi (sligg?e:nrias('quperoaxrltqc? Z?elo'r;] g])lleTZFesciron the divalent form, copper reacts with lipid hydroperox-

xiqative sp ' . |"y particip In sing ides to generate diene conjugates, and eventually cyto-
transfers with “catalytic” transition metals to generate

oxygen-derived free radicals, or highly reactive oxygen toxic alkoxyl, peroxyl, and lipid radicals [11]. The oxi-

) ) dation of iron, copper, and other transition metals is
species (ROS). Although the cell normally relies on thought to catalyze the homolytic fission of hydrogen

peroxide to hydroxyl radical and hydroxyl ion in the
Fenton reaction [12].

The potential involvement of oxidative damage in
manganese neurotoxicity suggests that manganese may
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also catalyze the Fenton reaction. In spite of extensive Assay for reactive oxygen species formation
research efforts, the evidence for such speculations of
manganese pro-oxidant activity, based primarily on use
of the divalent salt manganese chloride (MgClhas
been conflicting. Manganese has been implicated in en-
hancing dopamine auto-oxidation and oxidative nigral
[10,13-15], and in inflicting damage similar to that of
other mitochondrial toxins such as carbon monoxide and
cyanide [16]. In evaluations of the oxidative character of
manganese, several groups have attributed accelerate
ROS formation to both the divalent and trivalent states of
the metal [17,18]. However, other reports contend that
divalent manganese ion scavenges the ROS species s
peroxide and hydroxyl radicals even when SOD activity
is inhibited [19], and attenuates oxygen toxicity in the
Lactobacillus planetariunand related bacteria deficient
in the superoxide dismutase enzyme [20]. Additional
anti-oxidant effects, including catalase-like dispropor-
tionation of H,O, [21], inhibition of iron-induced lipid
peroxidation and copper-dependent low-density lipopro-
tein conjugation [7] have also been demonstrated using
the same divalent salt MnCIConflicting findings such
as these have complicated the characterization of man-
ganese as either a pro-oxidant or an antioxidant.

The current study was designed to address these in-

Reactive oxygen species (ROS) were assayed using
2',7'-dichlorofluorescin diacetate (DCFH-DA) [22].
DCFH is capable of being oxidized to the fluorescent
2',7'-dichloro-fluorescein by reactive oxygen species.
Although the identity of the ultimate species responsible
for the oxidation of DCFH is not known [23], the utility
of this probe as a sensitive measure of ROS in biological

ystems, including isolated subcellular cerebral systems,
as been documented [24].

P2 suspensions were diluted in 19 volumes of HEPES
buffer. Test compounds were pipetted into 96 well clus-
Yer plates (Costar, Corning Inc., Corning, NY, USA) with
four replicates per sample, and suspended in L0Of
Tris-buffer per well. A volume of 10@u, containing 5Sul
of P2 fraction and 9%l of 5 uM DCFH-DA, was added
to each well for a final volume of 200l.

Given the light-sensitive nature of the probe, assays
were carried out in a FL600 spectrofluorometer (Biotek
Instruments, Inc., Winooski, VT, USA). The microplate
reader allowed for fast light excitation and precise fluo-
rescence capturing, thus minimizing photo-oxidation of
the probe [25]. The incubation temperature was main-
tained at 37°C. Excitation and emission were set respec-
. . . o . tively at 485 nm and 530 nm. The fluorescence from each
conzs;lstenmes r?b+y focusing on the oxidative capacity of well was monitored, digitized, and stored on a computer
Mn™ and M, the two primary valence states of using KC4 (Version 4.0) (Biotek) software. Parallel

manganese in biological tissues. The findings indicate blanks with no DCEH-DA were included. and this value
that manganese indeed may promote unwanted free rad- '

. - . .._was subtracted from readings of samples to correct for
ical reactions, however, the redox dynamics between its

| d hiah | tates differ f that of oth autofluorescence of fractions. Additionally, parallel
ower and figner valence states ditierirom that ot 0ter 1, < \ith no P2 loaded with DCFH-DA served as an
pro-oxidant metals. The key finding is that the trace

. o . indicator of photo-oxidation of DCFH-DA. A DCF stan-
presence of a trivalent metal ion is required for the

. . . . dard curve (1-500 nM) was used for conversion of
pro-oxidant activity associated with excess MnThe fluorescence to pmol DCF formad protein/2 h
catalytic effect of nanomolar concentrations of the triva- '
lent ion on the oxidation of Mfi” and redox cycling may i o
account for earlier conflicting reports pertaining to the Protein determination
oxidative properties of manganese salts. Protein content was assayed using the method of

Bradford [26].
MATERIALS AND METHODS

Statistical analysis

Tissue preparation Statistical analysis was performed using ANOVA and

Brains obtained from 2—3 month old male B6C351 Fisher’'s Least Significant Difference Test to assess the
strain mice were excised on ice, and the cerebral cortexsignificance of differences between groups. The accep-
was weighed and homogenized in 10 vol. of 0.32 M tance level of significance was< .01 using a two-tailed
sucrose and centrifuged at 1800 g for 10 min. The  distribution.
resulting supernatant fraction was centrifuged at
31,500% g for 10 min to yield the crude mitochondrial/ RESULTS
synaptosomal pellet (PZ)' This was taken up in HEPE.S Differential promotion of ROS formation by divalent
buffer to a concentration of 0.1 g-eq/ml. The composi- and trivalent manganese
tion of the HEPES buffer was (mM): NaCl, 120; KCI,
2.5; NaH,PO,, 1.2; MgCl,, 0.1; NaHCQ, 5.0; glucose, The rate of generation of ROS in a cerebral cortical
6.0; CaCl, 1.0; and HEPES, 10 at pH 7.4. mitochondrial-synaptosomal fraction was enhanced by
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Fig. 1. Reactive oxygen species production as measured by DCF _ . .
formation in P2 cortical fractions following in vitro exposure to MgCl :.:'g' 3._Modfu|atory effects of tr|va|¢nt tl)ror;/lag Tanganese salt;(z)n the
and MnAg, The DCF formation is plotted against the log concentra  ‘ormation of reactive oxygen species by MpOfalues are mearn
tion. Values are mean: SE of three independent experiments realized of three independent experiments realized in quadruplicate. *Value of

in quadruplicate. *Value differsp(< .01) with that of the control. manganese-treated fractions diffeps< .01) with that of the control;
9 P ; p(' ) +value of fractions treated additionally with either MnAar FeClL
(Error bars are too small to visualize). . h b ) .
differs (p < .01) with the corresponding value of fractions treated with
MnCl, alone.

100 to 500uM of MnCl, (Mn?*), whereas manganic
acetate (MA") affected a similar increase in ROS for
mation at an order of magnitude lower in concentration
(0.5 to 5uM) (Fig.1).

available ferric ions (F&) from the preparations. ROS
formation by M*" was attenuated by DFO at a molar
ratio of ten to one. The rate of ROS formation was
reduced yet the metal ion retained significant pro-oxidant
Manganous-promoted ROS formation quenched by activity. This minor reduction was attributed to seques-
chelator DFO tration of a significant amount of manganic ion.
In comparison, the effect of DFO on attenuation of

Previous studies in this laboratory have found that Ros formation by MA" was far greater than that of
interactions between different metal species, specifically pjn3+. Most remarkably, ROS levels were reduced be
lead and aluminum, as well as the transition metals iron, |\ those of basal values in untreated subcellular frac-
copper, and chromium, accelerate ROS formation [27, tions, even at a molar ratio of 500 to 1 of Rinto DFO
28]. To ascertain the contributions, if any, of iron to (Fig. 2). Because quenching occurred at such a large
manganese-promoted ROS formation, desferroxamine atip hetween divalent manganese and DFO, the possi-
(DFO), a widely used chelator of trivalent iron and pjjity of inhibition of ROS generation by sequestration of
aluminum, was incubated with each of the manganese p;n2+ by DFO was discounted. The low concentrations
salts (Fig. 2). This was intended to deplete traces of ot pro required to quench ROS implied the trace pres-
ence of a trivalent metal.

6000

5000 | Manganic but not ferric enhanced

aooo - manganous-promoted ROS formation

Because DFO at nanomolar concentrations abolished
Mn?*-promoted ROS formation, the possible presence
of very low concentrations of a trivalent metal ion was
investigated to try to account for the pro-oxidant activity
associated with Mf". To simulate the effect of trivalent
CIRL  Z0MMMACh  20uMMCE SR S NnAc metal ioqs, which are intrinsically available in trace

" 0suMDFO  LosuMDFO amounts in brain tissue, Eeand Mr?* salts were added

. , at very low concentrations (500 nM—BM) to different
Fig. 2. Effect of DFO on manganese-generated ROS formation. P2 les i bated with M Fig. 3). While additi
cortical fractions were incubated with or without one of the manganese samples Incubated wit ' ng:( g. ) '_e adarions
salts. Values are meah SE of three independent experiments realized Of nanomolar concentrations of the ferric salt reduced
in quadruplicate. *Value of manganese—trgated fractions di_ffprs( Mn2+-promoted ROS formation, additions at the same
.01) with that of the controli+value of fractions treated additionally . f the Mt | iated M
with DFO differs p < .01) with the corresponding value of fractions concentrations of the salt potentiate -pro-

treated with one of the manganese salts alone. moted ROS formation. Additions of the Mh salt alone

3000
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5000 4 claims of Mn as a pro- or antioxidant. Rather such
disparate characterizations of manganese can be recon-
ciled by our finding that the pro-oxidant activity associ-
ated with divalent manganese depends on the trace pres-
ence of a trivalent metal ion, most probably manganic,
Mn3*. Although both valences of Mn have been associ
ated with accelerated generation of ROS, the findings of
this current study reveal a resistance to oxidation by
Y ¥ VS P S Mn?* that contrasts with the readiness of the lower
L v valence states of iron and copper to become oxidized to
higher valence levels.
Fig.‘4.llfnhibi_tion by DFO otr)l mgngaﬂese-b_eﬁed ROS gegeratign. P2 An apparent ability of manganese in the divalent state
Coral actons WeTe CDated M o o M DFO 1y 10 promote the formation of ROS within a cortical mi-
quadruplicate. *Value of manganese-treated fractions differs (01) tochondrial-synaptosomal fraction was found. However,
with that of the c0ntr9l;+va|ue of fraqtions treated addit‘ionally with the addition of one five hundredth of its m0|arity of
?r";cAti?ni”t?é%ezFﬁtﬁ'f,\ffrzsg'?aﬁr;g_l) with the corresponding value of desferroxamine (DFO), a trivalent metal chelator, com-
pletely abolished the pro-oxidant activity of i The
large molar ratio between additions of kKfhand DFO,
at nanomolar concentrations did not promote ROS for- and the high specificity of DFO for trivalent metal ions,
mation above basal levels (Fig. 1). negated the possibility of inhibition of ROS generation
by sequestration of the divalent cation by the chelator.
Moreover, the trace presence of a trivalent metal was
Chelation of manganic ion by DFO neutralized implicated as a promoting factor in Mh-related gener
pro-oxidant activity of manganous ion ation of ROS, given that DFO binds more tightly to
trivalent ions than to divalent ones by at least 11 orders
To inquire further whether M may be the metal  of magnitude [29]. Further analysis demonstrated that
being chelated by DFO, promotion of ROS productionin yery low concentrations of Bé ion were able to dampen
samples incubated with MnQivas tested in the presence  the oxidative potential of Mf", whereas small amounts
and absence of nanomolar and low micromolar concen- of Mn®" could markec”y promote the Ros_generating
trations of MnAg (500 nM—2uM) and DFO (500 nM-5  capacity of Mrf". This suggested that the trace metal in
uM) (Fig. 4). A concentration of 500 nM DFO com-  manganous salts, which was complexed by DFO, was
pletely neutralized the effect of the added 500 nM¥n primarily Mn®* rather than F& . Although DFO forms
and reduced ROS production to levels similar to those the most stable complex with & [29], the ability of
found when MA™ was added alone. Furthermore, an DFO to sequester trivalent metals such as*Ablnd

excess of DFO (IuM), intended to complex with the  Mn3" has been utilized to study chelation therapy and
added 500 nM MA&" and any trace amounts of Mh metal coordination Chemistry [30_33]

already pre-existing in solution, completely abolished the ~ Mn®* added alone at nanomolar concentrations was
excess generation of ROS observed with addition of not sufficient to elevate basal levels of ROS formation,

4000

3000 [

2000 [

pmol DCF/ mg protein / 2h

1000 [

Mn?* to basal levels. yet the same concentration range added to samples incu-
bated with Mi#" led to significant pro-oxidant activity.
DISCUSSION Moreover, nanomolar concentrations of DFO treatment

of samples incubated with manganous and manganic

The valence state of transition metals, such as iron salts returned the rate of ROS generation to basal levels.
and copper, has been established as a critical factor in theThis implied an interaction between the divalent and
ability of the metal to catalyze ROS formation in the trivalent states from which the capacity of Kinto
Fenton reaction, yet experimental use of Mn has been catalyze ROS generating reactions may be determined.
largely limited to that of the divalent salt. This may have These data demonstrate the reluctance by manganese
been a critical oversight given that the redox cycling, in the divalent form to undergo oxidation. Despite the
which is necessary for the generation of ROS described feasibility of manganese catalyzing Fenton-like reactions
by the Fenton reaction, involves at least two different [34], the low reduction potential of the aqueous divalent
valences. Indeed, studies of other valence states of manion may not permit its interaction with J&, to produce
ganese and their potential to promote oxidative stressOH" at a measurable rate [29] under normal cellular
have been sparse and conflicting [7,18,19,28]. concentrations and redox balance. However, the oxida-

The findings of this current study do not dispute either tion of Mn?>* may be facilitated by its interaction with
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metal colloids and ligands, such as oxy-hydroxides, Fe**, and those of closed shell ions, such as those in the
available in the biological environ [35]. Such catalysts alkaline earth family (e.g., Mg, Ca) [38]. The stability of
can alter the electronegativity of the metal ion [36] and this electron configuration and the reluctance to lose a
increase exponentially the rate constant of the oxidation d-electron accounts for the poor reducing ability of
reaction [37], thus overcoming the difficulty of the in-  Mn2* [36]. Contrastly, MA™ has much higher transition
trinsically low redox potential of the Mii ion. probabilities compared to M [38]. Its four unpaired
Mn*" or intermediate complexes that are significantly - electrons in the usual high-spin configuration are similar
stronger oxidizing agents may serve a similar catalytic y those of the lower oxidation state of iron,2*e and

. o L 2 .
role in the oxidation Of'\%:? - Given the redox potential  ronder the jon with marked instability and high reduction
between the two ions, or ionic intermediates could and oxidation potential. Its high spif, Mn®* is inclined

|tnducr:a a Sh,'It meIr']te (talectrgn densnzj/ of thEeﬁdlv?IeTt 10N qither to lose one electron in the antibondiggset of
0 eénhance Its ability to oxidiz€ or reduce. EMNECUVEly, an -, iia1s 19 maximize ligand field stabilization or to gain

interaction between Mt and ion catalysts could desta -
an electron to maximize electron exchange energy [36].

bilize the dlvglent lon and change the overgll rgdox status The hybrid properties of both closed shell and transition
to one that is more favorable to the oxidation of the . : :
metal ions in Mn may manifest themselves as redox

divalent ion and the acceleration of ROS generation. X . . .
bioenergetics atypical of other transition metals.

The different properties of Mii and Mr?* and their
interaction during oxidative events may be particularly
relevant in the context of biological systems. Although

Similarly, the dampening effect of the pro-oxidant activ- the divalent state is the most stable form of manganese in
ity observed with trace additions of Fe suggest that ~ adqueous solutions, the trivalent state is the dominant state
this trivalent form of iron may also alter the redox status Of manganese in many biological tissues and in natural
of Mn?*. The symmetry of thel-electron configuration ~ water sources [38]. In blood, free, am@-macroglob-
of manganous and ferric ions may confer stability to both ulin-bound Mrf" is oxidized to Mii*, possibly by fer
the redox couples of manganese r— — Mn®") and roxidase | or ceruloplasmin, and is then bound to trans-
iron (F€" < — Fe*") by reinforcing the low redox  ferrin [39]. Within cells, manganese is found
potential of one another, thereby mitigating some of the predominantly in mitochondria in the divalent form,
pro-oxidant activity potentiated by M. where its uptake and export may be via a calcium carrier
The resistance of Mii to oxidation differs with the  [38]. The high oxidative activity of some brain regions
readiness of the lower valence states of iron and coppermay facilitate oxidation of small amounts of divalent
to change to higher valence levels. For these latter tran- manganese to the trivalent state, thereby initiating Fenton
sition metals, the lower valence state exhibits greater cycling.
redox potential, higher reactivit_y, and greater readi_ness In summary, manganous ion has no intrinsic oxidant
to catalyze free radical-generating reactions. The h'gherpotential. However, MA"may act in a pro- or antioxi

valgnce state M showed significant redox potential, dant manner, depending on the trace presence of either
while the lower valence state Mh was found to be a Mn3* or Fé"* ion, respectively. Catalytic amounts of

mtﬁde‘?t. prlo —OtX|datnt| ogly l:V ith thektrgc;je_ﬁpresencs ?f an- trivalent manganese may promote Fenton-type redox cy-
other trivajent metal. such a marked difierence between cling, whereas ferric iron can attenuate this process. The

the redox potential of the two valences contrast with . .

e . otent effects of trace amounts of trivalent cations upon
other transition metals, suggesting that manganese rna)}r)nan anese-related free radical events may account for
possess redox dynamics that rely heavily on other medi- 9 y

ating factors before it undergoes free radical-generating the dlsgordant I|teratgre 9?‘.‘“'5 su_bject. Our findings can
reactions. reconcile reports of inhibition of iron-based ROS pro-

The known unusual ionic properties of its divalent and duction by manganese [40,7], and descriptions of the
trivalent states of manganese validate the potential exis-aPparently intrinsic ROS-generating capacity of manga-
tence of atypical redox differentials. In contrast to other N€se in both divalent and trivalent forms [18]. The co-
transition metals, manganese is most stable in aqueousgxistence of both the divalent and trivalent forms of
neutral pH solutions with the oxidation number 62. manganese in biological tissues underscores the potential
Mn?* is an S-state ion in the usual high-spin configura Metabolic significance of interactions of manganese in
tion with an approximately spherical distribution of the different valence states. This should serve as an impetus
five unpaired 8-electrons about the nucleus. The half- to reframe the design of studies on manganese intoxica-
filled 3d shell of Mr?* imparts the ion with a stability ~ tion—in terms of not only elements involved, but also of
analogous to that of the higher oxidation states of iron, valence states.

Mn?* + H,0, <> [Mn?" — OH <> Mn®" — "OH] <& Mn®*" + HO" + OH~

intermediate complexes



768 D. HAMaI et al

Acknowledgement This work was supported in part by NIH Grant radical by manganous complexes: in vitArch. Biochem. Bio-
#ES 7992. phys.214:452—-463; 1982.
[21] Stadtman, E. R.; Berlett, B. S.; Chock, P. B. Manganese-depen-
dent disproportionation of hydrogen peroxide in bicarbonate

REFERENCES buffer. Proc. Natl. Acad. Sci. US&7:384-388; 1990.

[1] Mena, I.; Marin, O.; Fuenzalida, S.; Cotzias, G.C. Chronic man- [22] Bass, D. A.; Parce, J. W.; Dechatelet, L. R.; Seeds, M. C.;
ganese poisonindNeurology17:1123-1129; 1967. ‘I_'homas| M. FIov_v cytometric studies of oxidative product forma-

[2] Butterworth, R. F.; Spahr, L.; Fontaine, S.; Layrarques, G. P. tion by neutrophils: a graded dose response to membrane stimu-
Manganese toxicity, dopaminergic dysfunction and hepatic en- lation. J. Immunol.130:1910-1917; 1983.
cephalopathyMetab. Brain Dis.10:259—267; 1995. [23] LeBel, C. P.;‘ Ishiropoulos, ‘H.; Bondy, S. C. Evaluation of the

[3] Seth, P. K.; Chandra, S. V. Neurotransimtters and neurotransmit- probe 2, 7'- dichlorofluorescin as an indicator of reactive oxygen
ter receptors in developing and adult rats during manganese species formation and oxidative stresShem. Res. Toxicol.
poisoning.Neurotoxicology5:67—76; 1984. 5:227-231; 1992.

[4] Donaldson, J. Involvement of manganese in physiological and [24] LeBel, C. P.; Bondy, S. C. Sensitive and rapid quantitation of
biochemical processes: an overvieNeurotoxicology5:1—4; oxygen reactive species formation in rat synaptosoriesiro-
1984, chem. Int.17:435—-440; 1991.

[5] Triggs, J. W.; Willmore, L. J.In vivo lipid peroxidation in rat [25] Wang, H.; Joseph, J. A. Quantifying cellular oxidative stress by
brain following intracortical Fe2 injection. J. Neurochemé42: dichlorofluorescein assay using microplate readieee Radic.
976-980; 1984. Biol. Med.27:612—-616; 1999.

[6] Rauhala, P.; Lin, A. M. Y.; Chiueh, C. C. Neuroprotection by  [26] Bradford, M. M. A rapid and sensitive method for the quantifi-
S-nitrosoglutation of brain dopamine neurons from oxidative cation of microgram quantities of protein utilizing the principle of
stressFASEB J.12:165-173; 1998. dye-binding.Anal. Biochem72:248—-254; 1976.

[7] Sziraki, I.; Rauhala, P.; Koh, K. K.; Bergen, P. V.; Chiueh, C. C. [27] Bondy, S. C.; Guo, S. X. Lead potentiates iron-induced formation
Implications for atypical antioxidative properties of manganese in of reactive oxygen specie$oxicol. Lett.87:109-112; 1996.
iron-induced brain lipid peroxidation and copper-dependent low [28] Bondy, S. C.; Guo-Ross, S. X.; Pien, J. Mechanisms underlying
density lipoprotein conjugationNeurotoxicology20:455—466; the aluminum-induced potentiation of the pro-oxidant properties
1999. of transition metalsNeurotoxicologyl9:65—-72; 1998.

[8] Sengstock, G. J.; Olanow, C. W.; Menzies, R. A.; Dunn, A. J.; [29] Halliwell, B; Gutteridge, J. M. Biologically relevant metal ion-
Arendash, G. W. Infusion of iron into the rat substantia nigra: dependent hydroxyl radical generation: an upd&EBS Lett.
nigral pathology and dose-dependent loss of striatal dopaminergic 307:108-112; 1992.
markers.J. Neurosci. Res35:67—82; 1993. [30] Yokel, R. A; Allen, D. D.; Ackley, D. C. The distribution of

[9] Mohanakum, K. P.; De Bartolomeis, A.; Wu, R. M.; Yeh, K. J.; aluminum into and out of the braid. Inorg. Biochem76:127—
Sternberger, L. M.; Peng, S. Y.; Murphy, D. L.; Chieuh, C. C. 132; 1999.

Ferrous-citrate complex and nigral degeneration: evidence for [31] Jorge, C.; Gil, C.; Possante, M.; Catarino, M. C.; Cruz, A;;
free-radical formation and lipid peroxidatioann. N.Y. Acad. Sci. Andrade, R.; Teixeira, R.; Santos, N.; Ferreira, A. Use of a
738:392-399; 1994. desferrioxamine “microdose” to chelate aluminum in hemodialy-

[10] Gerlach, M.; Ben-Shachar, D.; Riederer, P.; Youdim, M. B. Are sis patientsClin. Nephrol.52:335-336; 1999.
brain metabolism disorders of iron a cause of neurodegernative [32] Hardy, M. M.; Flickinger, A. G.; Riley, D. P.; Weiss, R. H.; Ryan,
diseased. Neurochem63:793—-807; 1994. U. S. Superoxide dismutase mimetics inhibit neutrophil-mediated

[11] Lynch, S. M.; Fre, B. Reduction of copper but not iron by human human aortic endothelial cell injury in vitral. Biol. Chem.
low density lipoprotein (LDL).J. Biol. Chem.27:5158-5163; 269:18535-18540; 1994.

1995. [33] Beyer, W. F. Jr.; Fridovich, I. Superoxide dismutase mimic pre-

[12] Southorn, P. A.; Powis, G. Free radicals in medicine I: chemical pared from desferrioxamine and manganese dioxMethods
nature and biological reactiondayo Clin. Proc.63:381-389; Enzymol.186:242—-249; 1990.

1988. [34] Bielski, B. H.; Cabelli, D. E. Superoxide and hydroxyl radical

[13] Donaldson, J.; McGregor, D.; LaBella, F. Manganese neurotox- chemistry in aqueous solution. In: Foote, C. S.; Valentine, J. S.;
icity: a model for free radical mediated neurodegenerai@am. Greenberg, A.; Liebman, J. F., edsctive oxygen in chemistry
J. Physiol. Pharmacol60:1398-1405; 1982. London: Blackie; 1995:66-104.

[14] Donaldson, J.; LaBella, F. S.; Gesser, D. Enhanced autoxidation [35] Arndt, D. Oxidation with manganese (lll) and manganese (IV)
of dopamine as a possible basis of manganese neurotoxicity. complex salts. In: Arndt, D., edManganese compounds as oxi-
Neurotoxicology5:53—64; 1984. dizing agents in organic chemistrya Salle, IL: Open Court

[15] Eriksson, H.; Lenngren, S.; Heilbronn, E. Effect of long-term Publishing Co.; 1981:1-25.
administration of manganese on biogenic amine levels in discrete [36] Larson, E. J.; Pecoraro, V. L. Introduction to manganese enzymes.
striatal regions of rat braimArch. Toxicol.59:426-431; 1987. In: Pecoraro, V. L., edManganese redox enzymég¢ew York:

[16] Brouillet, B. P.; Shinobu, L.; McGarvey, U.; Hochberg, F.; Beal, VCH Publishers, Inc.; 1992:1-28.

M. F. Manganese injection into the rat striatum produces excito- [37] Davies, S. H. R.; Morgan, J. J. Manganese (IT) oxidation kinetics
toxic lesions by impairing energy metabolisExp. Neurol.120: on metal oxide surfaced. Colloid and Interface Scil29:63-77;
89-94; 1993. 1989.

[17] De Rycker, J.; Halliwell, B. Oxidation of thiol compounds by  [38] Reed, G. H. Manganese: an overview of chemical properties. In:
catalase and peroxidase in the presence of manganese (ll) and Shramm, V. L.; Wedler, F. C., edslanganese in metabolism and

phenols.Biochem. Soc. Tran®:1343-1345; 1978. enzyme functianrNew York: Academic Press; 1986:313-323.

[18] Soliman, E. F.; Slikker, W. Jr.; Ali, S. F. Manganese-induced [39] Aschner, M. Manganese neurotoxicity and oxidative damage. In:
oxidative stress as measured by a fluorescent probe sitro Connor, J. R., edMetals and oxidative damage in neurological
study.J. Neurosci. Res. Commuih7:185-193; 1995. disease New York: Plenum Press; 1997:79-93.

[19] Hussain, S.; Ali, S. F. Manganese scavenges superoxide and [40] Sziraki, |.; Rauhala, P.; Chiueh, C. C. Novel protective effect of
hydroxyl radicals: arn vitro study in rats.Neurosci. Lett261: manganese against ferrous citrate-induced lipid peroxidation and
21-24; 1999. nigrostriatal neurodegeratiom vivo. Brain Res.698:285-287;

[20] Archibald, F. S.; Fridovich, I. The scavenging of superoxide 1995.



