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Interaction between 6-Hydroxydopamine and Transferrin: “Let My Iron'Go”
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ABSTRACT. The dopamine analogue 6-hydroxydopamine (6-OHDA) is selectively toxic to catecholaminergic
neurons. Because of its selectivity for neuroblastic cells in the sympathetic nervous system lineage, 6-OHDA
has been suggested as a chemotherapeutic agent for targeted treatment of patients with neuroblastoma.
We tested the hypothesis that the toxicity of 6-OHDA is caused by its interaction with serum ferric
transferrin (Fe-TF) resulting in release of iron. We further hypothesized that this iron, through its redox-
cycling by 6-OHDA, triggers generation of reactive oxygen species. 6-OHDA-induced release of iron
from Fe-TF was demonstrated by: (1) low-temperature EPR spectroscopic evidence for decay of the
characteristic Fe-TF signal & 4.3) and appearance of the high-spin signal from iron chelated by 6-OHDA
oxidation products; (2) spectrophotometric detection of complexing of iron with tHechelator ferrozine;

(3) redox-cycling of ascorbate yielding EPR-detectable ascorbate radicals; and (4) generation of hydroxyl
radicals as evidenced by EPR spectroscopy of their adduct with a spin tragirbegghylpyrroline oxide
(DMPO) (DMPO-0OH). Our low-temperature EPR studies showed that in human plasma, 6-OHDA caused
iron release only under nitrogen gas but not under air or oxygen. The absence of a 6-OHDA effect in
plasma under aerobic conditions was most likely due to its ferroxidase activity [with consequent reuptake
of Fe(lll) by apoTF] and catalytic oxidation of 6-OHDA by ceruloplasmin. Modeling of these plasma
activities by a stable nitroxide radical, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPOL), resulted in
protection of plasma Fe-TF against iron release under nitrogen. Parenteral administration of 6-OHDA to
mice resulted in iron release from Fe-TF as evidenced by transformation of the Fe-TF low-temperature
EPR signal that was indistinguishable from that seen in in vitro models. In addition, administration of the
iron chelator deferoxamine (DFO) to mice prior to administration of toxic doses of 6-OHDA resulted in

a decrease in activity impairment of mice as compared to that seen with 6-OHDA alone. These findings
underscore the physiological and pharmacological relevance of 6-OHDA-mediated iron release from Fe-
TF and suggest that iron chelators (DFO) may be used for prevention of 6-OHDA toxicity.

The dopamine analogue 6-hydroxydopamine (6-OHDA) of patients with neuroblastoma&-4). The toxic effects of
is selectively toxic to catecholaminergic neurons. This 6-OHDA are largely related to its ability to generate
compound has been used to develop animal models for thesuperoxide radicals and hydrogen peroxide. OHDA is readily
study of Parkinson’s disease, a disorder in which the long- oxidized to the correspondingquinone in the presence of
term toxicity of dopamine and its breakdown products has molecular oxygen. In this process, each of two molecules
been hypothesized to play a pathogenetic rije Further- of oxygen accepts an electron from 6-OHDA (denoted as
more, because of its selectivity for neuroblastic cells in the the dihydroquinone, Q) in this series of reactions:
sympathetic nervous system lineage, 6-OHDA has been
suggested as a chemotherapeutic agent for targeted treatment QH,+0,—="QH+ O,” + H* (1)

. o— +
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and Grant RO1 CA74289) and by the American Institute for Cancer
Research (Grant 97B128). The superoxide radical thus generated promotes further
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versity of Pittsburgh, 260 Kappa Dr., Pittsburgh, PA 15238. Phone: 9 :
(412) 967-6561 (G.G.B.) or (412) 967-6516 (V.E.K.). Fax: (412) 624-
1020 (G.G.B. and V.E.K.). E-mail: grigoryb@yahoo.com (G.G.B.) or QH2 + 02'_ +H = ‘QH + H202 (3)
kagant@pitt.edu (V.E.K.).
* Department of Environmental and Occupational Health.

s Department of Pharmacology. Studies aimed at modeling the pathogenesis of Parkinson’s
' SynZyme Technology. disease demonstrated that 6-OHDA is highly effective in
“ Department of Pediatrics and Neurology. releasing iron as Fe(ll) from ferriting}. This is important

1 Abbreviations: 6-OHDA, 6-hydroxydopamine; DFO, deferoxam- ; ; ; .
ine; TEMPOL, 4-hydroxy-2.2.6,6-tetramethyl-1-piperidinyloxy: CP, because iron may catalytically accelerate reaction 1, the rate

ceruloplasmin; DMPO, 5,5-dimethyl-1-pyrroling-oxide; TF, trans- limiting step in oxiQation of 6-OHDA T), i.e..., enhance
ferrin; apoTF, apotransferrin; Fe-TF, ferric transferrin. subsequent production of,8, and Q°~. In addition, Fe(ll)
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released from ferritin can react with,8, to produce the  and water throughout the experiment. In all cases, they were
highly toxic hydroxyl radical {OH). acclimated to the animal facility for at least 72 h prior to
Undoubtedly related to this endogenously propagated Use.
generation of highly reactive radical species, treatment of Fe-TF PreparationApoTF (254M) was loaded with iron
tumor-bearing mice with 6-OHDA is found to be toxic not up to 30, 60, and 90% saturation by addition of varying
only for the neuroblastoma cells of the tumor but systemically amounts of FeSQin the presence of CP (0.4 unit/mL).
as well @). This is not surprising, since, in tissues without Incubations were carried out in Tris buffer, 10 mM, pH 7.4,
a cellular catecholamine uptake system, parenterally admin-for 1 h. This low concentration of CP was used to avoid
istered 6-OHDA (and reactive oxygen species generated) CP-dependent oxidation of 6-OHDA in subsequent incuba-
would be expected to react with extracellular targets. tions (13). Optical density measurements of Fe-TF complexes
One such potential target is serum transferrin (TF), a major [characteristic maximuraues = 4950 M cm™* (14)] or low-
carrier and storage protein of iron. ApoTF contains two temperature EPR measurements of the typical Fe-TF spec-
metal-binding sites which form high-affinity complexes with  {rum were used for close monitoring and control of the
ferric ion (8). This iron can be liberated by a number of binding capacity of apoTF and the saturation level of Fe-
reducing agents, including hydroxypyridonates and catecholsTF- A 90% saturation of Fe-TF occurred within 2 min
(9). We hypothesized that 6-OHDA, a catecholamine, can incubation of apoTF in the presence of FaSdd CP.
reduce and release iron from TF. Iron liberated from TF _ Treatment of Plasma and Fe-TF in Buffer for Low-

would perpetuate formation of reactive oxygen species that Temperature EPR Measurements of Fe-TRe concentra-
Would in turn perpetuate the re|ease Of iron from TF. tions of 6-OHDA used for these in vitro studies were chosen

Some existing lines of evidence have been interpreted asP&cause they are readily attained in the serum of animals

arguing against this hypothesis. Previous studies suggest tha@!Ven parenteral 6-OHDA3) and in neural crest cells
diferric transferrin does not in fact accelers@H formation ~ !ncubated with this compound?). In accordance with this,

(10) from superoxide (generated by the xanthinenthine ~ 6-OHDA (4 mM) was added to Fe-TF (20M) and CP (0.4

oxidase system) and hydrogen peroxide. Superoxide may notNi/mL) in Tris buffer, 10 mM, pH 7.4. After various periods

cause iron release except at acidic pH or TF iron saturation©f imeé, samples were frozen in liquid nitrogen for subse-
levels above those seen physiologicallfi)( Finally, incuba- guent analysis. Samples of plasma were frozen immediately
tion of TF with plasma does not alter the intensity of the for Fe-TF measurements, after addition of exogenous Fe to

ascorbate radical EPR signal generated from ascorbate excegt/2/uate the endogenous level of iron saturation of TF, or
when the added iron concentration exceeds the iron-binding@/ter reatment with 6-OHDA (4 mM). Incubations of plasma

capacity of plasmal@). It is of interest that all of these w_ith 6-OHDA were carried out for 1.5 hin equilibrium.with
studies involved biochemical systems containingdior air, or under flow of pure @or N.. Plasma was partially
O, in the absence of reducing agents. This situation may e\_/apor_ated during incubation, andllts _vqume was restored
differ markedly from that of systems containing 6-OHDA  With Tris buffer (10 mM, pH 7.4) maintained under the same

or dopamine, redox-cycling reductants that perpetuate ongo-floW of gas. EPR measurements of the Fe-TF signal were
ing release of iron as well as;B, and Q- production. The performgq on a JEOL-RE1X spectrometer under the fqllow—
present study examines a system containing both TF and"d conditions: 150,mT’ center field; 80 mT, sweep width;
6-OHDA. It demonstrates the prooxidant role of transferrin + MT, field modulation; 10 mW, microwave power; 0.3 s,

in such systems and suggests a novel additional mechanisniiMe constant; 2 min, time scan; 77 K, temperature.
for 6-OHDA toxicity. We demonstrate the iron-releasing _ EPR Measurement of Ascorbate Radidaédox activity
effect of 6-OHDA on TF, assess the importance of this of iron was evaluated by measurement of ascorbate radical

phenomenon in vivo, and suggest its relevance for iron redox Production. Fe-TF (25M, about 85% saturation), apoTF

cycling and oxygen radical generation in disease and therapy(2> #M), or Fe(ll) was incubated fo2 h with 6-OHDA (4
of the nervous system. mM). The catecholamine was similarly incubated alone as

a control. CP (0.4 unit/mL) used for loading TF with iron
METHODS was added to all incubations to make the conditions
comparable. Immediately after treatment, samples were
ReagentsHuman serum apotransferrin (apoTF), human diluted 8-fold for ascorbate radical measurement. The diluent
ceruloplasmin (CP), 6-OHDA, ferrous sulfate, sodium ascor- contained ascorbate (5@), SOD (10uM), and 6-OHDA
bate, 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (TEM-  (500xM). Control (i.e., not treated with 6-OHDA) aliquots
POL), 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4- of apoTF and Fe-TF were similarly analyzed in parallel.
triazine (ferrozine), and deferoxamine were purchased from Ascorbate radical spectra were recorded with the following
Sigma Chemical Co. (St. Louis, MO). 5,5-Dimethyl-1- settings: 335.4 mT, center field; 0.5 mT, sweep width; 0.063
pyrroline N-oxide was obtained from Aldrich Chemical Co. mT, field modulation; 10 mW, microwave power; 0.1 s, time
(Milwaukee, WI). Trisma base and Tris-HCl were purchased constant; 1 min, time scan. Time courses of ascorbate radical
from Bethesda Research Laboratories. Compressed nitrogefESR measurements were obtained by repeated scanning of
gas ¢99.9% purity) and oxygen gas were obtained from the magnetic field corresponding to the low-field peak of
Valley Welding (Pittsburgh, PA). Plasma was obtained from the ascorbate radical spectrum. These records were then
heparinized blood of anonymous healthy donors by centrifu- transformed into a plot of the time course of signal magnitude
gation for 20 min at 1508 by plotting the peak of the EPR signal at each time point.
Animals.Male A/J mice were obtained from The Jackson The inflection time of ascorbate radical generation was
Laboratory (Bar Harbor, ME) at-57 weeks of age. Mice  defined as that point on the time course at which the rate of
were housed four per cage and given free access to foodincrease in amplitude of the EPR signal was maximal. The
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conditions for these measurements (internal mode of record-
ing) were as above except that the sweep width was 0.15
mT and the time scan was 10 s.

EPR Measurements of Hydroxyl Radical Adduct with a
Spin Trap, DMPO (DMPG OH). Measurements of DMPO
OH production were carried out in the presence of DMPO
(100 mM) and 6-OHDA (50Q«M) after addition of apoTF
(2.5uM), 85% saturated Fe-TF (2:8M), or FeSQ (5 uM).
Spectra of the DMPOOH adduct were recorded at 335.4
mT, center field; 4 mT, sweep width; 0.1 mT, field
modulation; 10 mW, microwave power; 0.1 s, time constant;
1 min, time scan. Time courses of DMP@H adduct
generation were obtained by repeated scanning of the
magnetic field corresponding to one of the peaks of the EPR
spectrum under the following conditions: 333.2 mT, center
field; 0.3 mT, sweep width; 0.1 mT, field modulation; 10
mW, microwave power; 0.1 s, time constant; 10 s, time scan;
internal mode of recording.

Fe(ll)—ferrozine complex formation and 6-OHDA oxida-
tion were monitored spectrophotometrically (Shimadzu
UV160U spectrophotometer). For this purpose, Fe-TF (20 110 130 150 170 190
uM) was incubated fo2 h with 6-OHDA (4 mM) in the mT
presence of CP (0.4 unit/mL) in Tris buffer, 10 mM, pH Ficure1: Effect of 6-OHDA on the low-temperature EPR spectrum
7.4. of Fe-TF. (a) ApoTF (2Q:M) in Tris buffer, 10 mM, pH 7.4; (b)

Effect of 6-OHDA on Fe-TE in Wb. Mice were admin- Fe-TF (20uM) 90% saturated with iron in the presence of CP (0.4

: . : . unit/mL); (c—e) same as “b” but in the presence of 6-OHDA (4
istered 6-OHDA (350 mg/kg in iced saline) or an equivalent mM): spectra were recorded after 30 min, 1 g @rh ofincubation

volume of iced saline alone (control) by intraperitoneal correspondingly; (f) FeSQ40uM) was incubated with 6-OHDA
injection. One hour later, they were anesthetized by brief (4 mM) in Tris buffer, 10 mM, pH 7.4, for 2 h. All incubations
halothane inhalation and sacrificed by cardiac puncture. Yxelf_e ngfri]l?tfgoogkat;?Fmégmegﬁéugf- Szgp:ﬁztﬁer?nﬂgrer:nfé%aeln
.BlOOd SO obtained was C(.)”e(.;ted in heparinized syringes andz:onlgil;ilons:l 1ng m'll{, clenter fiseuld; 80 msT,vgweep widfh; 1SmL']F, field
immediately frozen in liquid nitrogen for subsequent analysis. 1,qqyjation; 10 mw, microwave power; 0.3 s, time constant; 2 min,
Grading of Animals for Actiity Level. Mice were admin- time scan; 77 K, temperature.
istered deferoxamine (130 mg/kg) in normal saline or an
equivalent volume of saline by intraperitoneal injection. Two  The emergence of the new signal may represent modifica-
hours later, 350 mg/kg of 6-OHDA (in iced saline) or an tion of Fe-TF complexes, which in turn could reflect oxygen
equivalent volume of iced saline was administered intra- radical-induced protein damage. That such modifications in
peritoneally. Animals were scored at various time points after protein structure can result in transformation of the EPR
injection for activity level, a measure of systemic well-being signal of Fe-TF is illustrated by the fact that the single-point
(3, 4. Briefly, activity was graded using the following tyrosine 95 mutant of the N-lobe of human TF has an EPR
scale: 3, normal activity; 2, lethargic but ambulatory; 1, spectrum indistinguishable from that observed on incubation
nonambulatory but alive; 0, dead. Determination of the of Fe-TF with 6-OHDA (L7). Alternatively, this signal can
statistical significance between treatment groups at the be associated with the release of iron from TF and formation

X1

Q

(1]

—-h

various time points was made using the MaiWhitney U of Fe(lll) complexes with 6-OHDA oxidation products. Such
test for nonparametric datd ), and accepting @ value oxidation products might be expected to complex with iron
maximally 0.05 as indicative of statistical significance. because they are aminophenols and have similar coordination

RESULTS chemistry to that of tyrosine. (Two tyrosines participate in
the coordination of iron in the binding site of TF.) Further-
6-OHDA Releases Iron from Fe-TIigure 1, b shows  more, dopamine is also known to form complexes with Fe
the EPR spectrum of Fe-TF subsaturated with iron (90%) in (18). Consistent with the notion of iron complex formation
the presence of CP. This characteristic signal correspondswith 6-OHDA oxidation products, the same EPR signal was
to high-spin Fe(lll) in TF. Addition of 6-OHDA to Fe-TF  observed after incubation of iron (in the absence of TF) with
caused distinct transformation of the EPR signalrav@ h 6-OHDA (Figure 1, f).
period of incubation (Figure 1,-ee). The EPR signals of Direct demonstration of the 6-OHDA-induced release of
Fe-TF 60% or 30% saturated with iron underwent qualita- iron by TF was achieved by filtration of Fe-TF and FeSO
tively similar but slower changes during incubation with solutions before and after treatment with 6-OHDA. Figure
6-OHDA (data not shown). Thus, during incubation with 2 shows the EPR spectra obtained from solutions of Fe-TF
6-OHDA, the characteristic EPR signal of native Fe-TF (left panel) and FeS£Xright panel). Both panels represent
(Figure 1, b) decreases in intensity and ultimately disappears,spectra recorded before (Figure 2, left and right, a) and after
while a new signal emerges (Figure 1, f). Spectra obtained (Figure 2, left and right, b) treatment with 6-OHDA for 2 h.
between 0 ath 2 h after addition of 6-OHDA have the Both solutions gave the same signal after treatment. Treated
expected composite profiles reflecting the relative abundancesamples were passed through 30 000 Da cutoff filters, and
of native and 6-OHDA-treated Fe-TF. their EPR signals were again obtained (Figure 2, left and
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FiGure 2: Separation of high and low molecular weight paramag-
netic products after reaction of 6-OHDA with Fe-TF or FeSO
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Table 1: Effect of 6-OHDA on the Fe-TF EPR Signgl<€ 4.3}
Fe-TF EPR signal,

additions % of total spectrum
Fe(lll)-Q 3+15
Fe-TF 103+ 5
+6-OHDA, 30 min 74+ 6
+6-OHDA, 1 h 62+ 17
+6-OHDA, 2 h 20+ 23
Fe-TF recovered 82 6

2 The intensity ofg = 4.3 signals in EPR spectra was determined
by their double integration. Both before and after treatment with
6-OHDA, the integral intensity of = 4.3 signals did not significantly
change. Treatment with 6-OHDA caused changes in the shape of the
signal. Two signals were observed in these spectra: one resulting from
release of iron and its reuptake by 6-OHDA oxidation products, the
other one from residual Fe-TF. Numbers in the table represent the
contribution of the Fe-TF signal to the total intensity of signals with

Left and right panels represent low-temperature EPR spectra= 4-3. Analysis of the fractional contribution of the Fe-TF signal to

recorded in solutions of Fe-TF (20M, 90% saturation) and FeQO
(40 uM), respectively. (a) Fe-TF or FeQ@ Tris buffer, 10 mM,
pH 7.4; (b) same as “a” but after incubation with 6-OHDA (4 mM)
for 2 h; (c) same as “b” but after filtration through 30 000 Da cutoff

the total intensity was performed using standards of pure Fe-TF and
complexes of Fe(lll) with 6-OHDA oxidation products prepared in the
presence of the same amount of iron. Incubation conditions: FeSO
(40 uM) was incubated with 6-OHDA (4 mM) in Tris buffer, 10 mM,

filters (volumes of samples were decreased 20-fold and restoredPH 7.4, fo 2 h [‘Fe(ll)-Q”]. Fe-TF (201M) 90% saturated with iron

with buffer before freezing for measurements). (d) same as “c”,
but CP and excess of Fe®Qvere added to the retentate.
Instrumental settings were identical to those noted for Figure 1.

right, c). After filtration, the amplitude of signals from both

(“Fe-TF") was incubated in the presence of 6-OHDA (4 mM) as
indicated (*+6-OHDA, ..."”). Fe-TF treated with 6-OHDA fo2 h was
filtered through 30 000 Da cutoff filters, the retentate was readjusted
to the initial volume with the buffer, and CP and excess Federe
added (“Fe-TF recovered”).

solutions decreased #20-fold. Had the altered signal
resulting from 6-OHDA treatment of Fe-TF resulted from EPR spectra of Fe-TF incubated with 6-OHDA ®h (Table
TF modification, it would have been retained, and not lost, 1) showed that about 20% of the Fe-TF signal might be
during filtration. In a parallel control study, the EPR spectrum irreversibly lost due to modification of the protein and was
of native Fe-TF did not change as a result of filtration (data unrecoverable upon addition of FeS®@hus, both modifica-
not shown). tion of TF protein and release of iron from TF occur in the
Finally, a combination of the two mechanismapoTF presence of 6-OHDA.
protein modification by generated oxygen radicals and iron  Chelation of Released Fe(ll) by Ferrozirigirect reduction
binding by 6-OHDA oxidation productsmay be responsible  of Fe(lll) coordinated by TF is one possible mechanism for
for the observed changes in the EPR spectra of Fe-TFthe latter reaction. In fact, even if the mechanism of iron
incubated with 6-OHDA. One may assume that oxygen release is not via its direct reduction, iron liberated by any
radical-induced modification of apoTF protein is irreversible mechanism will be readily reduced by 6-OHDA and/or
such that any further binding of added iron by the modified superoxide formed obligatorily from it. This suggests that
protein will be unlikely. To this end, we attempted to formation of F&" should be observed, and that released iron
regenerate Fe-TF (from apoTF) after treatment with 6-OHDA could be removed from this chemical reaction by a specific
and monitor its EPR spectra. This, however, could not be chelator for Fe(ll) like ferrozine. This is indeed the case.
done in the presence of 6-OHDA oxidation products that Incubation of Fe-TF with 6-OHDA in the presence of
competitively bound iron and produced an EPR signal of ferrozine facilitated detection of Fe(ll) in the form of its
the chelated iron in the spectrum. Therefore, more than 95%ferrozine complex. This complex has a characteristic absor-
of the 6-OHDA oxidation products and iron released from bance maximum at 560 nm (Figure 3A, 1)9|. Since
Fe-TF were removed by filtration (through 30 000 Da cutoff 6-OHDA quinone also strongly absorbs/at.x = 488 nm
filters), the retentate was readjusted to the initial volume with (Figure 3A, 2), formation of both of these species was
the same buffer, and Feg@nd CP were added to the observed in spectra of incubations containing Fe-TF, 6-O-
retentate (in concentrations sufficient for saturation of HDA, and ferrozine. In these spectra, the irdarrozine
equivalent amounts of untreated apoTF). The EPR spectrumcomplex is seen as a shoulder on the quinone peak (Figure
of this “regenerated” Fe-TF was recorded (Figure 2, left, d). 3A, 3). In contrast, in the absence of 6-OHDA, the spectra
The shape of this spectrum was slightly different from that of Fe-TF and ferrozine in solution did not change over time
of the initial Fe-TF. It represented, most likely, superposition (Figure 3A, 4).
of two signals: one from Fe-TF and the other one from Incubation of Fe-TF with 6-OHDA in the presence of
complexes of Fe(lll) with residual (not completely removed ferrozine had no effect on the shape of the Fe-TF signal in
by filtration) 6-OHDA oxidation products (Figure 2, right, the EPR spectrum, but decreased the amplitude of the signal
d). Additional amounts of iron did not change either the shape (Figure 3B) for Fe-TF with different levels of iron saturation
or the magnitude of the EPR signal, suggesting that all (30, 60, and 90%). In each case, the signal amplitude dropped
available sites of TF were saturated with iron. Integration to 20-40% durirg a 2 hincubation with 6-OHDA and
and analysis of the spectrum showed that almost 82% of theferrozine.
initial apoTF reacted with iron after exposure to 6-OHDA.  Ascorbate Radical-Based Detection of Iron Recycling.
Comparison of these data with the results of analysis of the the presence of reductants, such as ascorbate, iron released
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Ficure 4: Time course of ascorbate radical generation by the Fe/
6-OHDA/SOD system. Ascorbate (500M), SOD (10uM), and
6-OHDA (500 uM) were incubated with FeSO[5 uM (open
triangles), uM (closed circles), 0.2M (open squares)] or without
iron (closed diamonds). The ascorbate radical EPR spectrum (inset,
left) was recorded at the following settings: 335.4 mT, center field;
0.4 mT, sweep width; 0.063 mT, field modulation; 10 mWw,
microwave power; 0.1 s, time constant; 1 min, time scan. Time
courses of ascorbate radical generation were obtained by repeated
0 20 40 60 8 100 120 scanning of the magnetic field corresponding to the low-field peak
min of the EPR spectrum (inset, right). Instrumental conditions: 335.4
mT, center field; 0.15 mT, sweep width; 0.063 mT, field modula-

Ficure 3: Fe(ll)—ferrozine complex formation resulting from  ion- 10 mwW. microwave power: 0.1 s. time constant: 10 s. time
treatment of Fe-TF with 6-OHDA. (A) Optical spectrappfjuinone scan: internél mode of regordiné. - ’ '

formed from 6-OHDA and Fe(lHferrozine complexes. 6-OHDA
(4 mM), Fe-TF (20uM, 90% saturation), and ferrozine (4@0/)
were incubated in various combinations # h and then diluted
12 times in a cuvette. (1) FeS@®3.3 uM), ferrozine (200uM)
(final concentrations); (2) 6-OHDA; (3) 6-OHDA, Fe-TF, and
ferrozine; (4) Fe-TF, ferrozine. (B) Time courses of the low-

Amplitude of Fe-TF EPR signal, a.u.

Table 2: Inflection Time of Ascorbate Radical Production in the
SOD/6-OHDA System in the Presence of Treated and Untreated
ApoTF or Fe-TRE

temperature EPR signal of Fe-TF (20M) in the presence of additions inflection time (min)

6-OHDA (4 mM) and ferrozine (400M). Fe-TF was 90% (closed

circles, o(pen s)quares), 60% ((op?en) triangles), or sog% (closed OHDA 20.34£0.75

diamonds) saturated with iron. Open squares represent the incuba- ~ OHDA + pretreated Fe 3.74 0.42

tion system in the absence of 6-OHDA. Spectrometry conditions OHDA + pretreated Fe-TF 9.22 115

are as described under Figure 1. OHDA + pretreated apoTF 24.580.44
OHDA + Fe-TF 17.82£ 1.1

from Fe-TF can undergo redox cycling. We developed a very OHDA + apoTF 2194 0.29

sensitive system for assay of redox-active iron based on aFe-TF (25:uM, 85% saturated with iron), apoTF (284), or Fe(ll)
ascorbate radical detection. In accord with previous results (40 um) were pretreated with 6-OHDA (4 mM) for 2 h. Immediately

of Gee and Davison20), we added SOD to the 6-OHDA after treatment, samples were diluted 8-fold in a system designed for
! ascorbate radical measurement. This system contained ascorbate (500

solution (_to |nh|_b|t s_uperomde—drlvgn 6-OHDA OX|dat|or_1) M), SOD (104M), and 6-OHDA (500uM). Activities of untreated

and monitored iron-induced formation of ascorbate radical apoTF and Fe-TF were measured as controls. The inflection time of
from ascorbate. Production of ascorbate radical was measurecscorbate radical generation was defined as the point on the time course
by EPR in the repeated scanning mode of a single peak ofat which the rate of increase of the EPR signal amplitude was maximal.

ot : CP (0.4 unit/mL) was present in all incubations to eliminate its
the characteristic ascorbate doublet signal with= 1.7 G interference with 6-OHDA oxidation. Time courses of ascorbate radical

(Figure 4, inset). In the presence of 6-OHDA, no signal was ere obtained by repeated scanning of the magnetic field corresponding
initially observed due to ascorbate radical reduction by this to the low-field peak of the spectrum. Instrumental conditions were as
catechol. At the point in the time course when 6-OHDA was follows: 335.4 mT, center field; 0.15 mT, sweep width; 0.063 mT,
almost depleted (data not shown), the ascorbate radical EPRi€ld modulation; 10 mW, microwave power; 0.1 s, time constant; 10

. | litud h Iv. Both the si | litud dS’ time scan; internal mode of recordifg < 0.02 vs samples
S|gn§1 amP itu _e rose sharply. bo e signa amp_l ude and;, pated in the presence of OHDA alome=t 4—6). p < 0.009 vs
the inflection time of ascorbate radical generation were samples incubated in the presence of OHDA alane=(4—6).
dependent on the iron concentration (Figure 4). The variation
in inflection time is ascribed to catalytic 6-OHDA oxidation time. Inflection time was increased by apoTF and decreased
by iron; that is, the more iron, the faster oxidation. Addition by Fe-TF (Table 2). The effect of 6-OHDA-pretreated 2.5
of 6-OHDA-pretreated apoTF or Fe-TF to the ascorbate/ uM Fe-TF corresponded approximately to the effect of 1
SOD/6-OHDA system had opposite effects on the inflection uM free iron while untreated apoTF and Fe-TF caused
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106G been described earlie?). Addition of catalase (10 units/
mL) to the 6-OHDA/Fe system caused a drop in the
amplitude of the DMPO-OH adduct EPR signal by an order
of magnitude. The rate of DMPO-OH adduct decomposition,
however, was considerably increased in the presence of
catalase. It is likely that the peroxidase activity of catalase
oxidized DMPO-OH adducts to EPR-silent nitrones as has
been previously reported by Britigan and HamB).

Effect of 6-OHDA on Fe-TF in PlasmAerobic incubation
of human plasma (which contained the physiologicat-20
25% iron-saturated transferrin) with 6-OHDA did not cause
a detectable change in the Fe-TF EPR signal (Figure 6, a,
c). At the same time, oxidation of 6-OHDA (quinone
formation) was even faster in plasma than in buffer (data
not shown). It appears as if these two processes (6-OHDA
) oxidation and Fe release) were completely uncoupled in

min plasma. It should be noted that 6-OHDA oxidation is

FIGURE _5: _Effect of Fe, Fe-TF, and apoTF on DMPO-OH promoted by Superoxide and can be Cata|yzed bym? (
production in the presence of 6-OHDA. 100 mM DMPO and 500 The concentration of CP in plasma300ug/mL) is 60 times

uM 6-OHDA (open triangles) were incubated in Tris buffer (10 . . !
mM, pH 7.4) in the presence of /M FeSQ, (open squares), orin  Nigher than in our model system. Theoretically, CP may

the presence of 2.6M Fe-TF 90% saturated with iron (closed OXidize 6-OHDA without superoxide production and may
circles), or 2.5M apoTF (closed diamonds), or 228 DFO (open do so more efficiently from the point of view of oxygen
circles). Time courses of DMPO-OH adduct generation were consumption (@+ 4H* — 4e— 2H,0) (24). Furthermore,

obtained by repeated scanning of the magnetic field corresponding . - e .
fo one of the peaks of the EPR spectrum under the following CP has ferroxidase activity and facilitates reuptake of iron

conditions: 333.2 mT, center field; 0.3 mT, sweep width; 0.1 mT, by TF @25, 2§. ) ) _
field modulation; 10 mW, microwave power; 0.1 s, time constant;  All of these reactions require oxygen. We therefore studied

10 s, time scan; internal mode of recording. the effect of oxygen on the modulation of the EPR signal of
Fe-TF by 6-OHDA. Samples exposed to each of three

statistically significant and opposite effects which, however, ditferent plasma @saturation conditions were studied during
were very weak (Table 2). a 1.5 h incubation with 6-OHDA. Conditions examined were

Hydroxyl Radical Production by 6-OHDA and Fe-TFe as follows: in equilibrium with air, under flow of 100%
toxicological importance of iron recycling relates in part to oxygen, and under Nflow (Figure 6, b, ¢, and d, respec-
its role in the production of hydroxyl radical. Hydroxyl tively). No changes in either profile or magnitude of the Fe-
radical is formed in solutions of 6-OHDA as a consequence TF EPR signal were observed when plasma was incubated
of H,O, generation and its reaction with released Fe(ll). with 6-OHDA under aerobic conditions or in pure oxygen.
Hydroxyl radical was detected by EPR using the spin trap The effect of 6-OHDA on the Fe-TF EPR signal in plasma
DMPO. DMPO forms stable adducts witbH which have under N was similar to that seen in Tris buffer. In both cases,
a characteristic EPR spectrum (Figure 5, inset) with hyperfine two effects of 6-OHDA on EPR signals were observed. The
splitting constants o0& = 14.87 G andd” = 14.81 G @1). shape of the signal changed and the intensity of the signal
Open triangles in Figure 5 display the time course of DMPO- (evaluated by its double integration) decreased after 6-OHDA
OH formation in Tris buffer in the presence of 6-OHDA treatment. Loss of signal intensity is likely associated with
alone. Upon addition of Fe(ll), the rate of DMPO-OH decomposition of Fe-TF complexes. Changes of the signal
production and its maximal concentration increased dramati- shape are manifest of new paramagnetic species likely to be
cally (open squares). Fe-TF, which carried an equivalent complexes of Fe(Ill) with 6-OHDA oxidation products. We
amount of iron, caused a similar but significantly less observed a pronounced (580%) decrease in intensity of
pronounced effect (closed circles). In contrast, apoTF and the EPR signal in plasma undes ilative to that seen before
iron chelator, deferoxamine (DFO), blocked virtually all 6-OHDA treatment. Changes in the shape of the signal were
hydroxyl radical formation (closed diamonds and opened minimal under N flow (Figure 6, d). (It should be noted,
circles, respectively). however, that using nitrogen flow, we were not able to fully

The observed generation of DMPO-OH adducts may be exclude oxygen from the system and completely avoid
due to direct trapping ofOH radicals produced by the formation of complexes of iron with 6-OHDA oxidation
6-OHDA/Fe system or, alternatively, due to reaction of iron products.) In contrast, dramatic 6-OHDA-induced changes
with DMPO. To confirm production ofOH radicals, spin in the shape of the EPR signal were detected in model
trapping by DMPO was performed in the presence of ethanol systems in vitro under aerobic conditions (Figure 1). These
(50%) as a scavenger oOH radicals or catalase that were accompanied by only slightly decreased (by 20%)
decomposes ¥, and hence prevent®H generation from  signal intensity of Fe-TF. Thus, decomposition of Fe-TF
H.0.. In the presence of ethanol, a six-line EPR spectrum complexes seems to be mainly responsible for the observed
of the DMPO adduct ofCH(OH)CH; (&N = 15.8 G,a" = 6-OHDA-induced changes in the EPR signal of plasma under
23 G) was observed instead of the DMPO-OH adduct when N, while both decomposition of Fe-TF complexes and
6-OHDA/Fe and DMPO were incubated in phosphate buffer subsequent chelation of released iron by 6-OHDA oxidation
(50 mM). This confirms that highly reactive hydroxyl radical products were likely involved in EPR spectral changes in
interacted with ethanol, yielding C-centered radical, as hasvitro under aerobic conditions.
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Ficure 6: Effect of 6-OHDA on the low-temperature EPR signal of transferrin in human plasma. Incubation conditions: plasma control
(a); plasma with 6-OHDA (4 mM): in equilibrium with air (b) or under flow of pure @); plasma under flow of N plus 6-OHDA (4

mM) (d); same as “d” plus TEMPOL (5 mM) (e); same as “d” plus SOD 4A0) (f). All incubations were carried out for 1.5 h. Plasma

was partially evaporated during incubation, and its volume was restored with Tris buffer, 10 mM, pH 7.4, exposed to the same flow of gas
as the original sample. Instrumental conditions are the same as described under Figure 1.
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Ficure 7: Evidence for iron release from transferrin in 6-OHDA-treated mice. (A) Representative low-temperature EPR signal of transferrin
in blood obtained from male A/J mice {5 weeks oldl 1 h after treatment with saline (a) or 6-OHDA (b; 350 mg/kg) by intraperitoneal
injection. Instrumental conditions are the same as described under Figure 1. (B) Male A/J mitev€eks old) were administered
deferioxamine (DFO; 130 mg/kg) or saline by intraperitoneal injection. Two hours later, 6-OHDA (350 mg/kg) or saline was administered.
An activity level was assigned to each mouse at various time points as we have previously deS¢riess (@ measure of systemic
well-being. Plotted values represent the mean for each gnoup 4) at each time point: DFG- saline (diamonds), DFG 6-OHDA
(squares), saling- 6-OHDA (triangles). All mice in all groups had activity levels of 3 prior to injection of 6-OHOA= —0.01 h).
Measurements taken tat= 0 represent determinations made immediately following i.p. injection of 6-OHDA. The deviation of the activity
level from 3 immediately after injection and its rapid return to 3 in mice treated with BF€aline are not significantly different from

those seen in mice treated with i.p. saline alone (data not shown). Standard errors are not plotted, as the activity level is a semiquantitative,
nonparametric measure. However, values plotted for BF&OHDA differ from those for saline- 6-OHDA with p < 0.02 at 1 day and

<0.04 at 5 days after 6-OHDA injection (ManiVhitney U test). In addition, a histogram of the distribution of possible activity levels in
each of the groups on day 1 after 6-OHDA injection (C) demonstrates that they represent three distinct populations (white bars, DFO
saline; gray bars, DF@- 6-OHDA,; black bars, saling- 6-OHDA).

Days

Thus, 6-OHDA is still able to release iron from TF in that TEMPOL (5 mM), indeed, was able to prevent 6-OHDA-
plasma. However, our ability to detect this release by low- induced iron release from Fe-TF in plasma under nitrogen
temperature EPR spectroscopy is most likely hampered by(Figure 6, €). The Fe-TF EPR signal decreased only by 20
the ferroxidase activity of plasma and the high rate of 30% and was not changed in shape when TEMPOL was
catechol oxidation in the presence of relatively high oxygen added to the solution. SOD did not have any effect on the
concentrations. We attempted to reproduce both “protective” Fe-TF signal under N(Figure 6, f).

activities of plasma against 6-OHDA-induced iron release
from Fe-TF under B using the stable nitroxide radical
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL). TEMPOL
has been reported to possess ferroxidase actigity, &nd,
most importantly, oxidize 6-OHDA directhy4j. In addition,

the nitroxide radical acts as an SOD mim&8). We found

Effect of 6-OHDA on Murine Fe-TF in Vo. Low-
temperature EPR determinations on the blood of control mice
administered saline (i.p1 h earlier revealed a strong signal
at g = 4.3 which represents Fe-TF (Figure 7, A, a). The
shape of this signal was similar overall to that of Fe-TF in
human plasma. As shown in Figure 7 (A, b), determination
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of the low-temperature EPR signal of Fe-TF in blood from cycling process may be further enhanced by interaction of
animals treated with 6-OHDA (350 mg/kg, ) h earlier released iron with endogenous reductants, such as ascorbate,
reveals a dramatic change in the shape of this spectrumyielding even greater amplification of oxygen radical produc-
analogous to that seen for human TF in Tris buffer. This tion. As might be expected, 6-OHDA oxidation and hydroxyl
spectrum reflects the presence of a combination of high- radical production were hastened in the presence of sub-
spin Fe(lll) both bound and unbound to TF. Of further saturated Fe-TF.
interest, the signal after 6-OHDA administration was twice ~ We propose that similar reactions are operative in the
the amplitude of that of control mice. This reflects a doubling bloodstream in vivo. The in vivo case is, however, somewhat
of the non-heme iron concentration in the blood of treated more complex and involves other oxygen-dependent pro-
mice. There are two possible explanations for this latter cesses as well. Those mediated by the ferroxidase activity
finding: (1) non-heme iron is released to the extracellular of plasma, oxidation of 6-OHDA by Oand Q'~, and
compartment from disrupted cells; or (2) circulatory water catalytic 6-OHDA oxidation by CP might contribute to the
volume (i.e., dilution of non-heme iron) decreases. ultimate availability of iron from Fe-TF. Ferroxidase activity
To distinguish between these two explanations, the hemo-would result in reuptake of Fe by TF and reduce the
globin concentration of the blood was determined in control availability of iron to produceOH via Fenton chemistry.
and treated mice, and was found to be 1.5 times higher in Oxidation of 6-OHDA by Q and Q°~ or indirectly by CP
the latter than in the former animals. Blood samples were Would decrease the probability of subsequent interaction
frozen in liquid nitrogen to disrupt erythrocytes. Hemolyzed between Fe-TF and 6-OHDA. The concentration of CP in
blood was diluted by 1500-fold in Tris-HCI buffer, and the our model systems was 2@0 times lower than that of
optical density at 414 nm was measured. The mean, QD human plasma. This may explain the difference in effect of
values were 0.62= 0.04 before treatment and 0.930.07 6-OHDA on the Fe-TF EPR signal between solutions in
1 h after treatment, respectively € 3, p = 0.002,t-test). ~ buffer and plasma under air. In support of this notion,
This is indirect evidence for contraction of the intravascular removing oxygen, a necessary substrate for CP activity, from
water volume. On this assumption, we determined the plasma afforded detection of the change in the Fe-TF EPR
amount of iron released from Fe-TF. Expansion of the EPR signal produced by 6-OHDA.
spectra representing Fe-TF and Fe(lll) unbound to transferrin, It is important to note that the concentration of “free”
respectively, revealed that TF had released at least 40% ofoxygen in human venous blood ranges from 5 (normal
its bound iron &1 h after 6-OHDA treatment. oxygenation) to 20 (severe hypoxia) times lower than that
Protective Effect of DFO in Mice Treated with 6-OHDA. Of solutions equilibrated with air. In the present study, the
To test our hypothesis that iron plays a role in the toxicity €ffect of 6-OHDA was tested in two extreme conditions: in
of 6-OHDA in vivo, we administered 6-OHDA (350 mg/ €quilibrium with air (much higher ©concentration than
kg) to mice intraperitoneal 2 h after injection of either ~ Physiologic) and under Nflow (much lower Q concentra-
saline or DFO (130 mg/kg) dissolved in saline, and observed tion than physiologic). The Fe-TF EPR signal was altered
the mice over the ensuing several days. As is shown in FigurePy 6-OHDA only under M. It is quite possible that in the
7B, mice pretreated with DFO exhibited less systemic Circulation, the amount of *free” iron depends greatly on
toxicity of 6-OHDA than did those pretreated with saline as the O and 6-OHDA concentrations. Iron liberation and
a control p < 0.02 at 24 h angp < 0.04 at 5 days after ~ resulting oxygen radical generation would be expected to
6-OHDA injection; Manr-Whitney U test). The statistical ~ OCCUr in plasma with physiological levels of,@nless the
and biological significance of these data are underscored byoXidative activity of CP is sufficiently high to prevent it.
the histogram in Figure 7C showing that by 1 day after  Insupport of this notion, we demonstrate identical changes
6-OHDA injection, animals treated with saline followed by N the Fe-TF signal in blood from 6-OHDA-treated mice to
6-OHDA, DFO followed by 6-OHDA, or DFO followed by  those seen in Tris buffer. We further demonstrate that in vivo
saline constitute three distinct populations relative to three Pretreatment of mice with DFO, an iron chelator, protected
biologically disparate possible outcomes. This effect remains them from the systemic effects of 6-OHDA. These two

robust at 5 days after treatment (histogram not shown). ~ Studies underscore the physiological and pharmacological
relevance of the in vitro studies presented herein. We have

DISCUSSION previously found that it requires 6-OHDA doses as high as
350 mg/kg to prevent neuroblastoma tumor formation from

Treatment of Fe-TF with 6-OHDA results in the release subcutaneous microscopic implants of neuroblastoma in our
of iron from this complex. The present studies demonstrate gnimal model of “microscopic residual disease”, the usual
that this reaction is important even at physiological levels reason for failure of chemotherapy in children with neuro-
of iron saturation. There are three possible biochemical plastoma 4). The volume contraction that results with this
mechanisms of iron release: reduction of Fe(lll) by 6-OH- dose probably results at least in part from dysautonomic
DA, reduction by @, or release resulting from protein  diarrhea in these animals (Schor, unpublished observations),
damage byOH. While all of them may contribute to iron  and relates to the sustained weight loss seen in neonatal
release from Fe-TF under aerobic conditions, the results of animals sympathectomized with 6-OHD29). It is for this
our studies with plasma in the absence of oxygen are mostreason that treatment with 6-OHDA alone would almost
consistent with the first of these mechanisms. certainly be untenable in children with neuroblastorBa (

In any case, the iron thus released would further enhance4). Adjunctive treatment with agents such as DFO has
oxidation of 6-OHDA, and therefore the production of Q therefore been proposed. DFO has been shown to have anti-
H,0O,, and*OH via the Fenton reaction. These species would neoplastic, differentiation-inducing effects on neuroblatoma
in turn perpetuate the release of iron from TF. This redox cells 30), as well. Whether or not both safety and efficacy
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could be achieved with adjunctive treatment depends at least
in part on the degree to which DFO decreases 6-OHDA
efficacy against neuroblastoma cells relative to its toxicity
to other cellular and extracellular elements.

The present studies also suggest that DFO may be a useful
drug in the prevention and slowing of progression of other
disorders, like Parkinson’s disease, that result from catechol-
mediated oxygen radical generation. As is the situation for
treatment of any chronic disease, institution of prophylactic
therapy would require careful consideration of the long-term
toxicity of the agent to be used, the risks of not instituting
treatment and likelihood of efficacy of each drug, and the
availability of other perhaps less toxic agents for the
condition.
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