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The neurotoxicity of 6-hydroxydopamine (6-OHDA) can be attributed to free 

radicals resulting from its oxidation by 02, while the specificity of its target 

is determined by its affinity for the catecholamine uptake systems. Studies of 

€419 reaction pathways of the 6-0HDA102 redox couple were undertaken to  

further our understanding of the mechanisms involved in cellular damage caused - 
by free radicals. Because of the electronic configuration of 02, single electron 

transfers t o  i t  inevitably lead to the formation of free radical species which 

can attack cellular components, rendering them irreversibly non-functional. We 

report that despite favourable thermodynamic considerations, O2 does not oxidise 

6-OHDA directly but requires a co-oxidant. Instead, the initiation reaction 

involves a ternary reductant-metal-oxygen transition state. When the major 

oxidising species (the superoxide-metal complex) is removed, the autoxidation 

can be resolved into initiation and propagation phases. These represent 

respectively, the time required for the accumulation of secondary catalytic 

species; and a steady s ta te  in which the free radical chain is propagated 

To identify and separate the catalytic roles of various co-oxidants or 
L, 

: co-reductants in each phase, we determined the effects of combinations of the 

following scavengers: superoxide dismutase (SOD), diethylenetriaminepentaacetate 

(DTPA), desferrioxamine, catalase, formate, mannitol, benzoate and glucase. 

Oxidation of 6-OHDA by H202 in the absence of a i r  was three orders of 

magnitude slower. This latter peroxidatic oxidation had an absolute requirement 

for metal ions so that anaerobic oxidation by H202 was completely prevented 

by the simultaneous presence of DTPA and desferrioxamine. In the aerobic 



\ 
oxidation, SOD and DTPA each provided 96% and 66% inhibition of maximal 

ra tes  respectively, while t h e  simultaneous presence of DTPA+catalase+SOD 

inhibited virtually completely. No other  combinations of the  scavengers were 

completely ef fect ive  in preventing the  autoxidation. Thus t h e  accumulation 

of any of several intermediate species allowed molecular oxygen to  oxidise 

6-OHD-4. The following species were  capable of playing this ca ta ly t ic  role: 

0; > Men+ > H202 > *MH = C O ~  in order of effectiveness. Neither 

molecular oxygen itself nor 'OH was however effective. The hydroxyl 

scavengers studied, including glucose, could react ivate  t h e  DTPA+catalase+SOD 

inhibited r e a c t i o n  It is proposed tha t  the  products of hydroxyl scavengers 

r eac t  with meta l  ion chelates t o  reinit iate the  f ree  radical c h a i n  Thus 

seemingly innocuous and beneficial cellular substances become part  of and 

propagate the f ree  radical chain and therefore can contribute\ to the 

cytotoxicity of 6-OHDA On the  other hand, cytochrome 5 a more complex 

cellular component than glucose, undergoes reversible redox changes during 

oxidation of 6-OHDA by O2 without losing its functional integrity. 
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PREFACE 

The thesis comprises a general introduction outlining the context and 

goals of the study, followed by four manuscripts containing most of the 

substance of the thesis, with a final concluding statement. Only 

studies which were particularly salient to  the mechanisms of the 

oxidation reaction of 6-OHDA and its generation of free radicals a r e  

summarised in the introductory statement and i t  does not reflect the 

volume of literature concerned with in vivo and behavioural effects .- , - -- 
related to  6-OHDA toxicity. At the time of writing one of the 

manuscripts w%s a t  the  proof stage (Section IU), another had been 

accepted for publication (Section V), while the remaining two (Sections 
4 

11 and N) have been submitted for publication Although a detailed 

description of experimental procedures typical of the studies may be 

found in the first manuscript (Section 11), we have restricted 

repetition of introductory and experimental material to  the minimum 
/ 

necessary for e a c h  separately published study to  be understood and 
. , 

evaluated autonomously. 

In the  first manuscript (Section 11), we tested all possible 

combinations of the scavengers studied to separate out participation of 

oxidising and reducing species, individually and in combination The 

following species were f o u n d x  contribute t o  the overall ra te  in 

n+ decreasing order of effectiveness: 0; > Me > H202 > C02 = 'MH = 

glucose radicaI = benzoate radical. Many of the effects observed under 
. , 

the above (aerobic) conditions concerned the initial step of the 
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autoxidation and the behaviour of the resultant aut0Catalykic species, 

0; or its metal-ion complex. 

In the second manuscript (Section 111), we describe a combination of 

scavengers which completely blocked the thermodynamically favourable 

autoxidation of 6-OHDA by 02. Furthermore we found that the  hydroxyl 

scavengers, formate, benzoate glucose and mannitol were effective 

equally in reactivating the DTPA+catalase+SOD (DTPA: 

diethylenetriaminetetraacetate; SOD: superoxide dismutase) inhibited 

reaction. These observations indicate that harmless cellular 

components can interact with f ree  radical species to completely abolish 

free radical production in the presence of strongly cytotoxic 

combinations of free radical generators on the one hand, or to  increase 

the toxicity of the free radical generating system on the other. 

, The third manuscript (Section IV) arises from observations that most 

free radical damage to  living cells has been shown to  be due t o  

hydroxyl radicals, and the major source of these is the reduction of 

hydrogen peroxide in the s~,ealled Fenton react ion (The bet ter  known 
w f .  
P F -  

Haber-Weiss reaction is a +ial case of the Fenton reaction in which 

superoxide is the reducing agent). Such damage was inhibited t o  a 

variable extent by scavengers of superoxide, hydrogen peroxide, o r  

hydroxyl radicals. Surprisingly we found that hydroxyl scavengers 

could also reactivate free radical production in the presence of 

combinations of scavengers (cg. DTPA+catalase+SOD) which had 
+z 

completely inhibited free radical production We therefore examined 
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f the reduction of H 2 0 2  by 6-OHDA in the absence, and in the presence of 

various concentrations of 02. As  expected, Fenton-type interactions 

dominate the system anaerobically, and the 'OH contributes 

substantially 

ions play a 

requirement 

Thus in the 

to  the formation of pquinone  product. Whereas metal 
* 1 

major role in the aerobic reaction, they are  an absolute 

for the anaerobic oxidation by H202. 

final study, (Section V) we consider interactions of the 

redox system with an important intracellular redox enzyme, 

cytochrome 5 adapted by evolution to  accept electrons from and donate 

to  other redox enzymes. It also undergoes redox reactions with 

superoxide, hydrogen peroxide, and hydroxyl radicals. We describe a 

series of fluctuations in the  steady s ta te  of cytochrome 5 alternating 

between oxidised and reduced as a result of changes in t 't" 
pseudo-steady s ta te  concentrations of 6-OHDA, 0; and H202. 

If there is a unifying theme in this. compendium, i t  is 'that not only 

free radical damage, but also free radical yield a re  influenced by 

synergistic and moderating interactions These occur among a complex 

matrix of competing reactions between the free  radical species which 

propagate in the steady state. The actions of f ree  radical scavengers 

cannot be interpreted simply in terms of the removal of their target 
'3 

species, but in terms of the consequent modification of the rates  of 

formation of a variety of radicals. In some cases these include the 

target itself, while in others, species apparently only distantly 

related to  those scavenged. ' 

, -  



GENERAL r n O D U C T f O N  

Interest in 6-hydroxydopamine (6-OHDA:2,4,5-trihydroxyphenylethylamine) 

arose from chemical studies of melanin, a naturally occuring pigment 

found in most organisms. 6-OHDA *as one of the synthetic intermediates 

found t o b u c e  a high yield of 5,6-dihydroxyindole when oxidised by 

ferricyanide [I]. 5,6-Dihydroxyindole is a common key intermediate in 

the biofogfcal synthesis of melanin from severaI catechoIs including 

dopamine and noradrenaline. 

For the past 15 years neurobiologists have used 6-0HD.4 a s  a tool in 

"chemical surgeryn to  destroy 'selectively catecholaminergic neurones 

Unlike cholinergic transmission, where acetylcholine is hydrolysed by 

acetylcholinesterase to terminate stimulation, the catechol@ines are 

removed from synapses prirnarly by reuptake systems situated on the 

neurones which release t hem Since 6-OHDA is a structural analogue of 

endogenous catecholamines, it is transported and concentrated into 

catecholaminergic neurons, specifically destroying them while leaving 

others morphologically and functionally intact. Thus i t  became a useful 
f 

t m l  in studying the physiological role of the sympathetic nervous 

system, in mapping neuronal t racts  in the brain, as well as in 

unravelling the complex mechanisms of pro-oxidant neurotoxins. 

CELLULAR DAiiLqGE DLE TO ALTOXIDATION OF 6-OHDA 

l,irhereas its neurotoxic specificity is determined by its affinity for the 



catecholamine uptake systems, the toxicity of 6-OHDA is directly related 

to  i t s  ease  of oxidation, It is generally agreed t h a t  6-OHDA exer ts  i t s  

cytotoxic e f fec t s  ' through the  generation of f r ee  radicals of both oxygen 

and i ts  quinone derivatives but . there  a r e  several schmIs  of thought as  

to the mechanism of damage. 

One theory s t a t e s  tha t  the  primary 'avenue of damage is t h e  covalent 

cross-linking of important  macromolecules. Since the  quinone products 

of t h e  autoxidation of 6-OHDA a r e  electrophilic, substances with 

acessible nucleophilic groups such a s  sulfhydryl groups a r e  likely 

targets [2]. A 2-adduct of glutathione covalently bound t o  t h e  

p q u i n o n e  of 6-OHDA 131 has been isolated, although less than 0 . 2 O h  of 

the bound 6-OHDA was found a t tached t o  glutathione and only 8-20•‹h of 

labelled 6-OHD'4 taken up 51; catecholaminergic cells  was  covalently bound 

14,51. 

'However, others have proposed that  hydrogen peroxide, an intermediate of 

the reduction of molecula'r oxygen, is  the primary species mediating 

damage caused by f r e e  radical species of oxygen generated in t h e  

autoxidation of 6-OHD.4 161. In suppport of this hypothesis, ca ta lase  

protected cultures of n e u r o b q t o m a  cells  while scavengers specific for 

other intermediates of oxygen reduction were not as effect ive  [7E, Much 

of the  damage by f ree  radicals is nonspecific (such as peroxidation of 

the  lipid membrane of the axon 181) and is  similiar to tha t  induced by 

other ene-diol reductants such as  ascorbate [9]. The relat ive 

contributions of these t a o  overall mechanisms to  damage remain unclear, 



although both most certainly are involved. 

ONE ELECTRON TRANSFERS TO OXYGEN 

Sdme of the most interesting features o f  the autoxidation of 6-OHDA lie 

in the paradox surrounding molecular oxygen. The benefits of aerobic 

existence are enormous in terms of energy production when compared to 

anaerobic existence; however oxygen is also a potential threat t o  all 

living systems .Molecular oxygen in i ts  triplet s ta te  is remarkably 

stable, because i t  has two unpaired electrons of parallel spin. This 

precludes a direct divalent reduction since insertion of a pair of- 

electrons would result in t x o  -* electrons sharing the the same orbital 

with parallel spins. To overcome this spin restriction, oxygen can be 

bound to  a transition metal ion which has its own unpaired electronic 

spin and it  can then undergo a 2 electron reduction to hydrogen 

peroxide. To eliminate the spin restriction one of the electrons can be 

raised to  a more energetic orbital and its spin inverted, W . , t h i s  
2 

$ d  

involves a very reactive singlet state.. , 

The alternative, a univalent reduction, inevitably leaves one electron 

unpaired, and thus single eIectron transfers result in potentially 

cytotoxic free radical intermediates which are  also capable of 

interacting with other related free radicals in a variety of 

"incestuous" reactions as fol!ow;.s The product of the first univalent 

reduction, the superoxide anion, is fairly unreactive in aqueous 

environments, however (particularly in the presence of traces of 



transition metal ions) i t  undergoes dismutation to  yield hydrogen 

peroxide and perhaps singlet s ta te  oxygen [lo], while enzymic 

dismutation gives hydrogen peroxide and triplet s ta te  oxygen (ground 

state). The superoxide anion also reacts with hydrogen peroxide in the 

presence of metal ions to produce the hydroxyl radical, whose reactivity 

is so great that  i t  produces widespread and indiscriminant oxidation of 

biological molecules Appendix 1 contains a collation of these 
5 1  

elementary reactions of which combinations may or may not occur in 

reaction pathways depending on environmental conditions (for a 

comprehensive review, see [I  11). 
+ 

-. , -s 
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ONE ELECTRON TRANSFERS FROM 6-OHDA 

Some quinone intermediates resulting from the autoxidation of 6-OHDA 

(Appendix 2) have been demonstrated. A few seconds of exposure to  air 

a t  pH 12-13 produced a quinone species identified by ESR spectrum as a 
-... 

. - 
the semiquinone anion 1121, found also during anaerobic oxidation by 

f e h c  ions [13]. The p-quinone (pKal = 4.5-5.0; pKaZ = 9.0) exists in 

equilibrium with i ts  zwitterion a t  neutral pH's 112,141. Whereas the 

* - two electron oxidation product of the endogenous catecholamine, dopamine 

is the open chain - o-quinone, in the case of 6-OHDA the p-qufnone is 

favoured thermodynamically due to  resonance stablisation of its 

sti-ucture. In situ, 6-OHDA exists in redox equilibrium with i t s  

2-quinone and was estimated to maintain i ts  integrity for the high 

affinity uptake pumps of adrenergic neurons for 1.9 h [14]. Endogenous 

catecholamines undergo 1,4addition of the Michael type (via a 



a 5 

leucochrome intermediate) t o  form the adrenochrome with an ov rall loss 

of 4 electrons [15]. In cbntrast, the pqulnone of B-OHDA is relatively 

stable and only slowly undergoes 1,2 side chain closure t o  the 

aminochrorne with elimination of water. The half t ime of this 5 

F 

intracyclisation was estimated to  be 38 min 1161 and the aminochrome is 

thought t o  rearrange t o  the 5,6-dihydroxyindole or become reduced t o  

Clearly, when a very strong reducing agent (such as 6-OHDA) donates 

electrons in a univalent pathway to  the universal biological electron 

sink, molecular oxygen, the yield of free radical species i s  

substantial. Any combination of possible radical interactions (Appendix 

3) can react with many different cellular constituents . - causing 

indiscriminant damage: 

SCAVENGERS OF OXYGEX FREE RPLDIC,US 

To untangle the complex interactions resulting from the autoxidation of 

6-OHDA, scavengers specific for each free radical species of oxygen were 

used to study the effects  of each on the rates of p-quinone formation 

and oxygen consumption Superoxide dismutase (SOD) was used t o  remove 

0; in ,the following reaction: 

2 

In turn, 

directly 

catalase removes X 2 0 2  produced either from SOD activity or 

from the autoxidation of 6-OHDA by the following reaction: 



Since there  a r e  no known enzymes t o  remove specifically t h e  hydroxyl 

radical, various scavengers were used. Formate reacts  with hydroxyl 
,- 

9 radicals (k2 = 2.7 x 10 54-I s-I, [181) t o  form a carboxylate radical 

which, in the presence of excess oxygen, produces the  superoxide anion 
,- 

in the  following sequence of reactions fig]: 

H C O i . +  'OH --> H20 + CO;' (3) 

Other scavengers such as  mannitol and benzoate were  used when production 

of 05 was not desirable. Glucose, although not traditionally used, has 

been shown to  have hydroxyl scavenging e f fec t s  [2Q]. I- 

rk' 
WhiIe diethylenetriaminepentaacetate (DTPA), a general chelating agent, 

was used 'to eliminate most catalysis involving reduction of transition 

2 + 
metal  ions [21], the  already-reduced D T P A - ~ e  chela te  remains act ive  in 

catalysing Fenton-type reactions [22]: P? 

Khen these interactions were not desirable, desfdrrioxamine was added. . - 
4 

nis chelating agent, specific for iron, is not knotvn t o  allow Bound 
0 

iron t o  participate in redox reactions. A drawback t u  i t s  use however is 

that a t  concentrations above 500 pM i t  can scavenge hydroxyl radicals 



IYTER.WDL4TES OF UNNALEXT REDUCTION OF OXYGEN BY 6-OHDA 

The  production of H 2 0 Z  by COHDA and molecular oxygen was demonstrated 

by t h e  regeneration of oxygen from disproportonation of H 2 0 2  product 

upon addition of ca ta lase  a t  a given t ime in the  reactfon sequence and 

the  foIlowing reactfon was proposed 161: 

However, 

than that  

the  final 

consumed 

- 
closer scrutiny revealed that  t h e  yield of H2U2 was much  less 

predicted by the  above stoichiometry 1241. Concornmi tantly, 

amount of ~ q u i n o n e  produced far  exceeded tha t  of oxygen 

and this could be exaggerated under conditions where O2 becomes 

limiting 1251. Thus in the  absence of 02, H202 can oxidize GOHDA, 

although a t  a much slower rate: 

GOHDA + H 2 0 2  L> ~ q u i n o n e  + 2H20. (7) 

Since catalase of high purity did not inhlbit the  autoxidation of 

6-OHD.4, H 2 0 2  is  not inv ved in the  r a t e  determining s teps  instrumental "t 
d 

\ 
t o  propagation of t h e  f ree  rMical  chain, Also part of t h e  O2 or  H202  

deficit may be due t o  t h e  Haber-Weiss interactions producing 'OH 

(-Appendix 1) which may react  in the  manner described above. 

4 
Liang e t  al. [24] made no at tempt  t o  quantify t h e  steady s t a t e  

concentrations of H202  and perhaps for this reason most workers (ag. 



[ 6 ] )  have routinely assumed the incorrect stoichiometry as  s ta ted in 

Reaction 6. However we have found that  the quantitative cohtribution of 

H202 is not constant but intimately dependent on the 02:6-OHDA ratio. A 

typical stoichiometry of a reaction under standard conditions - 
air-saturated phosphate buffer (234 pM 02) a t  25'~,  pH- 7.00, ionic 

r, 

strength 0.01 - may be: 

1.46 pquinone  + 0.67 H202 + 0.66 H20 + 0.26 H+ (8) 

Under 1 atm 02, the pquinone:H202 ratio is 1.2 suggesting that the 

ratio increases as t h e  O2 tension decreases. Both the stoichiometry of 

H202 production during the progress of the autoxidation and the  ra te  of 

H202 consumption under anaerobic, metal ion free conditions require 

further quanitification It is important to investigate the kinetics of 

6-0HDA:H202 redox couple and the nature of metal ion catalysis under 

anaerobic or low O2 atmospheres. --. 

IL l'ke Intermediate: 02 

The involvement of 0; was demonstrated by the inhibition of the initial 

rate of autoxidation by SOD [27]: 

6-OHDA + O2 --> semiquinone + 0.; + H+ (9) 

6-OHDA r 0; + H - semiquinone + H202 (10) 

semiquinone + O2 -> pquinone  + 0; + H+ (11) 

semiquinone + 0; + H' --> pquinone + H202 (12) 



Reactions 10 and 11 constitute a self-propagating sequence where 0; 

consumed is regenerated In the absence of 0; Reactions 10 and 12 no 
' 

longer proceed and the initial rate is inhibited in a dose dependent 

manner by SOD. This inhibition, however is not simple, since SOD 

actually induces a latent period after which the rate increases as  the 

reaction progresses, indicating that there is an accumulation of some 

other intermediate which drives the reaction faster as i t  progresses. 

This is characteristic of autocatalytic reactions and 0- must be a 
2 

primary catalytic species or involved in the synthesis of the catalytic 

species. In the presence of SOD some other, more slowly accumulating, 
4 

catalytic species comes to dominate the reaction mechanism. However, it 

is unlikely that Reaction 11 actually proceeds since molecular oxygen 

alone could not oxidize 6-OHDA to the extent of the p-quinone [28]. 

This is supported by ESR spectral data which failed to show chemical 
- 

reactivity between ' O2 nd semiquinone [29]. L .' 

I 

The presence of ~ q u i n o n e  and other mixtures available a t  redox 

equilibrium el iminate&&& lag period [30] suggesting that the 
'i. 

accumulation of ~ q u i n o n e  products is causing acceleratio,n of the rate 

near the end o f  the SOD-inhibited reactions. Perhaps reversal of the 

dismutation of the semiquinone: 

2 semiquinone <-> 1-quinone + 64HDA (13) 

yields autocatalytic conscentrations of the semiquinone. Non-enzymic 

disproportionation of semiquinone is a major pathway for its elimination 



in many reactions such as peroxidase and phenolic subtrates [31], thus 
e 

Reaction 13 contributes to the high yields of pquinone not attributable 

to oxidation by H202 or 02. 

DL The Production of Singlet Oxygen. 

Chemiluminescence observed from the autoxidation of 6-OHDA, was 

inhibitable by SOD, catalase, ethanol or thiourea [321. '02 may result 
1 I 

from spontaneous disrnutation of 0; or from the ~ a b & ~ e i s s  reaction, 

however all detectors of '02 react with 'OH a t  a much faster rate, 

therefore the chemiluminescence could be due t o  the  'OH. At prese?t 

there a r e  no specific scavengers which conclusively suggest the presence 

of 'Or We did not pursue the role of singlet s t a t e  oxygen in the  - 
t k 

ROLES OF METAL IONS 

With exception of a very few studies, [13,261 the question of metal ion 

catalysis from trace contaminations has been largely ignored and data  

nus t  be interpreted with this in mind. The nature of metal ions in the 

interactions among O2 species has been well characterized 

2 + 
[18,23,33-353. The addition of Cu accelerated t he  ra te  of 

autoxidation of 6-OHD-4 in a dose dependent fashion and this was 

completely prevented by ethylenediaminetetraacetic acid (EDTA) 1361. 

2+ 2+ Fe was not as efficient a s  EDTA-Fe in accelerat*g the 

autoxidation. It also caused a bleaching of the pquinone which could 



11 

be prevented by catalase or ethanol [30]. This enhanced rate  was not 

inhibitable by SOD which implies that the ferrous complex is a bet ter  

catalyst than, 0; Substituting DTPA for EDTA resulted in acceleration 

but only by 20% of t d  EDTA-F~'+ rate. In the  absence of added metal 

ions, both EDTA 'and DTPA were necessary to confer sensitivity to  SOD 

inhibition when no other precautions t o  eliminate contaminating 

transition metal ions 1301, however in assay systems using deiodsed 

distilled or Chelex treated water, metal chelating agents were not 

-- necessary for strong inhibition by SOD [261. The most profound 

consequence of metal ion catalysis seems to  be the generation of 'OH. 

W. The Generation of 'OH, 

1 

The production of hydroxyI radicals was demonstrated by the evolution of 

ethylene gas from methional 1371 which could be inhibited by other 

hydroxyl scavengers. Neither H202 nor 0; alone could generate ethylene 

gas. However, either SOD or catalase was able to partially inhibit the 
/-- 

rate of ethylene production so i t  was thought that  both H20Z and 0; 
'-L, 

were involved in the  production of 'OH via a Haber-Weiss or Fenton type 1 

reaction: 

"2+ H202 + Fe --> 'OH r OH' + ~e~~ (14) 

HZ02 + 0; --r 'OH + OH- i O2 (16) 



Hydroxyl scavengers do not inhibit the ra te  of autoxidation but appears 

to  slightly accelerate the overall ra te  under certain conditions 'I281 

probably because they prevent bleaching of the pquinone. .Thus the 'OH 

is not involved prior to  the ra te  limiting steps in the initial 

autoxidation. However if i t  promotes polymerisation or i ntracyclisation 

of the p-quinone products i t  may shift t he  redox equilibrium even 

further in favour of 6-OHDA oxidation. More importantly, the high 

reactivity of the hydroxyl radical itself is responsible in  causing 

damage to the  cell. - 

It is generally accepted that some organically chelated metals such as 

EDTA-Fe2+ are more efficient catalysts than free metal ions in 

generating 'OH. However the following evidence suggests that the 

nascent radicals resulting from 'OH propagate the chain by facilitating 

the transition of the metal ion through i ts  redox states. In the 

simultaneous presence of DTPA, catalase and SOD, the autoxidation was 

completely inhibited despite the presence of molecular oxygen [28]. 

However addition of either mannitol or formate for the purposes of 

scavenging of 'OH restarted the reaction, Therefore we postulate that 

either the semidehydro-mannitol or the carboxylate radical ,can reduce 

the D T P A - F ~ ~ '  and thus allow iron t o  cycle through its redox states. 

Since this revived oxidation exhibited a latent period, 0; is probably 

not involved. bioreover, since the yield of p-quinone reflected 

utilisation of of recycled molecular oxygen only, H202 was probably not 

involved either. We do not know the source of 'OH in this system, but 

presumably a ,  small portion of S-OHDX oxidized in the aliquot before 



addition to the reaction chamber was enough to allow recycling of the 

chelated iron. Moreover we do not know if these hydroxyl scavengers act 

in a catalytic or stoichiometric manner since both were present in 

concentrations over 10 times in excess of the predicted yield of 'OH 

from the control, unhibited autoxidation. 

If analogous reactions are involved in idiopathic Parkinsonism, the fact 

that its progress spans many years & consistent with the slower 

oxidation rates characteristic of endogenous catecholamines, low 
-- +-'? 

intracellular oxygen tensions and tightly chelated metal ions in a mileu 

of catalase and SOD. Metal ions among other compounds found chelated by 

endogenous catecholamines are perhaps essential to the process of their 

concentration for storage in synaptic vesicles [38]. The nature of 

ligand bound to a metal ion determines both its redox potential and the 

ease of inner and outer sphere electron transfers. Conversely, binding 

by metal ions may increase the susceptibility of the participating 
\ $ 

ligand to  metal catalysed oxidation. The ferrous ion chelated by DTPA 

still participates in Fenton-type reactions however its rereduction was 

not observed [22]. 



GENERAL GOALS OF SIZTDY 

4 

While much of the autoxidation of 6-OHDA has been characterised, neither 

its mechanisms of cytotoxicity nor its oxidation have been unambiguously 

elucidated. It was hoped that in studying the autoxidation of 6-OHDA, 

we would establish some general principles of fr.ee radical pathology. 

Not only did we want to identify the conditions which would promote or 

inhibit the autoxidation but also to quantify .the relative contributions 

of the intermediates in initiating and propagating the free radical 

chain. The omplexities of this autoxidation were in part due to the P 
.autocatalytic nature of one of its intermediates, the superoxide anion 

and in part attributed to the synergistic interactions of contaminating 

metal ions. The following sections will reveal the rewards as well as 

the frustrations which accompany any search for generalisations which 

starts among the seemingly intractable problems of finding a practical 

approach at the level of observable and measurable phenomena to events 

occurring in the semi-abstract world of molecular and submolecular 

interactions. 



APPENDIX 1 

ONE ELECTRON TRANSFERS TO MOLECULAR OXYGEN- - ---  
I - 

O2 + e ----> 0; 
4. 

0; + H+ <--> H O i  

0; + 0; <----> '02 + H202 

0- + H+ ---> 'OH 

~~0~ + e - 'OH + OH- 

0; + HZ02 - 'OH + OH- + '02 

0; + 'OH --> o2 + OH- 



Metal Ion Interactions with Interm- 

16 

ates of the Reduction of Oxygen: 

- - k P m & i  2 

ONE ELECTRON TRANSFERS FROM ' GOHDA , 

pQ --> arninochrome + H20  
P 

aminochrome (via rearrangement) --> 5,6-dihydroxyindole 



OXIDATION PRODUCTS OF 6-OHDA 

* H Z  w -  o **a'*2:; 11. p q i n o n e  
z w i t t e r i o n s  



APPENDIX 3 

POSSIBLE ELEMENTARY REACTIONS BETWEEN 6-OHDA 
AND MOLECULAR OXYGEN 

Production of the  semiquinone (sQ*): 

6-OHDA <-----, sQ' + - e  + H+ 

H2•‹2 + e  + H +  
-----, - H 2 0  + 'OH 

6-OHDA + H202 -> sQ' + H 2 0 ,  + 'OH 

6-OHDA <I---> sQ' + e + H+ 
'OH + e  + H +  I---> H2•‹ 

6-OHDA + 'OH ------> sQ* + H 2 0  



Production of the paraquinone (pQ): 

sQ' <--> PQ + e  + H+ 
H202 + e + H+ ---> H 2 0  + 'OH 

, - 
sQ'- - + H2•‹2 ---> PQ + H 2 0  + 'OH 

6. sQ* - p~ + e + H+ 
'OH + e + H+ ---> H 2 0  

sQ' + 'OH ------- > PQ + HZO' 
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Rates 2 autoxidation of 6-hydroxydopamine were determined in the 

presence of combinations of: superoxide dismutase (SOD), 

diethylenetriaminepentaacetate (DTPA), desferrioxamine, cataIase, 

formate, mannitol, benzoate and glucose, by measuring rates of 

pquinone (product) formation (at  490 nm) and concomitantly O2 

utlilisation (polarographically). Added individually, the scavengers 

were inhibitory in t he  following order of effectiveness: SOD (96%) > 

DTPA (66%) > desferrioxamine (30%). When scavengers were present in 
1 

combinations, each modified the  actions of the other, t o  the e i t en t  

that only SOD (93-100%) and desferrioxamine (15-40•‹/o) were always 

inhibitory. The hydroxyl scavengers form a t e  or rn annitol alone produced 

li t t le or no (0-10%) inhibition, but inhibited the autoxidation by 30•‹h 

in the presence of catalase+SOD. In contrast, in the presence of 

catalase+SOD+DTPA, they (including glucose) reactivated the completely 

blocked react ion DTPA and desferrioxamine increased the  latent 

period induced by SOD, while their inhibition of the rates of 

autoxidation ,were much less. Thus in the ~ r e k e n c e  of SOD, the  

transition metal ions are more essential to  the initiation mechanisms 

than to  the propagation steps of the autoxidation. 



Index Words: 

6-hydroxydopamine oxidation, 

free radical intermediates, 

scavengers of oxygen radicals 

6-OHDA, 6-hydroxydopamine; SOD, superoxide 

dismutase; ESR, electron spin resonance; DMPO, 

5,5-dimethyl-1-pyrroline-N-oxide; DTPA, 

diethylenetraminepentaacetic acid; BSA, bovine serum albumin. 

SOD: Superoxide:superoxide oxidoreductase, EC 1.15.1.1 

Catalase: Hydrogen-peroxide:hydrogen peroxide oxidoreductase, 

EC 1.11.1.6 



INTRODUCTION 

1 6-Hydroxydopamine, (6-OHDA) by virtue of its affinity for the 

catecholaminergic uptdke systems, is a selective toxin t o  those 

neu rons  which a re  able to  concentrate i t  to  critical levels. Its 

toxic  actions are directly related t o  i-ts capacity to  generate f ree  
* 

radical species of molecular oxygen and 6-OHDA quinones. These 

reactive species are thought to modify cellular components fin part by 

oxidising or crosslinking free sulphydryl groups), rendering them 

irreversibly non-functional, Although, many aspects of the 

autoxidation o f  6-QHDA have been characterised, neither the mechanisms 

of its autoxidation nor its cytotoxicity have been unambiguously 

elucidated. The current study was therefore undertaken to  ascertain 

the reIative importance of t h e  various species of oxygen participating 

in the propagation chain, and the predominent interactions between 

them. 
-7 

i=\ 
Several workers have reported the effects of various individual&&e 

radical scavengers upon the 6 0 H D A / 0 2  reaction (Heikkila & Cohen, 

1972, 1973; Floyd & Wiseman, 1979; Sullivan & Stem, 1981). In a few 

. cases two or three scavengers were simultaneously present (Sullivan & 

Stern, 1981). The current investigation examines the effects  of all 

possibIe combinations of SOD, catalase, one or more metal ion 

chelating agent and one or more hydroxyl scavengers. The purpose of 

such a thorough approach was t o  identify those combinations of 

scavengers which would allow examinati,on of the role(s) of a single 



f r e e  radical species by selective elimination of participation by 

others. Moreover since many components coexist in cellular systems, 

i t  was of interest t o  determine the  e f f e c t s  of a single scavenger in 

t h e  presence of various combinations of others, with a view t o  

identifying synergistic or maderating interactions among them. 

The formation and utilisation of both 0; and H202 in the 6-OHDA 

reaction have been characterised (HeikklIa & Cohen, 1972, 1973; Liang 

e t  al., 1976). Although i t  is unclear as to whether the  hydroxyl 

radical -- is produced from metal catalysed Haber-Weiss type interactions 

between H 2 0 2  and 0; or  directly from oxidation of the  6-OHDA 

quinone, 'OH have been demonstrated by ESR using t h e  spin trap, 

5,s-dimethyl-1-pyrroline-N-oxide (DMPO; ~ l o y d  & Wiseman, 1979). The 

serniquinone of 6-OHDA was also demonstrated by ESR under anaerobic 

conditions. It has been established tha t  0; plays a c a t a  lytic role 

in the  6-0HDA/02 reaction (Heikkila & Cohen, 1974; Sullivan & Stern, 

1981) while H 2 0 2  can substi tute for molecular oxygen as an oxidising 

species (Liang e t  al., 1976). Since no evidence of reactivity of the  

semi-quinone with molecular oxygkn was found, Borg e t  al. (19'18) 

suggested that  formation of the  2-quinone involved dismutation of two 

semi-quinones. In support of this, oxidised quinone mixtures 

eiirninated a latent (induction) period caused by the  removal of the  

primary autocatalytic species, 0- (Sullivan & Stem,  1981) 2 

Efectrochemical studies suggest tha t  the  open chain p q u i n o n e  product 



is in redox equilibrium with 6-OHDA and only slowly undergoes 1,2-side 

chain,  closure with the elimination of H20  et 1972). 
The 

half-life of this intramolecular cyclisation was estimated to  be 38 

min a t  pH 7.4, 37' C (Blank e t  al., 1976) and the resulting 

adrenochrome is thought to rearrange t o  the 5,6-dihydroxyindole or to  

become reduced to  5,6-dihydroxyindoline (Powell & Heacock, 1973). 

Although the latter species is also of cytotoxic importance, we have 

tried to restrict our observations to  the earlier phases of the 

reaction, in particular to  the initial two electron oxidation segment 

of the autoxidation of 6-OHDA. 

a 



MATERIALS AND METHODS 

REAGENTS 
, . 

6-Hydr~xydo~amine hydrobromide salt and DTPA were purchased from the 

Sigma Chemical Co. (St. Louis, MO). Sodium phosphate buffers were 

obtained from American Scientific and Chemical (Seattle, WA) and 

Matheson Coleman and BefI Manufacturing Chemists (Norwood, Ohio). 

Desferrioxamine (Desferal mesylate) was a gift from CIBA 

Pharmaceutical Co. (Summit, NJ). Chelex 100 resin and AG501-8X 
8' . 

deionising resin were obtained from BioRad Laboratories (Mississauga, 

Ont., Canada). Sodium formate was obtained from J.T. Baker Chemical 

Co. (Phillipsburg, NJ) while mannitol, glucose (dextrose) and sodium 

sulfite were obtained from Fisher Scientic Co. (Fair Lawn, NJ). 

Sodium benzoate was purchased from Anachemia Chemicals Ltd. (Toronto, 

Canada). Hydrogen peroxide was obtained from BDH Chemicals 

(Vancouver, Canada). Catalase (bovine liver) was purchased from both 

Calbiochem-Behring Corp. (88,823 U mg-'; La Jolla, CA) and Sigma 

Chemical Co. (2500 U rng-'1. SOD (bovine blood, 2900 U mg").and SSA 

were obtained from Sigma chemical Co. All reagents were of the . \ " 

highest purity commercially available at  the time of purchase. 

The purity.of the water was .10 MOhm which was further increased 

> 7  times by passage through a Chelex 100 column The following metal 
w 

ions from the buffer s a b  were below the stated values (which 



represent the  detection limits of inductive coupled plasma emission 

spectroscopy): copper <79 nM; iron <54 nM; manganese <18 nM; aluminium 

~ 7 4 1  nM and vanadium <39 nM. Phosphate buffers, pH 8.00, ionic 

strength 0.94, made from freshly deionized distilled water were also 

below these detection limits. However, a s  an ex t ra  precaution, acid 

and base were t reated by Chelex 100 resin separately and t i t ra ted t o  

the desired pH, since pH changed even a f t e r  equilibration of the  

column DTPA (1.0 mM) was added as  a non-specific chelating agent for 

transition metal ion contaminants (Chabereck e t  al., 1959). Although 

500 pM desferrioxamine, a chelating agent specific for iron, was . 

reportedly sufficient t o  remove catalysis due to 100 JIM iron (Hoe e t  
) ~ 

al., 1982), 1.0 'mM was used t o  be consistent with D T P A  Other 

scavengers were added in excess of 10 times the amount needed to  

remove, the est imated yield of each radical species. Benzoate (10 mM) 

and mannitol (10 m?d) were ajso used as  hydroxyl scavengers since 

formate  (10 m h l )  produces 0; (in the  presence of 02) which is a 

catalytic species in 6-OHDA autoxidation. However, a t  least one 

pathway of the  scavenging reaction of 'OH by formate  is well 

established (Klug e t  al., 1972) and the  intermediate radical CO; is 

converted to  0; which can then be specifically scavenged by SOD. 

.Also, formate reacts  with 'OH almost 3 times fas ter  'than mannitol 

!HdLiwell, 1978). Glucose 110 mM) is not as efficient as the  other 

hq'droxyl scavengers but was used in some conditions due t o  i t s  

bio!ogical importance. Catalase (250 U ml-l) and SOD (250 U m1-'I 

were used to  scavenge hydrogen peroxide and superoxide respectively. 



BSA ( 5  rng ml-l) and boiled SOD were used as protein controls. 

' ANAEROBIC PREPARATION OF 6-OHDA . '. 

Deionized distilled or Chelex 100 treated water was alternately 

flushed with high purity nitrogen (Linde, Union Carbide Canada Ltd.) 

which was just, previously bubbled through a sodium sulfite solution, 

and evacuated using a Virtis vacuum evacuator. 6-OHDA was gently 

dissolved by removing trapped air in the powder under vacuum and 

replaced with nitrogen. This vial was sealed under a slight positive 
:* 

pressure of nitrqgen to  minimise exposure fo oxygen as aIiquots were 

withdrawn The absorbance a t  490 nm provided an indication of 

baseline oxidation and the quality of the stock solution (0.79 

+0.03%). The reduced concentration under a ~ a e r o b i c  conditions (pH - 

6.0-7.0) was estimated from the absorbance a t  290 nm, while a null 

difference spectrum from a sample a t  pH 2.00; and the symmetry of the 

290 nm peak we.re taken as indications of the homogeneity of the 

preparation. 

ASSAY PROCEDURES 

r. 

Water saturated air a t  733 - +1 mm Hg barometric pressure was bubbled 

gently through buffer in the sample chamber of a YSI Model 53 oxygen 

monitor for 20 min to  achieve an initial concentratioh of molecular 

oxygen of 246 - +€I &\I. Buffer was then transferred t o  a cuvette and 



appropriate combinations of scavengers were added. After thorough - 
mixing the reaction was initiated by 50 j11 6-OHDA and the formation of 

p-quinone was followed a t  490 nm using a Beckman DEGT 

spectrophotometer. The corresponding reaction was monitored for 

oxygen concentration by a ~ $ 1 '  Clark-type oxygen ' electrode either 

simultaneously or sequentially. pH was checked in the reaction medium 
* 

before and after addition of scavengers and a t  the s tar t  and upon 

completion of the reaction f o ~  representative conditions. Data were 

collected on line through a twelve bit analogue-digital converter and 

transferred t o  a Il3M 4341 or 3033 computer using a microprocessor data - 
buffer/coupler locally designed, and constructed. 

0 ,  

DATA ANALYSIS 

All subsequent data analyses were performed using APL programmes . - 
written by the authors and implemented on a IBM 4341 or 3033 

computer. Digitized voltages were converted t o  micromolar , I 

concentrations of pquinone  using the internally determined molar / 
extinction coefficent of 1892 M-I cm-l, and concentrations of 

ir 

molecular oxygen using the Bunsen coefficient for aqueous solutions 

(Estabrook, 1967). Peak values in first derivative plots of the 

reactions, were used to  determine the time a t  which the initial rates 

were maximal and linear regressions were fi t ted over a suitable 

interval to determine maximal rates. The induction or latent period, 

was obtained by measuring the time t o  the intersection of the 



extrapolatid lines approximating the initial and maximal velocities 

respectively (Burton and Ingold, 1981). 
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The effects of i n d i G i  scavengers in the absence of others a re  

shown in Figure 1. Clearly SOD provided the greatest inhibition 

(96%), while substantial inhibition is also induced by the  chelatin 

agents, DTPA and desferrioxamine, Neither denatured SOD which had been 

gently boiled for 40 min nor &A had any effect on either rate. With 

respect to  p-quinone formation, hydroxyl scavengers (benzoate, 

glucose, rnannitol or formate) or catalase had only a minimal effect,  

and thus 'OH or H202 are not important intermediates in or prior to  

the ra te  determining step. In general the rates of p-quinone 

production and O2 comumption agreed reasonably well, but in t h e  

presence of either of the above hydroxyl scavengers O2 utilisation was 

cqnsistently lower than p-quinone formation, suggesting that either 

the scavengers themselves or the products of their action act as  

electron acceptors. 

EFFECTS OF 'SUPEROXIDE DIS.MUTASE 

Comparisons iIIdstrating the effects of SOD in the presence of the 

mixittres of seavmgers tested are s h m m  in Figwe 2. In every ease 
r) 

SOD not only decreased the maximal ra te  of autoxidation of 6-OHDA, but 

i t  changed the reaction from pseudo-first order t o  sigmoidal 



kinetics, Specifically, SOD inhibited. by 100% when added in the 

presence of DTPA+catalase; by 98% in the presence of DTPA+catalase+any 

hydroxyl scavenger or DTPA without catalase (whether or not hydroxyl 

scavengers were present); and by approximately 96% when added alone, 

or in the presence of cataiase+any hydroxyl scavenger. In contrast, 

the presence of catalase alone decreased the inhibitory action of SOD 

to 93%. 

The latent period induced by SOD was of the order of 180 s (Figure 

3). In contrast, DTPA and/or desferrioxamine did not t h~mse lves  

induce a latent period, but they greatly increased i ts  duration (4 to  

15 times) when simultaneously present with SOD. H202 (500 pM) did not 

alter the latent per iod However, if HO;, not H202 is the product of 

SOD activity (Bemofsky & Wanda, 19833, then additions of H2U2 would 
- / 

not be expected t o  reduce the latetit period 
-/- 

Therefore to  determine whether the catalytic species might be ~ 0 4 ,  

aerated rnixturen of H202 ( 5 0  pii) were incubated with 250 U ml-' SOD 

for 2.3 h a t  25'C to SOD-inhibited reactions. However, this mixture 

supposedly containing HO;, did not decrease the latent period or 

affect maximal rates of oxidation. There was no evidence 'of a long 

iived actdic species resulting from the action of SOD on HZ02. as 

r-ed by Berwfskp W&B (f983). Tkis imnsistertey mag. be bue 

to differences in the metal ion content since the reported study was 
C 

performed in buffers made in deionised djstilled water while the 



present study used Chelex 100 treated buffers. This suggests that 

metal ions are necessary for the forrnatipn of w c t e v e r  species induces 

the change in pH. 

EFFECTS OF DTPA 

DTPA, known t o  chelate a variety of transition metal cations t o  

differing degrees (Chabereck e t  al,, 1959), was the next most potent 

inhibitor (67%) of the autoxidation of 6-OHDA (Figure 4). Its 
-"a 

in&itory effect  was increased by 8-50% by the presence  of SOD, and 

decreased by 2-12% in the presence of the other scavengers. In some 

cases the actions of DTPA were influenced by a concommitant decrease 

in the pH of the reaction mixture, which consistently shifted from 

I v 
Since the autoxidation of 6-OHDA is base cataIysed enhanced a t  low 

\ 
ionic strengths we investigated the extent to which inhibition by DTPA \ 

I 

was due to  changes in pH (Figure 5). DTPA made up in sufficient ~ a 0 d  

to eliminate changes in pH failed to  decrease the rate  of 

autoxidation, the ra te  being 102% of the pH matched control and 124% 

of controI adjusted for ionic strength by the addition of NaC1. This 

relative acceleration induced by the  presence of NaOH may be due t o  
' 

the presence of contamiffant met& ions IR t he  NaOH. Beeause of this 

uncertainty, we followed controI reactions at  the same pH as that - 

resulting from the addition of DTPA (pH 7.30). Under these conditions, 



the slowing attributable to the metal binding properties of DTPA was 

17%. The remaining 83% of the inhibition in this instance was a 

direct effect  of pH on the autoxidation i f  B-OHDA. Other reports of 

the action of DTPA in this system have nor mentioned t h e  use of 

special procedures to  control pH, and unless this was done, 
9- 

quantitative conclusions regarding the effects of metals should be 

interpreted with caut ion The contrlbutions of iron can be inferred 

with more confidence from the  effects  of desferrioxamfne, which has , 

been reported to block 'Fenton reactions as well as the Haber-Weiss 

interactions, and which caused no significant change in pH. 

Ip 

-, . .? 4 

EFFECTS OF CATALASE 

Under conditions wh'ere either ,DTPA or SOD was present,  catalase 

accelerated the autoxidation of 6-OHDA (Figure 6) by 20-45%, in 
P 

contrast t o  our own previous (unpublished) studies and those of others 

(Sullivan & Stern, 1981), where catalase was inhibitory. Much of this 

difference may be due t o  the fact that a t  the relatively high 

concentrations of 6-OHDA (1.0 mM) used in the current studies, 

molecular oxygen (246 2 6 pM) may be limiting. Under these conditions 
I 

catalase serves to regenerate 0 which is preferred over H202 as the 2 

electron acceptor u r i k  the usual reaction coqditions. A further 

consequence. of this recycling was that in the presence of catalase, 

the net h t e s  determined for oxygen utilisation were generally 

one-half of the rates of p-quinone prodtiction, regardless of what 

a 



other scavengers were present. However even a t  lower concentrations 

of 6-OHDA (200 pM), catalase had a small stimulatory effect (11% 

increase; Figure 7). Wherever catalase had an inhibitory effect 

(10-loo%), H202 or some product derived from it (e.g. 'OH) must 
i 

contribute to the autoxidation. This was especially evident in the 

simultaneous presence of DTPA+SOD. 

f While catalase obtained from Calbiochem-Behring Corp. was used in all " 

experiments, we compared its effects with catalase purchased from 

Sigma Chemical Co. on this single occasion. As illustrated in Figure 

7, the preparation from Sigma Chemical Co. had an inhibitory effect,  

while the more active preparations from CalBiochem-Behring did not 

when present alone. The inhibitory effect  from the Sigma preparation 

was most likely due t o  t race contaminations of SOD (Halliwell, 1973). 
t 
\ 

Any effects due to  catalase before and af ter  this point refer only t o  

the  preparations from Calbiochem-Behring Corp. % 

EFFECTS OF HYDROXYL SCAVENGERS 

These scavengers had both inhibitory and stimulatory effects depending 

on which other scavengers were present. Moreover, the effects 

observed for formate (Figure 8) were not the same as for mannitol 
' I .  

(Figure 9). G e m a H y  formate was inhibitory when mannitof was 

present (5-30%) but i t  accelerated the reaction when hydroxyl yield 

was expected to  be greater due to  Fenton-type reactions, such as in 

- 4 



the  presence of DTPA (5-10%). under the latter conditions 'OH is 

involved only af ter  the ' rate limiting s tep  since. the hydroxyl 

scavengers did not produce significant inhibition Formate reacts 

with 'OH a t  diffusion limits to  produce the carboxylate radical which 

is converted t o  0; and C 0 2  af ter  the ra te  limiting step, therefore i t  

recycles 'OH to 0; (Klug e t  al., 1972). Mannitol on the other hand, 

with no identified radical intermediate, competes with formate for the 
- 

/ 
f 

/ 

hydroxyl radical, since each was mutually inhibitory (530%) in the 

presence of the other. While the stimulatory effects of the formate 

and mannitol (Figures 8 and 9) can hardly be accounted for on the 

basis of their actions as hydroxyl scavengers, reactive derivatives 
0 

resuJting from their scavenging action presumably promote the 
% 

autoxidation. 

EFFECTS OF SCAYENGERS WHEN PRESENT IN VARIOUS COMBINATIONS 

From the various combinations of scavengers i t  was possible to  choose 

conditions in which a particular species would be most prominent, with 

minimal contamination or interaction with other intermediates. Thus 

Figure 10 summarises the rates attributable t o  the catalytic presence 

of just one or two free radical intermediates. The particular 
- 

scavenger mixtures used {see legend) were selected on the basis of the 

foIlowing arguments. 

Although DTPA dms not preclude all participation of metal ions, the  



simultaneous presence of catalase should preempt 'OH generation by 

Fenton-type reactions by removing H 2 0 2  Formate recyles any remaining 

'OH or  that produced directly from the +toxidation of 6-OHDA back t o  

0; Thus, a combination of DTPA+catalase+formate leaves 0; as the 

primary intermediate. This can be  seen t o  contribute 83% t o  

autoxidation of 6-OHDA (Figure 10). Since the effect  of i ts  removal 

by SOD (96%), is greater that its apparent contribution, 0; most 

certainly has a catalytic role both In i ts  own generation and i ts  
I 

utilisation. 

In. the combination DTPA+formate+SOD, the consequences of DTPA and - 
, formate a re  similiar to that in the previous scavenger combination, 

while SOD convert2 0; t o  H202, Thus H 0 remains as the primary 2 2 

species. Although the portion of the autoxidation attributable t o  

H 0 is barely discernable when compared toxO;, i t  is 50 times 2 2 

greater than that observed in H 2 0 2  (500 pM) in the absence of 

molecular oxygen. This indicates that much of the observed 

participation of H202 is catalysed by the presence of species of O2 
7 

rather than due  to direct oxidation of 6-OHDA by H202 Under most 

circumstances, 'OH contributes l i t t le t o  the autoxidation This 

fo1lo.w~ from the evidence that hydroxyl scavengers were inhibitory 

only under special circumstances, and that the rates  in the scavenger 

combination, DTPA+SOD (which permitted the.  simultaneous presence of 

both H202 and 'OH) were not greater than that o f  H202 alone. However, 

using the scavenger mixture DTPA+formate, the effects from the  



simultaneous presence of H202 and 0; (88%) were close t o  the simple 

sum of effects from H202 alone (2%) and 0; alone (83O/o). Again 'OH 

, does not contribute t o  the autoxidation by 0; 'since the effect  of 0; 

(83%) is not increased in the scavenger combination, DTPA+catalase 

(8 1 %) which allows the simultaneous existence of these two species. 

Although the assay medium was relatively free from metal ions, their 

contribution was estimated in the combination, forrnate+catalase+SOD. 

Under these conditions, 0; is converted t o  H202, which is converted 

t o  O2 and H 2 0  while any 'OH formed is recycled t o  0> Thus the 

remaining oxidation should be due t o  catalysis by ambient traces of 

metal ion contaminants. This contribution makes up 5% which is close 

to  the inhibition (7%) provided by the simultaneous presence of 

chelating agents, DTPA and desferrioxamine. 

The total contributions of all listed species when individually 

present account for 90% of the  control rates. Synergistic interactions 

between the various reaction intermediates and unknown species account 

for some the effects found when only one species is removed (Figure 



REACTIVATION OF THE REACTION IN THE PRESENCE OF 

DTPA+CATALASE+SOD 

While the above com'bination of scavengers virtually prevented the  

autoxidation of 6-OHDA, the reaction was partly released from- 
Q 

inhibition by the further addition of formate or mannitol (Gee & 

Davison, 1984). Clearly glucose or benzoate also reactivated the 

autoxidation t o  about the  same degree as formate or mannitol (Figure 

11). Desferrioxamine when substituted for DTPA in combination with 

catalase+SOD did not completely block the autoxidation implying that 

iron is not the only metal active as  a catalyst. 

Since the  inhibitory action of DTPA in-some bases was due to  i ts  

acidity, i t  was important t o  estimate the pH effect in the totally 

inhibitory scavenger combination ~ ~ ~ ~ + c a t a l a s e + S O ~ .  When pH was 

adjusted to  8.00, this combination did not prevent the autoxidation 

and the contribution by DTPA in a chelating capacity was only 23% (see 

bars labelled D.NaOH+C+S and C+S:pH 8.0) However, when pH was adjusted 

to 7.30, (C+S:pH 7.3) the m k i m a l  rates were inhibied by 67%. While 

the remaining 10% has not been accounted for, this residual effect  

cannot be  attributed merely t o  a pH dependent increase in SOD activity 

(Lawrence & Sawyer, 1979) in view of the presence of SOD in 

considerable excess. 



DISCUSSION 

ROLES OF 0; IN INITIATION AND PROPAGATION 

The consequences of the 'addition of SOD are reflected in dramatically 

decreased maximal rat%(Figure 2), and t o  an even greater extent in 
". 

the induction of substantial latent periods (Figure 3). The 

inhibition by SOD indicaies a primary role for 0; a s  the major 

species involved in the usual autocatalytic propagation of the 

reaction.. The absence of a latent period when SOD is not present! 

indicates rapid recycling of effective amounts of 0; during i ts  

catalytic actions under the usual reaction conditions. The latent 

period induced by SOD represents the  additional t ime required for the 

accumulation of alternative catalytically reactive intermediates 

catalyse- the reaction in the absence of 0; 

CATALYTIC ROLES OF REACTION INTERMEDIATES OTHER THAN 0; 

Many of the known bxygen radical intermediates can be  excluded. 

Despite the slowing of the reaction by catalase in t he  presence of 

DTPA+SOD, the  reactive species is not likely to  be H202, since the 

addition of H2O2; did not eliminate the latent period induced by SOD 

(Sullivan & Stern, 1981). Moreover i t  is not likely t o  be  H O ~ .  

-iC 

Having excluded catalytic roles for 'OH or H202 (Figures 6, 8, and 9) 



in the presence of SOD, the most likely candidate for the role of 

.autocatalytic intermediate remains the semiquinone andlor pquinone of 

6-OHDA (Sullivan & Stem, 1981). On this basis, in the presence of 

SOD the reaction (Borg e t  al., 1978), 

2 semiquinone ----> 6-OHDA + pquinone (1) 

may be ra te  limiting in the linear (steady state)' phase of the 

autoxidation Nevertheless, the decrease in the maximal velocity 

caused by the further addition of DTPA and/or desferrioxamine (Figure 

2) suggests that metal ions are  involved in generating the 

autocatalytic species. In view of the need to  overcome the negative 

charges on the two reacting semiquinone radicals, this role must 

reflect in part dispersal of the negative charges by bridging metal 

ions. In addition, formation of a metal ion-semiquinone-camplex should 

raise the redox potential of the  semiquinone t o  a point where i t  is a 

more effective oxidising species, 

ROLES OF METAL IONS IN I~ITIATION AND PROPAGATION 

In the absence of SOD, there is no evident need for metal ions for 

initiation, but i n  i ts  presence, both desferrioxamine and DTPA have a 

much more profound effect on the initiating reactions than on the 

propagating reactions. Thus they increased the  latent period by 100 t o  

300%, regardless of which other scavengers were present (Figure 3). 

This suggests that chelation of metal ions prevents participation of 

those metal-radical complexes which are responsible for the 



involvement of the semiquinone, and that these a re  especially crucial 

when 02 is removed. 

Metal iolis may partially substitute for superoxide as a major 

catalytic species or vice versa. Thus, in the current studies which 

used Chelex treated buffers profound inhibition (about 96%) by SOD was 

consistently observed, without the need to add any metal chelating 
0 

agent. The fac t  that the sum of the  inhibitions by DTPA and SOD 

consistently total over loo%, suggests synergism between metal ions 

and 0; This is evident also in that inhibition by SOD is  greater in 

the presence of DTPA, and conversely, inhibition by DTPA or 

desferrioxamine in enhanced by the presence of SOD (Figures 2 and 4). 

This contrasts with other observations that DTPA was necessary t o  

sensitise the autoxidation to  inhibition by SOD (Sullivan &-Stern, 
/ 

1981). - 

This is also consistent with reports that the  predominant species 

capable of directly oxidising 6-HODA in the initiating phases of the 

reaction is a metal-oxygen complex, which in the later propagating 

steps gives place to &metal-superoxide complex (Gee & Davison, 
/' 

1984). The r e s 6 n s  involved in the  initiation phase of the 

autoxidation may be: 

GOHDA + 0 2 / ~ e n +  --> serniquinone + o;/M~"+ + - 
~ & H D A  + o;/M~"+ + H+ ---> serniquinone + H202 



where reaction (3) is fast relative to (2) 'which is rate limiting. 

The lack of inhibition by the scavenger combinations, formate+catalase 
B 

(Figure 8) or mannitol+catalase (Figure 9) exclude direct 

participation of 'OH or H202 in the initiation or propagation phases 

of the aerobic oxidation. 

ROLES OF H202 
-\ 

6-OHDA is oxidised by the H202 produced in its own oxidation. Its 

utlisation as an electron acceptor increases as O2 becomes less 

available. However oxidation by H202 anaerobically is over three 
, +; 

orders of magnitude slower than that of O2 under the same conditions. * 

This explains why removal of H202 by catalase (Figures 6 and 7) does , 
f' 

/ not inhibit the aerobic oxidation Catalase was in some cases 

,' slightly stirnulatory due in part to increased O2 concentration 
/' 

/' resulting from regeneration from H202, even when 0 is present in some 2 

excess (Figure 7). 

The failure of catalase to inhibit the autoxidation of 6-OHDA -- 
contradicts both our own pr&ious observations and those of others 

(Sullivan & Stern, 1981). Since we had previously used catalase 
\ a 

purchased from Sigma, we compared it to the catalase (from 

Calbiochem-Behring) used in all other experiments throughout the 

current study (Figure 7). The inhibition due to the Sigma catalase 
* 



(36%) in view of i ts  much lower specific ativity may' well be n 
attributable t o  contamination by traces of SOD activity (Halliwell, 

1973), or t o  contaminating metal ions. 

INHIBITORY EFFECTS OF 'OH SCAVENGERS 

Since the major sources of 'OH are  the   en ton and (related) 

Haber-Weiss reactions, it is paradoxical that the greatest inhibitory 

effects of formate and mannitol mcurred when both catalase and SOD 

both present' (Figures 8 and 9). However catalase has a relatively low 

Km for H202, (Halliwell, 1981-1 so that side reactions would compete 

effectively with catalase for H202 a t  relatively low concentrations. 

Moreover, superoxide- in high concentrations may remove 'OH (McCord and 

Fridovich 1973), so that  while SOD would inhibit 'OH production in the 

Haber Weiss reaction, it would in effect  increase i ts  yield from 

Fenton reactions. Thus in the presence of SOD and catalase, the yield 

,of 'OH may be increased and a t  the same time its participation more 

evident than when the other oxidis&g species are  more' abundant. It 

is also evident in Figures 8 and 9 that  formate enhanced the  

inhibitory actions of mannitol and  ice versa, implying some 

interaction between the two organic radicals, the semi-dehydromannitol 

and carboxylate radicals 



b - .- - - - -- - --- - - - - -. - -  - - 

I 

STIMULATORY EFFECTS OF HYDROXYL ZCAVENGERS: 

Since all of the hydroxyl scavengers studied were able t o  reactivate 

the blocked reaction in the presence of DTPA+catalase+SOD, the most 

likely explanation involves the reduction of the DTPA-metal complex so f 

as t o  allow i t  again t o  cycle through its redox s ta tes  (Gee & Davisofi, 
I 

1984). d h o u g h  DTPA forms relatively stable chelates with many 

transition metal ions, DTPA-F~~* will undergo oxidation in Fenton-type 
I 

reactiotls (Sinet & Cohen, 1982): 

DTPA-Fe2+ + H202 -> *OH + OH- + D T P A - F ~ ~ ~  (41 
-r 

DTPA blocks the cyclic aspects of the Haber-Weiss reaction since 02, 

is not able to  reduce D T P A - F ~ ~ +  resulting from the transfer of an 

electron from ferrous iron to  H202. Thus the  semi-dehydromannitol or 

other hydroxyl scavenger radicals may permit redox cycling of the 

iron, despite its chelation by DTPA as follows: 

3 + DTPA-Fe + 'MH -> M + HI + D T P A - F ~ ~ ~  (5) 

Altefnatively organic tadicals resulting from interactions with 'OH, 
I 

may act as. co-oxidants with molecular oxygen to  oxidise GOHDA 

directly. Even benzoate (the hydroxyl scavenger least likely to  

participate in redox side-reactions; Winston & Cederbaum, 1983) or 

glucose (not usually considered among the hydroxyl scavengers) were 
- ~ 

able t o  reactivate rhe DF+A+catafase+SOD inhibited oxidation 

Although it  is only a moderately effective 'OH scavenger when compared 

t o  formate or r n a d t o l ,  i t s  attundance in biological systems increases 

the importance of *Batever glucose species is capable of propagating 



the chain in free r a d i d  reactions, 

Despite the use of the highest quality reagents available, and 

precautions taken to  have chelating agents in large excess, the 

activation effect may be due t o  contaminating metal ions. Ln this 

regard, it is clear that although iron ls probably invoIved, it is not 

the only metal ion involved. This follows from the fact that  while 

desferrioxamine increased the inhibition by 59% above that  provided by 
P 

cataIase+SOD, it was not as effective as DTPA which completeIy block p 
the reaction. \ 

While SOD afforded the  greatest inhibition, the initiation s tep 

probably involves a, molecular-oxygen complex which reacts with 6-OHDA 

in a metal-oxygen-GOHDA ternary transition state. Once the  

autocatalytic species 0; is thus formed, i ts  metal complex is 

responsible for propagating the autoxidation of 64HDA. In the 

abdence of 0; the semiquiwne becomes the major species in the 

propagation reaction, and not H O ~  H202 and/or 'OH do not 

contribute to any appreciable degree to  either initiation or  - .  
propagation unless O2 and/or 0; are  unavailable. Under conditions 

that prevent the au toxidation of 6-OHDA, a11 hydroxyl scavengers, 

including glucose, reactivate the reaction. 
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LEGENDS TO FIGURES 

FIGURE 1: EFFECTS OF INDIVIDUAL SCAVENGERS ON THE 
AUTOXIDATION OF 6-OHDA: d 

Reactions were carried out in air-saturated (246 - +6 u w  02) 

phosphate h f f e r  pH 8.00, ionic strength of 0.04, a t  25' C. 1.0 mM 
3 

6-OHDA was used to  initiate each reaction. DTPA or Des 

(desferrioxamine), 1.0 mM; benzoate, glucose, formate or mannitol, 

10 mM; catalase and SOD, 250 U ml-*. SOD was gently boiled for 40 

min and added directly to  the assay 'medium. BSA (bovine serum 

albumin) was added to  concentrations comparable to  p;otein weight 

as SOD (4.32 mg ml"). Error bars repesent me S.D. 

FIGURE 2: INHIBITION BY SUPEROXIDE DISMUTASE (in the presence 
of ,%her scavengers): 

7 

Reaction cmditions were the  same as in- Figure 1. D, DTPA; Des, 

desferrioxamine; F, formate; M, mannitol; C, catalase; "None" 

represents SOD alone. "Percentage inhibition" by a scavenger means 
r ' 

\ 

the percentage decrease in maximal ra te  induced by addition of the 

scavenger t o  a cuvette already containing the mixture of other 

scavengers indicated by the inscription on the horizontal axis. 
b 

Where acceleration occurred, negative bars indicate percentage 

increase in rate. Error bars repesent one S.D. 



FIGURE 3: EFFECT OF DTPA ON THE LATENT PERIOD INDUCED 
: BY SOD (in the presence of other scavengers): 

Reaction conditions were as  in Figure 1. F, ' formate; M, mannitol; 

C, catalase; Des, desfe~ripxamine. "Nonen represents SOD 2 DTPA, 

while "boiled SODn was used as  the control condition The bar 

which approa5hes infinitely long latent period represents w 12 min. 
-- 

Bars represent latent periods 2-quinone formati&- and the error . 
bars repesent one S.D. r 

FIGURE 4: INHIBITION INDUCED BY DPTA (in the  presence of other 
scavengers): 

Reaction conditions were as in Figure 1. F, formate; M, mannitol; 

C, catalase, S, SOD; Des, desferrioxamine. "None" represents DTPA 

alone. 

FIGURE 5: ROLE OK pH IN EFFECT OF DTPA: 

Reaction conditions were as in Figure 1 except that the pH and 

ionic strength were: @, Control: pH 8.00, ionic strength 0.04; 

I, pH 7.30, a t  control ionic strength (0.04); 4, ionic' strength 

0.07 (using NaCl),' a t  control pH (8.00); 0, DTPA previously 

adjusted to pH 8.00 (by NaOH), ionic strength 0.m; 0, DTPA: pH 

changed from 8.00 to  7.30, after addition of DTPA, ionic strength 

FIGURE 6: I N H I B ~ O N  INDUCED BY CATALASE (in the presence 
of other scavengers): - 

Reaction con&tions were as in Figure I. D, DTF'A; F, formate; M, 
-. 

mannitol; S, SOD; "Sone" represents catalase alone. 



FIGURE 7: LACK OF INHIBITION BY CATALASE (whether O2 
was limiting or not): 

Reaction conditions were as in Figure 1 except that: a, Control 

conditions a t  1.0 mM 6-OHDA; I), catalase from Calbiochem-Behring 
- 

Corp. in t he  presence of ~ . O ; ~ I M  6-OHDA; while 4, catalase from 

Sigma Chemical Co. (250 U ml-l) in the preseace of 1.0 mM 6-OHDA. 

0, 200 uM 6-OHDA in the absence of catalase; while a, is in the 

presence of catalase from Calbiochem-Behring (200 uM 6-OHDA). 

Catalase from Calbiochem was used in all other conditions in the 

present studies. 

FIGURE 8: INHIBITION INDUCED BY FORMATE (in the presence + 
of other scavengers): 

Reaction conditions were as in Figure 1. , D, DTPA; M, mannitol; C, 

catalase S, SOD.  o one" represents formate alone. The bar labeled 

DCS represents reactivation of autoxidation of 6-OHDA by formate 

from an immeasurable ra te  to  that approximately equal to  one-third 

of the ra te  in t he  presence of SOD alone. 

FIGURE 9: INHIBITION INDUCED BY MANNITOL ,(&the presence 
of other scavengers): 

Reaction conditions were as in Figure 1. D, DTPA; F, formate; C, 

catalase S, SOD. "Nonen represents mannitol alone. The bar 

labelled DCS represents reactivation of autoxidation of 6-OHDA by 

mannitol - from an immeasurable ra te  to  that approximately equal to 

formate activation under the same conditions. 



FIGURE 10: CONTRIBUTION OF SELECTED OXIDATIVE 
INTERMEDIATES IN THE AUTOXIDATION OF 6-OHDA 
(in the presence of 246 -, 6 uM 02): 

Reaction conditions were as in Figure 1 except the control rates 

used for cpmparisons a t  pH 7.30 since DTPA was present in all but 

one condition illustrated. The following combinations of 

scavengers were chosen to best represent contributions by 

individdal species: O;, ~ ~ ~ ~ + f o r m a t e + c a t a l a s e ;  ~ e " + ,  
- 

f o r m a t e ' + c a t a l a s e + ~ ~ ~ ;  H202, DTPA+forrnate+SOD; 'OH, . 

DTPA+catalase+SOD; H202+'OH, DTPA+SOD; 'OH+OZ, DTPA+catalase; 

H202+'OH, DTPA+formate. Error bars repesent one S.D. 

FIGURE 11: ACTIVATION OF D+C+S INHIBITED AUTOXIDATION BY 
HYDROXYL SCAVENGERS (manni tol, formate, glucose or benzoate): 

Reaction conditions and concentrations were as in Figure 1. 
'L 

"D+C+S+Nonem represents the extent of inhibition by 

DTPA+catalase+SOD in  the absence of any hydroxyl scavengers. 

"Des+C+Sn represents substitution of desferrioxamine for DTPA in 

the presence of catalase+SOD, while D.NaOH+C+S repesents PTPA 

corrected for pH in combination with catalase+SOD. The combination 

C+S, catalase+SOD, were as3ayed a t  both pH 7.30 and pH 8.00. Error 

bars represent one S.D. 
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ROLE OF pH IN DTPA EFFECT 
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6-Hydroxydopamine does not Reduce ~olecular  Oxygen Directly. 
but Requires a Co-Reductant1 

Received .\;oi.ernber -71. 1953 

' \ 

The autoxidation o i  6-hydro:q-dopamine (6HOD-1) was virtually bIocked rX;I < lo-'' . . ?,I-- s-. a t  pH 8.0, ionic strength 0 .W by the s inul taneous presence of diethylenetria- 
mir,epentaacetic acid IDTP-41, catalase, and superoxide dismutase (SOD). S o  quinone 
product or oxygen consumption was detectable af ter  12 min under these conditions. 
Thus, if GHODA is to react with molecular oxygen a t  a measurable rate,  some other 
redox species is required as a coreductant. The subsequent addition of io rmate  or 
mannitol proved capable of overcoming the  total  inhibition induced by the mixture of 
catalase, SOD, and DTP-4. The simplest interpretation of the  da ta  is tha t  most of the 
autoxidation of GHODA, as commonly observed, involves successive reduction of a series 
of rnetzl-bound species of oxygen; the actual transfer of electrons occurring within a 
ternary reductant-metal-oxygen transition state.  

6-IIj-droxydopamine iGHODA).' a neu- 
rotoxin specific toward cztecholaminergic 
neurons. has been the subject of much in- 
.;estigation (1-8). Whiie i t  is generally ac- 
.:e?~ed t h a t  its, neurotoxicity resalts from 
%r- i a  spmcaneous oxidation 54- &uiar ox- 
;;gen, neither the mechanisms of i ts  au- 
:oxidation nor its neurotoxicity have Seen 
: ~ n a m b i g ~ o u s l y  elucidated. 

UolecuIar oxygen meets the rheraod:;- 
narnic requirements for :he oxidation of 
=any organic compoun&, but quantum 
nechanical aspects of irs eiectronic struc- 
Tire diminish i t s  kizetic r e a c ~ i ~ t y .  In tha t  
::le molsc=llar orbi tah o i  lowest available 
.new-; cmta in  two nnpaired e l m m  n i t h  
sarai!eI spin. electron transfers EO oxyges 
z u s c  l x c x r  b ~ -  a serfes oi jingle eiectron 

~ ions .  transfers to overcome spin restric" 
Thus all autoxidations proceed by complex 
pacnx-ays. 

Khi le  the reactjon bemeen  6HOD-4 and 
oxygen may seem to proceed smoothly to 
cornpietion under the  u iua l  reaction con- 
ditions, the mechanism is complex, as ev- 
idenced by the current results xh ich  show 
~ n a r  i t  is  not capable of truly spontaneous 
oxidation by molecular oxygen alone. In  its 
autoxidation, the  transfer o i  a single elec- 
tron in the initial elementary s tep is con- 
tingent upon the presecce of a t  least  one 
of several reactive radical intermediates. 
Tl?e dHODX/O? reaction has  been shown 
to be p a r w l y  inhibited by superoxide dis- 
m u : s e  (SOD) 13. 9, 101. aieth:Aer.etr;.a- 
~ i n e p e n t a a c e t a r e  I DTP-4 I 18-10r. x. under 
some conditions, by cataiaje 19).  The cur- 
Y O " ?  .--. ~ t ~ d y  reports seiersed da ta  from a 

S ; ? p f . ~ 3  SY caz:  AT% i . ~ m  -A* Sa:i~;& &I- 
? . 7 : ~  &.:! E:g.-.e?:u 3 t -~?r -e :~  i3.3:~& >[ t ~ t a d ~  

c3zprehensive study x e  have underraken 
. - . . .--.., ,-,, G .  .& 335 ar: 4'3E3.C +:~;o:mti?. oi  izreractions between all possibie com- 
I Ts =+>- Fsrel +z5e m-= Bc d- bizations of the abo-;e and other scai-en- 



DTP-1 a r e  more complex. DTPX is a rel- 
atively nonspecific chelator of divalent 
metal ions (11 1, including iron. A t  least in 
the  case of iron, the  effect of DTPA is to 
decregse the redox potential so that, while 
the  iron can still readily be oxidized, its 
reduction is prevented except by the stron- 
gest reducing agenw. Thus. while DTPA 
blocks rnost of those autoxidations which 
a re  mediated by redox cycling of transition 
metals, the DTPA-Fez* chelate remains 
able to participate in F e n t o n - ~ p e  reactions 
11'7). For some compounds, such as cyto- 
chrome c, autoxidation a t  a significant rate 
requires the presence of coreductants or 
:ransition metal ion catalysts. Cgalysis  of 
im autoxidation by copper~(bis)his t idine 
involves pwticipation of a ternary oxygen- 
meral-reductant compiex i137. From the 
ezects  of individual scavengers and com- 
binations of scavengers reported here, the 
7:arious free radical 3pecies involved func- 
tion not merely as reaction intermediates, 
bur also as catalysts which play the role 
of obiigatory coreductants of oxfgen. 

trations of transition metal ions a-ere below the limits 
o i  dececrion. namely 5.1 n>I (iron& ,.. 

The formation o i  quinone product(s) of GHODA 
=as monitored specrrophotomerrically a t  490 nm 
while OZ consumption was folloa;ed by a Clarke-type 
&electrode. Reaction conditions a r e  described in the 
legends to figures. All data  =+ere collected on-line 
rhrough a n  analog-digital converter locally designed 
and based on a Motorola W 7  chip. and t ransierred 
to an IBM 4341 computer. All jabsequent da ta  anal- 
yses were performed by .iPL 3rograms written by 
'the authors. 

RESCZTS 

Despite the presence of abundant oxy- 
gen, the simultaneous presence of DTPX, 
catalase, and SOD prevented the aerobic 
oxidation of GHODA. This is shown by the 
absence of either pqu inone  procf-lct for- 
mation (Fig. l a ) ,  o r  oxygen utilizadon (Fig. 
lb) .  The small initial decrease in oxygen 
concentration corresponds exactly to  that  
predicted from the dilution of aerated 
buffer by the anaerobic 6HODA stock so- 
lution. Addition of a fur ther  aliquot of 
GHODX, which is  indicated in Fig. l a  (a t  
6.7 rnin) as the  small ins tan~aneous  de- 
flection of the curve upu-ard (due to trace 
amounts of preformed product), failed to 
induce any fur ther  auroxidation by either 
criterion. 

It was confirmed tha t  if any of the three 
xaTengers was omitted, substantial  ra tes  
of formation of pqu inone  and of oxygen 
consumption ensued and continued until 
oxygen was completely exhausted. Sur- 
prisingly, if either mannitol o r  formate was 

a d d e d ,  the oxidation recommenced (Fig. 2). 
T e  have carried out a comprehensive 

study of the eff c t s  of scavengers on these 
reactions, in .tv h h every possible combi- 
nation of the above scavengers, collectively 
ar?d indi\-idually was determined- Figure 3 
summarizes t h e  small selection of these 
races which are  relevant rdour conclusions. 

In all reactions, the presence of catalase 
decreaed the net rates and amounts of 0. 
consumed to approximately one-half of 
:hose for pqu inone  formation, reflecting 
~predi&ly) rhe regeneration oi  O2 i r f l  
H-a. In :he absence of other scayengers, 
nznnitol,  formate,  or rnannitol plus for- 
mare had no measurabie - on * 



RG. 1. Progr-as of ;he auroxidation of GHODA. Eff- of scavenge=. Ruct ions  were carried 
out in air-saturated phwphate 5uffer tZi6Ijh 4). p H  bOO, ionic strength 0.M 2S0C. Final con- 
centrations of taufuc aad SOD were 2531: mi-', and  DTPA waa 1.0 mu. (a t  Production of p 
quinone; (br consumption of o q g e n .  

r a r e  of the control reac~ions. This excludes 
kinetically significant parricipation of hy- 
droxyl radicals prior :o :he rate-deter- 

mining step. In the presence of other scav- 
engers, they were sometimes stirnulatory 
and sometimes inhibitory. 



Combination of Scavmgns Resent  

F!G. 3. Rates of autoxidation of GHODA, Compar- 
ison of effects of scavenger? Reaction conditions were 
as in Fig. 1. The control rate for p-quinone formation 
is nor &own bat was S 5 22 ru st. Zrror 'oars 
represent standard deviations of the ate plorted. D. 
D3T.A; C. catalase; S. SOD; F, formare: SI, mannitol. 

DISCUSSION 

The loss of reactivity of 6HOD.A toward 
molecular oxygen caused by the presence 
of scavengers of the major coreductants 
reflects the complexity of the reaction 
pathway required to circumvent the xvere 
kinetic constrainy in the process, which 
is nyertheless  h~ghly  favored thermody- 
zamzcally. Thus, in the simultaneous pres- 
ence of DTPX, SOD, and catalase, a mk- 
r m e  of oxygen and 6HOD.A coexists for a t  
:east 1 min without any deteetible trans- 
fer of electronq curring between them. 
12 cornpari~ow r n the absence of these 
scaT;engers, oxidation proceeded to .rirrual 
completion wichin 15 s. 

The inhibition of both 0, consumption 
and 6HODA oxidation by DTPA + catalase 
- SOD excludes the elementary reaction 

3.s a rnajor ?zrricipant in :he autoxidarion 
.2f <HOD=\. Tnerefore, rhe involcernent oi  
z e t a i  ions xusc precede this step. HOLY- 
eT;er. the data also rule out significant par- 
:ici?ation o i  mecai ions In che e i e m e n t ~  
r~_at& 

k 

GHOD-A -i Xen' - 
semiquinone + Me('-"' + HA. [Z ]  

Although this reaction has been shown to 
occur slowly in the absence of oxygen ( 5 ) ,  
the massive inhibition by SOD alone rules 
out its possible role as an alternative first 
step for any major pathway for the au- 
toxidation of 6HODX. The reasoning is 
that, since the presence of 0; would not 
be essential to the aerobic oxidation of the 
resulting reduced metal ion, this reaction 
would not be inhibited by superoxide dis- 
murase. Thus, if Reaction ['?I did occur, the 
overall reaction. would not be as strongly 
inhibited by superoxide dismutase, as  is 
shown in figs. 1 and 2. Consequently, the 
most plausible candidate for the role of a 
direct oxidant of 6HODA is a metal-oxygen 
complex, initially a metal-superoxide 
complex (superoxide dismutase is not only 
inhibitory but also causes a substantial in- 
duction period), and later a more highly 
reduced metal-oxygen species, including 
the metal-peroxide complex. 

The simplest explanation of the obser- 
vation that  the addition of either mannitol 
or formate to the inhibited reaction re- 
leases the transfer of electrons from 
BHODA to osygen is that  these scavengers 
generate species reactive enough to reduce 
the ferric-DTP-4 complex. Presumably 
these species are the semi-dehydroman- 
nitol(l4) and carboxylate 113) radicals, re- 
spectively. The resulting ferrous-DTPX 
complex can undergo both oxidation by 
H2Oz in Fenton-type reaccions 112) and 
cyclic rereduction by radical species of the 
hydr0.q-1 scavengers mannitol or formate,. 
In many systems, reactions with hydroxyl 
scarengers are thought to be terminating 
reaccions. However, in the current studies 
both mannitol an$ formate promote p r o p  
agation of the free radical chain. In the 
6HOD.b'02 system; their eifects are  not 
always as predictable and clear-cut as  usu- 
ally assumed 

% 
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SUMMARY 

H202, a product of the ae~obic  autoxidation of 6-hydroxydopamine, 

is also consumed as a reactant, contributing progressively more to 

the oxidation as the concentration of O2 becomes limiting. ~ ~ 0 ~ '  is 

a less effective oxidant than 02, since the anaerobic peroxidatic 

oxidation of 6-hydroxydopamine is slower than the aerobic 

oxidation by three orders of magnitude. The hydroxyl radical 

scavengers generally inhfbited the anaerobic peroxidation. Thus 

rnannitol inhibited by 13-40%, glucose by 41-62%, and benzoate by 

15-100%~ showing that 'OH c a t a l p a  the oxidation. A specific 

role for iron in the reaction as normally observed was shown by 

the strongly inhibitory action of desferrioxamine (76 to 91%), 

regardless of which other scavengers were present. The further 
. - 

addition of diethylenetriamfnepentaacetate (DTPA), benzoate or 

formate to desferrioxarnine inhibited the reaction completely. In 

contrast, the presence of DTPA alone, accelerated the reaction by 

160%, augmenting the catalytic actions of .tiansition metal ions 

This acceleration is in part due to  stimulation by DTPA of 

production of 'OH (by Fenton-type reactions), since i t  was 

partially prevented by the hydroxyl scavengers, benzoate (32% 

inhibition) and glucose (41%). Thus DTPA inhibits the 

participation of metals other than iron, but potentiates the 

catalytic role of iron, in the reduction of hydrogen peroxidk 

The semidehydromannitol radical, can reduce the  DTPA-Fe 3+ . 
chelate &rectIy, since mannitol ,accelerated the DTPA stimuIated 



rate (55%). Superoxide dismutase unexpectedly accelerated the 

reaction (by 5744%)'. This activation was seen regardless of which 

other scavengers were present. These effects. are explained in 

part in terms of potentiating or moderating interactions among the 3 

reactive intermediates which propogate the overall reaction 



The cytotoxicity of 6-hydroxydopamine (6-OHDA) can be attributed 

largely to free radical production during its oxidation by 

molecular oxygen Since catecholaminergic uptake systems fail to 

distinguish the structure of 6-OHDA from those of the endogenous 

catecholamines, it is concentrated to  lethal concentrations by 

sympathetic neurones [1,2]. Once inside the neurones, 

autoxidation of 6-OHDA generates a complex mixture of reactive - 
species both of its quinone and of molecular oxygen These 

species react irreversibly and somewhat indiscriminantly with 

cellular components, eventually leading to destruction of the 

nerve terminals, and in some cases of the cell body itself. 
I 
v 

b 
While the aerobic oxidation of 6-OHDA has been extensively 

characterised I3-81 its oxidation by H202 has been largely 

neglected, in part due to the slowness of this reaction Hopever, 
, - 

while H202 contributes very little f o  aerobic oxidation, its I 

participation as an oxidising species increases when O2 becomes 

limiting. In @, the amount of H202 remaining after completion 
I 

of the two electron oxidation is always less than that predicted 

by the generally accepted stoichiometry [9]: 
- 

6-OHDA + O2 ----> gquinone + H202 ( I ) .  

Because of its relative stabflity (measurable bioIogica1 lifetime) 



in comparison with other intermediates in the reduction of 02, 

H202 not only has the opportunity to  attack cellular components in 

the immediate environment but may diffuse some distance from its 

site of generation Since its removal'was found to be beneficial, 

H202 is thought to  be a major contributing species in pro-oxidant 

mediated damage. For example, catalase provided nearly complete 

prot-ection against 6-OHDA toxicity in cultured neuroblastoma cells 

[lo]. Moreover, resistance to 6-OHDA toxicity by some cell types 

was strongly correlated to  levels of endogenous peroxidases. 

Surprisingly, in the s me series of experiments, superoxide ! 
dismutase (SOD) did not protect, but merely delayed 6-OHDA-induced 

destruction of neuroblastoma cells, although SOD profoundly 

inhibits" (96%) the aerobic oxidation itself [Ill. Similiarly, the 

clastogenic activity resulting from autoxidation of caffeic acid 

is largely attributed to  ~ ~ b ~ ,  since catalase provided substantial 

protection against mutagen induced genotoxicity in Chinese hamster 

ovary cells 1121. 

However, H202 itself is not very damaging when added directly to  

several systems which were sensitive to -H202 produced during 

irradiation (13,141 or enzymically 1151. H202, unlike molecular 

oxygen, lacks those spin restrictions which present large kinetic 

barriers against concerted two electron reduction and has a 

relatively low redox potential so that it can act as an oxidising 

and reducing agent. For example, H202 can consecutively [16] or 

simuI taneousIy IT] reduce ferricytochrome c and oxidise 



ferrocytochrome c. In the presence of  O2 and transition metal 

ions, H202 may be oxidlsed to  0; or may be reduced'tn Fenton-type 

i n t e r ac t i q s  t o  produce 'OH, which has a redox potential 

comparable to  that of molecular oxygen but lacks i ts  kinetic 

hindrances. Thus while the reactivity of H202 alone cannot 

account far the cytotoxicity observed, 'OH, a product of its 

oxidation in metal catalysed Fenton-type reactions may be  

responsible for much of the damage. The 'Haber-Weiss cyclen is a 

special case of the Fenton reaction in which 0; is  the species 

which provides the reducing equivalents t o  recycle the iron 

catalyst. However, in cellular systems, many reducing 

participants are  available (e.g.' ascorbate) and as :yet there  is 

not body of data t o  evaluate the importance of these substances. 

\ Powerful prooxidants like 6-OHDA may not only generate H202, but 

once formed they may themselves act as Fenton donors t o  increase 

the toxicity of H202 by reducing i t  t o  'OH. Since oxygen is not 

directly involved in Fenton interactions and may be involved in 
I 

competing reactions, this la t ter  role is best studied 

L 
anaerobically. The current investigation was therefore undertaken 

to determine the involvement of Fenton-type interactions in the 

aerobic and anaerobic oxidations of ~-OHDA- More particularly we 

wished t o  examine the roles of metals in the reduction of H202 by 

GOHDA and t o  determine the extent of participation of 'OH and 

other free radicals. 



MATEFU4LS AND bElXOD?3 

REAGENTS 

6-Hydroxydopamine hydrobromide and diethylenetriaminepentaacetic 

acid were purchased from the Sigma Chemical Co. (St. Louts, MO). 

Sodium phosphate buffers were obtained from American Scientific 

and Chemical (Seattle, WA) and Matheson Coleman and Bell 
- 

Manufacturing Chemists (Norwood, Ohio). Desferrioxamine (Desferal 

mesylate) was a gift from CIBA Pharmaceutical Co. (Summit, NJ). 

Chelex 100 resin and AG501-8X deionising resin were obtained from 

BioRad Laboratories (Mississauga, Ont., Canada). Sodium formate 

was obtained from J.T. Baker Chemical Co. (Phillipsburg, NJ )  

- while mannitol, glucose (dextrose) and sodium sulfite were 

obtained from Fisher Scientic Co. (Fair Lawn, NJ). Sodium 

benzoate was purchased from Anachemia Chemicals Ltd. (Toronto, 

Canada). Superoxide dismutase (bovine blood, 2800-2900 U mg-') 

was obtained from Sigma Chemical Ca Hydrogen peroxide was 

obtained from BDH Chemicals Canada Ltd. (Vancouver, B.C.) All 

reagents were of the  highest purity commercially available a t  the 

time of purchase. 

Fresh double delonised distilled water (>7 X 10 megaohm ~ m ' ~ )  was 

passed through a Chelex 1 0  column The following metal ions from 

the buffer salts were below the s ta ted values (which represent 

detection limits of inductive coupled plasma emission 



.+-- -_ 
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$ 
spectroscopy): copper 279 nM; iron < 54 nM; manganese ~ 1 8  nM; 

- aIuminium ~ 7 4 1  ILU and vanadium ~ 3 9  nh4. Residual levels of metal 

ions in the Chelex treated buffers were determined by atomic 

absorption for the following species: copper <1.6 nM (below 

detection limit); iron 31.3-32.23 nM; manganese 8.2 mi; and 

aIurninum 23 a%. Phosphate buffer, pH 8.d0, ionic strength 0.04, 

was made from aald and base which had been seperately treated by 

Chelex 100 res in  These  were t i trated against each o the r ' t o  the 

.desired pH since pH of any premixed buffer changed 

through the colum< even af ter  prior equilibration of 

with the same buffer. 

upon p w g e  

the  coIumn 

In some reactions, DTPA (1.0 mM) was added as a nowspecific 
" 

chelating agent for transition metal ion con taminan t s i81  while 
- > 

desferrloxamine (1.0 mM) was added t o  chelate iron specifically. 

Other scavengers were added in excess of 10 times the amount 

needed t o  remove the estimated yield of each radical species. 

Benzoate (10 mM) was used t o  scavenge 'OH since i t  reportedly has 

only minimal redox interactions [f91. Formate (10 mM) was used to  

detect any leakage of air  into the anaerobic system, since the 

immediate product from 'OH scavenging by formate is CO; which in 

the presence of O2 produces 0; 1201 a catalytic species in the 

autoxidation of 6UHDA 1211. Thus, an increase in the ra te  of 

oxidation of &O!-IDA caused by the addition of formate was expected 

if any O2 was present. Ln view of the dubious specificity of 'OH 

scavengers, mannitol (10 mM) and glucose (10 mM) were also used, 
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to  allow comparison o f  a range of hydroxyl scavengers  Superoxide 

dismutase (SOD, 250 U ml-l) was used t o  scavenge any s t p r o x i d e  

formed in t h e  course of the  reaction or  preformed in the  stock 

solution prior to deoxygenation 

Chelex 100 t reated water or  buffer was repeatedly flushed with 

high purity nitrogen (Linde, Union Carbide Canada Ltd.; scrubbed 

wlth sodium sulphite) and then evacuated using a Virtis vacuum 

evacuator. Trapped air  in the  6 4 H D A  powder was gently removed 

under vacuum and repIaced with nitrogen, during dissolution This 

vial was sealed under a slight positive pressure to  minimise 

exposure of oxygen as aliquots were  withdrawn. The premature 

presence of ~ q u i n o n e  products was monitored from Initial 

absorbance a t  490 nm, This measure provided an  indication both of 

baseline oxidation and of the quality of the  stock solution which 

was uniformly less than 1% oxidised (0.79 2 0.03%). The initial 

concentration of 6-OHDA under anaerobic conditions (pH 6.0-7.0) 

was estimated from t h e  absorbance a t  290 nm, while a null 
.. 

difference spectrum over the v i s ive  range from a sample a t  pH 

2.04 and the symmetry of the 290 rrm peak were taken as 

indications. of the  homogeneity of the  preparation All other 

reagents were  deoxygenated and sealed under a slight pasitive 

pressure of ni t rogen 



ASSAY PROCEDURES 

Buffers were continousIy and gently bubbled with nitrogen 

previously scrubbed with sodium sulphite and saturated with water 

vapour, Aliquots with appropriate dilutions were transferred t o  

an an&robic cuvette fitted with , a  stopcock These were bubbled 

for 8-10 min af ter  which 0.05 ml aliquots of scavengers were added 

and bubbled for a t  least 5 min more to ensure equilibration The 

cannula was then taken out of the solution and secured to  the 

stopcock in such a way as to  gently- supply a continuous flow of 

nitrogen over the surf ace  of the  medium, throughout the  react  ion. 

The reaction was then initiated by 0.05 ml 6-OHDA and formation of 

pquinone product was followed a t  490 nm using a Beckman D S G T  

spectrophotometer. pH was checked in the reaction medium before 

and af ter  addition of scavengers and also a t  the s tar t  and upon 

completion of the reaction for representative conditions Data 
3 3 

were collected on-line through a twelve bit analogue-digital 

converter and transferred to an IBM 4341 or 3033 computer using a 

microprtw=essor data buffer/coupler locally designed and 

constructed 

DATA ANALYSES 

All subsequent data analyses were performed using APL programmes 

written by the authors and implemented on a IBM 4341 or 3033 

computer. Digitised voltages were converted t o  micromolar 
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concentrations of ~ q u f n o n e  using t h e  internally determined molar 

extinction coefficent of 1892 M-I cm-l. Linear regressions over 

appropriate segments of t h e  reaction profiles 

determine initial ra tes  of reaction [22]. 

were m e d  to 



RESULTS 

STOICHIOMETRY OF THE 6-0HDA/02 R E A ~ I O N  WlTH RESPECT 
TO H202 AND O2 

The conventiqnal stoichiometry (Reaction 1) predicts ratios of 

1: 1: 1:l for pquinone produced I H202 produced : 6-OHDA oxidised : 
J 

a2 consumed, These ratios were not observed. At low 

concentrations of oxygen and of 6-OHDA we dfd indeed find a ratio * " i 
- 

of 0.99 for H202 produced per O2 consumed (slope of left hand 

portion of the curve in Fig. 1 is 0.99), but neither the amounts 

of 6-OHDA consumed nor pqufnone produced corresponded to that 

predicted on the basis of either O2 consumption or H202 

production Even a t  lower concentrations of 6-OHDA, the total 

amounts of O2 consumed and H202 remaining upon completion of the 

reaction were only 89% of those predicted by a two e ctron k 
oxidation (slope of the left hand portion of the curve is 0.89 in 

Fig. 2). When concentrations of 6-OHDA (r250 pM) exceed that of 

02, the yield of H202 at  completion of the autoxidation was 

considerably less than the predicted stoichiometry, in partial 

agreement with Liang e t  al. 191, Thus, 250 JIM 6-OHDA corresponds 

to that needed to consume all of the oxygen initially present in 

an air-saturated aqueous soluti& The commencement of 

substantial utilisation of H202 (strongly negative slope of the 

H202 c w e  above 250 ph4 GOHDA in Fig. 2) then, coincided with the 

exhaustion of molecular oxygen (horizontal portion of the O2 

m e ) .  



COMPETITION BETWEEN H 2 0 2  AND O2 FOR THE PROVISlON OF 
OXIDISING EQUIVALENTS 

.That H 2 0 2  is a much less effective oxidant of GOHDA than Oq was 

confirmed by the observation that the oxidation of 1.0 mM 6-OHDA 

* by 500 PM H202 under anaerobic conditions required approximately 

5.6 h. for completion (while only 10 s was required for complete 

oxidation a t  250 02; not shown). Reactions were usually run to 

which the rates of oxygen utilisation and Q-quinone formation were 

less than 1% of the maximal rate. At concentrations of 6-QHDA 

above 500 phi, no detectible H202 remained upon completion of the 

reaction (termination of H 0 curve Fig. 2). 2 2  

In the presence of excess b O H D A ,  disappearance of H 2 0 2  could be 

demonstrated by theiaddition of catalase at successive time 

intervals. During the first 5 min after cessation of O2 

consumption, the amount of H202  remaining decreased from 
I 

approximately 190 pki to 160 pM. Care was taken therefore not to 
. - - low estimates of H202  production as a result of 

on of catalase. It should be noted in 

contrast that, under anaerobic but o thev i se  similar conditions 

the amount of H202 consumed in the production of ~ q u i n o n e  was 

less than 2 yM over the same time intervai (estimated from Control 

cunq Fig. 3). Hence H 2 0 2  was consumed a t  a much greater rate  in 

the presence of O2 than anaerobically. 



EFFECTIVENESS OF LVDMDUAL SCAVENGERS N THE 
ANAEROBIC OXIDATION OF GOHDA BY H202  

r; 
The h~d:droxyl scavengers, benzoate a n i  rnannitol provided 12-1 5% 

inhibition of the  anaerobic peroxidation. Thus an equivalent a 

portion of the oxidation may k attributed t o  dfrect participation 

of 'OH (Fig. 4). Since desferrioxarnine inhibited the reaction by 

76%, catalysis by iron was substantial. Although some of the 

infifbition may *be due to  its capacity to  scavenge 'OH r231, 

hydroxyl scavengers hgd comparatively small effects. s i n c e  all 
t 

other solutions w.ere treated by Chelex 100 iesins, any residual 

iron probably comes from the H202 reagent, which cannot be treated 

by deionising resins In contrast to  the inhibition by 

desferrioxarnine, DTPA piayed a stirnulatory role, acceleraflng the 

the peroxidation by/160% (Figs, 3 and 4). Surprisingly, SOD 

stimulated the  anaerobic oxidation by 57% -(Figs. 3 and 4), in 

, direct contrast to i ts  strong inhibitory effect  in the oxidation 

\ of 6-OHDX by moIecular oxygen 

EFFECTS OF HYDROXYL SCAVENGERS IN THE PRESENCE OF 
DTPA OR DESFERFUOXZ,.IIXE 

4 
L 

T h e  h y d r w l ,  scavengers further increased the  inhibitory effect of 

desfemofiarnine (Fig, 5 )  by 40-100% Specificaily both formate 

C 
(Fig. 4) and benzoate #igi 5) completely inhibited the  anaerobic 

peroxidation indicating that in the absence of iron, 'OH comprises 

an essentlaf tidi in the radical chain which propagates the 
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react ion If the system was mntaminated with oxygen some 

residual oxidation would have been seen in these latter systems. 

participate in other reactions t o  promote pquinone  formation 181, 

were also inhibitov ,under these condftfons (Fig. 5 )  but did not - 

completely prevent the peroxidation 

In the jrese& of DTPA, not all hgdroxyl scavengers tested were 

inhibitory. G l u m  (41%) and h n z o a t e  (32%) decreased the  

stimulation by DTP.4, but surprisingly, mannitol (otherwise 

W b f t o r y )  further accelerated the peroxidation by 55% (Fig. 5). 

Not only did desferrioxamine &crease the stimulatfon induced by 

DTPA, but the anaerobic oxidation of 6-OHDA by H 0 was completely 2 2 

bibcked when both rnetal-chelating agents were present (Fig. 5). 

This implies an absolute requirement for a t  least-  one of the 

transition metal ions present as trace contaminants in the 

_reaction medium. 

I 

i%%preas S ~ D  -aIone increased the peroxidation of W H D A  by 57% 

fFigi 4) i t  enhanced the stimuiatlon by f 3 P A  by 77% and relieved 
i 

explanation that H202 destroyed SOD is not tenable, since there 
'3 

was f ~ ,  measumble decrease in the inhibition of rhe aerobic 

oxidation of 6-OHD.I by SOD which had been incubated with H202 for 



2.3 h under comparable 'conditions Although this stimulation may 

be due to traces of free copper released from SOD, the total" . 

content from SOD added was estimated to .be 53 nM. DTPA present at 

1 mM would be expected to chelate copper as well as other. 

transition metal ions. However in the presence of 'SOD,' DTPA. 
4 

accelerated the peroxidation by 19095, while desferrioxamine 
- 

(specific for iron) decreased the SOD stimulation by 72%. 



f 
DISCUSSION 

C O M P ~ I T I O N  BETWEEN O2 AND H202 IN THE O ~ T I O N  
OF 6-OHDA 

Reduction of O2 by 6-OHDA is a two electron process in the 

presence .of excess Oi,- and a four electron process in the presence, 

of excess W H D k  Thus, H202 is an end-product of the reaction if 

and only if 6-OHDA is limiting. The minimal concentratfon of 

6-OHDA required to allow ,complete consumption of O2 initially 

found .in &-saturated buffers by a four electron transfer; 

ROLES OF TRANSITION METAL IONS 

The strongly inhibitory effects of desferrioxamine (76%) confirm 

the impor tace  of traces of iron in the mechanism of the reaction 

as normally observed, The remaining 24% of the oxidation is 

catalysed by non-i ron transition metals, since' the further 
%- 

addition of D'ppA F&lted in complete inhibition. That DTPA 
.- .>. >& 

produces 100% inhibition when desferioxamine is present implies 

that the stirnulatory effects of DTPA (in the absence of 
>\ 

desferrioxamlne) were absolutely depkndent on the presence of iron 

susceptible t o  chelation by D T P k  In other words, in the case of 

&on, chelation by DTPA stimulates interaction with H202, whereas 

has an_fguerwhelmingly inhibitory effect. The stimulation induced 
<%> 

by D+Z can in par t  be explained by the cathlysis of Fgnton-type 



interactions by iron chelate to  generate 'OH: 

2+ H202 + DTPA-Fe ---> 'OH + OH- + DTPA-Fe 3+ (2). 

In the simultaneous presence of desferrioxamine and either 

benzoate or formate, the reaction was inhbi ted completely. 
\ 

Clearly H202 alone does not react di&ctly with GOHDA, but 

requires the presence of either transition metal ions, or  hydroxyl 

radicals, or bth. In the absence of kinetically accessible iron, 

the reaction becomes even more dependent on the presence of 'OH,. 

so that in the presence of desferrioxamine the hydroxyl scavengers 

increased the inhibition in the following order of effectiveness: 

mannitol (40%) < glucose (62%) < formate (100%) = benzoate 

(100%). The la t ter  two values show that the catalytic effects of 

the non-iron transition metals a r e  prevented by the presence of 
- A~ 

formatk or benzoate, indicating that they depend on hydroxyl 
B 

radical-mediated recycling of some important reaction 

intermedlate(s). Similarly, chelation of transition metal ions by 

DTPA increases the contribution of the 'OH mediated processes in 

the reaction mechanism This follows from the observations that 

in the presence of DTPA, g l u m  or benzoate inhibited by 32% or 

41 % respectively. 

The role of 'OH as an important intermediate in the peroxidatic 
- 

oxidation of 6-OHD.4 contrasts strongly with i t s  non-involvement in 



the autoxidation (by 02). This implies a sequential single 

electron transfer mechanism from 6-OHDA to  H202, even though H 0 2 2 
is capable of concerted two-electron reductions. 

The stimulatory action of mannitol in the presence of DTPA, 

resembles its stimulatory effe&s in the presence of DTPA, or 

stir  data lase [ l l ]  or DTPA+catalase+SOD in the aerobic reaction 

[8] in which acceleration was attributed to the reactivity of 

semi-dehydromannitol radicals toward the iron-DTPA complex. The 

semi-dehydromannitol radical produced in the scavenging action of 

mannitol may promote pquinone production by reducing the - l" 

D T P A - F ~ ~ +  complex formed in Reaction 2: 

which would allow recycling of the iron catalyst. 

ROLES OF 0; IN THE H202 OXIDATION OF B-OHDA 

The finding that SOD (which removes 0;) enhanced the rate of 

pquinone formation was particularly surprising, since 0; 

accelerates the autoxMation of GOHA Moreover, 0; 

participates in both the spontaneous and the metal catalysed 

disproportionation of H202 under aerobic conditions [24]. 

Nevertheless SOD has bekn shown to  stimulate several 'OH mediated 

p roewes  in which 0; has been shown to scavenge 'OH [24,25]. On 

this basts, the stimulatory actions of SOD reflect in part, 

preemption of the removal of catalytically effective amounts of 



'OH by 0; That the stimulatory effects of SOD were enhanced by 

the addition of DTPA, (in much the same proportions as the 

inhibitory effects of hydroxyl scavengers were s thu la ted  by them) 

supports this contention 

COMPARISON OF THE OXIDATION OF 6-OHDA BY O2 AND BY 

- H2•‹2 C 

The oxidation of 6-OHDA by H202 is similar to its oxidation by 

molecular oxygen in the following respects: (1). the reaction is 

substantially inhibited by desrerrioxamine; (2). the oxidation is 

completely prevented by a mixtyre of selected scavengers, 
4 

= indicating that 6-OHDA is not directly oxidised by either H202 or 

There are however major differences in these two reactions. 

Hydroxyl scavengers on their own inhibit the peroxidation, but not . 

the autoxidation; DTPA which consistently accelerated the . 

oxidation by HZ02, slightly retarded the oxidation by 02;  SOD 

consistently stimulated the reaction with H20Z, while it  strongly 

inhibited the reaction with 02. Finally, the peroxidatic 

reactions were monotonic regardless of what combinations of 

scavengers'were present, while all aerobic reactions in the 

presence of SOD were sigmoldal indicating that accumulation of an 

i n t e r d a t e  was net requkd in er prior te Eke rate limitfng 

step. 

'4 



- 

Summarising the arguments made in this section, i t  follows that 

transition metal ions (particulaly iron) are crucial t o  the 

propagation of both reactions. In the case of oxidation by H202, 

'OH (and not 0;) is an important species in the steady state  by 

maintaining an effective concentration of the actual electron 

acceptors, and DTPA increases the catalytic effectiveness of 

i ron  In contrast, in the case of oxidation by 02, 0; (and not 

'OH) is an important propagating species, and DTP-B/decreases the 
- -&- 

effectiveness of metal catalysis. 
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LEGENDS TO FIGURES 

FIG. 1: STOICI-DOMETRY OF H 0 YIELD A F E R  AEROBIC 
OXIDATION OF 6-0dA! 

Reactions were carried out in phosphate buffers a t  pH 8.00, 

ionic strength 0.04, 25% which were saturated with air 

(246.2 + 0.3 pM 02). Concentrations of H202 were determined 

from O2 regeneration by catalase (250 U ml-I). Points 

represent fncmasfq ccmzeritmtfons of 6-OHDA from 50 to 400 

ph4 by 50 p ?  increments followed by 500 pM and 1 mM. Error 

bars represent one standard deviation. 

FIG. 2: ROLE OF H202 IN AEROBIC OXIDATION OF 6-OHDA: 

Reaction conditions were as in Fig. 1. 0-0, represents 

levels of H2U2 remaining at the end of the reaction while 
% 

0-0, indicates the total amount of O2 used for a given 

remaining a t  the end of the reaction while Curve 2 indicates 

initial concentration of 6-OHDA. Error bars represent one 

standard deviation 



FIG. 3: EFFECE OF SCAVENGERS ON THE ANAEROBIC OXIDATION 
OF W H D A  BY H202: 

Reaction muditions were as in Fig. 1 except the  reaction 

medium was equilibrated with 100% nitrogen and contained 500 

pM H202 instead of 246 pM 02. Catalase was not used in 
, 

anaerobic conditions. M, represents the control rate of 

oxidation of GOHDA (1 mM) by H*o~; U, addition of 

mannitol (10 mM) which is fairly reprksentative of the effect 

of hydmxyl scavengers; M, inhibition by 

desferrioxamine (1 mM) ; m, acceleration by DTPA (1 

mM); and 0-0, profound stimulation by SOD (250 U. ml-I). 

Error bars represent one standard deviation 

FIG. 4 SUMMARY OF EFFECTS OF INDIVIDUAL SCAVENGERS 
ON THE ANAEROBIC OXIDATION OF 6-OHDk 

Reaction conditions were as in Fig. 3. DES, desferrioxamine; 
> 

DES+DTPA, simultaneous presence of desferrioxamine and D*A. 

No scavengers or cheIating agents were present in the control 

conditions. Error bars represent one standard deviation 
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THE H 2 0 , 2  OXIDATION OF 6-OHDA 
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The reduction of ferricytochrome c in the presence of 

6-hydroxydopamfne/O2 mixtures was examined under various react  ion 

conditions. As the autoxidation of 6-hydroxydopamine progressed 

to completion, there  were fluctuations in t he  net redox reactivity 

between reducing and oxidizing steady states. This +was -reflected 

in a sequence of damped oscillations in the redox s ta te  of 

cytochrome c. Correspondfng t o  the  t ime when 6-hydr&ydoparnine 

was 75-10096 exhausted, re-oxidation of the ferrocytochrome c 
occurred (prevented by catalase or catalase plus superoxide 

dismutase). After  the H202 in turn was mostly consumed the next 

phase commenced in which the cytochrome c became reduced for a - 
second time. This reductive phase was 52% inhibited by superoxide 

dismutase. In the subsequent and final phase of the process a 

progressive oxidation of cytochrome c lasting a t  least 24 h was 

observed Of the initial reduction of ferricytochrome 3 a t  most 

37% can be attributed t o  direct reduction by 6-hydroxydopamine or 

i ts  semiquinone. This initial net reduction of cytochrome c was - 
inhibited 5 1% by superoxide dismutase and 41% by catalase. 

4 

However, since either catalase or superoxide dismutase inhibited 

the autoxidation of 6-hydroxydopamine by a t  least as much as they 

slowed the reduction of cytochmme 5 their effects in slowing the 

reduction of cytochrome c resulted -largely from the decreased 

PRODUCTION of those free radicaIs which reduce femcytochrome & 



\ 
and only in part from accelerafed REMOVAL. Elimination of the 

actions of transition metal ions (whether by passage of the buffer 

solutions through Chelex 100 resins or by addition of 

desferrioxarnine to  the  reaction medium) slowed both the 

re-oxidation and re-reduction by up to 96%. Addition of mannitol 

decreased the rate of the first re-oxidation by 25% and increased 

the rate of the re-reduction by 7% In general, the oscillations 

are explicable in terms of changes in the steady state  levels of 

0; and H202, with metal ions playing a major role and hydroxyl 

radicals a minor role in both the re-oxidation and re-reduction. 



INTRODUCTION 

In view of their presumed roles in the neurotoxicity .of 

3 6-hydroxydopamine (6-OHDA) i t  was of interest t o  investigate the 

production of O2 and H202  in the reaction between 6-OHDA and 

molecular oxygen as i t  progressed to completion It is well 

established that the COHDA/02 reaction produces H202,  0; [I]  and 

subsequently 'OH [2] either directly or from "Haber-Weiss-liken 

interactions between H 2 0 2  and 0- in the presence of metal ions. *+ 
However the events which result from (and result in) these 

processes are enormously complex, and remain poorly understood. 

Far example, the 0; produced reacts catalytically with 6-OHDA, - 

and this autocatalysis influences the rates a t  which O2 is 

consumed and reactive intermediates including 0; are  generated 

[3]. A variable fraction of the H 2 0 2  produced is again consumed 

as an electron acceptor in the peroxidatic oxidation of 6-OHDA 

141. Moreover interactions between radici)ls produce some 
6 

unexpected effects:' e.g. McCord and Fridovich [5] have sfiown that 

the addition of superoxide dismutase (SOD) promotes the oxidation 

of ferrocytochrome - c by 'OH, reportedly by pre-empting the 

competing reaction: 

'OH + 0; ----> o2 ' OH-. 

Thus the 0; generated may serve, not only as a source of 'OH, but 



also as an 'OH scavenger. 

In systematic studies to  determine what conditions promoted or 

inhibited the autoxidation of 6-OHDA, we found that transition 

metal ions introduced a further level of complexity. While the 

autoxidation was slightly inhibited by metal chelating agents, the 

presence of SOD greatly amplified the inhibitory actions of 

desferrioxamine or diethylenetriaminepentaacetate (DTPA) [6]. 

The simultaneous presence of catalase, SOD and DTPA produced 100% 

inhibition This evidence supports the contention that 6-OHDA is 

not truly autoxidizable but requires a co-oxidant in addition to  

molecular oxygen [7] and that electron transfer occurs within a 

ternary oxygen-metal-6-OHDA complex (81. The pattern of these 

radical-metal ion interactions depends on the nature and 

concentrations of transition metal ions present and their 

Iigands. The implications are discussed in detail elsewhere 

As an important intracelldar redox reagent we undertook to  study 

the interactions of cytochrome c with intermediates generated by 

the autoxidation of &OHDA in relation both to the reported 

effects of 6 4 H D A  on energy metabolism [9], and to the 

interactions of ferri- and ferrocytochrome - c with the radicals 

involved In particular, since ferricytochrome 5 is reduced by 



either 0; [lo] or. semiquinme radicals [ I l l  while ferrocytochrome 

c is susceptible to oxidation by H202 [121, we wished to examine - 
the steady state  levels of reduction of cytochrome c as the 

6-0HDA/02 reaction proceeded t o  completion, an61 to  learn the roles 

of the various free radical intermediates in determining these 

levels. 

Instead of attaining a steady state  however, fluctuations in the 

net redox s t a t u s g f  the system occurred such that an utlusual 

series of oscillations in the-redox state of cytochrome c was 

observed. These oscillations are  largely explicable in terms of 

changes in the steady state  levels of 0; and H202 as the various 

reactants become depleted. Although oscillations are not uncommon 

in thermodynamically open systems, most reactions in closed 

systems proceed smoothly to  equilibrium or until one of-  the 

reactants is exhausted, The occurrence of oscillations in the 

present. (closed) system results from an interaction between the 

particular reaction conditions chosen and an unusual combination 

of reactivities of the intermediates in the reaction mixture, as 

discussed hereunder. 

m 

Our limited goal for this study was to explain the oscillations by 

determining the factors responsible for them, To do so we sought 

order for the oscillations to occur. Thus oscillations and the 



conditions promoting them were examined by varying the reaction 
d 

conditions and by inhibiting varioudphases of the sequence by SOD 

or catalase. W e  also tested the role of hydroxyl radicals in the 

oscillations by adding mannito1, and the role of transition metal 

ions by carrying out selected reactions in Chelex 100 treated 

buffers (with and without added iron salts) and by adding 
4 

desferrioxamine. 



REAGENTS 
- 

Cytochrome - c (Type 111, horse heart: minimum purity 95%) and DTPA 

were from the Sigma Biochemical Co., and desferrioxarnine was a 

gift from CIBA Pharmaceuticals. 6-Hydroxydopamine hydrobromide 

salt (Sigma) was made up anerobically in deoxygenated phosphate 

buffer pH 7.00, ionic strength 0.2 and checked for purity -by the 

symmetry of the 290 nm peak 6-OHDA stock solutions were prepared 

immediately 'before use and stored under 1 atmosphere of high 

purity nitrogen (Linde, Union Carbide Canada Ltd.) in rubber 

capped vials. Precautions taken against the admission of oxygen 

to the 6-OHDA stock solution included boiling and evacuating 
- - 

rubber caps prior to  use-. In addition, the vials were initially 

\ 
placed under a slight positive pressure of nitrogen and maintained 

in this s tate  by the introduction of a volume of nitrogen a t  least 

equal to any volume of liquid &moved. The substantial exclusion 

of oxygen from the 6-OHDA stock solution was confirmed by t h e  

absence of significant concentrations of the end products of its 

oxidation as measured by the lack of absorbance a t  490 nm at  the 

start of each assay. 

Catalase, from beef liver (2500 U mg-I was from Sigma 

Chemical Co.; and SOD, from beef erythrocytes (2900 U mg-' / 



protein) was from Miles Laboratories Ltd. Catalase and SOD 

activities of the reagents were confirmed by direct assay of the 

stock solutions. SOD (LO U ml-l) and catalase (50 U ml-l) were 

added to  assay systems a t  final concentrations sufficient t o  ' 

remove a t  least ten times the flux of radicals expected if ail the 

B-OHDA present were to be oxidized within a 10 min period. 

BUFFER SOLUTIONS: METAL ION CONTAMINANTS 

Distilled deionized water was used for preparation of stock buffer 

solutions. Ion contamination of the water was negligible ( ~ 1 0  

Mohm cmd). Transition metal ions were present largely as a 

result of contamination from the buffer salts (American Scientific 

& Chemical and Matheson Coleman & Bell). To determine the roles 
- 

of these traces of metal ions some buffer solutions were passed 

through Chelex 100 resin (BioRad Laboratories). Acid washed 
- 

plasticware was used for the Chelex 100 treated reagents Since 

Chelex 100 treatment modified the pH of buffers, these were made 

up by mixing solutions of buffer salts which had been individually 

passed through the Chelex columns until the desired pH was 

reached. 

Analysis of these purified buffer solutions by inductively coupled 

plasma emission s p e c t r m p y  or atomic absorption 

spectrophotometry revealed that 'actual concentrations of the 



following transition metal ions were as follows: copper (<1.60 

vanadium (s39.0 nM). ~ l t h & ~ h  the iron content represented only 

1.8 ug I-', some reactions were nevertheless inhibitable by 

desferrioxamine, so that even these trace amobnts may not be  
+.*a 

negligible. 

ASSAY PROCEDURES 

A spectrophotometer cuvet with 2.46 ml of phos$ate buffer of the . 
stated pH and ionic strength (containing any desired mixtures of 

scavengers) was placed in a pa ter  bath a t  2 5 ' ~  end bubbled for 30 
6: 

emin with oxygeq saturated with water vapor-as-fh5*same 

temperature. The cuvet was then quickly transfe&"e"&o a 
='*& . 

thermostatically control1.ed cell chamber of a Beckman DB-GT 

spectrophotometer equippsd with a Beckman 10. inch . strip chart 
-. 

recbrder, and facilities for on-line acquisition of -da ta  by an B M  

3033 mainframe.. The reaction was then initiated by addition of 
B 

0.05 ml of the anaerobic 6-OWA stock solution-also a t  25'~. The 
1 

progress of the reaction wa$ fol1o-t 490 nm until 

ferricytochrome c was added. Unless otherwise stated, this was 

done when oddation of 6-QHDA was 30% complete to allow prior 
e 

m&urement of initial autoxidation rate, andmsubseqplent readirigs 
3 

5 

were taken alternately a t  490 nm and 550 nm for approximately 5 s 

at 5 s intervals. We confirmed that pH did not change 



significantly during the, assay procedures by measuring pH in the 

reaction cuvets af ter  bubbling with oxygen, and upon termination 

of the react ion 
' E  , 

Molar absorptivities for the 1-quinone of bOHDA were 'determined 

specifically for  condltiom used (-I677 (+ 14) M-I cm-I), c f .  

z l r o  for 6-OHDA itself a t  490 nm, while 21,100 M-' cm*' was used 

for the reduced-oxidized difference spectrum of cytochrome - c a t  

550 nm [13]. Reaction conditions and final concentrations of 

reagents in the  cuvet a re  stated in legends to  figures. 

DATA ANALYSES 

Foncentrations of the oxidized quinone product(s) of 6-OHDA and 

ferri- and ferrocytochrome - c - w e r e  calculated by simultaneous 

equations which determined the  relative contributions of each 

product to  absorbances measured a t  490 nm 'and 550 nm. These 
-rr 

equations were solved and rates  were determined using programs 

written by the authors (in ML) and implemented on an E3M 3033 

computer. Pseudo-first order ra te  constants were determined using 

multipIe linear regression analysis f 141. 
~\ 



' RESULTS 

The sequence of changes in .the redox state of cytochrome - c shown 

in Fig. 1, reflects fluctuations in the net redox status of the 

6-0HDA/02 mixture. While ferricytochrome - c was initially reduced 

rapidiy by either 6-OHDA or the early intermediates in its aerobic 

autoxidatlon, these intermediates did not reach either an 

equilibrium or a steady state  leveL Instead a defined and 

h i &  s e q u e e  of damped ~ ~ k t ~  in the redex state of 
* 

cytochrome c ensued. The ampIitude of oscillation was more 

pronounced a t  low ionic strength, a t  higher pH value., and in 

oxygen- rather than air-saturated buffer, and in the presence of 

transition metal ions, In addition to  the initial reduction of 

ferricytochrome 5 the sequence of events comprised: subsequent 

m x i d a t i u n ,  re-reduction, and a -ffn I $ow pf6gFegSfve oxidation /" 
by molecular oxygen. The successive phases in the redox state as 

the oscillation ,progresses wiIl now be considered in t u r a  

The inftiaf reduction of cytochrome g, is due both to the direct .s 

reducing action of GUHDA,  and to intermediates in the reduction 
', 

of Or The simnfmne~rns p r e s e q  of SOD and catalase decreased 

use of Chelex 100 treated buffers, or the addition of 



desferrioxamine also caused a significant de&se in the rate of 

reduction of cytochrdme c. Addition of SOD alone decreaskd the 

initial rate of reduction of cytochrome c by 51%, but as indicated - 
by Fig. 3, the effects of SOD cannot be attributed solely t o  the 

scavenging of a given amount of 0; produced in the reduction of 

molecular oxygen by 6UHDA. The decrease in the r a t e  of 
** 

autoxidation of GOHDA (86%) by SOD suggests that the decrease i t .  
' 

. - 
causes. in the reduction of cytochrome c is attributable not merely - 
to increased REMOVAL of r&cfng radicals, but t o  an even greater 

extent to decreased PRODUCTION. Nevertheless, direct reduction of 

cytochrome c by 6-OHDA was confirmed, since the reaction readily - 
progressed to completion under anaerobic conditions, a t  a rate 

equivalent to  that in Clielex 100 treated buffer saturated with 

oxygen a t  1 atmosphere (not shown). 

Such a combined direct and indirect action for SOD is supported by 

a similar but lesser inhibition (41%) of the' initial rate of 

reduction of ferricytochrome c by catalase. Catalase in this 

instance can be acting only by slowing production of reductive 

intemediatek, since. it 1 not likely to remove any species 

capable of -&ect1y reducing ferricytochrome c (although the 

possibility of traces of SOD activity in the catalase preparation -- -_ 

must be kept in mind t151f. 



The end qf this phase coincides with the t i b e  a t  which 6-OHDA 

concentrations approach- zero. For this reason the mil lat ions 

> were not observed below pH 7, because (from the measured 
4 

concentrations of 6-OHDA) the slowness of oxidation of 6-OHDA led 

to its persistence throughout the time scale of the observations 
/ 

in concentrat Ions sufficient t o  produce a net reducing 

environment. 

FTRST OXIDATIVE PHASE. 

After ;he ferricytochrome 2 had become 64% reduced (and 

corresponding to  the time when 6-OHDA was 74-10096 oxidized) a slow 
4 

re-oxidation of the ferrocytochrome - c commeqced (Fig. 1). This 
a 

phase results from the presence of H202 produced in the 
' L  - 

autoxidation of the' 6-OHDA since the re-oxidation is completely 

abolished by the presence of catalase in the reaction mixture- 
Q 

(Fig. 4). The substantial inhibition of the re-oxidation observed 

when SOD is added, must be attributed to the indirect effect of 

SOD in decreasing the field of H202 from the autoxidation of 
.4 

GOXDA (Fig. 3), since the &t action of SOD in removing 0; is  
..) 

to increase the yield of peroxide in stoichiometric proportion. 

This phase was slowed (by 76%), and its amplitude was dramatically 
- 

decreased when Chelex 100 treated buffer was used, indicating a 

major role for transition metal 'ions (Fig. 5). Ekth the amplitude 



- 
and the rate of this phase of the osciIlation were restored, to  or 

above control le+els by the addition of FeS04 to a final 

concentration of 10 uM. Further addition of desferrioxamine to 

the F ~ S O ~  reaction (to 50 uM) decreased the rate of this phase by 

96%. The rate of this phase was also decreased by 25% when the 

hydroxyl scavenger rnannitol was added (Fig. q. 

SECOND REDUCTTVE PHASE. 

When the H202 was largely consumed, a phase commen'ed t' in which the 

ferricytochrome c again became reduced, this time reaching 76% 

reduction SOD inhibited this rereduction by 52% implicating 0; 

as a major reductant (Fig. 6). This re-reduction in the presence 

of H202 could be duplicated in a system which initiaIly contained 

(in addition to  ambient oxygen) no redox reagents other than 

ferricytochrome 2 and H202 (Fig. 7). 

0; is thought to be generated in the spontaneous or. metal 

catalysed disproportionation of H202 [12, 16-18] -and the presence - 
of residual traces of H202 during this phase provides a source of 

0; for ferricytochrome reductioa A role for transition metal ' 

ions in this phase is shown by the substantial inhibition caused 

by the substitution of Chelex treated buffers, and the restoration 
- - - - - - - - - ~ -- - 

of the rate to' significantly above that of the control reaction by 

the addition of FeSQ4 (Fig. 8). A role for iron in this phase 



- of the oscillation is confirmed by the almost complete inhibition 

produced by the presence of desferrioxamine (Fig. 8). In the same 

figure, i t  can be seen that addition of mannitol to the reaction 

medium accelerated this phase by a marginal 7%. In the simpler 

system, consisting of ferricytochrome c ard H202 in the 

absence of- 6-OHDA, desferrioxamine or DTPA STIMULATED the' net 

reduction of cytochrorne 2 (not shown). This surprizing result is 

expli6ab1e on the basis that in this system desferrioxamine 

inhibits the re-oxidation more than i t  inhibits the re-reduction. 

Clearly the two systems are not completely analogous, and 

additional experiments over a range of concentrations of reagents, 

metals, and scavengers will be needed before all the variables can 

be defined, 

FINAL ' OXIDATIVE PHASE. 

3 

The subsequent (final) phase of the process is most simply 

accounted for on the  basis that the only effective redox reagents 

remaining are ferrocytochrome c and .mole-cular oxygen in the 

presence of trace amounts of metaI ions. The slow progressive 

oxidation in the final stage is i l lhtrated in the last four 

points in Fig, 1. The logarithmic scale conceals the fact that 

these four points represent some further 16 h of elapsed time. - - 

These values represent oxldation of cytochrome c and not I 

evaporation of solvejt from the (capped) cuvettea, 'nor loss of 
h 

+ 



"h 

functional integrity of the c p c h r o m e  c. This was confirmed by 

repeatedly scanning from 600 to  450 nm, and by reducing the final 

samples with ascorbate and re-scanning to ensure that the decrease 

in absorbance a t  550 nrn was not due to  denaturation of cytochrome 

c, Based on thermodynamic criteria, this last oxidative phase - 

would presumably continue t o  completion, but several days of 

observation would be necessary under the prevaflifig conditions of 

pH and ionic strength [19]. The effects of scavengers on the  

various phases of the mi l la t ion  are summarized in Figs. 9 and 

10. 



REDUCTION AND OXIDATION OF CYTOCHROME - C 

Under the usual reaction conditions, less than half of the initial 

reduction of cytochrome - c is due to the direct action of 6-C)HDA. 

Since the rate of reduction of cytochrome c was 63% inhibi'ted by a 

mixture of SOD and catalase, a t  most the remaining 37% of the 

reduction was from direct action of 6-UHDA' andlor its 

semiquinone. The 50% inhibition of the reduction by SOD alone 
b- 

indicates that up to half of the total reduction is directly or 
' 0 

indirectly attributable t o  0; Anaerobically the rate of 

reduction of cytodrrome - c w& decreased t o  that in the pres&ce of 

Chelex 100 treated buffer, or slightly less than that in the 

presence of a mixture of SOD and c a t d a s a  

From the above considerations, the use of inhibition by SOD as a 

criterion for the involvement of 0; leads to overestimates, since 

in this system SOD inhibits the reduction of cytochrorne 5 not 

only by scavenging 0; but even more so by inhibiting the 

autoxldation of W H D A  and thus formation of 0; and semiquinone. 

Moreover the extent of reduction of cytochrome - c underestimates 

the yield of reducing free radicals, since it  reflects the steady 

s ~ e e  re&tim from the net effect of both +ednctfm and a 

substantial rate of re-oxidation 



IDENTIFICATION OF THE MAJOR OXIDIZING AND REDUCING SPECIES 

The extent t o  which oxidizing and reducing reactions alternately 

dominate the steady state  a t  various times..is evident in the 

observed sequence of oscillations in the redox state of cytochrome 

c. The main reducing and oxidfzing species involved can be - 

assigned (at least qualitatively) by a quahtitative examination of 

the effects of SOD, catalase, and mannitol, In the initial 
4 

reductive phase, the main reducing species present are 6-OHDA 

i t e l f ,  i ts semiquinone, and 0; 

The first oxidative phase commenced when the 6-OHDA and its main 

reducing products were largely exhausted. Since this phase was 

completely inhibited by camlase it reflects the predominant 

action of H202. The second reductive phase begins as H 2 0 2  becomes 

exhausted, and reflects some reductive contribution by 0; 

However the fact that about half of the reduction resisted 

inhibition by SOP in the W H D A  containing system (after the 
% 

disappearance of any detectible residual 64HDA)  implies the 

participation of some other reducing radical related t o  6-OHDA 

. f m o s ~  plausibly its semiquimne) since in the simple two component 
1) 

system shown In Fig, 7 the same concentration of SOD inhibited - 

- 
converts 0; to H04 which is thought. to  be less effective in the 



reduction of cytochrome c f181. In view of the inhibitorjr actions 

of SOD in the first three phases of the reaction, this postulated - 
dimeric species is unlikely to participate significantly in the 

processes d e s c r i w  here- 

A significant but smaller oxfdizing role for 'OH in both the 

re-oxidation and re-reduction of the cytochrome c can be inferred - 

from the inhibition of the re-oxidation by mannitol, and the 

acceleration of the re-reductfoe (Fig. 10). In the ffnaf stages 

of the reaction, the residue of oxygen is the major reactive 

species present, and the slow, progressive autoxidation of 

ferrocytochrome - c is ohsewed 

OXLDIZING AND REDUCING ACTIONS OF HYDROGEN PEROXIDE 

In some conditions H202  causes net oxidahon of cytodvome c (Fig. 

4 and [12]), while under others i t  causes net reduction (Figs. 5 

and 6; [181). The explanation of the apparently contradictory 

effects of H 2 0 2  upon the redox ,Hate of cytochrome c H e s  in the 

metal catalysed disproportionati& of H202  and the  concomitant - 

generation of 0; 'Ihe extent of the role of 0; in the reductive 

actions of H202 is reflected in the inhibitory effects of SOD uppn 

this process, shown in Figs 6 and 7, 



The ability of cytochrome c t o  be either reduced by 0; or t o  be 

oxidized by H202  means that in the simultaneous presence of any 
, $  

given stationary concentration of both, the redox state of 

cytochrome c tends toward a certain steady state. Thus when the 
1 

cytochrome c is largely oxidized, the net effect of the H202 in 

moving it toward that steady state  will be that of reduction (Fig. 

6).  In contrast when the cytochrome 2 is initially largely 

reduced, movement toward the same steady state will be oxidative. 

While the GOHDNU~ resctfon La preceding, the aemat position of 

the steady state  is not stationary, but varies as the 

instantaneous concentrations of O& 'OH and H202 change with 

time. The changes in the redox stat& indicated fn Fi'g. 1 

represent the net effect of these thermodynamic effects,' as 

- modified by the kinetics of the individual redox prqcessea 

C 

ROLES OF TRANSITfON METAL IONS 

Transition metal ions present In the buffers salts (rather' than * 
the distilled deionized water) played a crucial role in the 

3 

oscillations. Thb was reflected in the substantial inhibitory 

effects of ybstiruting buffers whlch had been treated & t ~  Chelex 

100 rains, or of a d w g  desferrioxarnine (Fig. 10) in several 
- 

phases of the oscillation. fn contrast desferrioxamine inhibited 
- - - 

m ~ m  tn t k  HZOflochrome - c system. Addltion of cupric 
LP 

acetate to this simpler system led to stimulation of reduction of 



't 
t 

ferricytochrome c a t  some concentrations and inhibition a t  
* 
others. In some reaction mixtures the presence of metal ions was 

essential if autoxidation of W H D A  was to occur a t  dl.  

The problems concerning the participation of metal ions in 

biologically significant redox systems are a t  the same time 

fundamentally impohant and. experimentally forbidding. Despite 

extremely low concentrations of transition metal ions in our 

Chelex treated buffer solutio~ls, &•’ion of L ferrfexamine had 

residual efiects, suggesting that even the smallest traces of 

metal ions may have decisive effects. On the other hand, runrilng 

all reactions in the presence of m&a1 chelating agents carries 

its own problems. The proper soIution to  these questions will 

requfre that known amounts of transition metal ions be added to 

all systems in wMch they may participate. Iron and copper salts 

are obvious candidates, but dare one neglect manganese? clearly 

graded mixtures of metal ions should be studied and a great deal 

of experimental work wftl be  necessary before adequate answers are 

available. 

' G  

The ability of cpochrome 2 either to receive an electron from O2 

or to donate one to HZOZ, together with its relatively high 

concentration renders i t  an effective intracellular substitute for 

f r e e  hmgan)c trmskkm metal tons in free ra&caf~Tms.  

~ b w e v e r  the substantial inhibition resulting from the use of 



Chelex 100 treated buffers, together with the almost complete 

inhibition by desferrioxamine rule out such a role for cytrxhrorne 

c in the current system. - 

ROLES OF HYDROXYL RADICALS 

Despite the preponderance of the roles of 0; and H202, a 

significant role for '0'i-I is' evident from the effects of rriannitol. 

The 25% inhibition of the fnftfal re-oxidation of cytochrome - c by 

mannitol indicates some participation of 'OH as an oxidant of 

cytochrome c in this phase of the reaction Predictably however, 

'OH do not participate significantly in the reductive phase, -- 
except perhaps to  retard i t  slightly, as  indicated by the 7% 

acceleration of this phase induced by the addition of mannitol. 

REASONS FOR THE OSCILLATIONS 

The unusual succession of alterations observed in the redox s ta te  ,/ * 

of cytochrome 5 results from the marked differences in the 
L 

reactivity of oxygen in different stages of reduction, toward 

cytochrorne 5 Superimposed on these are successive fluctuations 

in the amcentration of reaction intermediates. Thus, the 

transfer of a series of electrons from 6'-OHDA to  oxygen causes 
- 

- --- --- -- 

successive reversals of the effective redox activity of subsequent 

intermediates, with respect to cytochrome c. The first product of 



reduction of 02, namely 0; is a '  REDUCING agent wfth respect to 

ferricytochrome c whereas the second product, H202 (despite the 

greater electron saturation of its molecular orbitals), is a net 

OXIDIZING agent. 

/ 

The two reductive phases are separated from each other because -the - 
accumplation of effective copcentrations of 0; is delayed until 

after the substantial disappearance of both the 6-OHDA r eadan t  

and the subsequent H202 product/interrnediate In this regard i t  

is significant that either of the& substancebts capable of 

reacting with and destroylng 0; 

Somewhat different argurhents account for the separation of the two - 
oxidative phases. AIf$ough the-final ieaction of ferrocytochrome 

- 

c with molecular oxygen is highly favored thermodynamically, such , 

' 
- 
oxidation is ndr mantfested bartier e reaction sequence 

beca& this process is very slow, being kinetically hindered by 

electron orbital spin considerations In contrast, the reaction 

arlth HZ02, which is l e u  favored on thermodynamic grounds, 

. proceeds much more rapidly, and is thus obbrved early in the 
f 

sequence of events. Detection' of the autoxidation of 

ferrocytochrome c must await virtual disappearance of all other r 
redox reagents. Thus ,the two oxidative phases occur in succession 

- - - - -- 

rather than simultaneously. The final product, H20, is of course 

inert with respect t o  cytochrome c. Although 'OH. can either 



* 
reduce ferricytochrome c (by electron tunaelling [201) or oxidize 

hrome c [5], the procedures we used reveal ody a 
* 

oxidizing role for 'OH. This role was substantial in the first 

re-oxfdatfon, and of only minor importance in the re-reduction 
a 
7 

A number of additional studies deserve to be carried out. In 

- particular, the addition of scavengers and scavenger mixtures at 

different stages of the reaction should yield information not 
, A 

obtainable when the initial presence of the -scavenger terminates 

the oscillation Also the addition of the cpochrome c a t  various 

stages of the reaction will indicate the extent to whkh the 

6-0HDA/02 reaction is being influenced 'by the presence of 

cytckhrome c. Finally dose/response cmes of the effects of - 
Rimsition metal ions will ailow a more quantitative anaiysis of. 

- 

/ the factors involved. 
d d 

CONCLUSf ONS 

The spectrum of redox relationshfps, together with rhe kinetic 

constraints inherent in the chemical nature of the species 

involved provide necessary but not sufficient conditions for the 

oscilIations. Oscillations were reproducibly observed only after ' 

appropriate reaction condftions were defined. Even the initial 
4 

- - - - 7 - - - 

phase, the oxidation of 6-OHDA by molecuI&r oxygen was not always 

observed. - In fact it reprducibly fa.ile&to m u r  if metal ions, 



0; and H202  were rigorously excluded by the simukaneous presence 

of SOD, catalase, and diethylenetriaminepentaacetate [21L The 

occurrence of WlIa t ions  is somewhat more demanding, being more 

pronounced a t  pH 7 or above, low ionic strength, and in oxygen- 
1 

rather than air. The roles for H202 and 0; inferred from the 

actions of SOD and catalase in the current system provide 

consistent explanations for previously reported osciilations 112, 

In summary, a complex set of interactions between intermediates of 

the 6-OHDA/02 couple, and the redox reactivities of cytochrome . 
lead to  an umsnal series of fluctuations in the redox steady" 

s ta te  of cytochrome c, The osciilations are understandable in 

-- terms of the nature of the reaction Intermediates which are 
- -- - - - - -  - 

unetically dominant a t  ea& s t a g e  
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LEGENDS TO FIGURES: 

FIGURE 1: Oscillations in the Redox State of Cytochrome & During 

the Autoxidation of 6-OHDA: Reactions were carried out a t  25O~,  i 

in phosphate buffer pH 7.00 and ionic strength of 0.2 Final 
*. 

concentrations of reactants in the cuvetie were 6-OHDA, 254 uM and 

cytc@rome 5 2 4 6  uM. Zero time represents the time of addition 

of SOHDA. C-., log concentration of ferricytochrome c.' 
. . 

. .  . 
b 

FI€$JRE 2: Initial Reduction of  Ferricytochrorne c by ~ O H D A  - 
Effects of Catalase or Superoxide Dismuatase: Reaction conditions 

were as described in Fig. 1, except that prior to  addition o f  

cytochrome or 6-OHDA, SOD and/or catala& was added as indi&ed 

to respective final concentrations of .I0 and 25 U m1-l. Zero time 

represents the time of addition of fe&icf tochrome c, C3, 

Control (No scavengers); 0-0, inhibition by catalase; H, 

inhibition by SOD; a-0, inhibition by both catalase and SOD. 

Confidence limits for the points are indicated by error bars 

corresponding to one standard deviatiori. @ 

FlGURE 3: Rate of Autoxidation of 6-OHDA - Effects of Superoxlde 

~ i s m u t a s e  or Catalase: Reaction conditions were as  described in 

Fig. 2. Zero time represents t he  t ime of-addition 06-WHDA. 

H, Q-4 inhibkiat -JCI, Inhibition 

by SOD; &fJ, inhibition by both catalase and SOD. 



FIGURE 4 First Reoxidation of 

Autoxidation of 6-OHDA - Effects 

Catdase: Reaction conditions were 

of Superoxide Dismutase or 

as  described in Fig. 2 Zero 

time represents the beginning of the reoxidation phase. C--., 

control; W, inhibition by catalase; I--I, inhibition by 

SOD; m-0, inhibition by both catalase and SOD. . 

- /-- 
. FIGURE 5: Roles "of ,Metals o r  Hydroxyt Radicals in the 

Reoxidation of Cytochome Effects of Chelex 100 treated 

buffer, desferrioxamine, iron, and mannitol on rates of 

re-oxidation 6f cytochrome c. Reaction conditions were as 
G 

described in Fig. lcexcept  buffers were a t  pH 8.0, ionic strength 

0.04. Final concentrations were: iron, 100 ulh$ desferrioxamine, 

500 uTvl; mannitoI, 10 "mM. Zero time represents the beginning of the 

re-oxidation phase. C-., Chelex treated buffers; 0-4, iron 
CI 

a d w  I-I, iron plus desferrioxamine; [7-0, iron plus 

. -, 
FIGURE 6: Rereduction of Ferricytmhrome - c by Products of 

Autoxidation of 6 U H D A  - Effect of Superoxide Dismutase: Reaction 

conditions were as descrfbed in Fig. 1. (Only SOD was added, 
- 

since in the presence of cadase, this phase was not seen), Zero 
-- 

time r&r=nipthe beginning of the secondreduction ph& 

W, control; 0-4, inhibition by SOD. 

Ferrocytochrorrie - c by Products of 



FIGURE 7: Xeduction of Ferricpochrome 2 by H202 - Effect of 

Superoxide Dismutase: Reactions conditions were the. same as in 

Fig. 1 except that 6-hydroxydopamine was \net present. Initial 

concentrations of cytochrome 5 and H202 were 40 uM and 200 uM, 

respectively. Zero time represents the time of addition of 

--I 

ferricytochmme 2. ~ i ~ l  concentrations of SOD were: 0-0, 

0.7 U ml-' and H, 11.5 U ml-l. W, control. 

FIGURE 8: Roles of Metals or Hydroxyl Radicals i&- the 
f' . .A. 

Re-reduction of Cytochrome 5 Effects of Chelex -100 t r e a d d  

buffer, desferrioxamine, iron, and mannitol on rates of 

re-reduction of cytochrome 5 Reaction conditions were as 

described in Fig., 1 except buffers were a t  ,pH 8.00, ionic strength 
* 

0.04. Zero time represents the beginning 'of the -second reduction 

phase H, Chelex 'treated buffers; W, iron %dd& H, 

iron plus desferrioxamine; U-0, iron plus mannitoL 

FIGURE 9: Rates of the Various Phases of Redox Change--sf 

Cytochrome g i n  - the  Presence of the 6-0HDA/O2 Redox couple - 
Effects of Scavengers: Reaction Conditions were as described in 

Figs. I to  5. The leftmost cluster :if bars (GOHDA autoxidation) 

represents, for cornparisorr, the effects of the same scavengers on 

two clust&s (re-oxidation and re-reduction) represent 



fluctuations around zero, 

observed in the presence 

since neither of these 

of catalase. 

two were 

FIGURE 10: Rates of Reoxidation and Re-reduction of  Cytochrome 

in the presence or absence of iron or mannitol. 

conditions were as described in Fig. 8. 

Reaction 



OSCILLATIONS I REDOX STATE OF CYT 
INDUCED BY 6 



INITIAL REDUCTION OF CYT C BY GHODA/OXYGEN: 
EFFECTS OF CATALASE OR SUPEROXIDE DJSMUTASE (, 
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RE-OXIDATION OF CYT Cm 
EFFECTS OF CATALASE OR SUPEROXIDE DISMUTASE 
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RE-OXIDATION OF CYTOCHROME C: 
EFFECTS OF CHELEX'TREATED BUFFER, 

DESFERRIOXAMINE, FeSO,, OR MANNITOL* 

CHELEX TREATED BUFFER 'i\ 

- -- - 

TIME AFTER MAXIMAL REDUCTION O F  CYT. C (3) 



RE-REDUCTION-OF CYT C: 1 

EFFECT OF SUPEROXIDE DISMUTASE 
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REDUCTION OF CYT C B? HYDROGEN PEROXIDE: 
INHIBITION BY SUPEROXIDE DISMUTASE 
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RE-REDUCTION OF CYTOCHROME C: ' 
EFFECTS OF CHELEX TREATED BUFFER, 

FeSO,, DESFERRIOXAMINE, OR MANNITOL 
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OVERVIEW AND PEEPECTZVE 

D ~ A I L S  OF THE MECHANISM OF G-OHDA OXIDATION 

Some aspects of a mechanism for the oxidation of 6-hydroxydopamine 

(6-OHDA) can now be considered to be established. The following 

reactions representAhe univalent reductions of O2 involved in the 

initiation phase: 
.̂.- 

- 
- 

GOHDA + ~ e " + / 0 ~  --r semiquinone + M~"*/o;.+ H+ . (1) 

6-OHDA + M~"+/o; + H* --r serniquinone + ~ e " +  + H202 . (2) - 

The production and later removal of 0; in the above two reactions 

form part of the propagation phase, I n  contrast., production of &e 

pquinone from dismutation of the semiquinones represents a chain 

termination step: \ 

2 semiquinone --> ~ q u i n o n e  + 6-OHDA. . (3) 

The sum of Reactions 1, 2 and 3 describes the two electron oxidation 

of GOHDA by 02: 

GOHDA also reduces the product, H202 in a univalent pathway which may 
T; 

- 

be represented by the following: 



COHDA + Men+/H202 --> semiquinone + M~"*/'oH + H20 (5) 

COHDA + M ~ ~ * P O H  --> semiquinone + ~ e " +  + H20 (6) 

The overall rates of the above two reactions are slow enough that the 

dismutation of the gquinone is no longer rate limiting: 

2 semfquinones -> ~ q u i n o n e  + 6-OHDA. (7) 
- 

- 

Finally, the two electron reduction of H202 to water can be expressed 

as the  sum of Reactions 5, 6 and 7. 

GOHDA + H202 -> pquinone * 2 H20. (8) 

Although water is the final product of the reduction of 02, the 

2-quinone will undergo intramolecular cyclfsation t o  its aminochrome 
- 

which has in turn been shown to participate in further redox 

reactions. 

+ 

GENERAL FEATURES OF THE OXIDATION OF W H D A  

Simultaneous removal 'of meta l  ions, H202 and 0; completely inhibit& 

the reaction even when molecular oxygen is fn excess. If any of the - 

-- -- - - - - - - - 

three components was present, the oxidation prdceeds since each can 

act  independently as a co-oxidant of 64HDA. 



"RemovalR of the catalytic action of metal ions by, chelating agents 
-< 

decreases the aerobic oxidation (by 20 to  67%) without changing the 

kinetics, while the removal of 0; induces sigmoidal kinetics. In the 

absence of 02, the rates of p-quinone formation and O 2  utilisation 
. * 

are decreased by 96%. Thus 0; plays a major role in the formation of - 

- 
a ternary complex consisting of reductas-metal-superoxide which 

constitutes the ra te  limiting step in the  aerobic oxidation of 6-OHDA. 

~ e ~ ' ,  a t  greater than catalytic concentrations, can substitute for 0; 
- 
- 

to  the extent that the oxidation is not inhibitable by superoxide 

dismutase (SOD). 

H202 contributes very little t o  the aerobic oxidation since its 
1 

reduction by 6-OHDA is three o r d e r d g n i t u d e  slower than reduction 

of 02. Thus removal of H202 does not inhibit the reactions which -- --- - 

constitute the idtiation phase of the oxidation 6-OHDA. 

- 
Consequently, catalase had no inhibitory effects, but was found t o  

increase the oxidation. Although this stimulation was barely - 
discernible, i t  was observed consistently over a variety of conditions 

4 mntainlng other scavengers. This acceleration is n6t due simply to  

regeneration of oxygen by catalase from H202 since it was 0tp3~ed 

under conditions where oxygen was pr&nt in excess relative to 6-OHDA 

concentrations. It is more likely-@at c a t a l e  remaves some 

inhibition by HZOZ or some intermediate produced from it. However 
- 

- - . -- - --- 
-- 

H20Z, itself can act as oxidant in the absence of Or Therefore, H202 

in the aerobic oxidation, competes for 0; which has an autocatalytic 

role in oddising 64HDA. I 



In the absence of 02,  reduction of H202 by 6-OHDA requires metal 

ions. The most likely role for metal ion catalysis is  the generation 
d 

of 'OH, since the 160% stimulation of the reaction by 

diethylenetriaminepentaacetate (DTPA) is decreased by hydroffyl 

scavengers. DTPA when chelated with iron generates 'OH from H202 i n .  

Fenton-type reactions. Since the hydroxyl radical does not oxidise I 

6-OHDk in an autocatalytic fashion, its role in the aerobic oxidation ' 

i s  negligible. In this latter reaction consequently, the hydroxyl 

scavengers (or catalase) have minimal e f f q t s .  

Many if not all of the interactions observed in the& studies involved 

inhibition of or catalysis by metal ions. W e  have characterised much 

of theJFgeneral nature of their - collective - contribution as well as that . -A 
-- 

- - fa 
spedf(c t o  i ron  -However clarification of the synergistic and 

moderating interactions of the various transition metal ions is 

required if we are to understand- the underlying properties which are 

' responsible for their activities Since their rol&.depend so greatly 

on the nature of the ligands which bind metal ions, i t  is important t o  

determine the factors whi.ch change their redox properties or decrease 
5 

their kinetic accessibility. For example, ethylenediaminetetraacetate . 

(EDTA) increases the_ activity of iron in generating free radicals and - 

* 
concomitantly the cytotoxfcity of the pro-oxidants. D T P 4  also an - 

-- - - 

"amino acidR, has one more ligand for iron than WTA. While both form 

k- stable chelater wfth the ferrous ion, ~e '+  only D V A  exists in a 
'r 

stable complex with iron in the ferric state. This difference results 



I 

5 

in major differences in reactivity, depending on the nature of the 

, targets and systems. tested. DTPA retards reduction of bound iron, 

without preventing i ts  reoxidation. It  is also thought to  retard redox 

reactions of metals other than i ron  While desferrioxamine (which is a 
I.) . . 

specific chelating agent for iron) has not. yet been found to allow 

redax participation of the ehelated iron, EDTA, like DTPA is effective 

% - in blocking copwr accelerated oxidations, 

i 
1 - 

BIOLOGICAL TOXIClTY OF FREE RADICALS 

While the above represents the skeleton upon which a mechanism of 

6-OHDA autoxidation may be built, much work remains t o  be done 

regarding the interactions- which are involved in its cytotoxicity. 

That the hydroxyt scavengers themselves participate in the propagation 
- - A - 

(as opposed to termination) of the free radical chain, has 

implications beyond the scope of the studies presented here. Of 
I 

several examples of activation of by hydroxyl scavengers the .most 

important agent is glucose, a ubiquitous substance found throughout 

biological systems. Glucose reactivated the aerobic oxidation of 

6-OHDA after  it  had been completely blocked by t h e s v e n g e r  

combination DTPA+catalase+SOD. In contrast glucose was moderately 

inhibitory in the anaerobic oxidation by H20T p u s  glucme may play - - 

a significant role in modulating the cytotoxicity of WHDA. 
- - 

/ 

Many cellular rnetabolites_can chelate metal either 

enhance or inhibit toxicity of pro-oxidants. Those metalloproteins - 



which are redox enzymes have evolved to transfer electrons either in 

single or two electron steps with minimal side reactions. Many of 

these are also reactive toward intermediates generated by pro-oxidants 

and therefore can be recruitecLfo mediate cellular d a r n a g ~  For 

%', 

example, we found that cytochrome, c did not inhibit the autoxidation 

of 6-OHDA, although it competes with 6-OHDA for the catalytic species, 
-7 02 instead i t  acted as a reversible transfer agent to  .shuttle / 

electrons from h u c i n g  eq_uialents such as he semiquinone ar 6UHDA 

to intermediates of oxygen reduction 

Thus simple cellular components such as glucose or immensely complex 
t 

macromolecules such as cytochrome - c participate in the intrac~llular 

redox reactions of naturally occurring or xenobiotic pro-oxidants 

Even macromolecules whi€h & not- emtain metal ions can bind 

transition metal ions with various degrees of firmness by co-ordinate 

covalent or electrostatic interactions. Depending on these 

interactions, a pro-oxidant such as 6-OHDA may promote damage to 

specific to  the macromolecule. Certainly proteins with free 
* 

sulphydryl groups have been polyrnerised during the -oxidation of 

As a &a1 paradox, SOD, an enzyme clincdly used- i i r%~eathg 
- - 

6-OHDA by R20r Although the effect could be attributed to  the known 

ability of superoxide to  remove hydroxyl radical& i t  was more 

probably due t o  free copper released from a minimal percentage of 



<- 

1 -,- xt* 
G e  

denatured enzyme or copper which is no longer restricted by tbe 
4 

structure of the native enzyme. Indeed, SOD denatured by boiling, * 

increased this stimulation by approximately ten times. .Thus SOD which 

inhibits the aerobic oxidation of GOHDA by 96%, and is considered asF 

one of the cell's major defenses against free radical damage, becomes 

a metal ion source to ~ptsmote generation of free radicals. This has 
*- 
% 

far-reaqhing implications in the understanding of why pro-oxidarrt 
J 

damage, is more severe under hypoxic conditiona. 
- - - - -  - 

., c. 
While fundamental aspects of free radical reactions have been 

explored, interactions of the participating species with cellular 

components remain elusive. Important advances in the aetiology and 

prevention of a variety of clinic% problems: including ischaemic 

injury to heart and brain; preservation of organs for tranq&tntation; - -- - - - 

3 
;?- 

traumatic injury t o  the spfrial cord; and many the problems of 

advancing age (including Parkinsonism) are in abeyance, penbaing such 

understanding. Detailed mechanisms of cellular damage are prequisite 
, X t . .  

to  rational strategies for e f f e c t i ~ a ~ ~ ' ~ r e v e n t i o n  or treatment. 1 A 45  
" 0 




