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Abstract-The autoxidation of dialuric acid, a process which is believed to be of crucial importance in 
the diabetogenic action of alloxan, was found to be strongly catalysed by copper, iron and manganese. 
Superoxide radical and hydrogen peroxide were generated in both the uncatalysed and the metal- 
catalysed reactions. In contrast, hydroxyl radical was formed during dialuric acid autoxidation only in 
the presence of added iron salts. Production of the latter radical was strongly inhibited by catalase but 
only weakly by superoxide dismutase, implying that the metal-catalysed Haber-Weiss reaction is of 
comparatively little importance in hydroxyl radical generation from dialuric acid. 

Alloxan (2,4,5,6[1H, 3H]-pyrimidinetetrone) in- 
duces diabetes in experimental animals through 
destruction of the insulin-producing p-cells of the 
pancreas [l]. Although the mode of action of this 
substance is not fully understood, there is evidence 
[2-51 that the tissue damage is initiated by intra- 
cellular generation of “active oxygen” species, 
formed in a cyclic reaction involving alloxan and its 
reduction product, dialuric acid. The autoxidation 
of the latter has been shown to generate superoxide 
radical [9, lo] and hydrogen peroxide [P-12]; it is 
proposed [4-81 that hydroxyl radical, formed from 
these species via the so-called Haber-Weiss reaction, 
is the agent ultimately responsible for the observed 
pancreatic damage. 

The importance of metal catalysis in autoxidation 
reactions has been recognised for many years; the 
oxidation of numerous compounds, including thiols 
[13], quinols [14, 151 and hydrazine derivatives 
[16, 171 is known to be partly or wholly mediated 
by transition metal ions. Little is known, however, 
about the possible involvement of metal salts in 
dialuric acid autoxidation. In view of the suggested 
importance of this reaction in the diabetogenic action 
of alloxan and because of the obligatory metal cataly- 
sis of the Haber-Weiss reaction [18], the effects of 
various transition metals on the rate of autoxidation 
of dialuric acid, and on the formation of “active 
oxygen” species in this process, have been inves- 
tigated. The results of this study are described in the 
present report. 

MATERIALS AND METHODS 

Dialuric acid was synthesised by the method of 
Biltz and Damm [19]. Catalase (from bovine liver) 
was from Boehringer. Superoxide dismutase (from 
bovine erythrocytes) and diethylenetriaminepenta- 
acetic acid (DTPA) were products of Sigma. Des- 

ferrioxamine methanesulphonate (Desferal) was 
from Ciba-Geigy. Chelex-100 was purchased from 
BioRad Laboratories and equilibrated to pH 7.0 
before use. Metal salts-cupric sulphate (BDH), 
ferric ammonium sulphate (Riedel de Hahn), ferrous 
ammonium sulphate (May & Baker), cobaltous 
chloride (BDH), manganese chloride (BDH) and 
nickel chloride (BDH)-were of analytical grade. 

The rate of autoxidation of dialuric acid was fol- 
lowed by rate of absorbance decrease at 273 nm 
(E = 16,000 1 mol-’ cm-’ [6]) on an Aminco DW 2a 
spectrophotometer. The buffer employed was 
0.05 M potassium phosphate, pH 7.0, which, except 
in a few preliminary experiments, was freed from 
trace metal contamination by treatment with Chelex 
resin. The temperature was maintained at 25”; 
recording of A2r3 was started immediately after 
initiation of the reaction by addition of dialuric acid 
to a final concentration of 50 PM. In experiments in 
which the effects of free-radical scavengers, metals 
and metal-chelating agents were investigated, these 
were added to the assay mix before the dialuric acid. 
The effect of transition metal salts was quantified by 
rate measurements at various metal concentrations. 
In each case, the rate of autoxidation proved to be 
directly proportional to the concentration of metal; 
the concentration of each metal required to double 
the rate of autoxidation was calculated by linear 
regression analysis. 

Formation of hydroxyl radical during the autoxi- 
dation of dialuric acid was detected using the aro- 
matic hydroxylation technique of Richmond et al. 
[20]. Dialuric acid (500 ,uM) was incubated at 25” in 
pH 7.0 buffer in the presence of potassium salicylate 
(2.5 mM) for 2 hr. After acidification, the hydroxy- 
lated products formed from salicylate by reaction 
with OH’ were extracted and assayed colori- 
metrically [20], being quantified by reference to a 
standard curve prepared using 2,3-dihydroxybenzoic 
acid. 
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Table 1. Effect of chelating agents, superoxide dismutase Table 3. Metal catalysis of dialuric acid autoxidation 
and catalase on dialuric acid autoxidation 

Initial rate of autoxidation 
Addition (pmoles I-’ min-‘) 

None 13.8 f 0.4 
EDTA 9.6 + 0.4 
DTPA 10.1 2 0.4 ;I;;;{ 
Desferal 10.1 + 0.3 
SOD 4.4 2 0.5 

;+j 

CAT 10.4 ‘- 0.3 
SOD + CAT 3.1 ” 0.3 

jI;;$; 

DTPA + SOD 3.2 & 0.3 (-77;) 
DTPA + CAT 9.4 2 0.6 
DTPA + SOD + CAT 2.0 ? 0.1 ;1;;;; 0 

Buffer was treated with Chelex resin. The concentration 

Concentration required to double 
the rate of autoxidation 

Metal 

Cu” 
Mnrr 
Fe” 
Fe”’ 
con 
Ni” 

@moles 1-l) 

0.10 (0.08-0.12) 
1.05 (0.93-1.16) 
1.29 (1.18-1.40) 
6.78 (6.20-7.36) 

>100* 
>100* 

* No catalysis was observed with these metals at a con- 
centration of 100 ,umoles I-‘. 

Assays were conducted as described in Materials and 
Methods. Results shown are the means and 95% confidence 
intervals. 

of the chelating agents was UJO~M, that of superoxide 
dismutase (SOD) 25pgmll’ and of catalase (CAT), 
50~gmll’. Results shown are the means and SEM of 4 
determinations. 

RESULTS 

Effect of metal-chelating agents, superoxide dismutase 
and catalase on the rate of autoxidation of dialuric 
acid 

and catalase which had been inactivated by boiling. 
Indeed, the rate of the reaction was considerably 
increased in the presence of boiled superoxide dis- 
mutase (Table 2). This effect was abolished by 
addition of EDTA. 

In preliminary experiments, dialuric acid autoxi- 
dation was studied in unpurified buffers. Under 
these conditions, however, problems were encoun- 
tered with reproducibility, with marked variations in 
reaction rate being observed with different batches 
of buffer. All buffer solutions were subsequently 
treated with the metal-complexing resin, Chelex- 
100, which lowered the autoxidation rate by a factor 
of 2-3 and eliminated the inter-batch variation. 

Effect of transition metals on the rate of autoxidation 
of dialuric acid 

Copper was a potent catalyst of dialuric acid 
autoxidation, doubling the reaction rate at a con- 
centration of 0.1 pmoles 1-l (Table 3). Manganese 
and ferrous iron were also very effective catalysts, 
while ferric iron was somewhat less active. No cataly- 
sis was observed with nickel and cobalt at a con- 
centration of 100 pmoles 1-l (Table 3). 

Even using Chelex-treated buffers, further 
decreases in reaction rate were induced by addition 
of the metal-chelating agents EDTA, DTPA and 
Desferal (Table 1). 

The rate of autoxidation of dialuric acid was mark- 
edly decreased in the presence of superoxide dis- 
mutase and, to a lesser degree, in the presence of 
catalase. These effects were observed both in the 
presence and absence of metal-chelating agents 
(Table 1). 

No inhibition of dialuric acid autoxidation was 
observed in the presence of superoxide dismutase 

In the presence of metals, as in their absence, the 
rate of autoxidation was decreased in the presence 
of superoxide dismutase and catalase (Table 4). 

The catalytic action of copper and manganese was 
eliminated in the presence of excess EDTA or 
DTPA; even at 100 pmoles l- ‘, no catalysis by the 
complexed forms of these metals was observed. Simi- 
larly, DTPA and Desferal abolished the catalytic 
activity of iron salts. In contrast, the EDTA com- 
plexes of iron were effective catalysts of dialuric acid 
autoxidation, Fe”-EDTA and Fe”‘-EDTA doubling 
the reaction rate when present at concentrations of 
22.2 and 23.0 ,umoles 1-l respectively. 

Table 2. Effect of inactivated superoxide dismutase and 
catalase on dialuric acid autoxidation 

Table 4. Inhibition of metal-catalysed autoxidation of 
dialuric acid by superoxide dismutase and catalase 

Initial rate of autoxidation 
Addition @moles I-’ mini’) 

None 14.2 k 0.4 
EDTA 10.6 2 1.3 
Inactivated SOD 25.4 * 1.4 
Inactivated SOD + EDTA 10.2 k 0.9 
Inactivated CAT 14.9 2 0.5 
Inactivated CAT + EDTA 10.6 + 0.7 

Superoxide dismutase (SOD) and catalase (CAT), inac- 

Catalyst 

Percent decrease in initial rate of 
autoxidation in the presence of: 

SOD CAT SOD + CAT 

None* 
Cu” (0.1 PM) 
Mn” (1 PM) 
Fe” (1 PM) 
Fe”’ (5 PM) 

68 + 4 25 + 2 78 ? 3 
84 ? 4 67 + 3 912 4 
80 + 3 52 + 3 88 2 3 
54 + 3 47 + 8 89 + 4 
78 2 5 35 2 4 89 + 5 

tivated by boiling, were added at concentrations equivalent 
to 25 fig ml-’ and 50 pg mll’ respectively. Where indicated, 
EDTA was added at a concentration of 100pM. Results 
shown are the means and SEM of 4 determinations. 

* Data from Table 1. 
The concentrations of superoxide dismutase (SOD) and 

catalase (CAT) were 25 pg mll’ and 50 ng mll’ respect- 
ively. Results shown are the means and SEM of 3 
determinations. 
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Table 5. Hydroxyl radical production during dialuric acid 
autoxidation 

Addition 
2,3_Dihydroxybenzoate formed 

(pmoles 1-l) 

None 
Cu” 
Mn” 
Fe” 
Fe”’ 
Fe”-EDTA 
Fe”‘-EDTA 
Fe”-DTPA 
Fe”‘-DTPA 
Fe”-Desferal 
Fe”‘-Desferal 

4.8 f 0.6 
6.0 f 0.7 
5.4 2 0.6 

19.1 2 0.9 
12.4 + 1.1 

111.5 4 4.3 
115.2 + 3.7 
41.5 + 1.0 
34.4 2 2.2 
0.9 * 0.5 
2.2 ? 0.4 

The concentrations of the unchelated metals were the 
same as those shown in Table 4; with the iron complexes, 
the iron concentration in all cases was 20r~M and that of 
the chelating agents 100 ,uM. Results shown are the means 
and SEM of 4 determinations. 

Formation of hydroxyl radical during the autoxi- 
dation of dialuric acid 

Using the aromatic hydroxylation technique [20], 
which detects OH’ by virtue of its ability to form 2,3- 
dihydroxybenzoic acid from salicylate, no significant 
hydroxyl radical production was observed during 
the uncatalysed autoxidation of dialuric acid or that 
occurring in the presence of copper, manganese or 
iron-Desferal. Hydroxyl radical formation was re- 
corded, however, in the presence of uncomplexed 
iron, iron-DTPA and, particularly, iron-EDTA 
(Table 5). 

The formation of hydroxyl radical from dialuric 
acid mediated by iron salts was greatly decreased in 
the presence of catalase, although superoxide dis- 
mutase had little effect (Table 6). 

DISCUSSION 

Buffers and reagents are invariably contaminated 
with trace amounts of metal, particularly copper and 
iron [13,21,22]. The potent catalysis of dialuric acid 
autoxidation by salts of these metals would account 

for the marked decrease in rate observed after treat- 
ment of buffers with Chelex resin. Such treatment 
was not, however, sufficient totally to remove cata- 
lytic metal from the system since a further decrease 
in rate was induced by addition of EDTA, DTPA or 
Desferal to the reaction mixture. The autoxidation 
rate in the presence of the three chelating agents was 
closely similar; the effectiveness of the iron-specific 
chelator, Desferal, implies that iron was the con- 
taminating metal. 

Superoxide dismutase and catalase inhibited the 
uncatalysed autoxidation of dialuric acid. This obser- 
vation is consistent with previous reports [!9-121 of 
generation of superoxide radical and hydrogen per- 
oxide during this reaction and indicates that these 
“active oxygen” species participate in the oxidation. 
This is in accord with the mechanism of dialuric acid 
autoxidation proposed by Houee-Levin et al. [23,24] 
in which the reaction is initiated by oxidation of 
dialuric acid (AHJ by molecular oxygen 

AH,+O,-AH’+O,+H+ (1) 

The alloxan radical (AH’) may form alloxan (A) and 
dialuric acid through dismutation (Reaction 2) or 
react with oxygen or superoxide radical (Reactions 
3 and 4) 

2AH’ - A + AH2 (2) 

AH’+O,-+A+O;+H+ (3) 

AH’+O; +H+-A+H,O, (4) 

Dialuric acid is oxidised [23,24] by both superoxide 
and hydrogen peroxide (Reactions 5 and 6): 

AH2 + 0; + H+ - AH’ + H202 (5) 

AH2 + H202 - A + 2H20 (6) 

The decreased rate of dialuric acid autoxidation in 
the presence of superoxide dismutase reflects inhi- 
bition of Reactions 4 and 5 while abolition of Reac- 
tion 6 would account for the inhibitory effect of 
catalase. 

In agreement with early reports [25,26], iron was 
found to be an effective catalyst for dialuric acid 
autoxidation; copper and manganese were also ident- 
ified as catalysts. The potent effect of copper may 
account for the observation that a sample of super- 
oxide dismutase which had been inactivated by boil- 

Table 6. Effect of superoxide dismutase and catalase on iron-mediated hydroxyl 
radical production during dialuric acid autoxidation 

Iron compound 

Fe” 
Fe”’ 
Fe”-EDTA 
Fe”‘-EDTA 
Fe’-DTPA 
Fe”‘-DTPA 

Percent decrease in 2,3_dihydroxybenzoate 
formation in the presence of: 

SOD CAT 

192 1 78 t 5 
25 2 4 81 k8 

522 88 t 3 
424 89 + 3 

21 ? 1 85 2 2 
14t3 94 t 7 

The concentrations of the iron compounds were as detailed in the legend to 
Table 5. The concentration of both superoxide dismutase (SOD) and catalase 
(CAT) was 2OO~gml~‘. Results shown are the means and SEM of 3 
determinations. 
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ing increased the rate of dialuric acid autoxidation; 
copper released from this enzyme following de- 
naturation has been shown to stimulate other 
autoxidation reactions which are catalysed by this 
metal [27,28]. 

It is likely that the catalytic effect of iron, copper 
and manganese is brought about by electron transfer 
from dialuric acid to metal, followed by re-oxidation 
of the latter by molecular oxygen (Reactions 7 and 
8): 

AH,+M n+ -AH’ + MC”-‘)+ + H+ (7) 

MC”-‘)+ + &-Mn+ + 0; (8) 

The sum of these reactions is equivalent to Reaction 
1, the rate-limiting step of the autoxidation [24] and 
if these reactions are comparatively fast, an increase 
in overall rate is to be expected. As in the uncatalysed 
reaction, superoxide radical and hydrogen peroxide 
were formed during the metal-catalysed autoxidation 
of dialuric acid, as indicated by decreases in reaction 
rate in the presence of superoxide dismutase and 
catalase. The effect of the latter enzyme was greater 
in the catalysed reaction than in the uncatalysed, 
suggesting facilitation of Reaction 6 by metal salts. 

The catalytic activity of copper and manganese 
was abolished by EDTA and DTPA. The latter 
chelating agent also eliminated iron catalysis, as did 
Desferal. In contrast, EDTA, while reducing the 
effectiveness of iron, did not completely abolish the 
catalytic effect of this metal, possibly reflecting 
reduction of Fern-EDTA by dialuric acid, as dis- 
cussed below. 

The formation of hydroxyl radical during dialuric 
acid autoxidation was investigated using the sensitive 
and specific aromatic hydroxylation technique [20]. 
Little hydroxyl radical production occurred during 
the uncatalysed reaction, in accord with the obser- 
vation [24] that the alloxan radical is not readily 
oxidised by hydrogen peroxide (Reaction 9). 

AH’ + H202- A + OH’ + HZ0 (9) 

Neither copper nor manganese promoted hydroxyl 
radical formation, but a trace was formed in the 
presence of unchelated iron and more with iron- 
DTPA. By far the best catalyst, however, was iron- 
EDTA, which is known to be a particularly effective 
promoter of hydroxyl radical formation in other sys- 
tems generating “active oxygen” species [29]. 

The necessity for iron catalysis of hydroxyl radical 
formation from dialuric acid identified in the present 
study is in contrast to a previous report [lo] in which 
no requirement for metal ions was documented. In 
the latter study, however, the buffer (which con- 
tained EDTA) was noted to be contaminated with 
significant quantities of iron and it is therefore likely 
that hydroxyl radical formation was promoted by 
chelated iron. 

The formation of hydroxyl radicals mediated by 
iron salts involves oxidation of ferrous iron by hydro- 
gen peroxide (Reaction lo), with the catalytic cycle 
maintained by reduction of the metal by superoxide 
(Reaction 11) [18,30,31] or by other reducing agents 
[21,32-341, which, in the present instance, may be 
dialuric acid or the alloxan radical (Reactions 12 and 
13). 

Fe” + H,Or- Fen’ + OH’ + OH- (10) 

Feni + 0; - Fe” + O2 (11) 

Fe”’ + AHz- Fe” + AH’ + H+ (12) 

Fe”‘+AH’--+Fe*i+A+H+ (13) 

Reactions 10 and 11 constitute the iron-catalysed 
Haber-Weiss reaction, which has been shown to be 
responsible for hydroxyl radical formation in many 
systems generating superoxide radical and hydrogen 
peroxide [18,30,31]. It cannot, however, contribute 
significantly to hydroxyl radical formation from dia- 
luric acid, since this process, while strongly inhibited 
by catalase (reflecting inhibition of Reaction 10) was 
only marginally influenced by superoxide dismutase; 
the Haber-Weiss reaction is strongly inhibited by 
both catalase and superoxide dismutase [18,22,35]. 
Furthermore, significant hydroxyl radical production 
was observed in the presence of iron-DTPA, which 
is not a catalyst for the Haber-Weiss reaction 
[31,35]. In the case of dialuric acid, therefore, it 
would appear that metal reduction is mediated via 
Reactions 12 and/or 13. The former reaction is equiv- 
alent to Reaction 7, and an increase in the overall 
rate of autoxidation is therefore to be expected; this 
process may thus be important in the reduction of 
iron-EDTA. In contrast, the reduction of iron- 
DTPA, which was not associated with augmentation 
of the reaction rate, may be mediated solely by 
Reaction 13 in a manner analogous to that described 
for the paraquat [33] and adriamycin [34] radicals. 

Hydroxyl radical is believed to be the proximate 
toxic agent in alloxan diabetes, with the metal-cata- 
lysed Haber-Weiss reaction being held responsible 
for the formation of this species [4-81. This concept 
is based upon observations that DTPA and hydroxyl 
radical scavengers ameliorate alloxan toxicity both 
in isolated cells [6-8,36,37] and in the whole animal 
[2,3,38,39]. The results of the present investigation, 
however, indicate that the Haber-Weiss reaction is 
unlikely to be a major source of hydroxyl radicals in 
the alloxan/dialuric acid cycle. Furthermore. the 
potent catalytic effect of transition metals on dialuric 
acid autoxidation suggests that results of experiments 
with this substance or with dialuric acid involving 
metal-chelating agents need to be interpreted with 
care. 
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