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Summary: Ascorbic acid was found to be oxidized by 0; which was generated 
by the xanthine-xanthine oxidase system. From a kinetic analysis of the 
inhibition of this reaction by superoxide dismutase, the second-order rate 
constant for the reaction betw_eyn ascorbic acid and 01 at pH 7.4 was esti- 
mated to be 2.7 x 10' MB1 set . A function of ascorbic acid as a defense 
against OE is presented. 

Molecular oxygen is reduced to 0; in a large number of reactions of bio- 

logical importance, in both enzymic and nonenzymic processes (1). Fridovich 

and his co-workers (l-4) proposed that the toxicity of oxygen relates to its 

conversion to 0; which is detrimental to cells, and that this radical is 

+-+ scavanged by superoxide dismutase which catalyzes the reaction, 2 0; + 2 H 

O2 + H202. Since 0; is a strong oxidant, naturally occurring reducing agents 

are also likely to scavenge OT generated in vivo. 2 Ascorbic acid may be one 

such substance. In fact, there have been a number of reports suggesting the 

oxidation of ascorbic acid by 0; or its conjugate acid HO; (5-7). To under- 

stand better the possible function of ascorbic acid as a defense against 0; 

it was decided to evaluate the rate constant for the reaction between ascorbic 

acid and O;, using the xanthine-xanthine oxidase system as an 0' 2 generating 

system (8). 

Materials and Methods: Xanthine oxidase (grade 1) was purchased from Sigma, 
and was dialyzed against 0.02M potassium phosphate buffer (pH 7.0) before use. 
Catalase was obtained from Calbiochem, and superoxide dismutase from Miles- 
Seravac. The activity of superoxide dismutase was assayed by its ability to 
inhibit the reduction of cytochrome c by the xanthine-xanthine oxidase system 
(8). The molar concentration of superoxide dismutase was determined from its 
activity, assuming that the enzyme causes 50% inhibition of the cytochrome c 
reduction at a concentration of 3.1 x lo-'M (8). Sodium ascorbate was a product 
of Sigma and other reagents were analytical grade. 

The oxidation of ascorbic acid coupled to the xanthine-xanthine oxidase 
system in O.lM potassium phosphate buffer (pH 7.4) at 25' was followed by ab- 
sorbance change at 249.6 nm in a 1.0 cm cuvette using a Beckman ACTA CIII spec- 
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trophotometer. No absorbance change was observed for the oxidation of xanthine 
to uric acid at this wavelength. Catalase (22 m/ml) was added to the reaction 
mixture to prevent the oxidation of ascorbic acid by H202 which was formed in 
the xanthine oxidase reaction. The rate of oxidation of ascorbic acid was ob- 
tained on the basis of its molar extinction coefficient at 249.6rnm 5; = 8,430 
IT1 cm-'). This value was determined, assuming ~~~5 = 15,300 K cm , at 
neutral pH (9). Protein was determined by the Lowry method (10). 

Results and Discussion: When ascorbic acid (4.6 x lo-'M) was added to a solu- 

tion containing xanthine (4.0 x 10W5M), EDTA (1.0 x 10-&M), catalse (22 E/ml), 

and 0.l.M potassium phosphate buffer (pH 7.4), slight, spontaneous oxidation of 

ascorbic acid was observed. Addition of xanthine oxidase (10 M/ml> accelerated 

the rate of oxidation of ascorbic acid for a short period of time (curve I in 

Fig. 1A) which was found to correspond to the interval during which xanthine was 

oxidized by xanthine oxidase (Fig. 1B). Xanthine oxidase acting on xanthine 

produces 0; (8). It was predicted that the 0; oxidized ascorbic acid in the 

system containing xanthine oxidase and xanthine. This was found to be the case, 

as evidenced by the complete inhibition of the oxidation of ascorbic acid by the 

addition of superoxide dismutase, which catalyzes the dismutation of 0; (curve 

II in Fig. 1A). 

Ascorbic acid is a ubiquitous substance present in rather high amounts 

in both animal and plant tissues. It is worthwhile to compare the rates of re- 

action of Oz with ascorbic acid and with superoxide dismutase, an enzyme which 2 

is thought to function as a potential defense against 0;. The oxidation of as- 

corbic acid with 0; may occur in the following fashion: 

k -A 
0; + AH2 + H+ + H202 + AH' (1) 

O;+AH'+H++H202+A (2) 

Here AH2, AH' and A indicate ascorbic acid, its semiquione radical and dehydro- 

ascorbic acid, respectively. These reactions are thermodynamically possible, 

since the redox potential of the couple 2H + , O;/H202 (+ 0.94 V at pH 7.0) is con 

+ siderably higher than those of the couples H , AH-/AH2 (+ 0.31 V at pH 7.5) and 

H+, A/AH' (-0.21 V at pH 7.5) (11, 12). Since the redox potential of the couple 
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TIME (min) 

Fig. 1 Oxidation of ascorbic acid coupled to the xanthine oxidase reaction. 

A. I, To 1.0 ml of a solution containing xanthine (40 nmoles), EDTA 
(100 nmoles), and catalase (22 ng), in O.lM potassium phosohate 
buffer, pH 7.4, 46 nmoles of sodium ascorbate (AH2) in 11.11 was 
added, then 10 w of xanthine oxidase (X0) in 15 fl was added, 
as indicated by the arrows. The change in absorbance at 249.6 
nm was recorded. II, The same reaction was performed in the pre- 
sence of superoxide dismutase (0.25 nmole). 

B. Oxidation of xanthine to uric acid by xanthine oxidase under the 
same conditions as above except for the absence of ascorbic acid. 
The change in absorbance at 295 nm was recorded. 

I I I I I 
15 - 

I I I I I I 
0 2 4 6 6 IO 

[ASCORBIC ACID] x 105 (M) 

Fig. 2 The rate of oxidation of ascorbic acid as a function of its con- 
centration. 

The oxidation of ascorbic acid was measured under the same con- 
ditions as specified in Fig. IA for curve I except for the vari- 
ations in ascorbic acid concentration. The rate of ascorbic acid 
oxidation coupled to the xanthine oxidase reaction (v) was ob- 
tained by subtracting the rate of spontaneous oxidation from the 
rate observed in the presence of the xanthine-xanthine oxidase 
system. 
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a;/02 (-0.33 V) is lower than that of the couple ?I+, A/AH*; AH' radical is unable 

to reduce 02 to O;, as indicated by Yamazaki et al. (12). Assuming that reaction -- 

2 proceeds faster than reaction 1 under the experimental conditions, the rate of 

disappearance of 0; (VA> is two times the rate of reaction 1, and the latter rate 

is equal to the observed rate of oxidation of ascorbic acid to dehydroascorbic 

acid, and V A can be formulated as follows: 

VA = 2 LA [AH21 $1 (3) 

Figure 2 shows the initial rate of oxidation of ascorbic acid accelerated 

by the xanthine oxidase system as a function of the ascorbic acid concentration. 

It may be noted that the rate shows saturation with respect to the concentration 

of ascorbic acid. At a saturating level of ascorbic acid, the rate of spon- 

taneous dismutation of 0; becomes negligible compared with that of disappearance 

of 0; through reactions 1 and 2. In the presence of superoxide dismutase under 

such a condition, 0; disappears mostly through reactions 1 and 2 and superoxide 

dismutase-catalyzed reaction. 

2 ok + 2 H+ $OD 
2 O2 + H2°2 (4) 

Therefore, the rate of generation of 0; (V) is the sum of the rate of disappear- 

ance of 0; through reactions 1 and 2 and that of reaction 4 (VSoD). 

v = VA + VSOD 

Since the catalytic reaction of superoxide dismutase is first order with respect 

to enzyme and to 0; (13, 14), the rate of this reaction is represented as: 

V SOD = SOD [SOD1 W;l (‘3) 

The following equation can be derived from equations 3, 4 and 6. 

V &SOD 
-=1+ 
VA 

[SOD1 
2 Ir, M21 

(7) 

A similar equation was previously derived for the reduction of cytochrome c in 

the xanthine oxidase reaction (15). The effect of varied concentrations of 
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Fig. 3 Relationship between V/VA and [SOD]. 

The oxidation of ascorbic acid was measured under the same condi- 
tions as specified in Fig. 1A for curve I except for the addition 
of varying concentrations of superoxide dismutase (SOD). For the 
definitions of V and VA, see the text. 

superoxide dismutase on the rate of oxidation of ascorbic acid at a saturating 

level of the latter (4.6 x 10B5M) was examined, When the data were plotted 

according to Eq. 7, a straight line, intersecting the ordinate at a point of 

V/VA = 1, was obtained. From its slope, the value of LA was calculated to be 

2.7 x lo5 M-' set -l, assuming GOD = 1.9 x 10' M'-' set -' (13). Although LA 

is fairly small compared to GOD, it seems likely that V A is comparable to VSOD 

in view of the fact that the tissue content of ascorbic acid is fairly high. 

For example, the amounts of ascorbic acid and superoxide dismutase in human 

adrenal gland are approximately 0.5 mg/g (16) and 50 ug/g (17), respectively. 

I f  we assume that both are uniformly distributed in cells, their concentrations 

are of the order of lo-% and lo-%, respectively. Therefore, VA and VSoD be- 

come comparable to each other in a tissue like adrenal gland whose content of 

ascorbic acid is high. It should be noted that the semiquinone of ascorbic acid 

does not reduce O2 to 0; like other semiquinones of naturally occurring compounds 

such as flavin and NADH (18, 19). Thus it is likely that ascorbic acid functions 

as a defense against 0; in addition to superoxide dismutase. It has been reported 

that ascorbic acid protects against oxygen poisoning (20, 21). This effect of the 

vitamin seems to be related to its role as a scavenger of 0;. 
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