
Ascorbic acid and copper in linoleate 
oxidation. 11. Ascorbic acid and 
copper as oxidation catalysts 

GOTTFRIED HAASE* and W. L. DUNKLEY 

Department of Food Science and Technology, 
University of California, Davis, California 95616 

ABSTRACT Both ascorbic acid and copper were strong 
prooxidants in the oxidation of linoleate in a buffered (pH 
7.0) aqueous dispersion at 37OC. Minimum concentrations 
at which catalytic activity was detected were 1.3 X 10-7 M 
for coppcr and 1.8 X 10-6 M for ascorbic acid. For concentra- 
tions up to lop3 M, the increase in rate of oxidation with in- 
crease in concentration of catalyst was greater for ascorbic acid 
than for copper. Ascorbic acid had maximum catalytic activity 
at 2.0 X M, but was still prooxidant at the highest concen- 
t.-ation tested (5.0 X M ) .  Dehydroascorbic acid was a 
weaker prooxidant than ascorbic acid. Further degradation 
products of ascorbic acid were not prooxidant. 

In early stages of the oxidation autocatalytic behavior was 
observed with copper, but not with ascorbic acid. Ascorbic 
acid functioned as a true catalyst, i.e., it accelerated the reac- 
tion but it was not oxidized simultaneously with the linoleate. 
It is proposed that the dehydroascorbic acid radical initiates 
the linoleate oxidation reaction. 

SUPPLEhf ENT'ARY KEY WORDS dehydroascorbic acid 
. semidehydroascorbic acid radical . autocatalysis . 
initiation of oxidation 

E A R L ,  REPORTS (1, 2) noted that ascorbic acid pro- 
motes lipid oxidation in milk products, but Olson and 
Brown (3) reported the first definitive proof for its role. 
Since then, many studies have substantiated in other 
systems thz early findings for milk (4-7). The action of 
ascorbic acid appears to be unique, because other reduc- 

Abbreviations : DHA, dehydroascorbic acid; DKA, diketo- 
gulonic acid. 

* The data are from a Ph.D. thesis by Gottfried Haase, Univer- 
sity of Califarnia, Davis, Calif. Resent address: AFICO S. A , ,  
1814 La Tour de Peilz. Switzerland. 

ing agents and analogous compounds are not able to re- 
place it, or are less effective (8, 9). 

Ascorbic acid may also inhibit lipid oxidation (7, 10- 
12). However, the conditions that determine the fclnction 
are not clear. Thermodynamically, ascorbic acid should 
be an antioxidant because of its oxidation-reduction 
potential and the stability of its oxidation products (13). 

Cupric copper is an active catalyst of lipid oxidation, 
but the mechanism of its action is not clear. I t  is gen- 
erally agreed that copper acts as a strong prooxidant by 
catalyzing the decomposition of hydroperoxides (1 4). 
However, there is no agreement regarding the impor- 
tance of copper in the initial step in which hydroperoxides 
are formed. 

The purpose of this study was to clarify the effects, 
during the early stages of oxidation of linoleate, of 
ascorbic acid and cupric ion separately. The accompany- 
ing paper (14a) deals with the compounds in combina- 
tion. 

METHODS AND MATERIALS 

Methods for determining the concentration of con- 
jugated dienes and ascorbic acid, for preparing a buffered 
dispersion of 0.02 M potassium linoleate, and for prevent- 
ing metal contamination were as described previously 
(15). Oxidation of linoleate at  37°C was measured by 
UV absorption. 

Dehydroascorbic acid was prepared by oxidation of L- 

ascorbic acid with activated charcoal (16). 100 ml of 
solution containing 1 g of L-ascorbic acid was shaken 
vigorously for 20 min with 4 g of acid-washed Norit A 
(Fisher Scientific) and then filtered. The procedure was 
repeated. Completeness of conversion was determined by 
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measurement of the absorption at  265 nm and titration of 
the solution with 2,6-dichlorophenol-indophenol (17). 

Dehydroascorbic acid was estimated by reducing it 
with homocysteine (18) and measuring the absorption (at 
265 nm) of the resultant ascorbic acid in 60% ethanol at 
pH 7.0. 

A crude extract of ascorbic acid oxidase was prepared 
from cucumber juice (19). Cucumbers were frozen at  
-20°C and thawed, and the juice was drained off. The 

juice was transferred to cellophane tubing, concentrated 
by pervaporation, and filtered. 

RESULTS 

Catalysis by Ascorbic Acid 
Rates of oxidation of linoleate catalyzed by different 
concentrations of ascorbic acid are depicted in Fig. 1. 
Catalytic activity was evident at concentrations as low as 
1.9 X 10-6 M (0.33 mg/liter). The rate of reaction in- 
creased substantially with increases in concentration. 

Conjugated dienes started to develop as soon as as- 
corbic acid was added to the linoleate model system. The 
initial rate was dependent on the concentration of the 
catalyst. No time lag or induction period was observed. 

During the early stage (first 400 min) of the linoleate 
oxidation, the increase in conjugated dienes was linearly 
dependent on time. Rate constants (ki), equal to the 
slope of the oxidation curves, could therefore be calcu- 
lated for the time period 0-100 min. The plot of rate 
constants against concentration of ascorbic acid (Fig. 2) 
indicates that catalytic activity increased rapidly between 
1.0 X 10-5 and 2.0 X M, and then decreased. 
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FIG. 1. Effect of various concentrations of ascorbic acid on the 
formation of conjugated dienes from an aqueous dispersion of 0.02 
M potassium linoleate at pH 7.0 and 37'C. The concentrations 
were: u, no ascorbic acid; 6,  1.9 X 10-6; c, 4.1 X 10-6; d,  1.8 X 
10-5; e ,  4.1 X lO-6;f, 7.5 X 10-5; g, 1.8 X h 1.7 X 10"; i, 
1.8 x 10-3 M. 
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FIG. 2. Depedence of rate constant (ki) upon the ascorbic acid 
concentration. ki is the rate constant for the initial period (0-100 
min) of the oxidation of linoleate catalyzed by ascorbic acid. 
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FIG. 3. Change of the concentration of conjugated dienes during 
linoleate oxidation at selected ascorbic concentrations. The con- 
centrations were: a, no ascorbic acid; 6, 1.9 X 10-6 ;  c ,  1.9 X 10-5; 
d, 1.9 X 10-4; e ,  2.0 X lO-a;f, 1.9 X 10-2; g, 5.2 X 1 0 - 2 ~ .  
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TIME, min 

FIG. 4. Effect of fresh and degraded dehydroascorbic acid and 
2,3-diketogulonic acid on the formation of conjugated dienes in the 
linoleate oxidation. 

Although there was a decrease in prooxidant activity at 
the highest concentration tested (about 5.0 X M or 9 
g/liter), no inhibition was observed. 

The rate of diene production was not linear when the 
oxidation was studied for longer periods (more than 400 
min) (Fig. 3). At the lowest concentrations of ascorbic 
acid (1.9 x 10-6 and 1.9 X l o - 5 ~ )  an autocatalytic be- 
havior was observed. At higher concentrations, the diene 
concentration increased almost linearly at first, and then 
dropped sharply. At the higher concentrations of ascorbic 
acid (1.9 and 5.2 X M), the maximum diene con- 
centration appeared earlier. At the lower concentrations 
(1.9 X and 1.9 X 10-6 M) a maximum in diene con- 
centration niight have been observed if the experiments 
had been continued beyond 3000 min. 

The concentration of dienes at the maxima varied 
greatly, but it was highest at an intermediate concentra- 
tion of ascorbic acid. 

In the above experiments the concentration of ascorbic 
acid was determined in the same sample used for the 
measurement of diene concentration. No measurable 
oxidation of ascorbic acid was detected. 

We next tested the catalytic activity of solutions of 
dehydroascorbic acid which were prepared fresh (DHA- 
fresh) or stored for a week (DHA-degraded) and of 2,3- 
diketogulonic acid (Fig. 4). Fresh dehydroascorbic acid 
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FIG. 5. Effect of fresh and degraded dehydroascorbic acid and 
2,3-diketogulonic acid on the concentration of conjugated dienes 
during linoleate oxidation over an extended period (3000 min). 

had high catalytic activity. Absorption measurements at 
265 nm and titration with 2,6-dichlorophenol-indo- 
phenol indicated that the dehydroascorbic acid was not 
reduced to ascorbic acid during the oxidation of the 
linoleate. Neither 2,3-diketogulonic acid nor degraded 
dehydroascorbic acid catalyzed the linoleate oxidation. 
None of the degraded dehydroascorbic acid was con- 
verted to ascorbic acid upon reduction with homocys- 
teine, which indicates that all of the dehydroascorbic 
acid had been degraded. Dehydroascorbic acid is un- 
stable (20)) and is oxidized upon standing and exposure 
to atmospheric oxygen. 

Extension of the oxidation experiments to 3000 min is 
shown summarized in Fig. 5. Fresh dehydroascorbic acid 
gave a maximum similar to that of ascorbic acid. There 
was some prooxidant activity with degraded dehydro- 
ascorbic acid and 2,3-diketoglulonic acid. 

Fig. G A depicts results of an experiment in which oxi- 
dation of ascorbic acid was catalyzed by ascorbic acid 
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FIG. 6. Influence of addition of ascorbic acid oxidase to a linoleate 
model system on (A) concentration of conjugated dienes, and (B) 
of ascorbic acid. Concentration of ascorbic acid, 1.4 X M. 
Solid line, ascorbic acid oxidase added at 58 min; broken line, no 
oxidase added. 

oxidase. The enzyme was added at 58 min to a system 
containing 1.4 X lop3 M ascorbic acid as catalyst for the 
linoleate oxidation. Addition of the oxidase resulted in 
rapid disappearance of the ascorbic acid (Fig. 6 B). The 
formation of dienes continued, but at a reduced rate. 

Catalysis by Copper 
Results of typical experiments showing the catalytic effect 
of cupric ion on formation of conjugated dienes in lino- 
leate oxidation are presented in Fig. 7. Copper had a 
prooxidant effect in concentrations as low as 1.3 X 10-7 
M (0.008 pg/g or ppm). The rate of reaction increased 
with the concentration of copper. The highest concentra- 
tion used was 1.3 X M. At concentrations above 1.3 
X lop3 M, heterogeneity of the emulsion increased, as 
indicated by the formation of blue-green droplets on the 
surface of the reaction mixture. 
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FIG. 7. Effect of various concentrations of copper on the formation 
of conjugated dienes. Concentrations were : u, no copper; b, 1.3 X 
10-7; c, 1.3 x 10-6; d, 1.3 x 10-5; e ,  1.3 x 10-4;/, 2.6 x 10-4;g, 
1.3 x 1 0 - 3 M .  
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LOG ! M O L A R I T Y  OF COPPER. 

FIG. 8. Dependence of rate constant (ki) upon the copper concen- 
tration. ki is the rate constant for the initial period (0-100 min) of 
the oxidation of linoleate catalyzed by copper. 

The relation between the ki and copper concentration 
is shown in Fig. 8. The catalytic activity increased over 
the entire concentration range from 1.3 X 10-7 to 1 . 3  X 

Fig. 9 illustrates the change in diene concentration for 
oxidation experiments extended over longer periods 
(more than 400 min). After a rapid initial increase, a 
maximum in the concentration of conjugated dienes was 
reached. The maximum occurred earlier at  higher copper 
concentrations. 

10-3 M. 
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FIG. 9. Influence of concentration of copper on changes in the 
concentration of conjugated dienes during linoleate oxidation over 
an extended period (3000 min). 

DISCUSSION 

Both ascorbic acid and copper catalyze linoleate oxida- 
tion. The oxidation is initiated immediately after addi- 
tion of the catalysts (Figs. 1 and 7), with no induction 
period. However, differences in the shapes of the curves 
indicate a different mode of catalysis for copper from that 
for ascorbic acid. 

With copper, the increase in the rate of formation of 
conjugated dienes with time is typical of an autocatalytic 
reaction. This increase is attributable to the formation of 
secondary catalysts from decomposition of hydroperox- 
ides (21). 

With ascorbic acid as catalyst, there is a linear relation 
between concentration of conjugated dienes and time 
during the early stages of the oxidation. This relation 
indicates that ascorbic acid initiates the oxidation reac- 
tion directly, without the necessity for secondary cata- 
lytic agents. 

With low concentrations of ascorbic acid, the reaction 
is autocatalytic after appreciable linoleate oxidation has 
occurred (Fig. 3 ) .  Under these conditions, radicals pro- 
duced by decomposition of hydroperoxides become more 
important in initiating the oxidation. 

Results of this study support the hypothesis that the 
prooxidant activity of ascorbic acid in initiating lipid 
oxidation is attributable to the formation of the senii- 
dehydroascorbic acid radical. The ascorbic acid radical 

was postulated to be an initiator of lipid oxidation in 
some materials (22), including milk (9). Yamazaki and 
Piette (23) and others (24-26) have established that an 
ascorbic acid radical is present in aqueous solution of 
ascorbic acid, and that it is an intermediate in the oxida- 
tion of ascorbic acid. Foerster and coworkers (24, 25) 
showed by electron-spin resonance measurements that 
ascorbic acid in aqueous solution is in equilibrium with 
the semidehydroascorbic acid radical. It can be visualized 
that this radical abstracts a methylenic hydrogen atom 
from linoleate, thus causing formation of a linoleate free 
radical; this is followed by a shift of one double bond, and 
an attack by oxygen to form a diene-conjugated hydro- 
peroxide. Since the concentration of the semidehydro- 
ascorbic acid radical depends on the concentration of 
ascorbic acid, the increase in catalytic effect with in- 
crease in concentration of ascorbic acid can be explained. 

Smith and Dunkley (27) considzred that their di ta  did 
not support the theory that the ascorbic acid radical 
initiates lipid oxidation. They assumed that the concen- 
tration of ascorbic acid radical would be proportional to 
the rate of oxidation of ascorbic acid, and they did not 
find a relation between the rates of oxidation of lipid and 
of ascorbic acid. Their studies were done with milk, and 
in this complex material other constituents probably 
influenced lipid oxidation. 

Ascorbic acid functions as a t rm catalyst; it enhances 
the oxidation reaction but is not i t d f  oxidized. Concur- 
rent oxidation of ascorbic acid and lipid is not necessary 
for the catalytic activity, as has been saggested (2, 28-30). 
Concurrent oxidation has been obs2rved frequently, 
though, because some conditions that favor lipid oxida- 
tion also promote oxidation of ascorbic acid, as for 
example the presence of catalytic metals or exposure to 
light. However simultaneous oxidation is not evidence 
that the reactions are coupled, or that oxidation of 
ascorbic acid is necessary to promote lipid oxidation. 

A related conclusion is that the rate of oxidation of 
ascorbic acid does not determine the rate of lipid oxida- 
tion. Similar rates of lipid oxidation were obtained under 
conditions that resulted in marked differences in rates of 
oxidation of ascorbic acid. For example, when ascorbic 
acid oxidase was added to the reaction mixture, there was 
rapid oxidation of ascorbic acid without a corresponding 
change in rate of linoleate oxidation (Fig. 6). The de- 
crease in rate of formation of conjugated dienes is at- 
tributed to the difference in prooxidant activity of as- 
corbic acid and dehydroascorbic acid. 

Our results show that dehydroascorbic acid catalyzes 
the formation of conjugated dienes. This was demon- 
strated in experiments with added de’iydroascorbic acid 
(Figs. 4 and 5), and also in experiments in which ascorbic 
acid oxidase was used to oxidize ascorbic acid to de- 
hydroascorbic acid (Fig. 6). The observed prooxidant 
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effect is consistent with results reported previously for 
milk (3, 31-33), but inconsistent with Smith’s (34) find- 
ings. Furthermore, the results support the conclusion (1 0) 
that the ratio of ascorbic acid to dehydroascorbic acid 
does not determine the rate of lipid oxidation, as postu- 
lated previously (33). 

Degradation products of dehydroascorbic acid have 
little prooxidant activity. In  reaction mixtures containing 
2,3-diketogulonic acid or degraded dehydroascorbic 
acid, formation of conjugated dienes was only slightly 
greater than in control samples without added catalysts. 
These results are not consistent with a previous report 
(35) that 2,3-diketogulonic acid is prooxidant, or with the 
hypothesis (1 1) that degradation products of ascorbic 
acid inhibit lipid oxidation. 

Rate constants for the early stages of the linoleate oxi- 
dation provide a useful criterion for comparing the 
activity of ascorbic acid and copper in initiating the 
oxidation. Because of the curvilinear relation depicted 
with copper as catalyst (Fig. 7), it was necessary to adopt 
arbitrarily a time interval for the calculation of average 
rates. The first 100 min were chosen for calculating ki 
because the curvilinear relation approximates a straight 
line over this short interval. 

Under our experimental conditions, catalytic activity 
was evident a t  a lower concentration with copper (1.3 X 
IO-’ hi) than with ascorbic acid (1.8 X 10+ M ) ;  but the 
rate of increase with increase in concentration was 
greater with ascorbic acid (compare Figs. 2 and 8, note 
difference in scales). As the concentration of the catalyst 
was increased, a maximum in catalytic activity was ob- 
tained with ascorbic acid (Fig. 2) but not with copper 
(Fig. 8). We hypothesize that the decrease in catalytic 
activity of ascorbic acid at  high concentrations is at- 
tributable to a lowering of the oxidation-reduction po- 
tential to a level that was less favorable for oxidation of 
linoleate. However, although ascorbic acid had reduced 
catalytic activity at high concentrations, it did not act as 
an antioxidant. 

Maximum prooxidant activity was observed in our 
experiments at an ascorbic acid concentration of about 
2.0 X M (350 mg/liter). Others have also observed a 
decrease in rate of lipid oxidation as the concentration of 
ascorbic acid was increased above a critical level. The 
critical level, however, varies with the experimental con- 
ditions. Examples of such levels are 180 mg/liter for a 
linoleate model a t  2OC (lo), 20-40 mg/liter for fat 
globule membrane material (11, 3 6 ) ,  and 15 mg/liter for 
a mitochondrial suspension (37). Differences in the experi- 
mental conditions included pH, presence of tacer 
amounts of copper, oxidation period, and methods of 
measuring the lipid oxidation. 

I t  is generally accepted that copper catalyzes the de- 
composition of hydroperoxides (21). The accumulation of 

conjugated dienes when the linoleate oxidation was 
catalyzed by copper (Figs. 7 and 9) is evidence that 
either the degradation reaction is slow compared with the 
formation of conjugated dienes, or that only part of the 
conjugated dienes are degraded by copper. When the 
oxidation was extended until the concentration of 
conjugated dienes decreased, similar maximum values in  
diene concentration and similar rates of increase and 
decrease were observed whether the oxidation was 
catalyzed by ascorbic acid (Fig. 3) or by copper (Fig. 9). 
These data indicate that either the catalysis of degrada- 
tion of hydroperoxides by copper is slow under the reac- 
tion conditions used, or that ascorbic acid has similar 
effects in promoting the degradation of conjugated 
d’ ienes. 

This study was partly supported by the Dairy Council of 
California. 

Manuscript received 18 February 1969; accepted 2 June 1969. 

REFERENCES 
1. Chilson, W. H. 1935. Milk  Plant Mon. 24(11) : 24. 
2. Dahle, C. D., and L. S. Palmer. 1937. Pa. Agr. Exp. Sta. 

3. Olson, F. C., and W. C. Brown. 1942. J. Dairy Sci. 25: 

4. Bernheim, F., M. C. L. Bernheim, and K. M. Wilbur. 

5. Bernheim, F., K. M. Wilbur, and C. B. Kenaston. 1952. 

6. Scarborough, D. A., and B. M. Watts. 1949. Food Tech. 

7. Marcuse, R. 1956. Fette Seifen Amtrichm. 58: 1063. 
8. Elliott, K. A. C., and B. Libet. 1944. J. Biol. Chem. 152: 

9. King, R. L. 1958. Ph.D. Thesis. University of California 

10. Smith, G. J., and W. L. Dunkley. 1962. J. Dairy Sci. 45: 

11. King, R. L. 1963.4J. Dairy Sci. 46: 267. 
12. Mohler, H. 1965. In Ascorbinsaure. K. Lang, editor. 

Dr. Dietrich Steinkopff, Darmstadt, Germany. 279-291. 
13. Uri, N. 1961. In Autoxidation and Antioxidants. W. 0. 

Lundberg, editor. Interscience Publishers Inc., New York. 

14. Emanuel, N. M., and Yu. N. Lyaskovskaya. 1967. The 
inhi bition of fat oxidation processes. Pergamon Press Ltd., 
Oxford. 

14a. Haase, G., and W. L. Dunkley. 1969. J.  Lipid Res. 10: 

Bull. 347. 

1027. 

1948. J. Biol. Chem. 174: 257. 

Arch. Biochm. Biophys. 38: 177. 

3: 152. 

617. 

Library, Davis. 

170. 

1: 55-106. 

15. 
16. 

17. 
18. 
19. 
20. 

. .  
568. 
Haase, G. and W. L. Dunkley. 1969. J.  Lipid Res. 10: 555. 
Fiddick, R., and H. Heath. 1967. Biochim. Biophys. Acta. 
136: 206. 
Sharp, P. F. 1938. J. Dairy Sci. 21: 85. 
Hughes, R. E. 1956. Biochem. J .  64: 203. 
Stewart, A. P., and P. F. Sharp. 1945. Znd. Chem. 17: 373. 
Griissner, A., and W. Schlegel. 1965. Zn Ascorbinsiiure. 
K. Lang, editor. Dr. Dietrich Steinkopff, Darmstadt, 
Germany. 3-16. 

566 JOURNAL OF LIPID RESEARCH VOLUME 10, 1969 

 by guest, on June 20, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


21. Ingold, K. U. 1962. In Symposium on Foods: Lipids and 
Their Oxidation. H. W. Schultz, E. A. Day, and R. 0. 
Sinnhuber, editors. Avi Publishing Co., Inc., Westport, 
Conn. 93-121. 

22. Kelly, G. G., and B. M. Watts. 1957. Food Res. 22: 308. 
23. Yamazaki, I. ,  and L. H. Piette. 1961. Biochim. Biophys. 

24. Foerster, G. von, W. Weis, and H. Staudinger. 1965. 

25. Foerster, G. von, W. Weis, H. Staudinger. 1966. Hoppe- 

26. Kahn, M. M. T., and A. E. Martell. 1967. J.  Amer. Chem. 

27. Smith, G .  J., and W. L. Dunkley. 1962. J .  Food Sci. 27: 

Acta. 50: 62. 

Justus Liebigs Ann. Chm.  690: 166. 

Seyler’s Z. Physiol. Chem. 344: 217. 

SOC. 89: 4176. 

127. 

28. Deutsch, H. F., B. E. Kline, and H. P. Rusch. 1941. J .  

29. Ottolenghi, A. 1959. Arch. Biochm. Biophys. 79: 355. 
30. Ottolenghi, A., F. Bernheim, and K. M. Wilbur. 1955. 

31. Brown, W. C., and F. C. Olson. 1942. J .  Dairy Sci. 25: 

32. Krukovsky, V. N., and E. S. Guthrie. 1945. J.  Dairy Sci. 

33. Krukovsky, V .  N., and E. S. Guthrie. 1946. J.  Dairy Sci. 

34. Smith, G. J. F. 1961. Ph.D. Thesis. University of Cali- 

35. Tobias, J., and E. 0. Herreid. 1959. J. Dairy Sci. 42: 428. 
36. El-Negoumy, A. M. 1965. J.  Dairy Sci. 48: 1406. 
37. Romeo, D. 1965. G. Biochim. 14: 203. 

Biol. Chem. 141: 529. 

Arch. Biochem. Biophys. 56: 157. 

1041. 

28: 565. 

29: 293. 

fornia Library, Davis. 

HAASE AND DUNKLEY Catalysis of Linoleate Oxidation by Ascorbic Acid or Copper 567 

 by guest, on June 20, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

