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ABSTRACT: To clarify the mechanisms of antioxidant action, 
the effect of (x-tocopherol and its water-soluble carboxylic acid 
derivative, Trolox, was studied on the decomposition of methyl 
linoleate hydroperoxides (MeLoOOH). Decomposition rate 
and the distribution of autoxidation products formed from 
MeLoOOH were followed by analyz!ng the volatile and non- 
volatile products by static headspace gas chromatography and 
normal-phase high-performance liquid chromatography, re- 
spectively. Both ~-tocopherol and Trolox markedly inhibited 
the decomposition of MeLoOOH in a concentration-dependent 
way. In the absence of antioxidants, MeLoOOH was completely 
decomposed after incubation for 48 h at 60~ and in the pres- 
ence of equal molar concentration of antioxidants only 6-7% 
of initial MeLoOOH was decomposed even after 280 h of incu- 
bation. MeLoOOH produced 1.2% methyl linoleate hydroxy 
compounds (MeLoOH) in the presence of ~-tocopherol and 
3.8% in the presence of Trolox. Both antioxidants inhibited the 
formation of volatile decomposition products and the formation 
of ketodiene compounds. The hydroxy compounds may be 
formed by the reaction of alkoxy radical and hydrogen donat- 
ing antioxidants. Conversion of MeLoOOH into stable MeLoOH 
demonstrated that the antioxidants c~-tocopherol and Trolox 
trap alkoxyl radicals by H-donation. 
Lipids 31, 357-365 (1996). 

Major focus of the research on antioxidants has been directed 
on their ability to inhibit hydroperoxide formation (1-3), but 
less attention has been given on their effectiveness to inhibit 
the decomposition of lipid hydroperoxides. Phenolic antioxi- 
dants, such as tocopherols, not only inhibit the formation of 
lipid hydroperoxides, but also are known to have an effect on 
the decomposition of hydroperoxides. At high concentration, 
~-tocopherol can suppress further reactions of methyl lino- 
leate (MeLo) and linolenate monohydroperoxides by donating 
hydrogen to peroxyl radical, thus inhibiting formation of 
trans, trans monohydroperoxide isomers in MeLo and cyclic 
hydroperoxides in methyl linolenate (4,5). c~-Tocopherol (6) 
and other phenolic antioxidants (7) modify the proportions of 
volatile decomposition products of methyl linoleate hydroper- 
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oxides (MeLoOOH) and reduce the total amount of volatile 
decomposition products. During autoxidation of corn oil, tx- 
tocopherol reduced the formation of hexanal derived from 
linoleate hydroperoxides (8). Previous research on the effect 
of tocopherols on the decomposition of hydroperoxides is con- 
flicting, and this may be due to different experimental condi- 
tions and concentration of antioxidants. In 2.5 mM aqueous 
solution of free linoleic acid, the addition of 0.625 1uM-0.625 
mM of ix-, y-, and 8-tocopherols increased the stability of 
linoleic acid hydroperoxides (9). However, addition of 7 
lamoles t~-tocopherol to MeLoOOH in benzene solution (75 
lamoles in 30 mL representing 2.5 mM solution) did not influ- 
ence the amount decomposed by Cu(II) ions (10). Previous 
work on hydroperoxide decomposition was performed mainly 
using metal or radical catalysts (10,11), or on fatty acids 
(9,12-15). Very little work has been reported on the effects of 
antioxidants on thermal decomposition of hydroperoxides. Be- 
cause the secondary decomposition products are mainly re- 
sponsible for causing rancidity in foods, as well as damage in 
biological material, it is also of high importance to study the 
effect of antioxidants on decomposition of hydroperoxides and 
the formation of secondary decomposition products. 

The aim of this work was to clarify the mechanisms of 
ct-tocopherol and its water-soluble derivative, Trolox, in in- 
hibiting the formation of volatile and nonvolatile decomposi- 
tion products from MeLoOOH. The formation of selected 
volatile and nonvolatile decomposition products was fol- 
lowed by static headspace gas chromatography (GC) and by 
normal-phase high-performance liquid chromatography 
(HPLC), respectively. 

MATERIALS AND METHODS 

Materials. MeLo was supplied by Nu-Chek-Prep, Inc. 
(Elysian, MN), hexadecane and ct-tocopherol by Sigma 
Chemicals Co. (St. Louis, MO), and Trolox by Aldrich Chem- 
ical Company, Inc. (Milwaukee, WI). Hexane and diethyl 
ether were purchased commercially (Fisher Scientific, Fair- 
lawn, N J). All the solvents were HPLC grade. 

Preparation ofMeLoOOH. Hydroperoxides of MeLo were 
prepared from autoxidized MeLo by chromatography (16) 
(Sep-pak silica cartridge; Waters Chromatography Division, 
Milford, MA). The hydroperoxide fraction was shown to be 
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pure by thin-layer chromatography and had an absorptivity of 
24,000 at 234 nm. 

Decomposition ofMeLoOOH. MeLoOOH or a 1:1 mixture 
of unoxidized MeLo and MeLoOOH (20 mM each) was dis- 
solved in hexadecane solution in the absence or in the pres- 
ence of 2 and 40 mM ct-tocopherol or Trolox. MeLoOOH and 
tx-tocopherol were soluble in hexadecane, but Trolox was 
only slightly soluble, and formed cloudy suspensions. Lipid 
solutions were incubated at 60~ for up to 282 h with contin- 
uous shaking. Sample aliquots for HPLC and GC analyses 
were taken at regular intervals. 

HPLC analysis. Nonvolatile autoxidation products were 
analyzed by normal-phase HPLC, by a modified method of 
Tokita and Morita (17), using a Hewlett-Packard (Palo Alto, 
CA) model HP 1090 system equipped with a diode array de- 
tector. Particle size of the silica column was 5 ~tm (Supelco 
25 cm • 2.1 mm; Bellefonte, PA). The solvent system was 
hexane/diethyl ether (85:15, vol/vol) with a flow rate of 0.3 
mL/min. Ethanol used to stabilize diethyl ether was removed 
by silica column chromatography prior to the HPLC analysis. 
Autoxidation products were monitored at 233 nm (conjugated 
dienes), 210 nm (ester bond), and 268 nm (ketodienes). To- 
copherols were monitored at 295 nm. 

GC analysis of  volatile decomposition products. Hexa- 
decane solution (100 mg of 40 mM lipid solution) was 
weighed into 6-mL headspace vials. The hexanal formed was 
analyzed by static headspace capillary GC (16). The results 
were calculated as millimoles hexanal per kilogram hexa- 
decane solution. 

RESULTS 

HPLC analysis of  MeLoOOH decomposition products in the 
presence of a-tocopherol and Trolox. The main advantage of 
the HPLC method was the possibility of simultaneously mon- 
itoring MeLoOOH and formation of two important groups of 
decomposition products. The decomposition rate of hydroper- 
oxides and formation of hydroxy compounds were monitored 
as total areas of four peaks (Fig. 1). Formation of ketodiene 
compounds was monitored as total areas of the two peaks in 
the chromatogram (Fig. 1A, peaks 1 and 2) having an absorp- 
tion maximum at 268 nm in this solvent system (Fig. 2, spec- 
trum 3), which is characteristic for ketodiene compounds 
(18). Total peak areas of these compounds were converted to 
percentage of the initial content of hydroperoxides by using 
the extinction coefficient of 28,600 for hydroperoxides (19), 
27,200 for hydroxy compounds (19), and 28,000 for ketodi- 
ene compounds (18). 

Elution order of the identified compounds was as 
follows: peaks 1 and 2, ketodienes; peaks 3-6, 13-cis, trans 
MeLoOOH, 13-trans, trans MeLoOOH, 9-cis, trans 
MeLoOOH, 9-trans, trans MeLoOOH; peaks 7-10, 13- 
cis, trans MeLoOH (methyl linoleate hydroxy compounds), 
13-trans, trans MeLoOH, 9-cis, trans MeLoOH, 9-trans, trans 
MeLoOH (Fig. 1). Tentative identification of the MeLoOOH 
isomers was based on the ultraviolet spectra of the com- 

pounds (Fig. 2, spectras 1 and 2) and on the elution order re- 
ported in the literature (17,19). Retention times of the hy- 
droxy compounds were confirmed with a reference sample 
prepared by reducing MeLoOOH mixture with NaBH 4. ct-To- 
copherol eluted before ketodienes (Fig. 1D, peak 11). Trolox 
could also be monitored by HPLC (Fig. 1C, peak 12). How- 
ever, as it was only sparingly soluble in hexadecane, Trolox 
could not be measured quantitatively. 

Effect of  antioxidants on the decomposition of  pure 
MeLoOOH. Both ct-tocopherol and Trolox significantly in- 
hibited the decomposition of MeLoOOH (Fig. 3). In the ab- 
sence of antioxidants, 94% of initial MeLoOOH decomposed 
during the first 48 h at 60~ whereas only 0-6% decomposed 
in the presence of antioxidants. After 282 h of incubation, 
MeLoOOH decomposed only 8.4% in the presence of 40 mM 
t~-tocopherol and 11% in the presence of 40 mM Trolox. 
ct-Tocopherol at 2 mM inhibited MeLoOOH decomposition 
up to 48 h, but Trolox was as effective at 2 mM as at 40 mM 
in inhibiting this decomposition for 282 h. 

Antioxidants were detected in the samples until 
MeLoOOH started to decompose (Fig. 3). ~-Tocopherol at 
2 mM decomposed completely after 48 h incubation, and at 
40 mM approximately 20% decomposed after 282 h incuba- 
tion (Fig. 3B). Trolox was detected in the samples at 2 mM 
and 40 mM level, and samples also contained nonsolubilized 
Trolox after 282 h of incubation. 

In the presence of antioxidants, the hydroxy deriva- 
tives (MeLoOH) produced represented 1.2-3.5% of initial 
MeLoOOH (Fig. 4A). Formation of MeLoOH was highest in 
the presence on 40 mM Trolox (3.5% of initial MeLoOOH), 
followed by 2 mM Trolox sample (2.1%) and 40 mM 
ct-tocopheroi (1.2%). With 40 mM Trolox, 1.5% MeLoOH 
was present initially after sample preparation. In the control 
sample, MeLoOH increased up to 0.5% during the first 20 h. 
However, the concentrations of MeLoOH compounds de- 
creased rapidly in this sample during further incubation. 

Ketodiene compounds were formed simultaneously with 
the rapid decomposition of hydroperoxides (Fig. 4B). In the 
control sample, ketodiene compounds increased from 0.3% 
of the initial MeLoOOH up to 4% after the first 20 h of incu- 
bation, and then decreased to 1.8% after 120 h of incubation. 
In the presence of ct-tocopherol and Trolox, the formation of 
ketodiene compounds was inhibited together with the stabi- 
lization of hydroperoxides. Thus, after 282 h of incubation, 
1.1% of ketodienes was formed in the presence of 40 mM 
Trolox, 0.9% in the 2 mM Trolox sample, and 1.6% in the 
40 mM ct-tocopherol sample (Table 1). In the presence of 
2 mM ~-tocopherol, the formation of ketodienes was inhib- 
ited during the first 48 h, increased rapidly to 2.8% when hy- 
droperoxides started to decompose, and then decreased to 
1.0% after 282 h of incubation. 

Hexanal is a major volatile decomposition product of 
linoleate hydroperoxides (6,7). Both antioxidants inhibited 
hexanal formation effectively (Fig. 4C). Hexanal content in- 
creased initially in the control sample. In the presence of 
2 mM ct-tocopherol, hexanal increased simultaneously with 
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FIG. 1. High-performance liquid chromatographic (HPLC) chromatogram of oxidation prod- 
ucts in the presence of antioxidants. Chromatographic conditions: silica column (5 lam, 
25 cm x 2.1 mm), hexane/diethyl ether (85:15, vol/vol), flow rate of 0.3 mL/min. Autoxidation 
products were monitored at 233 nm (conjugated dienes) and 268 nm (ketodienes), and to- 
copherols and Trolox at 295 nm. Elution order of oxidation products: A, peaks 1 and 2, keto- 
dienes; B, peaks 3-6, 13-cis, trans methyl l inoleate hydroperoxides (MeLoOOH), 13-trans, trans 
MeLoOOH, 9-cis, trans MeLoOOH, 9-trans, trans MeLoOOH; C, peaks 7-10, 13-cis, trans 
methyl linoleate hydroxy compounds (MeLoOH), 13-trans, trans MeLoOH, 9-cis, trans 
MeLoOH, 9-trans, trans MeLoOH. Elution order of antioxidants: C, peak 12, Trolox; D, peak 
11, ~-tocopherol. 

MeLoOOH decomposition after a lag period of 48 h. Hexanal 
formation was completely inhibited in the presence of 2 mM 
Trolox or 40 mM ot-tocopherol and Trolox. After 282 h incu- 
bation, only 0.06 to 0.13 mmol/kg of hexanal was formed in 
the presence of 40 mM c~-tocopherol or Trolox, compared to 
2.24 mmol/kg after 48 h incubation in the absence of antioxi- 
dants. 

Effect of  antioxidants on the MeLo/MeLoOOH (1:1) mix- 
ture. The influence of unsaturated fatty acids as competitive 
hydrogen donors on the secondary reactions of hydroperox- 
ides was investigated by decomposing MeLoOOH in the 
presence of unoxidized MeLo. In a mixture of MeLo (20 mM) 
and MeLoOOH (20 mM), changes in the rate of MeLoOOH 
decomposition, as well as formation of hexanal, MeLoOH, 
and ketodiene were similar, but lower than in pure 

MeLoOOH. After 282 h incubation, the amount of undecom- 
posed MeLoOOH was 90.6% with 40 mM ~-tocopherol, 
88.9% with 40 mM Trolox, and 83.3% with 2 mM Trolox 
(Table 1). Oxidation of MeLo occurred in the sample contain- 
ing 40 mM (x-tocopherol, and the hydroperoxide content in- 
creased from 100% initially up to 123% during the first 114 h 
of incubation (Fig. 5A). ~-Tocopherol apparently had a 
prooxidant effect at the 40 mM level. In the presence of 2 mM 
(x-tocopherol, the hydroperoxides started to decompose after 
114 h, and after 282 h of incubation only 15% of initial 
MeLoOOH was left undecomposed. Also, (x-tocopherol was 
consumed after 120 h (Fig. 5B). 

As with pure MeLoOOH, in the presence of MeLo, 
MeLoOH was produced in the presence of (x-tocopherol and 
Trolox (Fig. 6A). After 330 h incubation, 3.17% MeLoOH 
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FIG. 2. Ultraviolet (UV) spectra of trans, trans (spectrum 1, combined 
peaks 4 and 6 in Fig. I B) and cis, trans (spectrum 2, combined peaks 3 
and 5 in Fig. 1 B) hydroperoxides with absorption maximum of 230 and 
235 nm, respectively, and ketodiene compounds (spectrum 3, com- 
bined peaks 1 and 2 in Fig. 1A) with absorption maximum at268 nm. 

was formed with 40 mM Trolox, 1.55% with 2 mM Trolox, 
and 0.54% with 40 mM tx-tocopherol. In the presence of 
2 mM c~-tocopherol, MeLoOH content increased up to 0.54% 
after 282 h, but decreased after 330 h of incubation. Also in 
the MeLoOOH/MeLo mixture, the formation of ketodienes 
(Fig. 6B) and hexanal (Fig. 6C) increased together with 
MeLoOOH decomposition. Thus, ketodiene formation was 
highest in the control sample, reaching a maximum value 
of 5.6% after 48 h and 5.26% in the presence of 2 mM of 
~-tocopherol after 282 h of incubation. Ketodiene compounds 
were not formed initially in the presence of 40 mM ~-tocoph- 
eroi, 40 mM Trolox, or 2 mM Trolox. After 282 h incubation, 
2.0% ketodiene compounds were formed in the presence of 
40 mM (~-tocopherol, 2.0% in 40 mM Trolox, and 1.5% in the 
presence of 2 mM Trolox (Fig. 6B). 
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FIG. 3. Decomposition of methyl linoleate hydroperoxides (MeLoOOH) 
with or without antioxidant at 60~ in hexadecane solution: 
A, MeLoOOH; B, 0t-tocopherol. Legend: - - i - -  = 40 mM MeLoOOH; 
- - + - -  = 40 mM MeLoOOH + 40 mM @-tocopherol; ---+ . . . .  40 mM 
MeLoOOH + 2 mM e~-tocopherol; - - A - -  = 40 mM MeLoOOH + 40 
mM Trolox; ---A- - = 40 mM MeLoOOH + 2 mM Trolox. 

TABLE 1 
React ion Products Ident i f ied f rom the Decompos i t ion  of  M e t h y l  Linoleate Hydroperox ides  
Af ter  2 8 2  h Incubat ion  a 

Proportion of conversion products 

Total Conversion 
MeLOOH b conversion MeLoOH Ketodienes products r 

Sample (wt%) (wt%) (%) (%) (%) 

MeLoOOH (40 mM) 0 100 0 0.6 0.6 
+ 40 mM (x-Tocopherol 91.6 8.4 13.8 19.3 33.1 
+ 2 mM (x-Tocopherol 0 100 0 1.0 1.0 
+ 40 mM Trolox 89.0 11.0 31.9 10.0 41.9 
+ 2 mM Trolox 93.6 6.4 32.0 13.6 45.6 

MeLoOOH/MeLo 
(20 mM each) 0 100 0 1.8 1.8 
+ 40 mM (~-Tocopherol 90.6 9.4 5.7 21.6 27.3 
+ 2 mM 0~-Tocopherol 7.6 92.4 0 5.7 5.7 
+ 40 mM Tro[ox 88.9 11.1 28.6 17.7 46.3 
+ 2 mM Trolox 83.3 16.7 9.3 8.9 18.2 

aMeLOOH, methyl linoleate hydroperoxides; MeLoOH, methyl linoleate hydroxy compounds; 
MeLo, methyl linleate, bpercentage of initial MeLOOH content. CAll conversion products identified. 
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FIG. 4. A, Formation of hydroxy compounds; B, ketodiene compounds; C, hexanal, during decomposition of methyl linoleate hydroperoxides with 
or without antioxidant; C2, (C) with expanded y-axis. Samples in hexadecane solution. Legend as in Figure 3. 

In the samples containing 40 mM cx-tocopherol or Trolox 
and 2 mM Trolox, MeLoOH and ketodiene compounds were 
the major decomposition products of MeLoOOH, whereas in 
the highly decomposed samples a major part of the decompo- 
sition products was not detectable by the HPLC method used 
(Table 1). Thus, the conversion products that remained 
unidentified were 67% with 40 mM cx-tocopherol, 99% with 
2 mM cx-tocopherol, 58% with 40 mM Trolox, and 54% with 
2 mM Trolox (Table 1). More work is needed to further iden- 
tify decomposition products other than hydroxy and ketodi- 
ene compounds. 

D I S C U S S I O N  

The literature on decomposition of hydroperoxides deals 
mostly with lipids in the absence of antioxidants (10-15, 
20,21). However, the pathways of decomposition would be 
expected to be markedly affected by the presence of hydro- 
gen donating antioxidants. Decomposition of MeLoOOH 
leads to the same major products, such as ketodienes, hy- 
droxy, epoxy and dimeric compounds, but in different ratios 

depending on whether the reaction proceeds through alkoxyl 
or peroxyl radical intermediates (10). Decomposition path- 
ways of MeLoOOH depend markedly on the reaction condi- 
tions, and several mechanisms for lipid hydroperoxide de- 
composition have been suggested. According to the bond dis- 
sociation energies, the thermal decomposition of MeLoOOH 
may occur mainly through alkoxyl radical (44 kcal/mol) 
rather than through peroxyl radical (90 kcal/mol). However, 
the presence of transition metal ions may greatly affect the 
decomposition pathways. Peroxyl radicals may be produced 
by metal catalysts in their higher valence state, and alkoxyl 
radicals may be produced by metals in their lower valence 
state (22). MeLoOOH also have been shown to rearrange and 
decompose through pentadienyl radical (23). In this study no 
metal catalyst was added, but traces of metals are expected to 
be present in the reaction mixtures that would accelerate the 
decomposition of MeLoOOH at 60~ Therefore, decompo- 
sition through alkoxyl radical is considered to be an impor- 
tant pathway. 

The results of this study indicate that the phenolic antioxi- 
dants c~-tocopherol and Trolox at high concentrations effi- 
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FIG. 5. Decomposition of methyl l inoleate (MeLo) hydroperoxides 
(MeLoOOH) (A), and c~-tocopherol (B), at 60~ MeLoOOH/MeLo (20 
mM each, 1:1 ) in hexadecane solution with or without antioxidants. 
Legend: - - I I - -  = 20 mM each of MeLoOOH and MeLo; - - + - -  = 20 
mM each of MeLoOOH and MeLo + 40 mM ~-tocopherol; ---+ . . . .  20 
mM each of MeLoOOH and MeLo + 2 mM @-tocopherol; - - A - -  = 20 
mM each of MeLoOOH and MeLo + 40 mM Trolox; ___A . . . .  20 mM 
each of MeLoOOH and MeLo + 2 mM Trolox. 

ciently inhibit the decomposition of MeLoOOH. This effect 
of (x-tocopherol has been reported previously (6,9), but not 
for Trolox. This study provides, for the first time, evidence 
for the strong stabilizing effect of Trolox on lipid hydroper- 
oxides. ~-Tocopherol has been shown to inhibit decomposi- 
tion of hydroperoxides in corn oil (8) and linoleic acid (9). 
Frankel and Gardner (6) observed that tx-tocopherol at high 
concentrations decreases the total volatile products of 
MeLoOOH formed by thermal decomposition. They sug- 
gested that ct-tocopherol at high concentration inhibits 13-scis- 
sion of alkoxyl radical (Eq. 1), leading to formation of alde- 
hydes and hydrocarbons, by hydrogen donation. 

R2CH-O" ---> RCHO + R" [ 1 ] 

Donation of the readily available hydrogen of ct-tocoph- 
erol to alkoxyl radical would lead to formation of hydroxy 

compound (Eq. 2), through the following mechanism postu- 
lated by Bell et  al. (24) and later by Hamberg (13) and Gard- 
ner (14): 

RO" + RH ---> ROH + R" [2] 

Because the oxy radical of an alkoxy is allylic and the oxy 
radical is located at a secondary carbon, straight abstraction 
of hydrogen (Eq. 2) is considered to be fairly insignificant in 
the absence of strong hydrogen donors (25). [3-Scission 
(Eq. 1) producing aldehydes and intramolecular rearrange- 
ments producing epoxy compounds and dimers, as well as 
disproportionation, are considered more probable reaction 
pathways (25,26). However, strong hydrogen donors, such 
as t~-tocopherol and Trolox, may markedly affect the reaction 
pathway involving alkoxy radical, and the conversion of 
MeLoOOH into MeLoOH would be favored, as observed in 
this study. Previously, Schieberle and Grosch (10) observed 
that the decomposition of MeLoOOH was inhibited by ascor- 
byl palmitate with the simultaneous formation of MeLoOH. 
Formation of MeLoOH was also detected during autoxidation 
of MeLo in the presence of ascorbyl palmitate (27). 

In the present study, the decomposition of MeLoOOH was 
effectively inhibited by Trolox and (~-tocopherol with the si- 
multaneous formation of MeLoOH and no hexanal formation. 
These results support the hypothesis that in the presence of 
the strong hydrogen donors ct-tocopherol and Trolox, hydro- 
gen abstraction by alkoxyl radicals (Eq. 2) becomes more 
favorable than ]]-scission of alkoxyl radicals (Eq. 1), result- 
ing in effective inhibition of hexanal formation. Because 
MeLoOH formation also increased in the presence of unsatu- 
rated fatty acid, which is a competitive hydrogen donor in 
lipid systems (28), the hydrogen source in the reaction is 
mainly the antioxidant (AH) (Eq. 3) rather than the unsatu- 
rated lipid (RH) (Eq. 2). 

RO" + AH ---> ROH + A ~ [3] 

Thus, the conversion of MeLoOOH into MeLoOH shown in 
this study may provide a pathway to explain the antioxidant 
mechanism of ot-tocopherol and Trolox in inhibiting the de- 
composition of hydroperoxides. 

Ketodiene compounds, 13- and 9-oxo octadecadienoic 
acids are one major group of products known from the ho- 
molytic decomposition of linoleic acid hydroperoxides 
(10-13,29). Ketodienes were the main breakdown products 
formed during the aerobic breakdown of MeLoOOH in the 
presence of copper through alkoxy radical intermediate (10). 
Proposed mechanisms for ketodiene formation include the 
disproportionation of peroxyl radicals through a tetroxide in- 
termediate in which hydrogen atom is transferred from one 
radical to another (30) (Eq. 4), the elimination of hydrogen 
from a tetroxide intermediate in which only ketodiene com- 
pounds are formed (10) (Eq. 5), and the elimination of hydro- 
gen from an alkoxyl radical (13,14) (Eq. 6). 

2 RaCHOO" --~ R2-CH-OOOO-HCR 2 ~ R2CHOH + RaC=O + 0 2 

[4] 
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FIG. 5. A, Formation of hydroxy compounds; B, ketodiene compounds; C, hexanal, during decomposition of MeLoOOH with or without antioxi- 
dants; and C2, (C) with expanded y-axis. 40 mM solution of MeLoOOH/MeLo (1:1) in hexadecane solution. Legend and abbreviations as in Fig- 
ure 5. 

- 2 H  

2 R2CHOO" ---> R2-CH-OOOO-HCR 2 ---> 2 RzC=O + 02 [5] 

R2CHO" + X" ---> R2C=O + XH [6] 

Disproportionation of alkoxy radical (Eq. 4) would be ex- 
pected to produce equal amounts of hydroxy and ketodiene 
compounds by the Russell mechanism (30). However, as dis- 
cussed by Gardner (26), this pathway was not considered to 
be important. 

In this work, antioxidants were shown to decrease the for- 
mation of keto dienes and increase the formation of hydroxy 
dienes. With Trolox, the ratio of hydroxy to ketodiene com- 
pounds was higher than with c~-tocopherol. Therefore, hydro- 
gen donating antioxidants can greatly influence the reaction 
pathways leading to stable hydroxy compounds. 

Although the hydrophilic Trolox was only slightly soluble 
in hexadecane, it was more effective in inhibiting MeLoOOH 
decomposition than the lipophilic ~-tocopherol. This phe- 
nomenon has not been previously reported for the decompo- 
sition of pure hydroperoxides, but it is consistent with our 
previous observations that these antioxidants have different 

effects on hydroperoxide and hexanal formation during au- 
toxidation of corn oil (8). In a bulk corn oil system, even 
though the hydrophilic antioxidants Trolox and ascorbic acid 
were not completely soluble, they were more effective than 
the lipophilic antioxidants a-tocopherol and ascorbyl palmi- 
tate. However, in the corresponding corn oil-in-water emul- 
sion system, the lipophilic antioxidants were more effective 
than their hydrophilic analogues in inhibiting hydroperoxide 
formation and decomposition. In emulsions, the higher pro- 
tection of lipophilic antioxidants was explained by their 
higher affinity toward the oil-water interface. In bulk oils, the 
better protection of hydrophilic antioxidants was explained 
by their preferential orientation in the air-oil interface. This 
interfacial phenomenon supports our finding that the hy- 
drophilic Trolox is more effective than the lipophilic o[-to- 
copherol in inhibiting hydroperoxide decomposition in the 
nonpolar hexadecane solution. In our previous study (8), we 
also observed that ~-tocopherol was more effective in inhibit- 
ing hydroperoxide formation at 232 than at 1161 laM, but the 
reverse trend was observed in inhibiting hydroperoxide de- 
composition based on hexana] determination. These results 
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support our previous study (6), showing that ~-tocopherol is 
an effective inhibitor of the [3-cleavage (Eq. 1) responsible for 
hexanal formation. 

This study was limited to the formation of three groups of 
decomposition products formed at 60~ hydroxy, 
and ketodiene compounds, which can be formed via alkoxyl 
radicals by [3-scission (Eq. 1), hydrogen abstraction (Eq. 2), 
and hydrogen elimination (Eq. 6). However, other reactions 
of lipid alkoxyl radicals may be significant under different 
conditions (25). During Fe(II)-induced decomposition of the 
13-hydroperoxide of linoleic acid in methanol solution in the 
presence of a vitamin E model compound (2,2,5,7,8-pen- 
tamethyl chromanol-6-ol), under either aerobic or anaerobic 
conditions, the formation of epoxy compounds through 
epoxyallylic radicals, formed by rearrangement of alkoxyl 
radicals, was suggested as a possible pathway of decomposi- 
tion (31). In another study (32), the decomposition of 13- 
MeLoOOH in air in the presence of equal molar concentra- 
tions of Fe(III) acetylacetonate and ~-tocopherol in benzene 
solution at 37~ produced mixtures of peroxy-~-toco- 
pherones, epoxy-hydroperoxy-~-tocopherones, and tocoph- 
erol dimers. Under these conditions, the formation of both 
peroxyl and alkoxyl radicals, rearranging into allylic epoxy- 
hydroperoxyl radical intermediates, may account for the 
lipid-tocopherol adducts identified. Further research is under 
way to clarify the effect of antioxidants on the formation of 
other nonvolatile compounds, including polymeric products 
and epoxides, from the thermal decomposition of lipid hy- 
droperoxides. 

ACKNOWLEDGMENT 

This work has been financially supported by the Academy of Fin- 
land--The National Council of Environment and Natural Resources. 

REFERENCES 

I. Pokorny, J. (1987) Major Factors Affecting the Autoxidation of 
Lipids, in Autoxidation of  Unsaturated Lipids (Chan, H.W.-S., 
ed.) pp. 141-206, Academic Press, London. 

2. Grosch, W. (1987) Reactions of Hydroperoxides--Products of 
Low Molecular Weight, in Autoxidation o f  Unsaturated Lipids 
(Chan, H.W.-S., ed.) pp. 95-139, Academic Press, London. 

3. Kochhar, S.P. (1993) Deterioration of Edible Oils, Fats and 
Foodstuffs, in Atmospheric Oxidation and Antioxidants (Scott, 
G., ed.) Vol. II, pp. 71-131, Elsevier, Amsterdam. 

4. Porter, N.A., Weber, B.A., Weenen, H., and Khan, J.A. (1980) 
Autoxidation of Polyunsaturated Lipids. Factors Controlling the 
Stereochemistry of Products Hydroperoxides, J. Am. Chem. Soc. 
102, 5597-5601. 

5. Peers, K.E., Coxon, D.T., and Chan, H.W.-S. (1981) Autoxida- 
tion of Methyl Linolenate and Methyl Linoleate: The Effect of 
~-Tocopherol, J. Sci. Food Agric. 32, 898-904. 

6. Frankel, E.N., and Gardner, H.W. (1989) Effect of ~-Tocoph- 
erol on the Volatile Thermal Decomposition Products of Methyl 
Linoleate Hydroperoxides, Lipids 24, 603-608. 

7. Grosch, W., Schieberle, P., and Laskawy, G. (1981) Model Ex- 
periments About the Formation of Volatile Carbonyl Com- 
pounds from Fatty Acid Hydroperoxides, in Flavour '81 3rd 
Weurman Symposium Proceedings of  the International Confer- 
ence, Munich, April 28-30, 1981 (Schreier, P., ed.) pp. 
433-448, Walter de Gruyter, Berlin. 

8. Frankel, E.N., Huang, S.-W., Kanner, J., and German, B.J. 
(1994) Interfacial Phenomena in the Evaluation of Antioxidants: 
Bulk Oils vs. Emulsions, J. Agr. Food Chem. 42, 1054-1059. 

9. Koskas, J.P., Cillard, J., and Cillard, P. (1984) Autoxidation of 
Linoleic Acid and Behavior of Its Hydroperoxides With and 
Without Tocopherols, J. Am. Oil Chem. Soc. 61, 1466-1469. 

10. Schieberle, P., and Grosch, W. (1981) Decomposition of 
Linoleic Acid Hydroperoxides II. Breakdown of Methyl 13-Hy- 
droperoxy-cis-9-trans-I 1-octadecadienoate by Radicals and 
Copper II Ions, Z. Lebensm. Unters. Forsch. 173, 192-198. 

11. Schieberle, P., Tsoukalas, B., and Grosch, W. (1979) Decompo- 
sition of Linoleic Acid Hydroperoxides by Radicals I. Structures 
of Products of Methyl 13-Hydroperoxy-cis, trans-9,11-Oc- 
tadecadienoate, Z. Lebensm. Unters. Forsch. 168, 448-456. 

12. Gardner, H.W., Kleiman, R., and Weisleder, D. (1974) Ho- 
molytic Decomposition of Linoleic Acid Hydroperoxide: Iden- 
tification of Fatty Acid Products, Lipids 9, 696-706. 

13. Hamberg, M. (1975) Decomposition of Unsaturated Fatty Acid 
Hydroperoxides by Hemoglobin: Structures of Major Products 
of 13L-Hydroperoxy-9,11-Octadecadien0ic Acid, Lipids 10, 
87-92. 

14. Gardner, H.W. (1975) Decomposition of Linoleic Acid Hy- 
droperoxides. Enzymic Reactions Compared with Nonenzymic, 
J. Agr. Food Chem. 23, 129-136. 

15. Gardner, H.W., Weisleder, D., and Kleiman, R. (1978) Forma- 
tion of trans- 12,13-Epoxy-9-Hydroperoxy-trans- 10-Octade- 
cenoic Acid from 13-L-Hydroperoxy-cis-9,trans- 11-Octadeca- 
dienoic Acid Catalyzed by Either a Soybean Extract or Cys- 
teine-FeC13, Lipids 13, 246-252, 

16. Frankel, E.N., Hu, M.-L., and Tappel, A.L. (1989) Rapid Head- 
space Gas Chromatography of Hexanal as a Measure of Lipid 
Peroxidation in Biological Samples, Lipids 24, 976-981. 

17. Tokita, M., and Morita, M. (1985) Different Rates of Geometric 
Isomers of Linoleate Hydroperoxide in Acid-Catalyzed Decom- 
position, J. Agric. Biol. Chem. 49, 3545-3550. 

18. Fishwick, M.J., and Swoboda, P.A.T. (1977) Measurement of 
Oxidation of Polyunsaturated Fatty Acids by Spectrophotomet- 
ric Assay of Conjugated Derivatives, J. Sci. Food Agric. 28, 
387-393. 

19. Chan, H.W.-S., and Levett, G. (1977) Autoxidation of Methyl 
Linoleate. Separation and Analysis of Isomeric Mixtures of 
Methyl Linoleate Hydroperoxides and Methyl Hydroxyli- 
noleates, Lipids 12, 99-104. 

20. Terao, J., and Matsushita, S. (1975) Further Oxygenated Com- 
pounds Produced from Methyl Linoleate Monohydroperoxides 
at the Process of Autoxidation, Agr. Biol. Chem. 39, 2027-2033. 

21. Frankel, E.N., Neff, W.E., Selke, E., and Brooks, D.D. (1987) 
Thermal and Metal-Catalyzed Decomposition of Methyl Linole- 
nate Hydroperoxides, Lipids 22, 322-327. 

22. Chan, H.W.-S. (1987) The Mechanism of Autoxidation, in Au- 
toxidation of  Unsaturated Lipids (Chan, H.W.-S., ed.) pp. 1-16, 
Academic Press, London. 

23. Chan, H.W.-S., Levett, G, and Matthew, J.A. (1979) The Mech- 
anism of Rearrangement of Linoleate Hydroperoxides, Chem. 
Phys. Lipids 24, 245-256. 

24. Bell, E.R., Raley, J.M., Rust, F.F., Seubold, F.H., and Vaughan, 
W.E. (1953) Reactions of Free Radicals Associated with Low 
Temperature Oxidation of Paraffins, Faraday Soc. Disc. 10, 
242-249. 

25. Gardner, H.W. (1989) Oxygen Radical Chemistry of Polyunsat- 
urated Fatty Acids, Free Radic. Biol. Med. 7, 65-86. 

26. Gardner, H.W. (1987) Reactions of Hydroperoxides--Products 
of High Molecular Weight, in Autoxidation of  Unsaturated 
Lipids (Chan, H.W.-S., ed.) pp. 51-93, Academic Press, Lon- 
don. 

27. Von Uhl, J.C., and Eichner, K. (1990) The Effect of Natural An- 
tioxidants on the Stability of Methyl Linoleate in Model Sys- 

Lipids, Vol. 31, no. 4 (1996) 



DECOMPOSITION OF METHYL LINOLEATE HYDROPEROXlDES 365 

tems (in German, abstract in English), Fat Sci. Technol. 92, 
355-361. 

28. Porter, N.A., Lehman, L.S., Weber, B.A., and Smith, K.J. (1981) 
Unified Mechanism for Polyunsaturated Fatty Acid Autoxida- 
tion. Competition of Peroxy Radical Hydrogen Atom Abstrac- 
tion, I]-Scission, and Cyclization, J. Am. Chem. Soc. 103, 
6447-6455. 

29. Frankel, E.N., Neff, W.E., Rohwedder, W.K., Khambay, B.P.S., 
Garwood, R.F., and Weedon, B.C.L. (1977) Analysis of Autox- 
idized Fats by Gas Chromatography-Mass Spectrometry: II. 
Methyl Linoleate, Lipids 12, 908-913. 

30. Russell, G.A. (1957) Deuterium-Isotope Effects in the Autoxi- 
dation of Aralkyl Hydrocarbons. Mechanism of the Interaction 
of Peroxy Radicals, J. Am. Chem. Soc. 79, 3871-3877. 

31. Kaneko, T., and Matsuo, M. (1985) The Radical-Scavenging 
Reactions of a Vitamin E Model Compound: 2,2,5,7,8-Pen- 
tamethylchroman-6-ol, with Radicals from the Fe(II)-Induced 
Decomposition of Linoleic Acid Hydroperoxide, (9Z, 11E)- 13- 
Hydroperoxy-9,11-octadecadienoic Acid, Chem. Pharm. Bull. 
33, 1899-1905. 

32. Yamauchi Y., Yamamoto, N., and Kato, K. (1995) Iron- 
Catalyzed Reaction Products of c~-Tocopherol with Methyl 
13(S)-Hydroperoxy-9(Z),l l(E)-Octadecadienoate, Lipids 30, 
395--404. 

[Received September 14, 1995, and in final revised form February 5, 1996; 
Revision accepted February 7, 1996] 

Lipids, Vol. 31, no. 4 (1996) 


