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ABSTRACT

Hydrocarbon gases have been used pre-
viously as an index of lipid peroxidation
in vivo and in vitro. In vitro experiments
are reported on the formation of hydro-
carbon gases from peroxidizing «w-3 and
w-6 fatty acids. Hydrocarbon gases were
not released during a 20-hr peroxidation
phase but were released following the
decomposition of hydroperoxides by
addition of excess ascorbic acid. The
major hydrocarbon gas products in iron,
copper, or hematin catalyzed peroxi-
dation systems were ethane or ethylene
from linolenic acid, and pentane from
linoleic acid and arachidonic acid, Calcu-
lations of the ratios of hydrocarbon gases
formed were based on fatty acid decrease
and/or change in diene conjugation and
peroxide values. Depending on the fatty
acid, catalyst, and calculation basis used,
pentane formation was as high as 1.3 mol
%, ethane 4.3 mol %, and ethylene 10.6
mol %.

INTRODUCTION

There are a number of methods used for the
measurement of lipid peroxidation in vivo and
in vitro; e.g., determination of peroxide value,
diene conjugation, malonaldehyde and fluores-
cent products. Since the appearance of hydro-
carbon gases during the autoxidation of fats
was first noted (1), several papers have de-
scribed the measurement of these products to
follow lipid peroxidation. Saturated hydro-
carbon gases were shown to arise early during
autoxidation of soybean oil and methyl linole-
ate (2,3). Pentane was the predominant short
chain hydrocarbon gas product noted to arise
through thermal decomposition of lipoxidase
derived products of linoleic acid (4), and several
low molecular weight hydrocarbon gases were
found in oxidized butterfat (5). Correlations of
flavor scores and pentane formation were used
to determine rancidity of oils (6-8). In dehy-
drated food systems, oxidation processes were
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measured by thermal release of hydrocarbons,
and several predicted hydrocarbon gases were
found (9).

Plaa and Witschi (10) concluded that the
concept of lipid peroxidation in vivo is one of
the important concepts of current experimental
pathology and toxicology, in spite of the fact
that some of the most convincing evidence for
the role of lipid peroxidation is indirect and
that many conclusions have been drawn by
inference. Most conclusions have been based on
the finding of increased malonaldehyde levels in
tissues (11) and on the presence of fluorescent
products that arise in part by malonaldehyde
reaction with other biological compounds (12),
Ethylene formation was shown to be coupled
with the peroxidation of lipids in rat liver
microsomes in a cuprous-generating system
(13). It was suggested (14) that “‘activated”
linolenic acid was the possible source of ethyl-
ene. Ethane production was shown to be char-
acteristic of lipid peroxidation in vivo (15-17).
Recently, pentane was shown to be an even
more sensitive index of lipid peroxidation in
rats fed a vitamin E-deficient diet (18) and
additionally stressed by exposure to ozone
(19).

Earlier studies (18,19) showed that the
measurement of hydrocarbon gases is advan-
tageous in that it is a nondestructive method
that is applicable to experiments in vivo and
that it is an easy and direct measurement of
lipid peroxidation products. It was the purpose
of this study to quantitate the hydrocarbon
gases produced from iron and copper catalyzed
decomposition of hydroperoxides.

EXPERIMENTAL PROCEDURES
Materials

Methyl linoleate and methyl arachidonate
were obtained from The Hormel Institute,
Austin, MN, and methyl linolenate from
Analabs, North Haven, CT; all were >>99% pure
and were used without further purification.
Hydroperoxides of the three fatty acid methyl
esters were prepared by the procedure of
O’Brien (20). The peroxidation time was 4-7
days. The last purification step by preparative
thin layer chromatography was omitted.
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Peroxidation of Fatty Acid Methy! Esters and
Decomposition of Hydroparoxides

Erlenmeyer flasks (25 ml) with rubber
stoppers were used as reaction vessels. The 3-ml
reaction mixture contained: 0.2 ml of 170-180
mM methyl linoleate, methyl linolenate, or
methyl arachidonate in methanol that con-
tained methyl pentadecanoate as an internal
standard; 0.2 ml of 10 mM FeClj, CuSO4 or
hematin; 0.2 ml of 20 mM ascorbic acid; and
2.4 ml of 0.1 M potassium phosphate buffer,
pH 7.0, in 1% Brij 35. After incubation with
shaking at 37 C for 20 hr, an additional 0.2 ml
of 360 mM ascorbic acid was added to reduce
the cations that mediate decomposition of
hydroperoxides. The blanks contained meth-
anol without fatty acids. Samples of 0.25 ml
were removed prior to incubation, after 20 hr
and 20 min following the addition of the sec-
ond aliquot of ascorbic acid. The samples were
immediately added to 1.25 ml of butanol and
stored at -20 C for subsequent analysis of fatty
acids, diene conjugation, and peroxide value.
Parallel headspace gas samples taken with a gas-
tight syringe were analyzed immediately via gas
chromatography.

Decomposition of Preformed Hydroperoxides

A 0.2-ml sample that contained a known
concentration (60-100 mM) of the different
fatty acid methyl ester hydroperoxides in meth-
anol was mixed with 2.4 ml 0.1 M potassium
phosphate buffer, pH 7.0, 0.2 ml of 10 mM
FeCl3, CuSOy4, or hematin, and 0.2 ml of 360
mM ascorbic acid added via a syringe through
the rubber stopper. Headspace gases were anal-
yzed before and after addition of catalyst and
ascorbic acid.

Analytical Methods

Fatty acid methyl esters were measured in a
Packard model 427 gas chromatograph equip-
ped with a flame ionization detector and a glass
column (6 ft x 2 mm) packed with 3% OV-1 on
80/100 Supeicoport. A nitrogen carrier gas flow
rate of 20 ml/min was used. The injector and
detector temperatures were 260 C and 300 C,
respectively. The column temperature was pro-
grammed as follows: 190 C for 1 min, followed
by a 39 C rise/min to a temperature of 240 C,
which was held for 1 min. The fatty acid
methyl esters were quantitated on a basis of the
methyl pentadecanoate internal standard.

Conjugated diene measurements of peroxi-
dized fatty acids were made after dilution of
the samples in hexane. Further dilution of the
samples was required to avoid interference by
ascorbic acid. The conjugated dienes of pre-
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formed hydroperoxides were determined on a
methanolic solution. Calculations were based
on an extinction coefficient of €33, = 25000
M-1cm-1 (21).

Fatty acid hydroperoxides were determined
by a photometric method (22). Sample aliquots
of 0.5 ml were added to 6 ml chloroform-acetic
acid (1:2) at 37 C and were constantly deaer-
ated by bubbling a stream of nitrogen through
the solution. A 0.1-ml aliquot of half-saturated
KI solution was added. After 10 min, the vol-
ume was adjusted to 10 ml with methanol and
mixed well. Following dilution of the sample
1:10 with methanol, the absorption was mea-
sured immediately at 370 nm. The conversion
factor used for calculation of the peroxide
content was verified by comparison with the
results of an enzymatic measurement of linoleic
acid hydroperoxide (23). One microequivalent
of iodine, equal to 1 microequivalent of per-
oxide, gave an absorption of 0.385.

For hydrocarbon gas analysis, a Varian-
Aerograph model 1520 gas chromatograph with
a flame ionization detector was used. A stain-
less steel column (1/8 in. x 5 ft) filled with
activated alumina (80-100 mesh) was used with
a nitrogen carrier gas flow rate of 25 ml/min.
The injector temperature was 165 C, and the
detector temperautre was 265 C. The column
temperature was programmed at 70 C for 1 min
followed by a 30 C rise/min to 250 C. The total
program was for 8 min. Headspace gas samples
of 0.25-0.5 mi were injected, and the relative
peak areas of the hydrocarbon gases were calk
culated from pentane and ethane standards
(Matheson Gas Products, Newark, CA). A
mixed gas standard (C1 to C6, 15-20 ppm,
Scott Environmental Technology, Inc.,
Plumsteadville, PA) was used to quantitate the
other hydrocarbon gases.

RESULTS

Hydrocarbon Gas Formation after Peroxidation of
Fatty Acid Methy! Esters and after Decomposition
of Hydroperoxides

Peroxidation of methyl linoleate, methy!
linolenate, and methyl arachidonate was cata-
lyzed with iron, copper, or hematin, Using the
decrease in fatty acid as a measure of peroxi-
dation, the data presented in Table I show that
hematin was the most effective catalyst for
methyl linoleate and that copper was most
effective as a catalyst for peroxidation of
methyl linolenate and methyl arachidonate.
The overall decrease of fatty acids varied from
53 to 98% in 20 hr.

Diene conjugation and peroxide values in the
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TABLE I

Fatty Acid Decrease and Products of Iron, Copper, and Hematin Catalyzed Peroxidation of
Methyl Linoleate, Linolenate, and Arachidonate?

Fatty acid decrease Diene conjugation Peroxide value Ethane

Major hydrocarbon
gas

Pentane

Fatty acid methyl ester Catalyst (umoles) (umoles) (umoles) (nmoles) (nmoles)
Linoleate Fe 23.3 12.6 16.5 121.7
Cu 17.6 i1.4 11.7 105.2
Hematin 25.4 6.4 4.2 5.0
Linolenate Fe 19.2 7.2 10.4 210.9
Cu 27.5 7.0 9.1 301.6
Hematin 20.9 2.2 6.6 3.2
Arachidonate Fe 22.9 8.0 11.0 91.2
Cu 35.7 5.7 5.8 19.2
Hematin 23.6 4.8 2.0 1.9
Hematin 27.4 4.1 3.0 9.3

3The reaction mixtures, containing 35-36 umoles of fatty acid, and conditions are described in Experimental
Procedures. Fatty acids, diene conjugation, and peroxide values were measured prior to decomposition and
hydrocarbon gases following decomposition of hydroperoxides initiated by excess ascorbic acid. Each value is
the average of data obtained from five different reaction mixtures.

bExcess ascorbic acid was added at the beginning of the incubation period.

TABLE I

Ethane and Pentane Evolved Following Peroxidation of Methyl Linoleate, Linolenate, and Arachidonate?

Major hydrocarbon gas relative to:

Major hydrocarbon Fatty acid decrease Diene conjugation Peroxide value

Fatty acid methyl ester Catalyst gas (mol %) (mol %) (mol %)
Linoleate Fe Pentane 0.5 1.0 0.7
Cu Pentane 0.6 0.9 0.9
Hematin Pentane <0.1 0.1 0.1
Linolenate Fe Ethane 1.1 2.9 2.0
Cu Ethane 1.1 4.3 3.3
Hematin Ethane <0.1 0.1 <0.1
Arachidonate Fe Pentane 0.4 1.1 0.8
Cu Pentane 0.1 0.3 0.3
Hematin Pentane <0.1 <0.1 0.1
Hematin Pentane <0.1 0.2 0.3

AThe reaction mixtures are described in Experimental Procedures. Except where indicated, hydrocarbon gases
were measured in headspace gases following 20 hr of incubation and addition of excess ascorbic acid.

iron and copper catalyzed systems show that
hydroperoxides are the major products after 20
hr of peroxidation. The larger decreases in fatty
acid compared with increases in diene conjuga-
tion and peroxides indicate that some decom-
position of the hydroperoxides occurred during
the 20 hr incubation. The extent of decom-
position was greater in the fatty acids with the
greatest degree of unsaturation, indicating that
the hydroperoxides with less unsaturation were
more stable, In the hematin catalyzed systems,
diene conjugation and peroxide values were
much lower than in the iron and copper cata-
lyzed systems even though the decreases in
fatty acids were in a similar range,

During the 20 hr of incubation to peroxidize
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the fatty acids, the production of hydrocarbon
gases was negligible, The hydrocarbon gases
analyzed were methane, ethane, ethylene, pro-
pane, butane, pentane, and hexane, However,
the methane peak could not be quantitated
because it was too close to the air pressure peak
following sample injection. By estimation,
methane was noted to be in the range of other
minor hydrocarbon gases. Hexane was not
detected in the samples because it was either
not released or not volatile enough at 37 C. The
amounts of hydrocarbon gases shown in Table I
are those measured after the addition of excess
ascorbic acid which resulted in rapid evolution
of the gases. Since it is known that hydroper-
oxide decomposition by Fe3* or Cu2+t is
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TABLE 111

Minor Hydrocarbon Gases Evolved Following Peroxidation of

Methyl Linoleate, Linolenate, and Arachidonate?
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Major hydrocarbon Butane Propane Ethylene Ethane
Fatty acid methyl ester Catalyst gas (mol %) (mol %) (mol %) (mol %)
Linoleate Fe Pentane 16.3 6.4 <1.0 5.0
Cu Pentane i4.5 2.4 <1.0 2.1
Linolenate Fe Ethane 0 <1.0
Cu Ethane 0 0 46.3
Arachidonate Fe Pentane 13.5 1.7 <1.0 5.2
Cu Pentane 27.6 8.4 7.2 15.9

2The reaction mixtures are described in Experimental Procedures. Hydrocarbon gases were measureg fol-
lowing addition of excess ascorbic acid after 20 hr of incubation. Calculations of mol % are expressed relative to
the major hydrocarbon gas evolved.

TABLE IV

Hydrocarbon Gases Evolved During Iron, Copper, and Hematin Catalyzed Decomposition
of Preformed Hydroperoxides of Methyl Linoleate, Linolenate, and Arachidonated

Fatty acid methyl ester

Major hydrocarbon gas relative to:

Major hydrocarbon

Diene conjugation

Peroxide value

hydroperoxide Catalyst gas (mol %) (mol %)
Linoleate Fe Pentane 1.3 1.3
Cu Pentane 0.7 0.6
Hematin Pentane 0.3 0.3
Linolenate Fe Ethane 3.0 2.3
Cu Ethylene 10.6 8.3
Hematin Ethane 0.4 0.3
Arachidonate Fe Pentane 0.9 0.7
Cu Pentane 0.5 0.4
Hematin Pentane 0.3 0.2

aThe reaction system for decomposition of preformed hydroperoxides is described in Experimental Proce-
dures. Data shown represent the average of values obtained for analysis of three separate reaction systems.

markedly stimulated by a hydrogen donor like
ascorbic acid (20), it is assumed that the forma-
tion of hydrocarbon gases occurs during the
decomposition of hydroperoxides only. The
amount of hydrocarbon gases formed in the
hematin catalyzed reactions was much smaller
than that formed in the iron and copper cata-
lyzed systems. As shown in Table I, the amount
of pentane formed from methyl arachidonate in
the hematin catalyzed system was greater when
higher amounts of ascorbic acid were added at
the beginning of the peroxidation. In this sys-
tem, pentane was measured at intervals during
the 20-hr incubation and was found to be
evolved .continucusly. The increased formation
of pentane was probably dependent upon
maintenance of the reduced state of the iron in
the hematin,

The major hydrocarbon gases formed were
ethane from methy! linolenate and pentane
from methyl linoleate and methyl arachidonate,
The ratios of these gases formed following
decomposition of the hydroperoxides are

shown in Table II. Depending on the fatty acid,
catalyst, and caiculation basis, pentane forma-
tion was as high as 1.1 mol % and ethane, 4.3
mol %. Since hydroperoxides are not the only
peroxidation products, as shown in Table I, the
ratios of hydrocarbon gases produced based on
the decrease of fatty acid were always smaller
than those based on diene conjugation or per-
oxide value,

The amounts of other low molecular weight
hydrocarbon gases that were detected, relative
to the major hydrocarbon gas products, are
shown in Table III. In the copper catalyzed
methyl linolenate systems, about 46% as much
ethylene was detected as ethane, and in the
methyl linoleate and methyl arachidonate sys-
tems, between 13.5 and 27.6% as much butane
as pentane was produced. Other hydrocarbon
gases were only of minor importance. Measure-
ment of the peroxidation reaction by following
the decrease in fatty acid showed that continu-
ation of peroxidation during the decomposition
of hydroperoxides by excess ascorbic acid for
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20 min was negligible. Small amounts of ethane
and ethylene formed by decomposition of Brij
35, a polyethylene ether of laury! alcohol, were
corrected for by the use of appropriate blanks.

Hydrocarbon Gas Formation Following
Decomposition of Preformed Hydroperoxides
of Fatty Acid Methyl Esters

After it was found that hydrocarbon gases
were formed only during the decomposition of
the fatty acid hydroperoxides, similar assays
were done with known amounts of preformed
hydroperoxides, Table IV shows that with one
exception the ratios of hydrocarbon gases in
the total system are similar to those shown in
Table II. The ratio of ethane:ethylene formed
in the copper catalyzed methyl linolenate
hydroperoxide decomposition systems was 2:1
in the total peroxidizing system and 1:12 in the
preformed hydroperoxide system,

DISCUSSION

This investigation of the use of the low
molecular weight hydrocarbon gases as indices
of lipid.peroxidation was initiated following the
reports that ethane production in vivo was
related to treatment of mice with carbon tetra-
chloride (15), and that measurement of ethane
and pentane was used to show protection by
vitamin E against lipid peroxidation in rats
(18). Further literature references show that
many volatile compounds have been measured
from peroxidizing food systems, Pentane
evolved from peroxides during their decompo-
sition has been correlated with sensory tests for
rancidity (6-8), and it also has been measured as
a decomposition product of 13-hydroperoxy-
octadeca-9,1 1-dienoic acid, a lipoxidase oxi-
dized product from linoleic acid (4,24). In
dehydrated food systems where oxidation was
measured by thermal release of hydrocarbons,
the following gas products were found: ethane
from linolenic acid; octane from oleic acid;
pentane from linoleic acid; pentane and butane
from myristoleic acid; and heptene and hexane
from vaccenic acid (9).

This report shows that the hydrocarbon
gases are evolved only during the
decomposition of fatty acid hydroperoxides
and not during the peroxidation phase. The
major hydrocarbon gas products are pentane,
which arises from w-6 fatty acids, and ethane
or ethylene, which arise from -3 fatty acids.

The general route for formation of ethane
and pentane from free radical products of
hydroperoxide decomposition has been visual-
ized by Evans et al. (4). The main reaction of

LIPIDS, VOL. 12, NO. 11

E.E. DUMELIN AND A.L. TAPPEL

Bscission is well-known for oxy radicals from
decomposing peroxides (25-27). f-Scission is
the production of a stable molecule by unpair-
ing of the electrons in the bond which is §§ to
the free radical. The most likely precursor for
pentane formation is an alkoxy radical that
undergoes B-scission very readily. Cleavage of an
w-6 fatty acid chain on the side of the peroxy
group closest to the methyl end results in the
formation of a pentane free radical as shown in
reaction (I). Hydrogen abstraction by the re-
sulting free radical forms pentane.

CH3-(CH»5) 3-CH2-|CH ~CH=CH-R -

(o]
. H\
CH3-(CH3)3-CHp + //C-CH=CH-R
O

o]

CH3-(CH2)3-CH3 ()]

This study demonstrates that pathway (I) is
even more likely once the route of tramsition
metal-catalyzed decomposition of hydroper-
oxides is considered:

ROCH + M*th — RO+ +OH- + M*r+! an

ROOH + M*0*1 — ROO- + H* + Mt (1ID)

In their lower but not in their higher oxidation
states, the iron and copper catalysts used in
these experiments are effective reducers of
ROOH (28). Iron, hematin, and copper are the
metals that decompose hydroperoxides and are
present in higher concentrations in vivo when
compared to other heavy metals, Therefore, it
can be assumed that alkoxy radicals are major
decomposition intermediates that eventually
lead to release of pentane or ethane by 5
scission,

The amount of hydrocarbon gases formed in
the hematin catalyzed reactions was much smal-
ler than that formed in the iron and copper
catalyzed systems, This was probably depen-
dent upon the fact that the reduced state of
iron in hematin is harder to achieve than it is in
free iron ions. Hematin is known to be a very
effective inducer of lipid peroxidation, and
contrary to free ions, it is a potent decomposer
of hydroperoxides (20,29). For these reasons, it
is assumed that the decomposition reaction
mainly follows route (I11).

It would be interesting to account for the
origin of the minor hydrocarbons, butane,
propane, ethane, and ethylene, that derive from
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the w6 fatty acid hydroperoxides. Considering
that f(-scission is a predominant route of
scission reactions (25-27), the origin of these
minor hydrocarbons might be visualized as fol-
lows, §-Scission of the 13-hydroperoxyl radical
(ITII) would yield the 13-alkyl radical, and §
scission of this radical would yield butane radi-
cal. A f-scission of butane radical gives ethylene
and ethane radical. In a similar manner, 3
scission of pentane radical of (I) would give
ethylene and propane radical, Hydrogen ab-
straction by these alkyl radicals gives the al-
kanes, butane, ethane, and propane.

It is assumed that the general decomposition
mechanism in the w-3 fatty acid systems also
follows reaction (I), but gives rise to ethane.
Copper is known to react with alkyl radicals to
give the corresponding a alkene (25). This reac-
tion (IV) can account for the formation of
ethylene.

CaHse + Cutt — CHp=CH, + HY +Cut  (1V)

Ethylene was produced in larger amounts from
preformed hydroperoxides, but the conditions
favoring results of this are not apparent.

Only a qualitative statement about the rela-
tionships among conjugated dienes, peroxide
values, and hydrocarbon gases can be given,
Hydrocarbon gases can be produced upon the
addition of ascorbic acid only after the appear-
ance of conjugated dienes and peroxides, and
they are not detectable when conjugated dienes
and peroxides are negligible. Earlier studies by
Jarvi et al. (7) showed a close correlation
between peroxide values and pentane released
after thermal decomposition of soybean oil
hydroperoxides.

The calculated molar ratios show that hydro-
carbon gases are only minor lipid peroxidation
products compared to those obtained in studies
by Chan et al. (30), where on a molar basis a
67-80% vyield of volatile cleavage products of
thermally decomposed methyl linoleate hydro-
peroxide was found in the form of hexanal,
methyl octanoate, 2,4-decadienals, and methyl
9-oxononanoate. A major usefulness of the
molar ratios determined is that they can be
applied to measurements of pentane and ethane
produced during lipid peroxidation in vivo.
These ratios allow a calculation of the approxi-
mate amounts of fatty acid hydroperoxides
formed and decomposed in vivo. The advan-
tages of the measurement of hydrocarbon gases
as products of lipid peroxidation are that they
are volatile at ambient temperature, that they
are stable and chemically inert, and that they
are easily detectable in minimal amounts both
in vivo and in vitro,

899
ACKNOWLEDGMENTS

This research was supported by research grant
AM-09933 from the National Institute of Arthritis,
Metabolism and Digestive Diseases; grant 2 P01 ES
00628-05A1 from the National Institute of Environ-
mental Health Sciences, Department of Health, Educa-
tion and Welfare, and the Environmental Protection
Agency; and by the National Live Stock and Meat
Board.

REFERENCES

1. Evans, C.D., Proc. Flavor Chem. Symp., Campbell
Soup Company, 1961, p. 123,

2. Frankel, E.N,, J. Nowakowska, and C.D. Evans,
JAOCS 38:161 (1961),

3. Horvat, R.J.,, W.G. Lane, H.Ng,
Shepherd, Nature 203:523 (1964).

4, Evans, C.D., G.R. List, A. Dolev, D.G. McConnell,
and R.I. Hoffmann, Lipids 2:432 (1967).

5. Forss, D.A., P. Angelini, M.L. Bazinet, and C.
Meritt, Jr., JAOCS 44:141 (1967).

6. Evans, C.D., G.R. List, R.L. Hoffmann, and H. A,
Moser, Ibid. 46:501 (1969).

7. Jarvi, P.K., G.D. Lee, D.R. Erickson, and E.A.
Butkus, Ibid. 48:121 (1971).

8. Warner, K., C.D. Evans, G.R. List, B.K. Boundy,
and W, F. Kwolek, J. Food Sci. 39:761 (1974).

9. Arnaud, M., and J.J. Wuhrmann, in ‘“Work Docu-

ments, Topic 1b: Chemistry and Biochemistry of

Food Deterioration,” IV International Congress

of Food Science and Technology, Madrid, Sep-

tember 23-27, 1974, p. 1.

Plaa, G.L., and H. Witschi, Ann. Rev. Pharm.

16:125 (1976).

and A.D.

10.

11. Chow, C.K,, and A.L. Tappel, Lipids 7:578
(1972).
12. Tappel, A.L., in ‘‘Pathobiology of Cell Mem-

branes,”” Vol. 1, Edited by B.F. Trump and A.U.
Arstila, Academic Press, New York, NY, 1975, p.

145.

13, Lieberman, M., and P. Hochstein, Science
152:213 (1966).

14. Lieberman, M., and L.W. Mapson, Nature

204:343 (1964).

Riely, C.A., G. Cohen, and M. Lieberman, Science
183:208 (1974).

Hafeman, D.G., and W.G. Hoekstra, J. Nutr.
107:656 (1977).

Hafeman, D.G., and W.G. Hoekstra, 1bid. 107:666
1977).

Dillard, C.J., E.E. Dumelin, and A.L. Tappel,
Lipids 12:109 (1977).

Dumelin, E.E., C.J. Dillard, and A.L. Tappel,
Arch. Environ. Health (In press).

20. O’Brien, P.J., Can. J. Biochem. 47:485 (1969).
21. Frankel, E.N., in “Symposium on Foods: Lipids
and Their Oxidation,”” Edited by H.W. Schultz,
E.A. Day, and R.O. Sinnhuber, AVI Publishing
Co., Westport, CT, 1962, p. 51.

Bunyan, J., E.A. Murrell, J. Green, and A.T.
Diplock, Br, J. Nutr. 21:475 (1967).

Heath, R.L., and A.L. Tappel, Anal. Biochem.
76:184 (1976).

Sanders, T.H., H.E. Pattee, and J.A. Singleton,
Lipids 10:568 (1975).

Sosnovsky, G., and D.J. Rawlinson, in “Organic
Peroxides,” Vol. II, Edited by D. Swern, J. Wiley

& Sons, New York, NY, 1971, pp. 159-172.
26. Huyser, E.S., “Free-Radical Chain Reactions,” J.

15.
t6.
17.
18.

19.

22

23

24,

25

LIPIDS, VOL. 12, NO. 11



900 E.E. DUMELIN AND A,L. TAPPEL

Wiley & Sons, New York, NY 1970, pp. 225-229. (1953).

27. Pryor, W.A., “Free Radicals in Biology,” Vol. I, 30. Chan, H.W.S.,, F.A.A. Prescott, and P.A.T.
Academic Press, New York, NY, 1976, pp. 35-36. Swoboda, JAOCS 53:572 (1976).

28. Hiatt, R.R., CRC Crit. Rev. Food Sci. 7:1 (1975). N

29. Tappel, A.L., Arch. Biochem. Biophys. 44:378 [Received May 14, 1977]

LIPIDS, VOL. 12, NO. 11



