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Biochemical Importance of Lipid Peroxidest

V.Karnojitzky

The review deals with the peroxides of unsaturated lipids; the process involving their forma.tion is described ar.td the cata-
lytic action of lipoxidase and haematin compounds is illustrated. The modifying effects of various metals and their chelate
complexes are discussed. The mechanism of their decomposition with formation of carbonyl, hydroxy-, epoxy-, and poly-

meric compounds is described.

The effect of these peroxides on haematin compounds protein thiols, enzymes, and vitamins of various types has l:feen in_vesti-
gated. Various pathological changes induced by the introduction of polyunsaturated lipids and the toxicity of various oils
and fats in food after heating in air have been examined. A study has been made of the damage caused by the formation of
unsaturated lipid peroxides in various parts of the living cell, such as mitochondria, microsomes, lysosomes, and nuclei and

of the toxicity of various types of lipid peroxides injected into living organisms, The appearance of lipid peroxides during
photosynthesis and their involvement in the formation of cutin are described.

The bibliography includes 359 references.
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I. INTRODUCTION

An earlier paper by the present author and Viel dealt
with the biochemical role of organic peroxides and their
synthesis® and a paper by Latarjet > was concerned with
their radiobiology. This review is devoted exclusively to
lipid peroxides and covers publications up to 1970, the
majority of which appeared in print after 1965. Thus,
apart from the results of quite recent studies, the review
considers certain questions relating to the effect of lipid
peroxides on various types of enzymes and vitamins, their
role in the breakdown of certain parts of the cell, and the
inhibiting effect of vitamin E in the formation of lipid
peroxides ¢n vivo, i.e. problems which were only touched
upon or not discussed at all in earlier publications.

It is noteworthy that the biochemistry of lipid peroxides
constitutes a fairly well ordered and homogeneous field.
The mechanisms of their formation and decomposition are
known and many of the decomposition products have been
identified. There is fairly accurate information concern-
ing the effect of peroxides on haematin compounds, pro-
tein thiols, and various enzymes and vitamins, about the
inhibiting effect of vitamin E and the changes occurring as
a result of the formation of lipid peroxides in vivo, and
also about the toxicity of various oxidised oils and fats in
food. In view of all the above considerations, the author
thought it necessary to write the present review dealing
with lipid peroxides.

T The review was written originally in French
specially for the journal “Uspekhi Khimii” and was
translated into Russian by T. V. Chernysheva. This
is an English translation of the Russian version.
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Lipid peroxides are formed as a result of the autoxida-
tion of mono- and poly-unsaturated aliphatic acids which
are present in the form of triglycerides in plant oils and
animal fats. These acids can also exist in the form of
phospholipids and sterol esters in various animal tissues.
They are mainly oleic, linoleic, linolenic, and arachidonic
acids containing respectively one, two, three, and four
double bonds. Oleic acid is very common in both plants
and animals and linoleic acid is particularly prevalent in
plants. Linolenic acid is encountered much more rarely
than the other acids but nevertheless its content is excep-
tionally high in linseed oil (50%) and in horse fat (16%).
Arachidonic acid is present almost exclusively in animals,
in which it is synthesised from linoleic acid introduced with
food products. Apart from the acids enumerated above,
tetra-, penta-, and hexa-enoic acids are present in animal
tissues. Considerable amounts of a Czo acid with five
double bonds and a C:: acid with six double bonds are
present in cod liver oilf.

At an elevated temperature and for higher degrees of
unsaturation, the induction period in the autoxidation reac-
tion becomes shorter and the rate of reaction increases.
The mechanism of the autoxidation of unsaturated fatty acid
derivatives has been described by Bolland ® and Farmer *°
and has been discussed in detail in a number of other
publications ®~°,

t Henceforth unsaturated acids will be designated by
symbols such as 20:5 for the Czo acid with five double
bonds, 22:6 for the Cz: acids with six double bonds, etc.
(Editor of Russian translation).
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The first step is the abstraction of a hydrogen atom
from the methylene group in the a -position relative to the
double bond of the unsaturated compound:

H
R’—(IZ——CH:CH—(CHZ)H——«CO——OR' (R’ = saturated or unsaturated
| hydrocarbon group).
H

The R’ —CH—CH=CH—(CHp)n—CO-OR” radical formed
in this way reacts with molecular oxygen, giving rise to the
peroxy-radical RO—O' [R=R’'—~CH-CH=CH—(CH,)n—-CO—
CR”] which abstracts a hydrogen atom linked to the
methylene carbon atom in the @ -position of another lipid
chain with formation of an o -methylene hydroperoxide and
a radical R":

RO—O'-+HR — ROCH 4R’ .

The hydroperoxide in its turn decomposes into the radicals
RO’ and HO’ which initiate new reaction chains.

The formation of the hydroperoxide is accompanied by
the migration of the double bonds which are conjugated in
polyunsaturated systems:

R’—CH—CH=CH—CH==CH— (caz),,—ﬁ-ow
d—on

In the initial stages it may be accompanied by the forma-
tion of more complex derivatives of the hydroperoxide—
peroxide type:

R'-~CH—CH—CH=CH—CH— (CH,),—C—OR"

! N 7 I

0—OH 0. J.

It is interesting to note that such structures were pre-
viously proposed for polyisoprene °~*® and squalene *'
peroxides. Thus the term “lipid peroxides” refers to a
mixture of several hydroperoxides (with a large number of
conjugated double bonds), glycerides, phospholipids, and
sterol esters of several unsaturated fatty acids incorporat-
ing in all probability peroxy-compounds of the hydroper-
oxide —peroxide type.

There are two main types of effective catalysts of the
autoxidation of unsaturated lipids: lipidoxidase, which is
highly specific for the determination of configurations,
and haematin compounds-—non-specific catalysts active in
relation to many compounds undergoing autoxidation which
are not unsaturated lipids. The speed of their action may
be greatly altered in the presence of certain metals and
their chelate complexes.

O. LIPOXIDASE

Lipoxidase is absent from animal tissues '***° but does
occur in plants, particularly in Leguminosae (soya, peas,
beans, wheat, groundnuts, clover, vetch, alfalfa, kidney
beans, etc.). It has also been detected in radishes and in
potatoes. According to quite recent studies, the wheat
and pea lipoxidases ®* as well as the soya lipoxidase *
contain several coenzymes. The presence of lipoxidase
in microorganisms is doubtful. In fact Pseudomonas
fluorescens and Mycobacterium phlei are the only bacteria
which rapidly oxidase unsaturated fatty acids, but this
oxidation is not catalysed by lipoxidase; it has been
detected in the Aspergillus and Rhizopus moulds 2 put the

‘actual oxidation catalyst was not determined exactly.

The preparation of pure lipoxidase from soya flour has
been described in detail *#’*® and a new improved method *

based on the extraction with water of defatted soya flour at
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pH 4.5 and room temperature was used recently. The
enzyme is isolated after successive salting-out with
aqueous ammonium sulphate solutions and subsequent
electrophoresis.

Pure lipoxidase consists of colourless lamellar micro-
crystals with molecular weight ranging from 90000 to
100000, % Since it cannot be inhibited by fluorides,
cyanides, azides, pyrophosphates, and diethyl dithiocar-
bamate prosthetic groups must be absent *®. Similarly
the absence of inhibition by mercury chlorobenzoate
demonstrates the absence of SH groups, which is confirmed
by chemical-determinations =,

The catalytic activity of pure lipoxidase was studied in
an aqueous: 1.5 X 10~2 M solution of sodium linoleate in the
temperature range from 0° to 37°C at different pH.*" The
results of this study showed that the maximum rate of
oxidation occurs at pH 9.4, decreasing slightly at alkaline
pH and diminishing appreciably at acid pH. Thus at pH
6.5 its activity is only one fifth of the activity at pH 9.4.
The initial rate of oxidation at 37°C is higher than at 0°C

"but in the former case it decreases rapidly with time.

Thus after 10 min the content of O: absorbed is identical
for both temperatures, amounting to 0,15 mole mole™,

but after 40 min it is only 0.4 mole mole™ at 37°C and

0.6 mole mole™ at 0°C.

The use of certain crude lipoxidases for the oxidation of
derivatives of polyunsaturated acids at temperatures
between 0° and 37°C has been described *>*%7%,

A comparative study ¥ of the catalytic activities (at
20°C and pH 17) of soya, pea, groundnut, wheat,

Phaseolus mungo, and Phaseolus aurens lipoxidases in the
oxidation of linoleic and arachidonic acids by ammonium
salts showed that none of the lipoxidases have prosthetic
groups, while the Phaseolus mungo and Phaseolus aurens
lipoxidases probably contain SH groups.

It follows from the above findings that lipoxidase is a
highly specific catalyst in the oxidation of unsaturated
lipids. Indeed it catalyses the oxidation of only penta-
1,4-diene compounds —CH=CH—-CH;—CH=CH — with the
cis -configuration of the double bonds (as in natural fatty
acids). It has been found that lipoxidase does not affect
the rate of oxidation of mono- and di-unsaturated conjuga-
ted compounds or pentadiene compounds with the cis -
lrans - or trans -trans -configuration; it should be noted
that the latter behave as inhibitors in oxidation reactions
catalysed by cis -cis -pentadiene compounds. Moreover,
the rate of oxidation of highly unsaturated compounds
catalysed by lipoxidase is independent of the degree of
their unsaturation. Thus the ammonium salts of linoleic,
linolenic, and arachidonic acids are oxidised at the same
rate ™; the same can also be said concerning the esters
of these acids ****, Hence it follows that the catalytic
action of lipoxidase diminishes with increasing degree of
unsaturation of the substrate. The study *® of the autoxi-
dation and the oxidation catalysed by lipoxidase at 13°C of
the ethyl esters of linoleic and linolenic acid showed that
O: is absorbed (mole mole™) over a period ranging from
0.2—0.9 to 50 h in the autoxidation, while in the oxidation
catalysed by lipoxidase it is absorbed over a period
between 0.5 and 50 min for both esters.

A recent study * of the oxidation of soya, linoleic acid,
and its methyl ester catalysed by lipoxidase demonstrated
that O; attacks only the 13-C carbon atom with formation
of a single conjugated hydroperoxide,

HgC—(CH,)¢—CH—CH=CH—CH=CH— (CH,),—C—OH
Il
O—OH o 1
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with the cis -trans - configuration (and not cis -cis), while
in autoxidation and in oxidation catalysed by haematin
compounds the attack is directed simultaneously to 13-C
and 9-C, which leads to a mixture of two conjugated
hydroperoxides:

HyC— (CHo) h—-(?H—-CH:(‘,]-I—CI-L—sCHh (CHy), —C—OH
O0—OH !

and

H;C— (CHy)s —CH=CH—CH=CH—CH— (CHj), —C—OH
I
0—OH o]

formed in equal amounts. - Moreover there is a certain
amount (of the order of 10%) of the non-conjugated
hydroperoxide

H3C—(CHa)¢ — CH=CH~—CH—CH=CH— (CH,), ‘—-ﬁ—OH
0—OH o]

It is noteworthy that the hydroperoxides obtained on
oxidation catalysed by lipoxidase are optically active in
contrast to the hydroperoxides formed on autoxidation.
These results demonstrate the stereospecificity of the
catalytic action of lipoxidase.

The mechanism of the oxidation catalysed by lipoxidase
has been discussed in detail . Probably initially a
transition enzyme—substrate complex is formed and in
the second stage a free radical should be generated at the
o -methylene carbon atom as a result of the capture of
one electron by the lipoxidase protein. In the presence
of molecular oxygens, this free radical should lead to the
classical autoxidation reaction (the mechanism of which is
quoted above).

The inhibiting effect of various phenolic compounds on
the oxidation of a 7 x 10™° M aqueous solution of sodium
linoleate at pH 9 catalysed by soya bean lipoxidase has
been studied ™ at temperatures ranging from —6° to 30°C.,
The degree of inhibition (measured as a percentage
decrease of the rate of absorption of Oz) increases with
temperature. For nordihydroguiaretic acid at a concen-
tration of 10™* M, it amounts to 100% at 30°C and only 32%
at 0°C. At 30° C and the same concentration, the relative
degrees of inhibition for ¢ -tocopherol, hydroquinone,
propyl gallate, and nordihydroguiaretic acid are respec-~
tively 27, 38, 100, and 100% . Nordihydroguiaretic acid
_ (NDGA) also proved to be very active in oxidation reactions
catalysed by various crude lipoxidases, namely the oxida-
tion of the ammonium salts of linoleic and arachidonic
acids (at 20°C and pH 7). The use of propyl gallate,
hydroquinone, and o -tocopherol led to dlfferent results
depending on the nature of the lipoxidase

NDGA, which will be frequently mentloned fromnow on,
is 2,3 -dim ethyl-1,4-bis~(3,4-dihydroxyphenylbutane):

Ho—r W—CH,—CH»—CHA—CHQ_K .
Ho—{ '——OH

NDGA is widely used in the USA as an inhibitor of the
oxidation of many food products at a concentration of the
order of 107 M,

Apart from the studies described above, the catalytic
action of lipoxidase is dealt with in four extensive pub-
lications which also contain important historical
data 8,40-42 5
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III. HAEMATIN COMPOUNDS

Haemoglobin, myoglobin, haemin, and cytochrome c are
the most important biological catalysts of the autoxidation
of unsaturated animal lipids. They are involved in many
physiological in vivo reactions and also in the oxidation of
food products during storage (rancidity).

In contrast to lipoxidase (which catalyses the oxidation
of pentadiene systems with the cis -cis - configuration only),
haematin compounds catalyse the oxidation not only of all
the unsaturated lipids, but also of many aliphatic-aromatic
and alicyclic hydrocarbons*®. However, their catalytic
activity is shown only in a colloidal medium or in an
emulsion but not in a homogeneous system (lipoxidase is
active in both heterogeneous and homogeneous media).
Thus in the oxidation of linoleic acid catalysed by haemin,
the absorption of oxygen ceases on passing from an aque-
ous emulsion to a homogeneous solution (as a result of the
addition of acetic acid, dioxan, or pyridine) and restarts
when the heterogeneous medium is restored by the addition
of water *

The rate of oxidation increases with the degree of
unsaturation of the substrate. Thus in the oxidation of the
methyl esters of oleic, linoleie, and linolenic acids (at a
concentration of 2 X 107 M) in an emulsion at 0°C cata-
lysed by haemin (at a concentration of 2 X 10™° M), the
rates of absorption of oxygen are respectively 1.3 and 6, *°

The rate of oxidation is proportional to the square root
of the concentration of the haematin compound. This was
confirmed for the oxidation of an aqueous emulsmn of 0.1
M ammomum linoleate catalzsed by haemoglobin ¥, cyto-
chrome ¢ ®®, and myoglobin * with the catalyst concentra-
tion varying from 1 x 107 to 7 x 107% M.,

It is very significant that at hlgh conc entrations (ranging
from values of the order of 107> M to 107* M for 1 M sub-
strate) haematin compounds inhibit the oxidation of unsatu-
rated lipids. A study of the oxidation of an aqueous
emulsion of 17 X 10™° M linoleic acid showed that haemo-
globin, whmh is an active catalyst at a concentration of
4x107° M, becomes an inhibitor at a concentration of
4x107° M haemin and cytochrome c also become inhib-
itors at concentrations in excess of 10™* M. Likewise it
has been found*’ that cytochrome c has an inhibiting effect
at high concentrations in the oxidation of linoleic acid.

In the oxidation process catalysed by haematin com-
pounds, the latter decompose with the liberation of iron.
This has been observed in the oxidation of aqueous 0.2 M
emulsions (pH 6.8) of linoleic and linolenic acid catalysed

_ by haemoglobin and haematin **

The finding that the catalytlc action of haematin com-
pounds is not inhibited by carbon monoxide and changes
only slightly on formation of haemochromes with nitro-
genous bases despite an appreciable change in the oxida-
tion-reduction potential suggests that the valence of iron
(in the haematin compound) is not altered during the
oxidation.

The usual autoxidation inhibitors such as phenols and
amines proved to be active in the oxidation of various
unsaturated lipids catalysed by haematin derivatives.

a -Naphthol, catechol, p -aminophenol, and dimethyl-
alanine are effective inhibitors in the oxidation of aqueous
emulsions of oleic acid and linseed oil at 38°C catalysed
by haemin*. The action of various enolic inhibitors,

-tocopherol NDGA, and 2,6~di-t-butyl-4-methylanisole
was examined in a study of the oxidation of colloidal

sodium linoleate (0.2 M) at 37°C catalysed by haemoglobin
The concentration of the haematin
It was found that o -tocopherol

and cytochrome c.
compound was 2 X 10~° M.
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is a weaker inhibitor than NDGA. Indeed in the oxidation
catalysed by haemoglobin a 30 m induction period is
attained at anNDGA concentration as low as 2 X 107° M,
whereas the concentration of @ -tocopherol required to
produce the same effect must be higher by a factor of 10.
Similar results were obtained also with cytochrome c.
The action of various enolic inhibitors and synergistic
agents (such as aminoacids and ascorbic acid) on the
oxidation of methyl oleate, methyl linoleate, pig fat, cod
liver oil, and linseed oil at 37°C, catalysed by haemin,
haemoglobin, and cytochrome c, has been examined in
det 3.11 50451

As in the previous case, the inhibiting effect of
a -tocopherol is weaker than that of NDGA, 2,6-di-t-butyl~
4-methylphenol, and 2,6-di —t-butyl -4 -methylanisole.

In the oxidation of pig fat at 37°C, catalysed by haemo-
globin, ascorbic acid proved to be an excellent synerg15t1c
agent OVer a narrow range of concentrations: 410 1073
mole kg™'. The optimum concentrations of the 1nh1b1tor
and the synergistic agent are as follows in moles per
kilogramme:

NDGA 10-2 NDGA 10—
{ Ascorbic acid 103 { 2,6-Di-t-butyl-4-methylphenol 104
Ascorbic acid 104 .

These compositions increase the induction period by
factors of 85 and 300 respectively. The oxidation cata-
lysed by haematin derivatives may be inhibited also by
other compounds and not only the usual inhibitors of chain
autoxidation. Thus in the autoxidation of a 0.1 M emulsion
of oleic acid at 37°C, leuco-Methylene Blue (at a concen-
tration of 10™° M) increases the rate of absorption of oxy-
gen by a factor of 20, while in the oxidation catalysed by
haemin (at a concentration of 10™° M) the rate decreases
by 20%. Probably there is a coordination between the N
and O atoms with formation of a complex more resistant
to oxidation.

Haematin compounds catalyse the decomposition of
hydroperoxides in an inert atmosphere. The decomposi-
tion* of a 0.1 M emulsion of the peroxide of sodium
linoleate at 40°C, catalysed by haemin (at a concentration
of 2x10™* M), showed that the peroxide content decreases
faster in the presence of haemin than in its absence, par-
ticularly at the beginning of the reaction. Thus after 10 h
the corresponding degrees of decomposition are 70 and
40% and after 60 h 96 and 84%. The initial content of
hydroperoxide was 0.08 mole per mole of linoleate.

The catalytic action of various haematin compounds
(catalase, haemoglobin, haematin, and cytochrome c) in
the decomposition of sodium linoleate hydroperoxide has
been discussed®®. The formation of RO" radicals in the
decomposition process is explained by the high yield of
the corresponding carbanions in the presence of com-
pounds (hydrogen donors) such as polyphenols **

Thus the corresponding alcohol is formed in 94%
yield from a mixture of methyl linoleate hydroperoxide
(1 M), hydroquinone (2 M), and haemoglobin (5 x 10~ M)
when it is allowed to stand in alcoholic solution at room
temperature ** Similar results were obtained for
cumenyl hydroperoxide ** but with a lower yield (80%) of
Cumenyl alcohol, owing to some decompesition of the
CSH5(CH3)2CO radlcals

The fact that the rate of the autoxidation reaction
(catalysed by haematin compounds) is proportional to the
content of hydroperoxide (formed or added) and that in an
inert atmosphere haematin compounds decompose the
hde'operox:lde ROOH with formation of RO" radicals sug-
gests that the hydroperoxide should be formed initially
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without the involvement of haematin compounds. Then,
evidently, the hydroperoxide may decompose with forma-
tion of RO’ radicals which probably initiate the oxidation
reaction, the chain mechanism of which may be inferred
from the action of the usual effective autoxidation inhib-
itors. Nevertheless the mechanism of the decomposition
of the hydroperoxide formed differs somewhat from that of
the reaction catalysed by variable-valence metals:

ROOH + M, — RO’ 4 “OH + My, .

The constant valence of iron in the oxidation process
suggests that an electron is abstracted from the haematin
protein and.not from the metal, as in the preceding case.

Apart from the classical chain termination reaction
ROO’ + "OOR — ROOR + Oz, the peroxy-radicals probably
also interact with haematin compounds *°, which leads to
shorter chains and a higher content of carbonyl compounds
than in simple autoxidation.

The mechanism of the oxidation catalysed by haematin
compounds has been discussed in detail in several earlier
publications %74%/%,5275%

IV. VARIOUS METALS AND THEIR CHELATE
COMPLEXES

The oxidation of 0.017 M aqueous emulsions of linoleic
and linolenic acids at 37°C in the pH range 4.5~17.5 cata-
lysed by various metals and the1r chelate complexes has
been the object of serious study®*. Among the many
metals tested, very few aré actlve Thus, Co2+ and Mn**
are very actlve, while Cu**, Fe** 5 and Fe® are much less
active; ata concentratlon of 107 M (one mole for ten
moles of linoleate) Fe®*, Fe*", Cu®**, V**, Mn**, and Co**
increase the absorption of O: by factors of 2, 3, 9, 14,

136, and 170 respectively. The catalytic act1v1ty of Fe
ions has been investigated in the oxidation of colloidal
linoleic acid (0.02 M) at 30°C and pH 7 as a function of
their concentration®’

We may note that the catalytm activity of Fe®" increases
markedly in the presence of a reducing agent such as
ascorbic acid or cysteine and depends greatly on the pH,
in contrast to haematin catalysis which is very little
sensitive to changes in the pH. Thus in the presence of
ascorbic acid the maximum rate of oxidation (which exceeds
that of autoxidation by a factor of 54) occurs at pH 5 and
Fe®" and ascorbic acid concentrations of 1072 and 10™°* M
respectively.

In contrast to the behaviour in the presence of Fe®*, the
catalytic activity of haematin compounds is weakened in
the initial stage as a result of the addition of ascorbic acid,
the reaction becoming autocatalytic subsequently owing to
the formation of free iron by the decomposition of haematin
compounds.

Thus in the ox1dat1on of linoleic acid catalysed by
haemoglobin (5 X 10~ M) or cytochrome ¢ (10~° M) the
addition of ascorbic acid (1077 M) gives rise to 2 30 min

‘induction period, while in its absence absorption of O:

begins immediately, Moreover, ascorbic acid does not
affect the catalytic action of Cu2+ but greatly inhibits that
of Co™

Ata concentratmn in excess of 0.1 M, phosphates
inhibit the catalytic action of Co?* and the Fe* —ascorbic
acid system but their optimum concentrations have not yet
been determined.

The rate of oxidation of linoleic acid does not change inthe
presence of 8-hydroxyquinoline and aa’-dipyridyl, while
o-phenanthroline (2 X 107 M) increases it slightly;
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however, the rate does not change at all in the simulta-
neous presence of the metals and complex-forming agents
mentioned above.. All the metals were used at a concen-
tration of 107 M (except for 5 x 10~* M Co**) with the ratio

_ moles of complex-forming agent
B gram-atoms of metal

K

varying from zero to 5.

When o -phenanthroline is employed, with K varying
from zero to 2, the rate of absorption of O, increases by
a factor of 60 for Fe®* and decreases.by a factor of 170
for Co®*, the increase for Cu®* being only by a factor of 2.

8-Hydroxyquinoline has a less pronounced modifying
effect than o -phenanthroline. Indeed, when K is varied
from 0 to 2, the rate of absorption of O; increases only by
a factor of 16 for Fe®* and decreases by factors of 2 and 4
for Cu®** and Co™ respectively.

Blood serum albumin and egg albumin (at a weight
concentration of 1%) increase respectively by factors of
1.9 and 3.5 the rate of O, uptake in the oxidation of linoleic
acid catalysed by the Fe®* (10~® M) —ascorbic acid (107*M)
system.

The catalytic activity of Cu®** also increases in the
presence of certain proteins. In one of the studies®® on
the oxidation of 0.1 M colloidal solution of ammonium
linoleate (0°C and pH 7) catalysed by Cu®* ions (107° M) it
was shown that egg albumin (10™* M) increases the rate
of absorption of Oz by a factor of 5, This must mean that
haemocyanin catalyses the oxidation of unsaturated fatty
acids.

On the other hand, horse serum, even at a dilution by a
factor of 50, greatly reduces the activity of the Fe® —
ascorbic acid system and completely inhibits it at a
dilution of 20. It shows a similar but less marked effect
on the catalytic activity of Co®, while the catalytic activ-
ity of haematin compounds changes little in its presence.
Apart from weakening the action of certain catalytic
systems in the oxidation of linoleic acid, it has a very
pronounced inhibiting effect onthe formation of lipid
peroxides (pH 7) in rat brain homogenate®®, The inhibit-
ing effect of this serum must be a consequence of the
formation of a Fe® complex of serum siderophilin.

Among numerous aminoacids, only histidine and its
derivative histidylhistidine proved very effective inhibitors
of the oxidation of linoleic acid catalysed by Co® (2 X
10-*M). The inhibiting action depends greatly on the pH,
becoming completely insignificant in an acidic medium.
For example at pH 7 histidine (4 moles per gramme atom

- of Co®) decreases by a factor of 50 the rate of absorption
of Oz, while at pH 5 the rate of absorption of oxygen
decreases only by 1%.

At pH 7 the catalytic action of Co®" is also weakened
by phenylalanine but to a much less extent than by
histidine.

Cysteine acts in the presence of Fe®" like ascorbic
acid, the maximum acceleration occurring at pH 4 and
becoming zero at pH 8. At pH 5 the Fe® (107* M) —
cysteine (3.3 X 107 M) system increases the rate of
oxidation of linoleic acid by a factor of 10.

V. NATURE OF THE COMPOUNDS FORMED ON
DECOMPOSITION OF LIPID PEROXIDES

The unsaturated lipid with the general formula
R—CH:—CH=CH-R’ (R’ = saturated or unsaturated
groups) initially gives rise to the hydroperoxide
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R—?H—CH=CH-—R’, which undergoes homolytic decom-

O—OH .
position into the radicals RCH-—(‘,‘H=CH—R’ and "OH.

(0]

The "OH radicals can interact with the initial lipid,
attacking double bonds with formation of the dihydroxy-
compound R—CH:—CHOH-CHOH—-R’, which may lead to
the corresponding hydroxyketone .and diketone as a result
of dehydration. '

The "OH radicals can also attack the @ -methylene
carbon atom with formation of H-O and the R—CH—-CH=
CH—-R’ radical (which is involved in the chain oxidation
reaction).

The R-—(FH—CH=CH—R' radicals can participate in the

O
chain reaction, attacking the initial lipid with formation
of the monohydroxy-compound R—CHOH—-CH=CH—-R' and
regeneration of the R—CH—CH=CH—-R' radical. They
can also decompose in two ways: (1) with dissociation of
the double bond in the @ -position and formation of the
aldehyde RCHO and the radicals ‘CH=CH—R’, which com-
bine with the "OH radicals to give the unstable enol
HO-CH=CH-R’, isomerising into the aldehyde OCH —
CH:—R’; such dissociation leads to the formation of two
unsaturated aldehydes (with a saturated group R’);
(2) with dissociation of the double bond in the g -position
and formation of the radicals R’ and the aldehyde
O=CH-CH=CH-R'.

The radicals R’ combine with ‘OH radicals to give the
alcohol ROH. The greater content of carbonyl com-
pounds compared with alcohols, particularly at low
temperatures is probably due.to the greater ease of dis-
sociation in the o -position compared with the g -position.

The aldehydes thus formed undergo in turn degradative
oxidation via two parallel reactions. Thus the Cp alde-
hyde with the general formula RCH.CHO may be oxidised
to the peroxide R—CHz—le—O—OH, which then decom-

posesintothe Cp -, alcohél RCH,0H and carbon dioxide %0~
(or reacts with the initial aldehyde to form the acid
RCH:COOH).

The aldehyde can be also oxidised to an aldehyde hydro-
peroxide:

R—CH—CHO
O—OH

The peroxide decomposes homolytically with subsequent
elimination of hydrogen atoms from the @ - or 8 -position
relative to the carbonyl group®. Dissociation in the
o -position leads to a Cp, -, aldehyde and formic acid:

H
R-(I[:—cx-]o — RCHO + HCOOH .
0—OH
Dissociation in the 8-position yields a Cp, -, alcohol ROH
and glyoxal.
With a Cp a -unsaturated aldehyde R—CH-CH=CH —CHO,
a hydroperoxide should be formed in the @ -position rela-
tive to the double bond (i.e. in the y -position relative to
the carbonyl group), which can probably decompose owing

to the dissociation in the « -position into a Cp, - ; aldehyde
R—CHO and malonic dialdehyde:

R‘—(|:H—CH=CH—CHO — R—CHO + HO—CH=CH--CHO ~ OCH—CH,—CHO
O—OCH
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or-into a Cp -4 alcohol ROH and fumaric dialdehyde as a
result of dissociation in the g-position:

R—CH—CH=CH—CHO — ROH 4 OHC—CH=CH~CHO
OH——%) :
The aldehyde a -hydroperoxide R——?H—CHO can also

O—-OH

decompose into H2O and an ¢ -ketoaldehyde RCOCHO.
" The foregoing considerations account for the formation
of a large number of carbonyl and hydroxy-compounds
with short chains as well as formic acid in the oxidation
of many unsaturated lipids. Malonic dialdehyde merits
particular mention; its reaction with thiobarburic acid
results in a red colour. This reaction has been frequently
used for a quantitative determination of peroxides in
biological media and has been discussed®*. Mention
should also be made of the formation of formates *® which
are probably produced as a result of the esterification of
alcohols by formic acid.

In the presence of formic acid, aldehydes can lead to
the formation of simple or mixed trioxans:

o -
4

R CH-R
o

e

ot
R

2

In the first case
the

Polymers of two types may be produced.
two carbon atoms are linked via an oxygen atom;
polymers correspond to the general formula

[

[0}
R'—CH,»—-ClIl-Iv—(EH‘—R

0]
R’ —CZH,-éH»—([:H-—R

o
I

and are formed as a result of the dehydration of dihydroxy-
compounds. They are produced in the presence of oxygen
at a moderate temperature.

In the second case a bond is formed between carbon
atoms:

)i
R'—CH,—CH—CH—CH,R

R'—CH—CH=CH—CH-R ,
f

In this case polymers are produced as a result of the
action of dihydroxy-compounds on the olefinic compound
with elimination of water. They are formed in the ther-
mal decomposition of the hydroperoxide in an inert
atmosphere. It should be noted that the polymers may
contain in their chain functional groups (HO, CO) pro-
duced as a result of attack on the o -methylene carbon
atom or the double bond.

At a high temperature (>250°C) and even in the absence
of Oz, polymers with cyclohexene rings may be formed
owing to the Diels—Alder addition of a conjugated poly-
olefinic compound to the initial non-conjugated polyolefinic
compound. The mechanism of the formation of various

types of polymers and also their determination have been
the subject of a publication with 60 literature references .
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The autoxidation of unsaturated lipids is discussed in a
long paper with 192 references®. Another publication
deals with various peroxides of unsaturated fatty acid
esters ®®,

Among monounsaturated lipids, the oleic acid deriva-
tives have been most thoroughly investigated. The hydro-
peroxide of methyl oleate has been isolated with a purity of
85% and its properties have been described®®™°, Itisa
colourless and odourless liquid readily soluble in organic
solvents, decomposing slowly at room temperature,
rapidly at 120°C, and in 15 min at 150°C. The autoxida-
tion of methyl oleate has been studied ™" and it has been
shown ™ that the cis -form (oleate) is converted into the
trans -form (elaidate) during the autoxidation process.

It is clear from the above studies that the principal
compounds formed in the autoxidation of methyl oleate are

‘water, mono- and di-hydroxymethyl sterates, saturated

C+—Cy aldehydes, C,o and C;; unsaturated aldehydes, and
the hemialdehydes of suberic and azelaic acids. We may
mention that @ -undecenal is the main compound formed by
the direct decomposition of the hydroperoxide of methyl
oleate at 150°C. The formation of the above carbonyl
compound can be accounted for on the basis of the con-
siderations described in the preceding section, since the
OOH group can occupy positions ranging from the Tth to
the 12th as a result of double bond migration. Apart from
the products mentioned above, numerous hydroxy- and
carbonyl compounds are produced in consequence of the
subsequent autoxidation of the aldehydes produced in the
initial stage of the hydroperoxide decomposition.

The polymer chains formed in the autoxidation of
methyl oleate at 65°C Lin the presence of cobalt(Il) oleate]
contain ester linkages "°. The polymers obtained in the
decomposition of hydrogen peroxide at 210°C * consist of
carbon chains.

The autoxidation of oleic acid esters which are higher
homologues of methyl, ethyl, and propyl oleates has also
been investigated ®°, but the corresponding hydroperoxides
were not isolated. It is noteworthy that the maximum
concentration of hydroperoxide at a given temperature
decreases with increasing molecular weight of the ester.
The autoxidation of oleic acid has been examined in a
number of investigations "*"®"'%4"%_ In the latest study *
carried out in thin layers at 60—~80°C special attention was
paid to the isolation and characterisation of the volatile
products formed in the autoxidation.

The autoxidation of higher homologues of oleic acid and
their methyl esters has also been the subject of several
investigations. One fo them concerns the autoxidation of
erucic acid and its methyl and propyl esters ®” and another
deals with the autoxidation of brassidic acid®, The
investigations have shown that, as with oleic and elaidic
acids, the cis-isomer (erucic acid) undergoes autoxidation
faster than the {rans-isomer (brassidic acid). Dihydroxy-
behenic acid was detected among the autoxidation products.
A further investigation dealt with the autoxidation at 40°C
of the methyl esters of oleic, elaidic, erucic, and
a -undecenoic acids ®®; it showed that the rate of autoxida-
tion decreases in the sequence indicated above. In a
recent study °° on the autoxidation of methyl undecenoate at
50°C, a hydroperoxide (in two stereoisomeric forms) and
the corresponding epoxy-compounds were characterised.

The autoxidation of methyl linoleate has been the sub-
ject of several investigations "®'~%, The last study was
concerned with the action of various inhibitors on the
autoxidation of the cis-cis- and trans -trans -isomers., In
the dark at 40—60°C there is an induction period of 15
min, while at 80°C the autoxidation begins almost at once.
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The corresponding hydroperoxide has been isolated ** =%
with purities of 84, 92, and 92% respectively. It consists
of a mixture of three isomers with the following formulae:

HyC— (CH:)a—CH=CH~—(JZH—-CH=CH— (CH,),_E..OCHS
O—OH [¢]
H;C— (CHp)y— CH=CH~—CH=CH—(|;H_ ((:I-]’)7_.('|;l_0ma
0—OH [o}
H;C— (CHQC—JG‘X—CH=CH—CH=CI{— (ma)f—(":—oﬂ'], .

O—OH

The isomers with a conjugated diene group having the
cis -trans -configuration constitute 90% of the total amount
of hydroperoxide. Nevertheless, according to a recent
investigation * of the autoxidation of methyl and ethyl
linoleates at 60°C in chloroform solution, conjugated diene
groups appear only when the hydroperoxide content is of
the order of 100—200 millimoles per kilogramme of ester.

The primary decomposition products of the peroxides
of methyl linoleate consist of saturated aldehydes (hexanal,
pentanal), octenal, deca-2,4-dienal, and the hemialde-
hydes of suberic and azelaic acids.

The above aldehydes were isolated also in the autoxida-
tion at 37°C of an aqueous 2 X 107> M solution of ammoni-
um linoleate *®. The aldehydes obtained in the first stage
of the decomposition of the above hydroperoxides may
condense into trioxans, may be oxidised to the correspond-
ing acids, or can undergo further oxidative degradation
with formation of various carbonyl and hydroxy-compounds
with lower molecular weights. The formation of 2,4,6-
trialkyl-1,3,5-trixoans, simple or mixed, corresponding
to the general formulae

R”C[H (?H'—R' R=R'=R"=CiHy
(o] O { R=CgH, { R=R'=CH,;
\/ R—R"=CHy |R'=CHy ,
CH
[’
R

was observed in the oxidation of methyl linoleate in a thin
layer at room temperature. The trioxans were obtained
as a result of the polymerisation and copolymerisation of
pentanal and hexanal. Among the decomposition products
- of the initial aldehydes, special mention should be made

of the dicarbonyl compounds consisting of glyoxals, a Cs
ketoaldehyde, fumaric dialdehyde, and hex-3-ene-1,6-dial,
which were isolated in the oxidation of methyl linoleate at
45°C.77%,

The polymers formed as a result of the autoxidation of
methyl linoleate at 4°C ® consist of a mixture of dimers
and trimers with linkages via oxygen atoms. Each chain
contains C=0 and O—H groups and a certain number of
double bonds. The polymers obtained '® as a result of
the autoxidation of methyl linoleate at 33°C and subsequent
decomposition at 100°C in an inert atmosphere also con-
sist of a mixture of dimers and trimers but here the
linkages are between carbon atoms.

The autoxidation of linoleic acid was studied recently by
several investigators '® ™%, The first two studies were
concerned with the identification and isolation of numerous
volatile compounds and the third with the kinetic relations
for autoxidation at low O: pressures in the presence of
various inhibitors. In autoxidation in thin layers at 20°
and 40°C, 1% gaturated aldehydes ranging from C: to Co,
alcohols ranging from C, ot Cs, and esters® (mainly
formate esters with pentyl formate predominating) were
isolated. Apart from the above compounds obtained in the
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decomposition of the monohydroperoxide, trihydroxy-,
triketo-, and hydroxyketo-compounds may also be formed
as a result of the disproportionation of the radicals:
HC— (CH;)‘—CH———-(IJH—CH=CH‘—C[5H“— (CHz)v—fII—OH
¢ :
The latter are products of the homolytic cleavage of
the hydroperoxide—peroxide 4

H,C—(CHy); —CH—CH—CH=CH—CH-~ (CH,),—C—OH
0—OH o——o/ 3 :

The autoxidation of ethyl linoleate has also been the 1
subject of several investigations *'*~'®, in which a ;
hydroperoxide was isolated®. The structure of the poly-
mers formed in the autoxidation is similar to that of the :
polymers produced from methyl linoleate with linkages via
oxygen atoms *®, :

Two studies '°’'°® have been made on the autoxidation of
methyl linolenate at 37°C with isolation of the correspond-
ing hydroperoxide having a purity of the order of 80%.

The hydroperoxide is monomeric and has three double
bonds, two of which are incorporated in the conjugated
group; the cis-trans -transfiguration predominates (the
amount of the {rans -trans -configuration is insignificant).
Since the OOH group can occupy the 16-, 13-, 12-, and
9-positions, the primary decomposition products of the
hydroperoxide consist of propanal, pentanal, and hepta-
and octa-2,4-dienals.

The dicarbonyl compounds produced as the result of a
subsequent autoxidation of the above aldehydes consist of
malonic dialdehyde '® and hex-3-ene-1,6-dial ', The
formation of carbonyl compounds in the autoxidation of
methyl linolenate (and also oleate and linoleate) is dis-
cussed in two large publications '****?, The structure of
the polymers formed during autoxidation at 30°C is simi-
lar to that of the polymers from the linoleate hydroper-
oxide (linkages via oxygen atoms). Saturated C»—Cs
aldehydes, 2,4-diethyl-6-propyltrioxan, 2,4-diethyl-6-
pentyltrioxan, pentanal, acids ranging from C, to Cs, and
their various esters were isolated quite recently in a study
of the autoxidation of linolenic acid at 20° and 40°C.***
Hydroperoxides derived from methyl linoleate, methyl y
linolenate, ethyl arachidonate, methyl eicosapentenoate,
and ethyl esters of menhaden$§ fat were obtained in 95% 2
purity in a recent investigation '*%, 4

The autoxidation of esters was initially carried out at &
4°C over a period of 80 days and then at room temperature 3
for 148 h until the content of hydroperoxides reached 28
moles for 100 moles of ester. The peroxides were isola-
ted from the autoxidation product thus obtained with the aid
of thin-layer chromatography. e

In two important investigations *'*’"'® of saturated lipids, 1}
a study was made of the autoxidation at 60°, 150°, and
200°C of very pure methyl palmitate. It was found that E
at 60°C hydroperoxide was not formed over a period of h
56 days, while at 150°C its content reached 300 milli-
moles per kilogramme after 3 h, and at 200°C only
hydroxycarbonyl compounds and carboxylic acids formed
as a result of the decomposition of the peroxide could be
detected. It follows from these observations that the E
attack of the saturated esters by molecular oxygen at k.
150°C leads primarily to the formation of a double bond as 4
a result of dehydrogenation. Although probably all the
carbon atoms are attacked, the hydroperoxide is formed
preferentially in the centre of the molecule. The above

S aios et it DT PR 1O

§ Menhaden is a fish of the herring family (Clupeidae)
(Editor of Russian translation).
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two papers criticise all previous investigations and quote
numerous references to studies on the autoxidation of
saturated lipids.

Natural fats and oils consist of triglycerides with vari-
ous contents of saturated and unsaturated acids depending
on their nature. Thus carbonyl compounds, formed in
oxidative degradation, are of the type which would prob-
ably be formed simultaneously from oleic and linoleic
acids and in some cases also from linolenic and arachidonic
acids.

A lipid containing a relatively small amount of linoleic
acid and in particular linolenic acid can give rise to
considerable amounts of carbonyl compounds, derived
from these polyunsaturated acids, in consequence of a
much less extensive autoxidation of oleic acid.

There are publications **’**? with detailed data on satu-
rated aldehydes, unsaturated aldehydes, and dienals
formed from mutton, beef, and pork fats, cocoa oil, and
also from ground nut, soya bean, and linseed oils (as well
as from methyl oleate, trioleate, and linolenate and ethyl
linoleate). These lipids were subjected to autoxidation at
room temperature and under ultraviolet irradiation until
the formation of different amounts of hydroperoxide; they
were then decomposed at room temperature or at 165°C.

Hexanal, oct-2-enal, and deca-2,4-dienal were obtained
by the decomposition at 100°C of autoxidised cotton seed
oil (with a Peroxide content of 125 millimoles per kilo-
gramme) Numerous saturated aldehydes, unsaturated
aldehydes, and dienals, as well as oct-1-en-3-ol and oct-
1-en-3-one were obtained from sunflower seed oil
autoxidised at 37°C.'*® Saturated aldehydes ranging from
C: to Co, unsaturated aldehydes from Cs to Cs, 2,4-dienals
(from Cs to Cyo except Co) were isolated from the autoxida-
tion products of soya bean 0il '*°; the configuration of hexa
and octa-2,4-dienals has been discussed }*°. Hexanal,
oct-2- enal and deca-2,4-dienal have been isolated '*'; the
last probably consists of a mixture of two steremsomers—-
2-trans -4 -cis -(28%) and 2-trans -4-trans -(72%). Numer-
ous aldehydes, ketones, and hydroxy —compounds have been
identified iiits as well as cis-hex-3-en-1-al,*** The
formation of 2g4 -dienals from autoxidised pork fat has
been studied'®™. The isolation of octadecadienoic acids
(the 11,15-isomer and a small amount of the 10,15-isomer)
from beef and mutton fat is noteworthy *%," The autoxida-
tion was carried out at 37°C until the atta,mment of a
peroxide content of 2 millimoles kg™ with subsequent
decomposition at 140°C in an inert atmosphere.

The first hydroperoxide is probably a precursor of
nona-2,6-dienal:

HyC~—CH,—CH==CH—CH;—CH,CH=CHCH~(CH,)ys—C—OH —
0—OH S
-» HyC—CH;—CH=CH—CH,—CH,—CH=CH—CHO,
and the second is a precursor of hept-4-enal:

HyC—CH,CH=CH~—CH,—CH,—CH—CH==CH (CH,),;—C--OH —
I
O—OH
— HC—CH,—CH=CH—CH;—CH,CHO .

Probably the above unsaturated aldehydes are partly
responsible for the odour of green cucumbers which
appears in beef fat during its storage.

An attempt has been made to relate certain chemical
characteristics to the organoleptic parameters of aliment-
ary fats'*, It was found that a very small peroxide
content may be very important for the estimation of the
freshness of these fats. Thus the appearance of an
unpleasant taste was noted for a peroxide content of 0.10
millimole kg ™.
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VI. EFFECT OF LIPID PEROXIDES ON VARIOUS
SUBSTRATES

The formation of epoxy-compounds and « -epoxy alco-
hols as a result of the decomposition of « —olefinic hydro-
peroxides was observed with cyclohexene '*® and many
olefins ***"'?°,  The autoxidation of unsaturated fatty acids
at the double bonds has been the subject of an intensive
investigation *®~**% which established the following facts.

In the presence of haemin (weight concentration 2x107°)
in a stoichiometric mixture of oleic acid and the peroxide
of ethyl oleate (at room temperature and at a reduced
pressure), the degree of unsaturation of the acid gradually
diminishes; with an accompanying decrease of the overall
content of active oxygen.

In addition the ratio

_ unsaturated acid content
" active oxygen content

becomes close to unity.

In a mixture of unsaturated fatty acids (with an iodine
number of 126) and the peroxide of oleyl alcohol, the
peroxide oxygen is transferred to the double bonds of the
acid. Quantitatively this phenomenon depends greatly on
the nature of the haematin catalyst (weight concentration
3x107%. Thus at room temperature after 1 h the ratio
¥ = 0,31 in the absence of a haematin catalyst or in the
presence of oxidised cytochrome1 r becomes 0.96 in the
presence of reduced cytochrome

The role of reduced cytochrome in the transfer of per-
oxide oxygen to the double bonds of unsaturated fatty acids
has been discussed in detail by Dubouloz and coworkers **°,

Epoxides may be formed immediately in the autoxidation
process in consequence of the addition of ROO" radicals to
the double bond:

R'CH=CH—R" + ROO" - R'CH—CH~R" — R’—CH-CH -+ 'OR
door Y%

The reaction mechanism has been discussed in detail **,
Epoxyalcohols are probably formed in the decomposition
of the hydroperoxide w1th subsequent addition of "OH radi-
cals to the double bond*®
R—CH—CH=CH—R’' — RCH—CH=CH-R + ‘OH -
b—on &
— R—CH—CH—CH—R’ - R—CH—CH—CH—R’.
' N b

The epoxidation of unsaturated compounds in the pres-
ence of haematin compounds by hydroperoxides probably
takes place via the addition of ROO" radicals to the double
bond, since the latter are formed as a result of a series
of reactions '*;

ROOH*— RO" + :0H,
RO + HOOR ~ ROH + ‘OCR .

The study '* of the action of the peroxide of ethyl oleate
(peroxide content 0.36 mole per mole of ester) on cysteine
and degraded egg white albumin showed that the thiol
groups of the protein enter fully into the reactions in the
presence of an excess of the peroxide. The reaction
products consist of disulphides and their derivatives con-
taining oxygen. The biological importance of this reaction
has been discussed in detail and the methods employed
have been criticised *%,

Another study ¥’ dealt with the autoxidation in emulsion

of linoleic acid (2 X 107 M) at 37°C and PH 7.4, catalysed
by haemin (1078 M) or haemoglobin (2 X 107¢ M) in the
presence of 10™° M cysteine or glutathione.

The rate of
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degradation of the SH groups of the last two compounds is
proportional to the content of peroxide in the emulsion.
The cysteine oxidation product consists of cysteine,
cysteic acid, and cysteine disulphoxide.  _
The action of.an aqueous 2 X 10™° M emulsion of linoleic
acid peroxide (37°C and pH 7.4) on various enzymes has
been the subject of a major investigation**®, It was
shown that the activity of all enzymes with SH groups as
well as that of cholinesterase, choline dehydrogenase,
glyoxalase, B~amylase, succinate dehydrogenase, and
urease is strongly inhibited. Fairly strong inhibition
occurs also with other enzymes not containing SH groups,
for example lipase, invertase, pepsin, trypsin, papain,
and cytochrome oxidase, while xanthine oxidase, tyrosin-
ase, catalase, and a-aminoacid oxidase are not affected.
It is noteworthy that enzymes such as cholinesterase,
lipase, invertase, and pepsin are also inhibited by an
aqueous emulsion of palmitic acid. Here the inhibition
is probably caused by the nautralisation of the positive
charges of the proteins by the negative charges of the acid.
Attempts have been made several times to relate the
degree of inhibition of the enzymes to the content of per-
oxide in the emulsion. Thus an 80% degree of inhibition
obtains for papain and urease at peroxide concentrations
of 0.22 x 10™% and 0.12 X 16~ M respectively. In another
study an emulsion of fatty acids from linseed oil was
employed instead of the emulsion of linoleic acid. We
may note that the inhibition under irradiation is more
pronounced in the presence of linoleic acid than in its
absence.
Thus after 2 h succinate dehydrogenase was inhibited
only to the extent of 14%, while in the presence of an
emulsion of linoleic acid (4 X 107 M) the degree of inhibi-
tion reached 63%. The degree of inhibition of succinate
dehydrogenase (at a linoleic acid concentration of 4 x 1077
M) was investigated as a function of time and it was
shown that the degree of inhibition reaches 20% after 15
min, 60% after 45 min, and then tends asymptotically to
80%.
It is interesting that these enzymes can be protected
from the action of peroxides by more labile enzymes
containing SH groups. The protection of urease by
cysteine against the action of peroxides formed in the
autoxidation of linseed oil has been discussed'®, A study
has also been made '* of the inactivation of glyceraldehyde-
phosphate dehydrogenase by linoleic acid hydroperoxide
and of the inactivation of ribonuclease by the same hydro-
peroxide *°,
A special investigation '*! of the inactivation of enzymes
with SH groups by peroxy-acids has been made.
The degradation of carotene in the autoxidation of
unsaturated lipids catalysed by soya bean lipoxidase has
been the subject of numerous investigations **~'**, The
degradation occurs in alfalfa on storage in the field'* as a
result of the action of peroxides formed in the autoxidation
of unsaturated lipids catalysed by the lipoxidase of this
plant.
The study of the autoxidation ™™ of colloidal methyl

linoleate (3.4 X 107> M) initiated by X-rays in the presence
of vitamin A showed that the degree of degradation of
vitamin A increases with the peroxide content. Thus at a

- peroxide concentration of 5 X 10™° M, only 33% of the
initial vitamin A remains. The degradation of vitamin A
does not occur solely under the influence of X-rays in the
absence of linoleate.

The study of the autoxidation of ethyl linoleate'*" (25°

and 37°C) in petroleum ether solution in the presence of
carotene (weight concentration 2.5 X 10™* in relation to
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linoleate) showed that the decomposition of carotene is
complete over a period of 48 h, Certain autoxidation
inhibitors proved effective in the stabilisation of carotene.
Thus pyrogallol, hydroquinone, and a -tocopherol at a
weight concentration of 3 X 107° relative to linoleate (at
37°C over a period of 48 h) prevent oxidation to the extent
of 100, 74, and 76% respectively). A gradual breakdown
of vitamin A occurs in margarine during its autoxidation
at room temperature. Thus the degree of decomposition
of vitamin A, reaching 6.5% for a peroxide content of

0.7 X 10™° mole kg™, becomes 43% when the peroxide
content is 10~* mole kg ™. '

The degradation of vitamin A in halibut-liver oil during
its oxidation at 25°, 80°, and 98°C and also its protection
by NDGA alone or NDGA in the presence of a synergistic
agent have been investigated in detail **°,

The study of the degradation of vitamin A during the
autoxidation of olive oil at 55°C in thin layers showed **°
that vitamin A decomposes gradually. Thus after 2 h the
degree of its degradation is 69%, while in the presence of
0.048% of a -tocopherol it amounts to only 5%, reaching
36% after 10 h, Another study **' dealt with the degrada-
tion of carotene in the autoxidation of ground nut oil at
different temperatures (from 4° to 98°C) and also its
protection against oxidation with the aid of -, 8-, and
v -tocopherols and gossypol.

A large publication ** has been devoted to the degrada-
tion of carotene at 35°C under the influence of the per-
oxides of ethyl oleate, methyl linoleate, methyl linolenate
and cotton seed, ground nut, and soya bean oils as well as
to protection against oxidation with the aid of ¢ -, 8-, and
v -tocopherols and gossypol. The protective action of o -,
B-, andy -tocopherols against the degradation of carotene
and bixin by the peroxide of methyl linoleate is also
examined in two other papers ¥/'°3,

In a study of the degradation of vitamin A and carotene 3%
during the autoxidation at 37°C of a colloidal solution of
ammonium linoleate (0.2 M, pH 7) catalysed by 2 X 107° M
haemoglobin or cytochrome c showed that, following the
absorption of 500 cm® of oxygen, the degree of degradation
of vitamin A and carotene is respectively 88 and 53%,
while in the presence of 5 X 107 M a -tocopherol, the
degree of degradation is only 63 and 5% respectively.

Another study *° dealt also with the question of the
protection of vitamin A and carotene with the aid of
a -tocopherol in the course of the autoxidation of an aque-
ous emulsion of oleic acid (37°C, 0.1 M, pH 7) catalysed
by haemin (2 X 10™° M), After 3 h, 1400 cm® of oxygen is
absorbed and the degree of degradation of vitamin A is 88%,
while in the presence of 6 X 10™* M « -tocopherol the degree
of degradation is only 63% and 300 cm® of oxygen is
absorbed. The behaviour of carotene is similar to that of
vitamin A. When 1400 cm? of oxygen has been absorbed,
carotene is degraded to the extent of 63%, while in the
presence of 5 X 10™° M a -tocopherol the degree of degrada-
tion is only 5%.

Usually diets rich in unsaturated lipids but deficient in
vitamin E and A cause a diminution of the vitamin A
reservoir in animal livers. The addition of o -tocopherol
and other antioxidants to the diet has a protective effect in
relation to vitamin A, as shown by the following findings.

After seven months the vitamin A reservoir in the livers
of male albino rats maintained on a diet containing 5% of
pork fat and deficient in vitamins A and E is almost com-
pletely exhausted. The addition to the diet of each rat of

1 mg of a -tocopheryl acetate over a period of one week
leads to a degree of degradation of vitamin A of only 71%
during the same time.
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The addition of o -tocopherol, leuco-Methylene Blue,
phenothiazine, and tetramethylthiuram disulphide to a diet
including 10% of cod liver oil and deficient in vitamin E
jncreases the vitamin A content in chicken livers compared
with the diet free from additives '*°,

The addition of Methylene Blue or phenothiazine to a
diet including 10—20% of cod liver oil and deficient in
vitamin E increases the content of vitamin A in rat livers
over a period of 14 weeks compared with the diet free
from additives. The effect of the additives diminishes
markedly when cod liver oil in the diet is replaced by pork
fat '%*%",  The protective action of vitamin E, promoting
the retention of vitamin A in rat livers, has been described
in two papers *%%%,

Ethyl linoleate peroxide (250 millimole kg™) in contact
with crystalline biotin leads to 96% degradation of the
latter at 37°C after 12 h. As for vitamin A, « -tocopherol
has a protective effect: the degree of inhibition is 44% in
48 h at a 4% concentration of this compound. Another
study '®° also demonstrated the degradation of biotin at 25°
and 37°C in the presence of the peroxide of corn oil (100
millimole kg ™) and in the case of diets containing 5% of
lipids of which 3% is cod liver oil and 2% cod liver fat;
the overall peroxide content in the diet is 5 millimole kg™,

A study of the action of pyridoxine and riboflavin**!
showed that riboflavin decomposes lipid peroxides and
thereby protects pyridoxine from their action.

VI. THE ROLE OF LIPID PEROXIDES IN THE
DETERIORATION OF FOOD PRODUCTS

It has been already seen that carbonyl and mono- or
poly-functional hydroxy-compound may be formed from
lipid peroxides. The monocarbonyl compounds consist of
a mixture of saturated and unsaturated aldehydoacids and
in all probability are responsible for oxidative rancidity
and reversion. These frequently encountered phenomena
have been discussed in detail in a number of publica-
tions 11 —15,162.

Cow's milk. The overall composition of the acids
constituting milk lipids is as follows 1%:

Unsaturated acids (60%): 12% of acids ranging from C4
to Ci2, 11% of myristic acid, 28% of palmitic acid, and 9%
of stearic acid.

Unsaturated acids (40%): 34% of oleic acid, 5% of
linoleic acids, and 1% of others.

Acids entering into the composition of phospholipids
41% of saturated acids, 40% of mono-olefinic acids, 2.3%
of conjugated and 8.8% of conjugated diolefinic acids, 3.6%
of triolefinic acids, 2% of tetraolefinic acids, and 2.2% of
pentaolefinic acids.

Evidently milk phospholipids have a higher content of
polyunsaturated acids than glycerides.

It has been shown '® that the content of peroxide in
powdered milk allowed to stand in air increases with time.
In the same study ' it is recommended that various
antioxidants (particularly of the phenolic type) be employed
at a weight concentration of 10~*., The formation of
Peroxides has been investigated in various specimens of
powdered milk during storage at 2° and 38°C over periods
ranging from 4 months to 1 year '***'**, When the peroxide
content is of the order of 6—10 millimoles per kilogramme
of lipids, a rancid odour appears. The maximum content

164,

of peroxide formed over a period of 4 and 9 months is
5 and 14 millimoles per kilogramme of lipids.

C2—Cis saturated aldehydes, Cs—C; unsaturated alde-
hydes, Cs and Cs 2,4-dienoic aldehydes, oct-1-en-3-one,
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and oct-1-en-3-0l were identified in the lipids of sour
milk %668, Alkyl methyl ketones RCOCH; ranging from
C, to Cis are also formed*®®, Probably they are derived
mainly from myristic and palmitic acids.

The nature and mechanism of the formation of various
compounds in the autoxidation of milk lipids have been
discussed in detail*®®~*™, One of the papers '™ criticises
preceding investigations.

Data on the content of peroxides and carbonyl com-
pounds in various animal fats and edible vegetable oils as
a function of storage and irradiation conditions have been
published 1%:175:178 The study of the storage of raw vegetables,
in particular peas 722 ghowed that the content of glucides
and nitrogen remains more or less constant. .

No changes occur also in blanched vegetables, i.e, those
subjected to the action of boiling water which decomposes
lipidoxase. On the other hand, the peroxide content and
acidity of the lipid component of raw vegetables may
greatly increase . There is also a possibility of a
decrease of the iodine number—for example, in raw peas
it decreases from 98 to 89 in 5 years. We may also note
that chlorophyll is degraded in peas to the extent of
approximately 30% in 5 years.

Lipids, which constitute only about 0.3% of dry
potato 88, contain 75% of polyunsaturated fatty acids, 53%
of 18:2 acid, and 22.5% of 18:3 acid. The saturated
component consists almost entirely of a Cis acid (17.4%).
After exposure to oxygen at room temperature for 5
months, C:—Cs saturated aldehydes and C,—Cs saturated
hydrocarbons were isolated. The latter are probably
formed from aldehydes:

R—CHO —~ RH + CO.

Potato chips fried at 185°C in a mixture consisting of
50% of cotton seed oil and 50% of corn oil and stored at
room temperature in air were very carefully investiga-
ted'™, 18 different carbonyl compounds were isolated
from freshly fried potato chips and 19 from less fresh
specimens. During ageing, the content of saturated
aldehydes (particularly hexanal), o -unsaturated aldehydes
(more of C7 than Cs), and alkyl methyl ketones (more of
2-pentanone than 2-hexanone) increases. On the other
hand, there is a rapid decrease of the content of deca-
2,4-dienal.

On storage pork frequency becomes ranci The
rancidity is accompanied by a change in colour, which
becomes greyish-brown instead of pink. The rancid
meat has an unpleasant odour and taste and is somewhat
toxic. The rancidity is a consequence of the oxidation of -
oleic acid triglycerides and small amounts of polyunsatu-
rated acids (particularly linoleic acid) and subsequent
degradation of haemoglobin and myoglobin accompanied by
the liberation of inorganic iron compounds. This reaction
is catalysed by haematin compounds of the meat itself,

The very rapid deterioration of horse meat in the presence
of air is probably a consequence of an analogous phenome-
non, which, however, is much more rapid owing to the
higher content of linoleic acid (16%) in horse fat.
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VIII.  CHANGES IN LIVING ORGANISMS INDUCED BY
LIPID PEROXIDES AND THEIR DECOMPOSITION
PRODUCTS

The presence of peroxides at a concentration of several
tens of millimoles per kilogramme of dry material was
observed in the lipid component of green leaves of certain
plants: sunflower, wheat, peas, beans, waterweed

(Elodea) **, and white lucerne 18 " peroxides could not be
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detected in the stalks, roots, and seeds of these plants ',

The localisation of peroxides in the leaves and their
decomposition under conditions where photosynthesis but
not tissue respiration ceases suggests that photosynthesis
is closely related to the formation of peroxides. This
hypothesis is based on the finding that a flavin-lipoprotein
compound containing iron and manganese and capable of
reducing carbon dioxide was isolated from lucerne
leaves!®™, The reduction was accompanied by the forma-
tion of a peroxide of the lipid component of the leaf. The
role of peroxides of glycolic and glyoxylic acids in the
decomposition of chlorophyll has been examined **7!%,

It is interesting that the leaves, seedlings, and seeds of
certain oil-bearing plants contain substances capable of
causing the decomposition of peroxides '*°~*°t,

The polymers obtained as a result of the decomposition
of lipid peroxides the formation of which is catalysed by
lipoxidase, are probably components of cutin**’, an
impermeable film coating part of the plants, which had
been acted upon by air.

Even a balanced diet containing between 5 and 20% of
highly unsaturated lipids and with a low content of vitamin
E may cause the pathological changes enumerated below,
which may vary depending on the type of animal *$27*8%2%;

1. Yellow colour of fatty tissues.

2. The formation of the ceroid pigment in rat lvers.

3. Brown colour of the rat uterus.

4. Atherosclerosis and peripheral damage of the viens
in man,

5. Exudative diathesis in chickens.

6. Encephalomalacia in chickens.

7. Decrease of the capacity for egg bearing and
embryo generation in hens.

8. Depigmentation of incisor teeth in rats.

9. Muscular dystrophy in ruminants,

10. Liver necrosis and pulmonary haemorrhage.

These ten pathological changes have been discussed in
two large reviews 2****_  (Certain pathological changes,
such as, for example, the yellow colour of the fatty tissue
in certain animals, the brown colour of the rat uterus, the
formation of the ceroid pigment in rats, and the appear-
ance of exudative diathesis and encephalomalacia in
chickens may be directly linked to the action of the oxida-
tion products of unsaturated lipids on tissue proteins which
results in their damage. The differences between the
behaviour of chickens and rats in relation fo diets with a
high polyunsaturated lipid content are probably a conse-
quence of the different structures of their capillary
vessels. In other diseases, for example in muscular
dystrophy or liver necrosis, which occur also in the

-absence of lipids from the diet, the role of polyunsaturated
lipids is less clear. However, in liver necrosis the
decomposition of sulphoaminoacids under the influence of
lipid peroxides probably plays a considerable role, It is
quite likely that muscular dystrophy is a consequence, at
least partly, of the decomposition of vitamin E under the
influence of these peroxides.

It is noteworthy that different antioxidants such as
NDGA, Methylene Blue, diphenyl-p -phenylenediamine,
phenothiazine, and tetraethylthiuram may be replaced in
the diet by vitamin E and play a protective role against
one or several of these diseases. For example, selenium
compounds (at a concentration of 10™7—=10° M) can fulfil a
protective role against liver necrosis and exudative
diathesis but not against encephalomalacia. The action
of these different antioxidants has been reviewed ***** and
has been described in a special paper on the action of
Se0;.
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IX. PATHOLOGICAL CHANGES INDUCED IN VIVO BY A
DIET CONTAINING VARIOUS LIPIDS HEATED IN THE
PRESENCE OF AIR

Edible lipids consist of a mixture of triglycerides of
stearic, palmitic, oleic, and linoleic acids. Animal fats
contain much more of unsaturated acids (40—60%) than
vegetable oils (10—30%) and much less of linoleic acid.
Beef and mutton fats contain between 1 and 2% of this acid
and pork fat contains 6—10%, while in many vegetable oils
its content reaches 60%. Horse fat, which contains, apart
from a small amount (4.5%) of stearic acid, 5.3% of linoleic
acid and a considerable amount of linolenic acid (16%), is
an exception.

Various fried products sold commercially are heated at
180—200°C. Under these conditions, there is usually an
increase of the content of hydroxy-compounds, free acids,
esters, conjugated dienes, and particularly polymers (the
initial content of which is low, namely 1-2%). The con-
tent of carbonyl compounds initially increases to a maxi-
mum and then falls and that of peroxides is more or less
constant, This can decrease or increase slightly but
remains insignificant, its concentration rarely exceeding
10 millimole kg™* (provided that the food product had not
been subjected to preliminary ionising irradiation).

The degree of overall unsaturation (iodine number),
and particularly the content of linoleic acid, decreases
appreciably. These chemical changes are reflected in an
increase of the refractive index, the dielectric constant,
and particularly the viscosity 23¢-23

The physicochemical changes occurring during the
frying of various food products containing lipids have
been discussed in a number of publications **°"***, the last
of which is devoted to different types of meat.

Apart from temperature and the duration of frying, the
content of the peroxides and lipids and their decomposition
products is influenced by the area of contact between the
lipid and air, which is determined by the shape, dimen-
sions, and material of the frying-pan and also the duration
of the preliminary heating and cooling. Indeed, peroxides
are formed during the preliminary heating and then
decomposed during frying and are reformed during cooling.
Thus, evidently, the content of different peroxide deriva-
tives will be higher if the heating is interrupted than when
it is carried out continuously and will increase with the
number of preliminary heating and cooling cycles.
Nevertheless, we may note that carbonyl compounds may
be partly eliminated by evaporation or can undergo further
oxidative degradation: this in fact accounts for their
maximum content when the heating process is of limited
duration. Thus, when corn oil **® was heated for 24 h at a
constant air flow rate of 150 cm® kg™ min™, the content
of peroxides at 120°, 160°, and 200°C was respectively
40, 3, and 1 millimole kg™* (the initial content was 0.5
millimole kg ™). After 24 h at 200°C (at an air flow rate
varied from 0 to 2400 em® min™), the content of carbonyl
compound changed from 86 to 116 millimole kg™ (with a
maximum of 122 millimole kg™ for an air flow rate of
1200 cm® min ™Y,

When cotton seed oil was heated continuously at 175°C
for 62 h **® and with interruptions (heating for 7—8 h
followed by 12—16 h of storage at room temperature), the
results presented in Table 1 were obtained.

Lipid peroxides introduced into the alimentary canal by
a probe gradually disappear during digestion. Thus the

content of the peroxide of ethyl oleate after 5 h was only
12% of the initial value, which was 10~* mole **,
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Moreover, lipids originating from various parts of the
organism, particularly from the lymph (specimens of
which were removed during digestion), contain no per-
oxides at all 2457247,

Table 1.

Content, millimole k;‘l
heating

Substance
continuous | interrupted

Peroxides 2.3 3.6
Carbonyl

compounds 158 155
Hydroxy-compounds 130 241
Free acids 280 560
Polymers (%) 14.8 13.8
Iodine number 103 98

Probably the peroxide of the lipid ester or triglyceride
is hydrolysed by lipase with retention of the OOH functional
group, which is then partly reduced by the pancreatic
secretion. The above facts and also the absence of
peroxides from excrement suggest that lipid peroxides are
mainly decomposed on the mucous membrane of the
intestine **°,

Experiments “*° performed on rats fed on a diet contain-
ing 10% of Vernonia oil containing 70% of 12,13 -epoxyoleic
acid showed the presence of this acid in adipose tissues,
the liver, kidneys, and the heart and also in excrement.
On the other hand, epoxides were absent from these tissues
when Vernonia oil was replaced by corn oil. These find-
ings suggest that epoxides are not decomposed in the
digestive organs (which is surprising in view of the pres-
ence of 0.1 N HCI in the stomach and the sensitivity of
epoxides to acid hydrolysis) and are normally stored in
various tissues together with other lipids.

Hydroxy- and carbonyl compounds are readily
absorbed®*®; thus the content of carbonyl compounds in
the lymph may increase by a factor of 10.

A diet containing 10—20% of lipids heated in air usually
causes aretardation of growth, adecrease of the degree of
assimilation of food, and its efficiency, and also an
increase of the amount of water required.

On such a diet, certain animal organs, particularly the
liver, greatly increase in size. However, it should be
noted that the restoration of a normal diet leads to the
recovery of the sick animals. Vitamins (including vitamin
E) ameliorate but do not eradicate these diseases. Fresh
lipids as well as proteins also have a favourable effect.

The toxicity of heated lipids increases with the content
of linoleic acid (with the exception of horse fat, the content
of the 18: 3 acid in normal lipids is very low), as shown by
the results obtained in two studies on rats ®° %2 fed on a
diet containing 20% of lipids.

The toxicity increases with the number and duration of
Preliminary heating and cooling cycles (consequently one
should avoid using the same 0il in several successive frying
Operations) and decreases as a function of the weight of the
lipid. For example, the harmfulness of various heated
lipids employed in commercial frying involving large
amounts of product is much less than that of lipids heated
in the laboratory in much smaller amounts, as shown by
Studies %% o rats fed on a diet containing 23% of lipids.

248
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Since the mucous membrane of the intestine decomposes
lipid peroxides, their intrinsic action must be restricted to
the level of digestive enzymes. Apart from the enzymes
mentioned above '*®, the inhibition of xanthine oxidase by
the peroxide of soya bean oil has been demonstrated **,
Such decomposition of enzymes should be reflected in a
reduced assimilability of food, which entails a retardation
of growth. Thus the content of peroxides in lipids treated
at 200°C is low, and consequently their role in the overall
pattern of the induced diseases is very small.

However, on heating at lower temperature (60—100°C),
when the content of peroxides is fairly high, their presence
may be responsible for the overall toxicity of the heated
lipids. Thus the inhibition of the growth of rats fed on a
diet containing 20% of soya bean oil subjected to autoxida-
tion at 60°C increases with the peroxide content **"%°, A
study on cotton seed oil autoxidised at 60°C showed that the
incidence of illness increases when the maximum peroxide
content is reached **°,

The relation between toxicity and the content of per-
oxides was observed not only with cotton seed and soya
bean oils autoxidised at 60°C but also with the ethyl esters
of the highly unsaturated fatty acids in the fat of the cuttle
fish. The autoxidation products obtained at 30° and 100°C
contained respectively 970 and 75 millimole kg™ of per-
oxides and proved to be very toxic to rats 2,

In other studies lipid peroxides introduced via the
alimentary canal proved to be non-toxic. For example the
hydroperoxide of methyl oleate introduced in an amount of
5% into the diet of rats is altogether non-toxic 21722,

Thus there is no definite relation between the degree of
toxicity of the heated lipid and its peroxide content, par-
ticularly for the same lipid at low heat-treatment tem-
peratures in the initial autoxidation stage.

It should be noted that in pathological cases, where the
regeneration of the intestinal epithelium (decomposed by
lipid peroxide) is slow, lipid peroxides can apparently
overcome the protective effect of the intestine **°, Studies
during which methyl linoleate labelled with **C at 1-C was
introduced via the digestive tract, showed that this per-
oxide is extensively decomposed in the intestine and the
decomposition products are incorporated into various
tissue lipids.

The epoxides which are deposited together with other
lipids in various cell tissues are not toxic at first sight.
Indeed, the introduction of 5% of methyl cis -epoxy-
stearate **"** or T% of epoxyoleic acid (in the form of 10%
Vernonia oil) **° into the diet of rats is not harmful, How-
ever, according to other investigations **®, epoxides appear
to be carcinogenic.

Hydroxy-compounds, at least those with long chains,
are not toxic. For example, methyl mono- and di-
hydroxystearates are not harmful to rats when their con-
tent is 5%. %!

Carbonyl compounds are probably to some extent
responsible for the overall toxicity of heated lipids, which
decreases after their treatment with semicarbazide. They
can act on digestive enzymes, since they inhibit the activ-
ity of lipase. One should examine the effect of each type
of aldehydes as a function of the degree of their unsatura-
tion; probably aldehydes with conjugated double bonds
should be more toxic.

Polymers are usually toxic. Their activity evidently
depends on the degree of diene conjugation or, in other
words, on the content of linoleic acid in the initial lipid.
This has been demonstrated for pork fat and cotton seed
oil after their heat treatment in air at 95°C for 300 h and
after distilling off the autoxidation products, obtained in
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this way, at 300°C at a very low pressure®*®. The resi-
due from cotton seed oil (40% of the total quantity of the
oil), introduced in an amount of 20% into rat diet, caused
in one week the death of all the animals, while the residue
from pork fat (17% of the total quantity) does not cause
death but inhibits growth®**. We may also note that the
distillation residue may contain thermal polymerisation
products with cyclohexene fragments which are not formed
in frying on a commercial scale **® but the present author
believes that they can be formed in the decomposition of
polymers at 300°C.

On the other hand, the degree of assimilation of toxic
polymers decreases with increase in molecular weight.
Therefore the heaviest fractions are not always the most
toxic.

Table 2. Composition of certain animal fats (%).
Acids
Fat
18:0 16:0 w1 | sz 18:3

Mutton fat 34 24 44 2 traces

Beef fat 21 32 45 2 traces

Pork fat 16 30 45 7 traces

Chicken fat 7 26 38 20 traces

Horse fat 5 26 34 5 16

(45% 14:0) (+7% 16:1)
Table 3. Composition of cod liver fat (%).
. % . %
Acid in fat Acid in fat

18:0 3 18:3

16:0 12 2% of triolefinic acids 20:3
20%-of unsaturated 14:0 3 : 22:3
triglycerides 15:0 1 .

17:0 1 tetraolefinic acid 18:4 2

égi %g 10% of pentaolefinic acids { ggg ?
45% of mono-olefinic 22:1 6 hexaolefinic acid 22:6 9
triglycerides 14:1 traces

16:1

Table 4. Composition of certain vegetable oils (%).

. Linseed [Soya bean| Cotton |Safflower G d Olive
Acid oil Y| seedodl | ol Commoll (P00 ol
18:3 47—60 4—8 traces traces 1.5 traces traces
18:2 15—24 | 49—56 | 40—50 77 58 203 4—12
184 15—19 | 24—34 | 2030 13 27 | 50—60 70—85

Saturated | 1045 | 12—17 | 20-30 | 10 | 125 | t0-20 | 7—17

In addition, one must bear in mind the existence of
trioxans, particularly derivatives of 2,4-dienoic alde-
hydes, such as deca~2,4-dienal, in which corn oil heated
at 200°C becomes enriched*’. The importance of 1,3-
conjugation has been emphasised by Holman and Green-
berg *’, who discuss all compounds with two conjugated

double bonds, for example the hydroperoxide of ethyl
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linoleate, and its reduction and decomposition products,
as well as ethyl linoleate derivatives which are not
involved in the normal metabolism of linoleic acid*’.
The biochemical activity of various fractions of linseed
0il °*%® herring 0il #9:21  and pork fat*"* has been
investigated. Several excellent papers have been devoted
to the toxicity of heated lipids 249=%%%827%273  he com-
positions of various lipids are given by Hilditch and
Williams . The compositions of the main animal fats
and vegetable oils according tothe literature data ***?%™
are quoted in Tables 2, 3, and 4.

X, CHANGES IN TISSUE CELLS OCCURRING ON
FORMATION OF PEROXIDES

Earlier it was stated that lipid peroxides administered
to rats with food are largely decomposed by the mucous
membrane of the intestine and only their traces can be
detected in the lymph.

Nevertheless the conditions for the formation of lipid
peroxides are favourable even in the mammalian organism
in consequence of the simultaneous presence in vascular
endothelium also of light unsaturated lipids (in the form of
an emulsion), haematin compounds, and oxygen®®. The
capacity of the tissue for the formation of lipid peroxides
increases with the content of unsaturated acids and the
degree of their unsaturation as well as in the presence of
catalytic systems such as haematin iron or non-haematin
iron together with ascorbic acid, and decreases in the
presence of inhibitors, for example vitamin E.

It is noteworthy that the composition, particularly as
regards polyunsaturated lipids, not only of the trigly-
cerides of the fat reserves but also of the phospholipids in
various tissues is greatly influenced by the type of lipids
in the diet. Thus an increase in the content of linoleic
acid in the diet increases simultaneously the content of
linoleic acid in the storage lipids and the content of linoleic
and arachidonic acids in various tissues. Polyunsaturated
acids (other than the main acids), such as those of the
20:5 and 22: 6 type, in cod liver oil are deposited in
various animal tissues without change.

The correlation between the degree of unsaturation of
lipids éntering into the composition of tissues and the
degree of unsaturation of lipids in the diet accounts for
the pathological changes observed in vivo under the influ-
ence of a diet enriched in polyunsaturated lipids.

However, we may note that the formation of polyunsatu-
rated 20: 3 acids may occur also in tissues if the diet is
deficient in linoleic acid and includes saturated lipids such
as those of coconut 0il, The composition of lipids in
various tissues as a function of the type of lipids in the
diet has been discussed in detail ?75~279,

The presence of peroxides in connection with various
pathological changes in tissues occurring due to a diet
with a high content of polyunsaturated lipids and deficient
in antioxidants has already been mentioned. Lipid per-
oxides were also detected after the exposure of a live
animal zta% izcggising radiation in the presence of atmospheric
oxygen .

The formation of lipid peroxides under the influence of
ionising radiation is in all probability initiated by "OH and
"OOH radicals formed in the aqueous phase*®. The
analogy between the diseases caused by ionising radiation
and lipid peroxides, in particular the decomposition of
various enzymes, has been discussed in detail >?*’, The
detection of peroxides in the tissues of live animals has
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been questioned in two publications ***?®°, Indeed, when

lipids were extracted in an inert atmosphere, even traces
of peroxides could not be detected in any of the organs of
rats (the chromatographic method was used **°) subjected
to preliminary irradiation with X-rays in air or fed on a
diet containing 20% of fresh soya bean oil or its per-
oxide **®, Similar results were obtained in the study of
various organs from chickens fed on a diet containing 10%
of cotton seed oil. Blood lipids, which induce the forma-
tion of small amounts of a very unstable peroxide, are an
exception. A study **® based on 33 different tissues con-
firmed the validity of earlier results **,

Hence it probably follows that live tissues do not con-
tain peroxides (or at most traces in adipose tissues) and
that the latter are formed in vitro during extraction in
contact with an atmosphere from which oxygen has not
been completely exhausted. A deficiency of vitamin E in
the tissue probably appreciably increases the rate of for-
mation of the peroxide in vitro.

Whereas the presence of lipid peroxides in live tissues
is doubtful, the formation of peroxides in vivo is indicated
by the products obtained on decomposition of lipid per-
oxides and the fact that such formation is prevented by
vitamin E and other antioxidants. .In this case lipid per-
oxides probably undergo gradual transformations from the
instant of their formation, which lead to various physio-
logical (decomposition of protein thiols and various
enzymes) and structural changes (rupture of membranes in
mitochondria and lysosomes). _

When aqueous emulsions of lipid extracts from various
rat organs were, exposed to ionising radiation (5—100 krad),
ofiperoxides with a lipid content of several
tens of millimole§ per kilogramme was observed.

Peroxides are also formed during aerobic incubation of
various live tissues at 37°C. However, in the majority of
investigations the peroxides were determined only indirect-
ly with the aid of.4 colour test for malonic dialdehyde (one
of the decomposition products of lipid peroxides) with
thiobarbituric acid. This very sensitive test yields
interesting results in comparative studies, but does not
refléctithe true content of peroxides (see the discussion in
Wills*g“paper 22, '

The considerations concerning the formation of per-
oxides ¢n vivo and the catalysis of the oxidation of aqueous
emulsions of linoleic acid by metal chelate complexes are
applicable, in broad outline, to the determination of the
capacity for the in vitrvo formation of endogenic peroxides
in various live tissues in the presence of atmospheric
oxygen, particularly when one considers the catalytic
activity of various forms of iron (haematin and non-
haematin) and ascorbic acid and the effect of chelating
agents and of phosphate concentration. The rate of for-
mation of peroxides in the tissue increases with its overall
iron content as well as with the content and degree of
unsaturation of its component lipids. In the presence of
non-haematin iron, the content of ascorbic acid in the
tissue is very important. Thus the onset of the formation
of the peroxide on addition of ascorbic acid to homogenates
of various tissues is explained by the presence in them of
non-haematin iron. It has been shown *®® that in various
tissues of scorbutic guinea pigs, less peroxides are formed
than in the tissues of healthy guinea pigs and that the
addition of ascorbic acid to tissues affected by scurvy
restores their normal capacity for the formation of per-
oxides, It is interesting to note that tissues in a state of
constant cell division, such as bone marrow, the mucous
membrane of the intestine, and cancer cells, do not form
Peroxides.
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Discussions concerning the formation of peroxides as a
result of the in vitro aerobic incubation of various tissue
homogenates have been published **7%%°, The formation
of endogenic peroxides in the homogenates of various rat
organs and also the catalytic effect of these homogenates
in the autoxidation of linoleic acid in emulsion was dis-
cussed in detail in one of these papers.

Mitochondria usually contain considerable amounts of
polyunsaturated lipids (particularly in the form of phospho-
lipids) derived from acids with 3,4,5, and 6 double bonds,
such as 18:3, 20:3, 20:4, 22:4, 22:5, and 22:6 acids.
The distribution of lipid molecules in the vicinity of
various cytochromes makes them particularly susceptible
to autoxidation.

The composition of the liver and heart mitochrondria in
various sea fish and birds and also several marine mam-
mals has been described ****®, Data have also been
published *** on the composition of the mitochondria in the
chicken liver and the ox heart. The composition of rat
liver mitochrondria has been studied 3°3:3%4,

Suspensions of mitochrondria at 37°C in a sucrose or
sodium chloride solution (with a phosphate buffer) absorb
oxygen with subsequent formation of malonic dialdehyde.
Ascorbic acid usually catalyses these reactions and
vitamin E inhibits them.

The phenomena described below are accompanied by the
degradation of enzymes such as succinate dehydrogenase,
TPNH cytochrome reductase, choline oxidase, and amino-
acid oxidase (on the other hand, the liver alkaline phos-
phatase and brain cholinesterase resist the formation of
this peroxide). The degradation of the enzymes is
revealed by a weakening of the oxidative phosphorylation
and oxidation of a -oxoglutaric acid.

Apart from the degradation of enzymes, the mito-
chondrial membranes swell and are lysed with liberation
of free fatty acids and soluble proteins.

Vitamin E, introduced in vilro into suspensions of
mitochondria, decreases the absorption of oxygen and the
formation of malonic dialdehyde, protecting thereby the
above enzymes against oxidative degradation and the
membrane against swelling and lysis. The introduction
of 0.47 and 4.7% of vitamin E into mitochrondria from
rabbit heat tissue decreases the rate of absorption of
oxygen by factors of 7 and 28 respectively *®, It is note-
worthy that the capacity of mitochrondria for the formation
of peroxides depends also on the composition of poly-
unsaturated lipids and antioxidants (in particular vitamin
E) in the diet. Thus when a diet deficient in vitamin E and
containing 3% of pork fat and 2.5% of fish fat is adminis-
tered, the rate of absorption of oxygen and the amount of
malonic dialdehyde formed decrease respectively by
factors of 2.5 and 10 when 10 mg of « -tocopherol is added
to the diet **.

Degradation of mitochondrial enzymes has been dis-
cussed in Refs. 307 and 308 and the swelling and lysis
phenomena in Refs. 309 and 310. The last two papers
deal with the role which ascorbic acid plays in the occur-
rence of these processes.

The formation of peroxides in the mitochondria of rat
liver and rabbit heart cells has been thoroughly investiga-
ted*®»°®,  The inhibiting effect of vitamin E (in relation
to the formation of peroxides in the mitochondria of rabbit
heart cells and rat and rabbit liver céells) has been
studied %3,

Microsomes contain 30—~40% of lipids, particularly
phospholipids, and twice as much of polyunsaturated lipids
(in relation to nitrogenous bases) as in mitochondria.
Certain molecules of these lipids are located near cyto-
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chrome molecules, which gives them a })articularly high
capacity for the formation of peroxides *%,

Applications to rat liver cell microsomes of the same
methods as for mitochondria ** led to the discovery that
the absorption of oxygen accompanied by the formation of
malonic dialdehyde takes place.

The formation of peroxides in microsomes leads to a
modification of the synthesis of nucleic acids and proteins
and to a decrease of the synthesis of ascorbic acid and
also to an inhibition of the activity of gulonolactone
oxidase #°., The microsomes themselves degenerate,
their altered shape being clearly visible through an elec-
tron microscope.

As for complete homogenates and mitochondria, vita-
min E plays the role of an inhibitor. Thus addition of
« -tocopherol (0.25 g/gN) leads to degrees of inhibition of
72 and 69% respectively in the absorption of oxygen and
the formation of malonic dialdehyde.

The formation of peroxides in the microsomes of rat
liver and rabbit heart cells has been described in broad
outline ***,  The inhibition of gulonolactone oxidase has
been investigated *°**°, the second study *° being con-
cerned in addition with the dependence of the degree of
inhibition of the synthesis of ascorbic acid on the content
of malonic dialdehyde. The effect of TPNH and ATP on
the formation of peroxides in microsomes has been
studied *',

Although lysosomes contain less lipids than mitochon-
dria and microsomes, they nevertheless have only a
simple membrane. They form peroxides with difficulty
but the membrane is easily ruptured on formation of per-
oxide even in insignificant amounts. Thus the rupture of
the membrane in rat liver cell lysosomes under the influ-
ence of ultraviolet light and y -radiation and the product of
the autoxidation of methyl linoleate is accompanied by the
liberation of hydrolytic enzymes: cathepsin, glucuronid-
ase, acid phosphatase, and aryl sulphatase. The addition
of ascorbic acid increases and that of vitamin E decreases
the amount of such liberated enzymes.

The formation of peroxides in lysosomes associated
with the liberation of enzymes has been discussed *#7°%,

The haemolysis of red blood corpuscles is associated
with the rupture of membranes as a result of the formation
of lipid peroxides. The haemolysis is promoted by a diet
deficient in vitamin E, while the introduction of vitamin E
or other antioxidants, for example reduced Methylene
Blue, into the diet interferes with haemolysis. The
haemolysis of red blood corpuscles has been discussed in
a number of publications *2!7%%,

The inhibition of cell division under the influence of
ultraviolet light is probably also induced, at least partly,
by the action of lipid peroxides **°,

Indeed, in a study of the fertilised eggs of the worm
Chaetopterus pevgamentaceus and the sea urchin
(Lytechornus variegatus), it was established that ultra-
violet light and irradiated methyl linoleate inhibit cell
division. Probably such inhibition is a consequence of
the repression of the activity of the enzymes and of the
depolymerisation of nucleoproteins.

Vitamin E is the usual component of the majority of
living organisms. It is encountered in the tissues of all
animals and is widely distributed in plants. It has also
been found in unicellular organisms such as yeasts and
moulds. Its antioxidant activity, which is usually shown

in an increase of the duration of the induction period and
in a decrease of the rate of absorption of oxygen and the
rate of formation of hydroperoxides and their decomposi-
tion products, has been frequently noted in this review.
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A similar situation obtains in the oxidation of linoleate
catalysed by lipoxidase and haematin compounds and in the
oxidation of mitochondria and microsomes.

Although o -tocopherol behaves as a weaker antioxidant
in vilvo than other tocopherols, it accumulates in the
animal organism (particularly in phospholipids) and there-
fore under in vivo conditions exhibits a pronounced anti-
oxidant activity. Its distribution in various animal fats
and vegetable oils as well as in various rat organs has
been discussed in two publications %%,

Various tocopherols do not exhibit synergism but form !
strongly inhibiting systems with ascorbic, citric, and !
phosphoric acids, which probably also play a very impor-
tant role in the stabilisation of tissue lipids *°7%%792°,

The degree of degradation of « -tocopherol in tissues
usually increases with the content and degree of poly-
unsaturation of lipids in the diet. However, the loss of
tocopherol from a tissue on a diet from which it is absent .
greatly depends on the nature of the tissue. We may note
its very tenacious retention by the brain**°, The decom-
position products of ¢ -tocopherol iz vivo consist of i
a ~tocopherylquinone (formed as a result of the opening of H
the pyran ring) and dimeric « -tocopherol (with an unaffec-
ted heterocyclic structure).

Indeed the presence of tocopherylquinone was estab-
lished in the liver and in the muscles of mice and pigs **
and its content in adipose tissues increases with the
degree of unsaturation of lipids in the diet. (It is higher
by z;azfa)tctor of 3 for methyl linoleate than for coconut
oil =,

The simultaneous presence of the dimer and the
quinone was also observed in the livers of mice and rats
after intra-abdominal injection of o -tocopherol into
animals which had been fed for a year on a diet deficient
in vitamin E, %% The dimer and the quinone are also
formed on simultaneous oxidation (60° and 100°C) of
a -t03<3:40pher01 and methyl linoleate by atmospheric oxy-
gen ™",

The effect of ROO" radicals formed as a result of the
action of iron(I1) salts on the hydroperoxide of methyl
linoleate and the peroxides of methyl linolenate, ethyl
arachidonate, and methyl eicosapentanoate on o -toco-
pherol has been investigated *® and kinetic data have been ¢
published.

a -Tocopherol is converted into a -tocopherylquinone as 4
a result of the abstraction of a hydrogen atom (from the
OH group) followed by the rupture of the pyran ring,
rearrangement, and fixation of the OH group **:

Hs(li HyC HoC
Mo \/\H /.o\l <CH3 H,c—’ ” o\l\cﬂ3 Moo [/\ﬁ /o\{ <CH3
R R 7 R
O/ NN/ NN
CH, CH, CH, [84]
d.'g
H,? HB(]-: OH immer
. o}
et NN H e NS S
S M S
NN /NN
CHg CHg
(R=CagHa)

The inhibiting effect of vitamin E in the iz vivo
autoxidation of 2polyunsaturated lipids has been
examined 1649233, 34,336—338. .
Ubiquinone, which is usually found in mitochondria in
larger amounts than o -tocopherol, can be reduced to
ubiquinol ***’**°,  On the other hand, the latter can be
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reoxidised by peroxides to ubiquinone. Ubiquinol proved
to be an inhibitor approximately as effective as a -toco-
pherol in the oxidation of an emulsion of arachidonic acid
catalysed by 2 X 10™° M haemoglobin (37°C, pH 7.4) and
also in the photochemical oxidation of the mitochondria in
ox liver cells. These findings suggest that ubiquinol and
ubiquinone can play a very important role as antioxidants
for mitochondria.

Squalene **!, which is present in considerable amounts
in fish lipids, can behave as an antioxidant, at least at the
beginning of the reaction. In fact, a comparative study **,
of the autoxidation of methyl linpleate and methyl oleate at
63°C in the presence of 0.02% of tocopherol or squalene
showed that in the first five days the content of the hydro-
peroxide is lower in the presence of squalene than in the
presence of added o -tocopherol; after this period the
formation of the peroxide in the presence of squalene is
faster and after 8 days it is as rapid as in the absence of
inhibitors.

We have already seen that inorganic compounds
32-3% introduced with food cah prevent certain pathological
changes induced by a diet with a high content of poly-
unsaturated lipids and deficient in vitamin E. A study **
has shown that Na»SeOs introduced into the diet gradually
reduces the formation of peroxides in the liver, heart, and
muscles of chickens. Selenocystine and selenomethionine
were detected in the hydrolysate of liver proteins.

In addition various aminoacids containing selenium at
concentrations of 107 and 2 X 107 play the role of inhibi-
tors, which may be compared with a -tocopherol in the
oxidation of an emulsion of methyl linoleate catalysed by
haemoglobin.

These findings suggest that selenium introduced with
food in the form of inorganic compounds is deposited in
various tissues of the chicken as selenoproteins which in
vivo probably behave as antioxidants, The mechanism of
inhibition by selenium compounds consists mainly in the
decomposition by these compounds of the hydroperoxide
formed, but not via a radical mechanism. In addition,
selenium compounds, which decompose peroxides, protect
coenzyme A in the absence of cystine **°. .

The role of selenium compounds in metabolism has been
discussed in detail *****® and the mechanism of their
interaction with hydroperoxides has been considered in
another study **.

Apart from o -tocopherol, which is widely distributed in
plants '°**’, many polyhydroxy-compounds, such as simple
aromatic polyphenols or heterocyclic derivatives (hydroxy-
chromans, hydroxycoumarones **) can play a fairly
important role in inhibition. In certain special cases
their inhibiting activity may be the main function, as in
the case of NDGA, the antioxidant activity of which in
vitro has been considered in this review.

A thorough study has been made **® of the toxic effect of
various types of lipid peroxides administered intravenously
and intra-abdominally to rats and chickens. It was shown
that the toxicity depends to a large extent on the nature of
the compound in which the lipids are bound and on the
method of injection. Thus, peroxides of the triglycerides
derived from olive and nut (groundnut?) oils are much
lfBSS toxic than free fatty acids. Their ester and phospho-
lipiq peroxides, which are of the same type, are much
more toxic when administered intravenously than intra-
abdominally.

The retention of lipid peroxides by various tissues
depends also on the type of peroxy -compound and the
Nature of the emulsifying agent. Probably it is greater
the lower the toxicity of the.peroxide. The peroxides of

337,338,
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triglycerides are retained to a considerable degree by
blood, lungs, the liver, the spinal column, kidneys, and
the intestine. A moderate amount is retained in the
heart and the muscles and a very insignificant amount in
the brain, the pancreas, and in adipose tissues. The
degree of retention in the blood is very considerable over
a period of 1 h, is insignificant after 2 h, and becomes
zero after 500 h.

Possibly the mechanism of the elimination of trigly-
ceride peroxides differs from that for peroxides of other
types. It is interesting to note that intravenous adminis-
tration yields identical results with chickens and rats but
after intra-abdominal administration the retention of
triglyceride peroxides by various rat organs is less than
by chicken organs.

We may note that in the presence of 0.5 millimole per
kilogramme of the hydroperoxides of ethyl linoleate and
(CH3)sCOOH [t-butyl hydroperoxide], symptoms of
methaemoglobinaemia appear.

Numerous quantitative data concerning the retention of
various types of peroxides by rat and chicken organs as a
function of the dose administered and time and also as a
function of the content of methaemoglobin in the case of
ethyl linoleate and (CHs);COOH have been published **°.

The toxicity of certdin autoxidation products of lipids
and of certain organic peroxides administered to rats
intra-abdominally only has been examined >**’. Accord-
ing to the data of the second study, the hydroperoxide of
methyl linoleate and particularly of (CHs)3;COOH should be
less toxic than was suggested in another investigation **,
Nevertheless, it follows from the above studies ***’**" that
lipid peroxides (and probably other peroxides) are much
more toxic when introduced with food, which is reasonable,
bearing in mind their decomposition by the mucous
membrane of the intestine, which occurs in such a way that
only some of their decomposition products pass into the
lymph. Their toxicity when introduced by injection is
undoubtedly a consequence of the combined effects resulting
from attack on double bonds (which entails the degradation
of the principal fatty acids, namely the 18:2 and 20:4
acids) and the degradation of haematin nuclei, protein
thiols, various vitamins (particularly vitamins A and C),
various enzymes, and membranes (which may lead to the
haemolysis of red blood corpuscles).

Oxidation catalysed by variable-valence elements has
been examined in two papers *****° and the general theo-
retical questions concerning the inhibition of autoxidation
have been considered by Knorre et al. ®° Moreover,
several papers and publications on synthesis after 1960
were devoted to organic peroxides in general ! ®?

some
)

of which ®*~®? analyse various methods of their deter-

mination.
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