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ABSTRACT
PHOSPHOLIPID OXIDATION IN EMULSIONS
by Glenn A. Corliss

The autoxidation of emulsions consisting of puri-
fied phosphatidyl ethanolamine (PE) and phosphatidyl
choline (PC), extracted from egg and soybean lipids by
silicic acid column chromatography, and 0.1M borate
(pH 7.0) buffer was compared by measurement of oxygen
uptake, TBA absorbance, ultraviolet absorbance and
changes 1n the percentage composition of unsaturated
fatty acids. Egg phospholipids were more reactiye than
soybean phospholipids and PE from egg and soybean oxi-
dized more readily than egg and soybean PC respectively.
All phospholipid fractions emulsified in 0.1M borate
(pH 7.0)--Tween 20 buffer had comparable activation
energies for oxidation. However, those fractions of a
given phospholipid with the most unsaturation oxidized
most rapidly. Although unsaturated fatty acld oxidation
occurred in all fractions,.phospholipid oxidation in
emulslions was only partly a function of fatty acid com-
position. The ethanolamine and choline molieties in-
fluenced the induction period for the oxidation of PE

and PC respectively. The effect of the nitrogen molety



Glenn A. Corliss

on the oxidation of unsaturated fatty acids was investi-

gated in model systems with methyl linolenate emulsions.

Ethanolamine was observed to exert a strong prooxidative

effect 1n methyl linolenate emulsions compared to choline
which had a slight antioxidative effect.

Specific changes in the phospholipid molecule dur-
ing oxidation were measured by various physico-chemical
tests. Of the two major polyunsaturated fatty acids in
egg phospholipids, arachidonic acid disappeared at a more
rapid rate during oxidation while the concentration of
linoleic acild decreased to a level that was relatively
stable. Conslderable oxygen was absorbed by PE and PC
after arachidonic acid had disappeared completely and
linoleic acid had reached its minimum level. Higher TBA
and diene and triene conjugation values were observed for
PE than for PC. TBA and dlene and triene conjugation
attained theilr maximum levels for egg PC when the rate of
oxygen consumption began to decrease. These values in-
creased with oxygen uptake for egg PE and continued to
increase after the rate of oxygen consumption had de-
creased. Although diene conjugation values increased
as a result of the oxidation of soybean PE, triene con-
Jugation was low at all stages of oxidation. The concen-
tration of the free amino group of egg and soybean PE
decreased and a brownish-yellow discoloration developed

during oxidation.
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Investigations were conducted on the effect of
various pro- and antioxidative substances on the autoxi-
dation of phospholipid emulsions. The reactivity of egg
PE and PC was decreased by the addition of ethanolamine
in 1:1 molar ratios of nitrogen moiety and phospholipid,
which was in contrast to the prooxidative effect of the
ethanolamine in methyl linolenate emulsions. Copper
accelerated the oxidation of PE and PC. The antioxidative
effect of ethanolamine and glycine was overcome by the
addition of copper. The induction period for the oxi-
dation of PC was less in the presence of ethanolamine
plus copper and glycine plus copper than in the presence
of copper alone. The greater reactivity which resulted
when copper and an amino compound were added together was
attributed to the formation of a complex between the metal
and the nitrogen moieties. Glycine, lysine, and tryptophan
increased the induction period of egg PE while histidine
completely inhibited oxidation for the period of study as
evaluated by oxygen uptake and TBA determinations. Vari-‘
ations in the antioxidative effect of glycine, lysine,
tryptophan and histidine on the oxidation of PE were
postulated to occur as a result of differences in the
activation energy of the antioxidative reaction which
depended upon the particular amino acid that was present.
Butylated hydroxytoluene (BHT) and sodium tetra, ethyl-

enedliamine tetraacetate (Na EDTA) completely retarded
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oxidation of egg PE as measured by oxygen uptake and the
TBA test for the period of study. The ability of Na EDTA,
a metal chelating agent, to inhibit phospholipid oxi-
dation in emulsions indicated that trace metal impurities
could have influenced oxidation. The strong antioxidative
effect that was observed for BHT confirmed the work of
others and suggested that its presence in 1lipid samples
during their extraction, manipulation, and storage would
retard the development of alterations as a result of

autoxidation.
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INTRODUCTION

Autoxidation of lipid materials is a complicated
phenomenon even when it involves only the oxidation of
an anhydrous polyunsaturated fatty aclid under carefully
controlled conditions. Autoxidation of fats in foods
is further complicated since fat is present as a diverse
mixture of many lipids. The fat 1s often in a finely
divided or emulsified state, intimately associated with
a mixture of solid components and a complex aqueous phase
containing a variety of both soluble and colloidally
dispersed materials. In such a system, numerous reactions,
both pro- and antioxidative occur simultaneously.

Studiles in a variety of food and natural products
have shown that the early oxidation reactilons are usually
most dominant in the phospholipid moieties. The fatty
acld composition of phospholipids vary with source but
seem to follow a common pattern in that the phospholipid
fatty acids are more unsaturated than those found in
associated triglycerides and are more highly unsaturated
at the B-position than at the a'-position. . Since the
phospholipids contain phosphorus, a nitrogen containing
component such as choline, ethanolamine or serine, and

unsaturated fatty acids, they offer a system far more



complicated for oxidation than the neutral triglycerides.
One of the unexplained factors of basic interest is
whether the tendency of phospholipids to oxidize is due
simply to the high unsaturation of the fatty acids of
the phospholipids or whether there 1s a different ten-
dency and therefore rate of oxlidation according to the
specific molecular constitution of each individual
phospholipid.

The purpose of this research was twofold. The
major objective was to characterize the role of the nitro-
gen moiety during oxidatlon in order to learn whether the
oxidation of phosphatidyl ethanolamine (PE) and phospha-
tidyl choline (PC) 1is related to the degree of unsatur-
ation of the fatty aclds or to the nitrogen containing
component. Although published reports had indicated
that unsaturated fatty acids and the nitrogen molety are
factors affecting the oxidation of phospholipids (1, 59,
77, 99), further study was needed in order to determine
the relative importance of unsaturation and the nitrogen
component on phospholipid oxidation. Another objective
was to investigate the influence of various substances
on the susceptibllity of phospholipids to oxidation.

The potential toxic effect of some commercial antloxi-
dants has increased interest in the utilization of -
antioxidative substances which occur naturally in
biological materials. 1In this study, the effect of amino

acids, ethanolamine, choline, copper, butylated



hydroxytoluene and sodium tetra, ethylenediamine tetra-
acetate on the oxidation of PE and PC was determined.
Egg yolks and a commercial soybean phosphatide
preparation were utilized as sources of phospholipids.
PE and PC were fractionated by silicic acid column
chromatography and thelr purity was ascertained by
thin-layer chromatography. Purified PE and PC were
emulsified in borate (pH 7.0) buffer prior to the
measurement of oxidation, since it was felt that oxi-
dation under a neutral pH 1n the presence of moisture
could be more readily controlled in terms of oxldation
rate and would be more nearly typlical of changes occur-
ring in a number of natural food systems than oxidation
in a dry system. Autoxidation of PE and PC emulsions was
measured by oxygen uptake, TBA absorbance, ultraviolet
absorbance and by changes in the percentage composition

of unsaturated fatty acids.



LITERATURE REVIEW

Mechanism of Autoxidation

The spontaneous reaction between atmospheric oxygen
and many types of organic compounds has been termed autoxi-
dation. Autoxidation is an autocatalytic reaction in that
the rate of reaction increases with time, due to the for-
mation of products which themselves catalyze the reaction.
Autoxidation may be beneflicial or deleterious depending on
the conditions and circumstances under which 1t occurs
(115). It is advantageously employed in the production of
blown o0ils and in various oxidation and polymerization pro-
ducts in the drying oil industry. Large quantities of
organic chemicals are produced by the controlled oxidation
of petroleum hydrocarbons (115).

Rancidification and other forms of oxidative
deterioration of many foods result from autoxidation but
are undesirable. Oxidative rancidity in foods has been
traced to the lipid portions, in which both the simple
triglycerides and the more complex phospholipids may be
involved. The common feature of oxidative rancidity 1is
the reactivity of the unsaturated fatty acid moieties
in the 1lipids (28). 1In practice, the autocatalytic

autoxidation of food lipids almost always involves the



presence of catalytic entities, such as prooxidants,
antioxidants and light.

Autoxidation occurs in a series of reactions in-
volving initiation, propagation and termination steps.

These steps have been formulated as (28):

Initiation
RH + O2 -——> R+ + <0OO0OH (1]
Propagation
Re + O2 > ROO- [2]
ROO- + RH —> ROOH + R~ (3]
Termination
Re + Re ——> RR (4]
Re + ROOe ——> ROOR (5]

ROOe + ROOe ——> ROOR + O2 (6]

RH refers to any unsaturated fatty acid in which the
H 1s labile by reason of beilng on a carbon atom adjacent
to a double bond. Re* refers to a free radical formed by
removal of a labile hydrogen. The over-all oxidation may
be expressed as RH + 02—————) ROOH up to a certaln stage
of oxidation. The oxidation process becomes more complex
after the development of a quantity of hydroperoxides
(ROOH), for the ROOH then decomposes, either through
thermal instabillity or through reaction with other
materials, to form more free radicals which then partici-

pate further in the chain reactions (28).



Several features of the autoxidation of common
food fats have been summarized by Lundberg (68). They
are:

1. The reaction involves, primarily, unsaturated
acyl groups, and the hydroperoxlide group formed
as a result of autoxidation, appears in an
alpha position relative to a double bond.

2. The rates of autoxidation are greatly dependent
upon the degree of unsaturation of the fatty
aclds, increasing in an exponentlal manner with
increasing unsaturation. Derivatives of satu-
rated fatty aclds autoxidize to form hydro-
peroxides of undetermined structures, although
under ordinary conditions, the reaction is
extremely slow.

3. Various extraneous influences, if present, can
affect the rate of oxidation of any given food
fat. Prooxidants, including trace metals and
biological catalysts, accelerate the rate of
oxidation. All forms of light radiation have
marked accelerating effects. A multitude of
substances, especially various phenolic com-
pounds, exert an antioxidant or negative
catalytic effect.

4y, As with other chemical reactions, an increase in
temperature increases the rate of autoxidation.

5. While the major products of fat autoxidatlon are
hydroperoxides, certain secondary products, not
derived from peroxides, are formed concurrently.
In particular, with unsaturated fatty acids,
small amounts of conjugated ketones are produced
with the hydroperoxides.

6. The undesirable flavors and odors of autoxidized
food materials are not due to the hydroperoxides
themselves, but to secondary substances such as
aldehydes, ketones, aclds and polymeric com-
pounds which are derived through various re-
actions and to further oxidation of the peroxides
and thelr degradation products.

Lipid Oxidation in Aqueous Media

Several reactlons occur when polyunsaturated fatty
acids or thelr derivatives are dispersed for extended

periods in water in the presence of air. As early as



1937, Bloor and Snider (8) discovered that unsaturated
fatty acids become water-soluble upon autoxidation.
Schulte and Schillinger (110), while studying the non-
enzymatic oxidation of vitamin A acetate, established
that the reaction catalyzed by oleic acid proceeded
faster in a two-phase oil-water system than in a homo-
geneous nonaqueous phase. In contradiction, Spetsig
(114) reported that the autoxidation of methyl linoleate
was inhibited by water although, after the chain reaction
had started,Aits course was not affected by the presence
of water of pH between 5.1-9.2. Mabrouk and Dugan (70)
observed that the oxidation rates of methyl linoleate
emulsions increased markedly as the pH of the emulslon
was railsed from 6.0 to 8.0 while the oxidation rates of
linoleic acid emulsions increased gradually from pH 4.5
to 5.5 and then decreased gradually to a minimum at pH
8.0.

The oxidation of lipids in water is strongly in-
fluenced by the degree of contact between the lipild and
the oxygenated aqueous phase. The autoxidation of oil
emulsified in water with and without detergents increased
with the degree of dispersion of the oil and the effect
of the detergents was greatest for oils with the most

double bonds (52). Research on the oxidation of carotene



in linoleate soap solution has demonstrated that there is
a critical middle concentration of linoleate where oxi-
dation is minimal. When the linoleate concentration was
below this middle concentration, the oxidation of carotene
was not coupled to the oxidation of linoleate; however,
the rate of autoxidation of both carotene and linoleate
increased when the level of elther was ralsed provided

the linoleate concentration was above the critical middle
concentration (66). Studies on the oxidation of methyl
oleate after irradiation with UV light or saturation with
oxygen at 50°C have shown that oxidation proceeded slower
in water than in the dry state (117). These results were
attributed to a higher solubllity of oxygen in oil than in
water, The addition of a surfactant or improved dispersion
in the absence of surfactant increased the rate of oleate
oxidation.

At one time, it was thought that the presence of
water-soluble products in aqueous dispersions of polyun-
saturated compounds resulted from the transfer of impuri-
tles from the original material to the aqueous phase
(107). This possibility was eliminated by the finding
that a higher yleld of ultraviolet-absorbing water-
soluble products were obtained when several successively
smaller portions of highly purlified starting material
were dispersed in water (106). Infra-red spectroscopy

of the dry residue from the clear filtered water phase



demonstrated the presence of hydroxyl groups and a re-
duction in the intensity of double-bond absorption (106).
One result of the chemical interaction of linoleic acid
and water is the formation of a saturated tetrahydroxy
fatty acid (71). The 1dentification of "active oxygen"
in the aqueous phase (109) and the finding that the ex-
clusion of oxygen from the dispersion prevented the
formation of hydroxy compounds (108), strongly indicated
that oxidation could occur when unsaturated lipids were
dispersed in water.

The filrst major reaction in the aqueous oxidation
of linoleic acid is believed to be ildentical with that
which occurs in the autoxidation of dry linolelc acild,
namely the formation of hydroperoxides. Measurement of
the UV absorption of the aqueous phase after prolonged
dispersion of linoleic acid in water has 1ndicated the
presence of conjugated double bonds (105). Hydroperoxides
are known to be unstable and to react further with oxygen
to yield secondary products such as aldehydes, ketones,
dimers and polymers, and epoxides. A characteristic
feature of the oxldation in aqueous suspension 1s that
the water favors the formation of such tertiary products
as hydrogen peroxlide and carboxylic aclds by the hydro-
lysis of secondary products (105). These products are

formed only in minute amounts in the absence of water.
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Baker and Wilson (4, 5) succeeded in separating the
water-soluble products of UV-irradiated linoleic and
linolenic acids into volatile and relatively non-volatile
fractions, each of which reacted with thiobarbituric acid
and peroxidase. The volatile fraction contained hydrogen
peroxide and probably malonaldehyde and the non-volatile
fraction had at least twelve compounds (approximate chain
length, 7C-13C) containing o-B-unsaturated carbonyl
groups. A number of compounds formed as a result of the
aqueous oxidation of polyunsaturated acids have been
identified by Schauenstein and co-workers (105). Since
most of these compounds are short-chain products they
are continuously eluted by the aqueous phase and become
unavailable for further reaction in the oil phase. As a
consequence, the oxidation of polyunsaturated lipids in
water provides an opportunity for the 1solation and
identification of intermediate products from classical
autoxidation. Many of these intermediate products have
blological and medical significance in addition to being

important in the deterioration of food lipids.

Lipid Autoxidation Tests

The oxldative degradation of unsaturated fatty
acids can be followed by determining the total consumption
of oxygen, by determining the amount of a product of
lipid oxidation or by measuring the decrease in the con-

centration of unsaturated lipids.
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Peroxide Test

The quantitative determination of peroxides is the
most commonly used analytical method for following the
course of autoxidation reactions (115). The peroxide
test 1s based on the assumption that potassium, sodium or
hydrogen iodide will liberate iodine in the presence of
peroxidized product. The iodine, liberated in a stoichio-
metric ratio of two atoms of 1odine for each atom of
active oxygen, can be quantitated by titration with
sodium thiosulfate. Although numerous peroxide methods
have been proposed, results on a given sample, using
different methods and different operators, are often
quite erratic. Some investigators attribute this to
errors in the methods or procedures, while others are

inclined to suspect the peroxides themselves (65).

TBA Test

The 2-thiobarbituric acid (TBA) test has been applied
to the estimation of rancidity in dairy products, meats,
fishery products, cereal and baked products, and fats and
oils (16). The pigment produced in this sensitive color
reaction 1s known to be a condensation product of two
molecules of TBA and one of malonic dialdehyde. A fea-
ture of the TBA test is 1ts comparative specificity for
oxidation products of polyunsaturated fatty acids. The
TBA test can be applied directly to a lipid-containing

material without prior extraction of the fat. The test
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supposedly gives a more reliable measure of the extent
of oxidation than the peroxide determination in cases
where substances other than fat are present and cause

decomposition of peroxides (67).

Ultraviolet Absorption

Oxidation of polyunsaturated fatty acids is
accompanied by increased ultraviolet absorption due to
the formation of conjugated diene and triene hydro-
peroxides. The infrared spectra of the mixed hydro-
peroxides from autoxidlized linoleate, 1solated by counter-
current distribution, indicated that the hydroperoxides
assumed the cis-trans and trans-trans confilgurations
(92). Cis-trans hydroperoxides predominated at low tem-
peratures while trans-trans hydroperox%des were more
prevalent at high temperatures and high levels of autoxi-
dation. The magnitude of change of ultraviolet absorption
is not easily related to degree of oxidation since the
effects upon the various unsaturéted acids (oleic,
linoleic, linolenic, arachidonic, e.g.) are different in
quality and magnitude (47). The spectral change for a
given substance, however, can be used as a relative mea-
sure of oxidation and probably has 1ts best application
in the detection of oxidation rather than its measurement
(115). The higher the absorption, the greater has been

the exposure to oxygen.
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Oxygen Absorption Tests

Manometric respirometers such as those used for
biochemical respiration studies have been employed in
many lipid laboratories to measure oxidation. 1In the
usual set-up, a lipid sample in a closed glass chamber
is agitated in a liquid bath at a constant temperature.
The atmosphere in the chamber is either air or oxygen.
As oxidation progresses, the amount of oxygen absorbed
is indicated by a decrease in pressure which can be

determined manometrically (67).

Miscellaneous Tests

Since there is no single approach to the problem
of measuring lipid oxidation, various methods have been
developed. Thin-layer chromatography has been used to
detect and classify peroxides in complex lipid mixtures
(82). Changes in the concentration of unsaturated fatty
aclds of phospholipids have been evaluated by gas-1liquid
chromatography (26, 99) and iodine values (59). The
disappearance of the free amino group of phosphatidyl
ethanolamine during oxidation has been measured by the
ninhydrin reaction. Much attention has been directed
toward the separation, estimation and identification of
the total and volatile carbonyl degradation ﬁroducts
from oxidizing fats. The most widely used method of
determining carbonyl substances formed by the secondary

degradation of hydroperoxides 1s probably the colorimetric
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2,4-dinitrophenylhydrazine procedure of Henick et al.
(45). A comprehensive review of carbonyl determinations
is beyond the scope of thils review. However, methods
for the separation and identification of carbonyl com-
pounds have been reviewed by Day (18) and Badings and
Wassink (3).

All known oxidation tests have limitations, since
no single procedure has proved adaptable to all lipid-
autoxidizing systems. There is a definite need to de-
vise more methods to characterize, objectively, accurately
and rapidly, changes which occur during the autoxidation

of lipid materials.

Phospholipids--As Antioxidants

Phosphatides are reported to have two opposing fea-
fures when present 1in food products: participation in the
protection of neutral lipid autoxidation and the acquire-
ment of a fishy odor and off-flavor by decomposition and/
or change. The debate over whether phospholipids are
antloxidants or prooxidants has yet to be completely re-
solved. "Lecithin" was among the first of a number of
naturally occurring edible products proposed as an
antioxidant in foods (10). Most "lecithin" preparations
have been crude fractions obtained from vegetable oils
or animal fats on the basis of thelr solubilities in
various solvents and have contained relatively large

amounts of phosphatides other than phosphatidyl choline.
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The conflicting reports in the literature on the anti-
oxygenic activity of "lecithin" in various substrates
probably results from the heterogeneity of the "lecithin"
fractions utilized as well as the variety of substrates
and testing methods employed (14).

In 1935 Evans (32) observed that crude vegetable
lecithin appreciably lengthened the induction period of
vegetable oils. Olcott and Mattill (85) reported that
purified "lecithin" was inactive in lard while purified
cephalin was a good antioxidant. Swift et al. (116)
established by peroxide determinations that the anti-
oxygenic activity of a-tocopherol in cottonseed oll was
increased by the presence of a crude fraction of cotton-
seed cephalin. The antioxidant property of the cephalin
molecule has been traced to the phosphoric acid group
(85). The inactivity of phosphatidyl choline has been
attributed to its existence in a zwitterion form involving
the free hydroxyl group of the phosphoric acid radical
and the nitrogen of the strongly basic choline (83).
Since the nitrogen in ethanolamine 1s a much weaker base
than the nitrogen in choline, it was suggested that the
phosphoric acid group has a greater tendency to remain
free in phosphatidyl ethanolamine (83).

The original description of anﬂioxidants and
synergists (86) differentiated between substanceés which

were effective alone 1n relatively low concentration such
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as tocopherols and phenolic compounds and those sub-
stances which had little actlivity by themselves but were
effective in combination with the phenolic inhibitors.
Citric, ascorbic and phosphoric acids and phospholipids
have been classified as synergists. While phospholipids
are usually regarded as synergists, certain phosphatides
and glyceride acid phosphate esters may have true anti-
oxidant activity (22). Privett and Quackenbush (93)
observed that wheat germ phosphatides and phosphoric acid
prevented the accumulation of peroxides in both fresh and
partially oxidized wheat germ oil. This preventlve action
was attributed to the formation of polymeric substances
by a reaction involving peroxides and the phosphoric acid
group.

Patents proposing the use of phosphoric acid to
retard the development of oxidative rancidity in fats
were assigned to the Proctor and Gamble Company as early
as 1934, At about the same time, Lea (57) observed that
when lard was in contact with a phosphate buffer 1t oxi-
dized more slowly than when it was in contact with other
buffers, such as borate and acetate at the same pH. The
effectiveness of phosphoric acid in vegetable olls but
not in purified methyl esters was established by Olcott
and Mattill (86). Golumbic (37) attributed its syner-
gistlc activity to its abillity to regenerate phenolic

antioxidants from their quinones. The activity of
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phosphoric acid has also been ascribed to its ability
to chelate heavy metals (31) and to decompose fatty
peroxides (94).

Studies on the drying of linseed o0il indicated
that the mechanism of drying inhibition was antioxidant
in nature (23). Phosphatides, containing the smallest
percentage of nitrogen appeared to have the greatest
inhibiting action as evidenced by the increase in drying
inhibition for egg and soybean "lecithins" when choline
was removed. The abnormally long drying time for a
sample of linseed oil was related to the presence of
0.84% phosphatidic acid.

Recognition that the phosphate group of phospholipids
could act as an antloxidant or synergist has encouraged
studies to determine if the nitrogen moiety could contrib-
ute to the stabilization of unsaturated fatty acids.
Choline has been reported to be prooxidative for ethyl
oleate (24) and in lard emulsions (63). Urakami and
Kameyama (120) found that choline failed to exhibit any
antioxygenic action against purified methyl ocleate, al-
though phosphoryl choline, phosphoryl choline chloride
and natural phosphatidic acid were active antioxidants.
Olcott and Van der Veen (87) observed that saturated
phosphatidyl choline was a more effective synergist for
ethoxyquin in menhaden o0il than was phosphatidyl ethano-

amine. The latter finding was consistent with the
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observation that tertiary and secondary amines were
usually superior to primary amines as synergists for

ethoxyquin (84).

Phospholipids--As Prooxidants

Even though most research efforts have studied the
use of phosphatides as antloxidants or synergists, the
prooxidative nature of phospholipids has been under in-
vestigation. In general, the antioxygenic mechanisms of
phospholipids have been related to the phosphate or
nitrogen moieties rather than to the preferential oxi-
dation of unsaturated fatty acids. The fatty acid compo-
sition of polar and neutral lipids varies with the source
but appears to exhibit a common pattern 1n that the fatty
acids of phospholipids are more unsaturated than the
fatty acids 1n associated triglycerides. The tendency
of lipids to undergo oxidation 1s greatly enhanced by
the degree of unsaturation.

According to Patton (88), the susceptibility of
phospholiplids to oxidation depends upon whether they are
in water or fat. In the aqueous phase of milk, tri-
glycerides are relatively stable and the phospholipids
are preferentially oxidized. With butter, which repre-
sents an aqueous concentrate of phospholipid dispersed
in fat, both fat and phosphollpid are susceptible, the
latter being most readily oxidized. When water is

absent, such as in dried milk products, the triglycerides
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are relatively susceptible to oxidation whereas the
phospholiplds are more stable and when present with the
triglycerides, serve as an antloxidant. In contrast,
El-Gharbawi and Dugan (30) reported that the losses of
polyunsaturated fatty acids in freeze-dried raw beef
were more pronounced in phospholipid than in neutral
lipid fractions after storage. Younathan and Watts
(126) observed that the tissue lipids remaining after
extraction of cooked pork with a mlixture of chloroform-
methanol were more readily oxidized than the extracted
lipid. Lea (60) fractionated egg yolk into crude frac-
tions, stored them separately at 37°C and subsequently
incorporated the fractions into fresh egg for tasting.
In this way the off-flavors that developed were traced
to the phospholipid fraction.

Experiments on the oxidative deterioration of cod
flesh lipids indicated that triglycerides were highly
resistant to autoxidation even when hemoglobin, a pro-
oxldant was added. Phosphatidyl ethanolamine oxidized
rapidly while phosphatidyl choline required a much longer
period of time or a prooxidant before it began to absorb
appreciable oxygen (99). Lea (59) reported that the
phosphatidyl ethanolamine of egg, spread in thin films
at 37°C, oxidized at a phenomenal rate while phosphatidyl
choline, which constitutes the bulk of egg phosphatide,

oxidized at a considerably lower rate. The rapid
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oxidation of milk phospholipids has been attributed to
fractions containing phosphatidyl ethanolamine and
phosphatidyl serine (77). Acosta et _al. (1) observed
that phosphatidyl choline fractions oxidized more
rapidly than other phospholipid fractions from turkey
during early stages of oxidation. However, this
anomaly was caused by phosphatidyl serine contamination
since phosphatidyl serine was eluted with phosphatidyl
choline in the elution scheme.

Mattsson and Swartling (77) have summarized those
factors known to effect the rate of oxidation of phospho-
lipids in aqueous dispersions. They are: (1) the degree
of unsaturation of the phospholipid; (2) the nature of
its nitrogenous constituent; (3) the presence or absence
of oxidation catalysts or repressors; (U4) the pH of the
dispersion; and (5) the dispersibility of the phospho-
lipid in solution which 1s related to the electrolytic
state of phospholipid polar groups and to the pH. The
importance of these factors singly and the manner in
which they can interact to influence oxidation requires

further study.

Metal Catalysis

Heavy metals possessing two or more valency states
with a suiltable oxidation-reduction potential between
them (e.g., Co, Cu, Fe, Mn, Ni) generally increase oxi-

dative deterioration of 1lipids by reducing the length
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of the induction period and by increasing the maximum
rate of oxidation. The metal catalyst appears to act by
increasing the formation of free radicals since the re-
moval of the metal catalyst from the substrate during the
initial stages of oxygen uptake reduces the subsequent
rate of oxidation (20). Furthermore, the addition of a
strong free radical inhibitor to an autoxidizing system
suppresses the chain propagating steps and prevents
further oxidation for a period of time that 1s pro-
portional to the concentration of the added inhibitor
(21).

Oxidation catalyzed by metals in polar and non-pclar
systems has been observed to commence at the same time
that the catalyst appears in its higher valency state (7).
Free radicals are readily formed by the transfer of an
electron from a metal ion to a hydroperoxide molecule.
Metals can influence the autoxidation of unsaturated
lipids in water by reacting in an aqueous phase with
water-soluble radicals such as <OH, HO2- and hydroperoxides
or by reacting at the oil-water interface with radicals,
hydroperoxide and the substrate (49). Many of these
radicals which are dissolved 1n solutlion can return to
the organic phase and increase the rate of oxidation.

Many food lipids are present in agqueous emulsions
along with hydrated metal ions. These metals, whether

purposely added or supplled by metal activated enzymes
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and their decomposition products, exist 1n the form of

a coordination complex or as the salts of organic and
inorganic acids (49). Metal salts dissolved in an
aqueous phase in contact with a fat have been shown to
have a detectable effect on the rate of autoxidation of
the fat at one part in 1000 million (58). At low catalyst
concentrations, the rate of oxidation 1is generally pro-
portional to the concentration of the catalyst (49).
However, the catalytic effect reaches a constant value

at a specific catalyst concentration with the result that
further increases in the amount of catalyst are unable to
affect the oxidation rate (6).

The effectliveness of a chelating agent in reducing
the prooxidant nature of metals is related to its concen-
tration and the concentration of metals present. Several
complexes can be formed from the combination of chelating
agent-metal salt-hydroperoxide depending on the relative
concentration of each species. These complexes often
have different catalytic activity. Chelation may suppress,
intensify or have no effect on the catalytic activity of
metals depending on the nature of both the chelating
agent, the metal and the complex (13). The action of a
chelating agent in reducing the catalyﬁic actlvity of a
metal has been attributed to a steric or blocking effect
on the formation of a complex between the metal and

hydroperoxides (13). Also electrical conductance
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determinations have indicated that chelation can modify

the oxidation potential of metals (51).

Effect of Amino Acids on the Autoxidation
of Unsaturated Fatty Acids and Esters

Amino aclids have been mentioned as being both
antioxidants and prooxidants. All amino acids appear to
possess a potential antioxidative capacity and this
capacity is not dependent on the presence of a primary
antioxidant such as the tocopherols (76), although amino
aclds can behave as synergists in the presence of a pri-
mary antioxidant (75). The antioxidative effect of amino
acids 1s only a potential one since they may be pro-
oxidative, more or less ineffective, or antioxidative,
depending upon the circumstances (76). Whether amino
acids act as prooxlidants or antioxlidants has been shown
to be a function of pH, concentration, and the presence
or absence of metal lons, nonionic emulsifiers and phos-
phate (102).

Factors Affecting Oxidation of
Lipid-Amino Acid Emulsions

The effect of glycine, histidine, and tryptophan
on linoleic acid and methyl linoleate dispersed in water
was exclusively prooxidative and increased with increasing
concentration of amino acid (76). Histidine has been re-
ported to catalyze the autoxidation of methyl oleate, a

monounsaturated fatty acid ester (39). The threshold
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concentration of histidine necessary for prooxidative
action was observed to be greater than 0.0001M (102).

In the presence of 0.1M phosphate buffer at pH 5, 6, and
T, the effect of glycine, histidine, tryptophan, alanine,
serine, lysine and proline on methyl linoleate was ex-
clusively antioxidative. Cysteine was prooxidative with
and without phosphate buffer at pH 5, 6, and 7. However,
it acted as an antioxidant at pH 9.5 (76).

Nonionic emulsifiers such as Span 20 and Tween 20
repressed the prooxidative action of histidine. 1Ionic
emulsifiers such as potassium myristate, sodium palmitate
and sodium dodecylsulfate supported the procoxidative
action of histidine (15, 102). The effect of 0.7% Tween
20 on the rate of oxidation of amino acids was slightly
retarding in water and in phosphate buffer. At higher
concentrations, Tween 20 accelerated oxidation in the
presence of phosphate and amino acids at pH 7 and re-
tarded oxidation at pH 5 and 6 (76).

Trace metals accelerate methyl linoleate oxidation.
The effect of ferrous or ferric ions was more than double
that of cupric ions. Autoxidation as measured by oxygen
uptake was immediate and rapid when ferrous or ferric
ions were added with histidine and was greater than that
of cupric ions and histidine. The linoleate peroxide
content was increased more than three-fold by the addition

3

of 1 ppm of Fe+2 and Fe+ , approximately twenty-fold by
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a 0.,01M concentration of histidine and more than sixty-
fold by the addition of both histidine and ionic iron

(102).

Metal Ions

Histidine is known to complex with metal ions and
oxygen (U41). The catalyzing effect of ionic iron and
histidine on the autoxidation of emulsified linoleate
could result from the formation of an iron-histidine
complex. The activity of histidine, when iron is not
added, might be due to a complex between histidine and
trace metals present as impurities. The catalytic action
of high concentrations of amino aclds on the autoxidation
of methyl linoleate dispersed in water could thus result
from an interaction between amino acids and trace metals
(102). Linoleic acid (121) distilled in all-glass
apparatus and purified methyl linoleate (122) have been
reported to contain traces of copper, iron and cobalt.
Also it is difficult to obtain amino acids containing
less than 1-3 ppm of various trace metals, particularly
if the amino acid has been prepared from biologlcal
sources (102). Trace metals can be contributed by glass-

ware and by the 1lipid and amino acid samples.

Amino Acid Concentration

Histidine alone or added with iron has no appre-

ciable prooxidative effect at 0.0001M (102). Studies on
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the chelation of ferrous and ferric ions by histidine
established that the ferrous-histidine chelate was un-
stable at low histidine concentrations because histidine
was not able to compete successfully with the hydroxyl

ion. In the presence of oxygen, the chelated Fe+2 was

3 and the competition of OH  for

rapidly oxidized to Fe+
F‘e+3 was so strong that 1t prevented the formation of a

ferric-histidine chelate at low ratios of histidine (41).

pH

The concentration of histidine and metal available
for complex formation 1s probably related to the pH. With
increasing pH, the concentration of OH increases, reducing

2 or Fe+3.

the effective concentration of Fe+ At pH values
lower than 5.2 it has been reported that histidine was un-
avallable for chelate formation (41). Optimum catalysis
would appear to occur when the product of the concentration
of available free metal lon and free histidine is maximum,

around pH 6.5 (102).

Emulsifiers

The effect of emulsifiers on the prooxidative and
antioxidative action of amino acids is not understood.
The reason for using an emulsiflier is to decrease the
size of 1lipid particles in an emulsion, thereby increasing
surface contact between the lipld and the aqueous phases.

However, the prooxidative actilon of ionic emulsifiers and
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the antioxidative effect of nonionic emulsifiers in the
presence of histlidine suggests that more 1s involved than
the size of the dispersed lipid particles.

An investigation by Coleman et al. (15) of factors
affecting the autoxidation of methyl linoleate in emulsion
provides some insight on the possible role of ionic and
nonionic emulsifiers. In an emulsion polar groups such
as carbmethoxy, hydroperoxide (initially present or
formed in the reaction) and the hydrophilic group of the
emulsifier are oriented at the interface toward the water
phase. When an ionic emulsifier such as sodium dodecyl-
sulfate 1s utilized, the linoleate boundary will have a
negative electrical charge due to the ionic sulfate group.
A second charged layer of positive lons (sodium and hydro-
gen) exist on the aqueous side of the interfacial boundary.
In catalyzed reactions trace metals, present as impuril-
ties or deliberately added, and amino acids, oriented with
the amino groups adjacent to metal lons, will be concen-
trated at the interface. With dissolved oxygen distri-
buted uniformly in each phase and catalysts and reactive
groups present at the interface in high concentrations,
energy transfer could easily occur. A nonionic emulsi-
fler cannot contribute an lonized charge to the lipid-
aqueous interface. As a result metal ions and amino
acids would be distributed randomly throughout the bulk
aqueous phase, reducing the opportunity for them to react

as a complex or silngly at the 1nterface.
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Phosphate
The synergistic effect of phosphate on fat oxidation

has been reported (12, 29, 37, 50, 78) and has been as-
cribed to metal binding, to the regeneration of primary
antioxidants and to the retardation of the oxidation of
primary antioxidants. Since phosphoric acid has been
shown to react with fatty peroxides and to prevent their
estimation by the usual iodometric methods (94), the
phosphates may inhibit autoxidation by accelerating the
decomposition of hydroperoxides. Thus the stronger
antioxidant effect of amino acids in phosphate buffer
probably can be attributed to the action of the phosphate
group 1ln complexing metal contaminants and 1n reacting
wilth primary oxidation products, thereby permitting amino
acids to function as antioxidants.

Effect of Amino Acids on
Phospholipid Oxidation

An aqueous dispersion of phospholipids and amino
aclds might be expected to behave like unsaturated fatty
acid esters and amino acids emulsified in phosphate
buffer. Hirano (46), on the basis of manometric studies,
reported that amino acids have an antioxidative effect
on the autoxidation of phosphatlidyl chollne in the absence
of nonionic emulsifier and phosphate buffer. Using
phosphatidyl choline, methyl linolenate, amino acids,
choline chloride and phosphate buffer he demonstrated

that the phosphate segment was mainly responsible for the
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antioxldative effect of amino acids in phosphatidyl

choline autoxidation.

Mechanism of Antioxidation

Antioxidants are considered to function in two ways,
elther as inhibltors of free radical formation or as de-
composers of peroxides. Since the formation of free
radicals cannot be entirely suppressed, most research
has been concentrated in the area of free radical
acceptors or peroxide decomposers. Peroxide decomposers
act as catalysts to decompose peroxides initially present
as well as those that are formed during further oxldation.
An important feature of thils decomposition process is that
the primary stable products are not free radicals (28).

Studies by Bolland and Ten Have (9) led to the pro-
posal of a mechanism in which antioxidants acted as hydro-
gen donors or free radical acceptors. From the kinetics
of the reaction it appeared that the free radical acceptors
(XH2) reacted primarily with Roz- and not with Re, as
follows:

RO2- + XH2 —> ROOH + XH-

XH + XHe ——m X + XH2

Antioxidants that function as free radical inhibitors
react with free radicals to form inert products as a

termination step in the chain-reaction mechanism.
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Peroxy radicals probably predominate in this termination
step since hydrocarbon free radicals react readily with
molecular oxygen (28).

The phenomenon of synergism in antioxidant action
occurs when two or more compounds have a more pronounced
antioxldant effect together than the sum of their indi-
vidual effects. Synergism has been produced in fat by
a combination of two phenolic antioxidants (27, 73) and
by the use of an acid with a phenolic antioxidant (12,
37, 50). The increased action of two phenolic antioxi-
dants in reducing autoxidation has been hypothesized to
result because one of the two antioxidants has a lower
activation energy (due to a lower bond dissociation energy)
and a lower steric factor (due to a loss of rotational
freedom in the transition state) than the other (123).
Acid synergists are assumed to function by deactivating
metals present as impurities.

Although a free radical acceptor appears to be
essentlal for achieving protection against all prooxidant
impurities, it can be supported by a metal-complexing
reagent, capable of inactivating part of the trace metal
content. Since free radicals are produced in‘gn electron
transfer reaction involving different valency states of
the metal, those metal complexing reagents which reduce
electron transfer would have metal-lnactivating prop-

erties (123).



EXPERIMENTAL

Materials

Sample Preparation

Fresh, grade A, large eggs purchased from a local
retail market were used as one source of phospholipids.
Soybean phospholipid fractions were isolated from Centro-
lex P, a granular oill-free phosphatlde preparation

supplied by Central Soya, Chicago, Illinois.

Chemicals and Reagents

Solvents.--All solvents were A.C.S. reagent grade
and Qere used directly from the container unless redistil-
lation was specified in the procedure.

Lipids.--Methyl esters for GLC standards and methyl
linolenate used for model lipid emulsion studies were ob-
tained from the Hormel Institute, Austin, Minnesota.

Column Chromatography.--Silicic acid, employed for

column chromatography of phospholiplds, was purchased from
Mallinckrodt Chemical Works, St. Louis, Missouri.

Thin-Layer Chromatography (TLC).--Silica Gel-G,

supplied by Brinkman Instruments, Westbury, Long Island,

New York, was used for all TLC work.

31
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Gas-Liquid Chromatography (GLC).--Diethylene glycol

succinate (DEGS), high temperature stabilized was made by
Analabs Inc., Hamden, Connecticut. Chromosorb W, 80/100
mesh size, aclid washed, was obtained from Applied Sclence
Laboratories, State College, Pennsylvania. Gases for the
chromatograph came from the Liquid Carbonic Division of
General Dynamics and were supplied through Michligan State
University scientific stores.

Specific Chemicals.--Amino acids were ordered from

General Biochemicals, Chagrin Falls, Ohio. The various
chemicals added to methyl linolenate dispersions to deter-
mine the effect of ethanolamline and choline bases on
autoxidation were purchased from Sigma Chemical Company,
St. Louls, Missouri. All other chemicals used and not

mentioned here were of analytical reagent grade.

Methods

Extraction of Egg Phospholipids

Egg phospholiplds were extracted by the procedure
of Ansell and Hawthorne (2). Yolks from one dozen eggs
were homogenized with 500 ml of acetone. The extract was
filtered and the solid re-extracted in the same way.

The residue was shaken with 300 ml of fresh chloroform-
methanol (1:1 v/v) and filtered with suction. This
extraction was repeated with 300vm1 of fresh chloroform-~
methanol and the extracts were combined and stored under

refrigeration until further use.
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Silicic Acid Column
Chromatography

Silicic acid (Mallinckrodt) was washed with de-
ionized water until no turbldity was observed in the
supernatant after coarse particles had settled to the
bottom of the contalner. The siliclc acid was then
transferred to a Buchner funnel, washed with methanol,
activated by drying for 24 hours at 120°C, and stored
in a tightly stoppered bottle.

Two types of columns were used for chromatography:
(1) a 2.5 em o.d. x 30 cm column containing a 300 ml
reservolr at the top of the column and a coarse sintered
glass disc and Teflon stopcock at the bottom of the
column; and (2) a 5 step multibore column (33) constructed

of glass sections fused together and having the following

dimensions:
o.d. (cm) length of section (cm)
2.80 13.5
2.20 13.5
1.70 13.0
1.50 12.5
1.37 13.5

The 5 step column was designed with a 250 ml reservoir
contalning a side arm with Teflon stopcock to facilitate
draining. Glass wool served to prevent the silicic acid
from passing through the stopcock at the bottom of the

column.
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Better resolution of individual phospholipids was
achieved with the 5 step multibore column than with the
conventional column. Assessment of effectiveness of
the resolution by the two columns was made on the basils
of TLC of eluted fractions. Less overlap of components
was observed for fractions collected from the 5 step
column. The 5 step column had a larger sample capacity;
however, more time and a larger volume of solvents were
required to elute phospholipid fractions from the 5 step
column than from the conventional column.

Activated silicic acid (50 g for the 2.5 x 30 cm
column and 65 g for the 5 step column) was slurried in an
excess of chloroform in a beaker with a magnetic stirrer.
After stirring until the mixture was homogeneous and
translucent, 1t was poured into the column 1n such a way
that no alr bubbles were trapped. The silicic acid was
allowed to settle and washed respectively with acetone,
methanol, and chloroform to determine whether undesirable
channeling existed in the column. A 1-2 cm layer of
powdered anhydrous sodium sulfate was then placed on the
top of the packed column to absorb any residual molsture
in the sample.

Column chromatography was performed at room tem-
perature under nitrogen and with a fraction collector in
a cold room at 2°C in order to minimize oxidation during

preparative steps. When working at room temperature
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nitrogen gas was 1ntroduced at the top of the column
before the sample was added to condition the column and
dry ice was used to create an inert atmosphere in and
around the collection tubes. The nitrogen aided in
packing the column and in removing some of the small
air pockets that were present.

Extracts of egg phospholipids in chloroform-
methanol (1:1 v/v) and soybean phospholipids from a
granular, oil-free phosphatide preparation (Centrolex P),
dissolved 1n chloroform, were carefully applied to the
top of the column in a ration of 0.02 g lipid/g silicic
acid. Elution was accomplished by various solvent systems
and successive 20 ml (2.5 x 30 cm column) or 27 ml frac-
tions (5 step column) were collected. Fractions were
collected by hand from the conventional column and by a
LKB RadiRac fraction collector, distributor type 3402B,
from the 5 step column.

Neutral 1iplds were eluted by chloroform and moni-
tored by the Salkowski test (55) until a negative reaction
was obtalned. Acetone, used as a scavenger for oxidized
materials by Nelson and Freeman (80), also removed pig-
mented substances from the column. It was usually possi-
ble to follow the descent of the pigments visually as a
brownish-yellow band. The effluents containing only
neutral lipids and pigments were discarded. The third

fraction which contained phosphatidyl ethanolamine (PE)
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was eluted with 15% by volume of methanol in chloroform.
This fraction was followed during the course of elution
with a rapid ninhydrin test (100), consisting of equal
volumes of eluate, ninhydrin (4 mg of ninhydrin/ml of
100% butanol), and 2,4-lutidine (20% 2,4-lutidine by
volume in 100% butanol).

When all of the PE was removed from the column, as
indicated by a negative ninhydrin test, the polarity of
the solvent was raised by increasing the concentration of
methanol to 25% by volume in chloroform to elute phos-
phatidyl choline. Elution of phosphatidyl choline (PC)
was monitored by a molybdate test. The test was per-
formed by heating a few drops of the sample in a test
tube to dryness, adding a few drops of concentrated sul-
furic acid before heating, cooling, and finally adding
molybdate reagént. The molybdate reagent consisted of:

5 ml of 60% w/v perchloric acid, 10 ml of 1N HCl, and
25 ml of 4% w/v ammonium molybdate (89).

The volumes of solvent required to elute each fraction .
were variable, being dependent upon the size of the column,
the packing of the column, the moisture in the solvents,
and the amount of sample applied to the colﬁmn. Since
the purpose of fractionation by column cﬁromatography was
to obtain sufficient PE and PC for oxidation studiles,
collection was discontinued after all of the PC was

eluted. Fractions were evaporated under nitrogen to 5-10
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ml and stored at -20°C in capped vials until spotted on

TLC plates to check for purity.

Thin-Layer Chromato-
graphy (TLC)

Thin-layer adsorptlon chromatography on Silica Gel-G
was employed to check the identity and purity of phospho-
lipid fractions eluted from the column. RSCO equipment
consisting of a plastic mounting board, desiccator, and
spotting template were used. Five clean glass plates
(20 x 20 cm) were rinsed with ethanol and spread 0.50 mm
thick with a Desaga variable thickness (0-2 mm) applicator
distributed by Brinkmann Instruments, Westbury, Long Is-
land, New York. Fifty g of Silica Gel-G containing
approximately 13% calcium sulfate binder was shaken with
100 ml of deionized water in a 300ml glass stoppered
Erlenmeyer flask until the mixture was homogeneous.

After spreading, the plates were air dried at room
temperature for 30 minutes and stored in laboratory
drawers. The plates were activated at 100°C for one hour
and cooled to room temperature in a desiccator before
spotting. Better separation was obtalined when plates
were activated immediately before spotting rather than
after storage of the activated plates for several days
in a desiccator.

Phospholipid fractions were spotted on TLC plates

with capillary pipettes and the plates were developed in
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a solvent system consisting of chloroform: methanol:
water (65:25:4 by volume). Samples of lipids methylated
for GLC analysis were tested for completeness of methyl-
ation by spotting on TLC plates and chromatographing in
petroleum ether: ethyl ether: acetic acid (90:10:1 by
volume). The plate was removed from the chamber and
allowed to dry at room temperature after the solvent had
ascended at least 10 cm. Lipid component spots were
detected by spraylng with various i1indicators, e.g.,
ninhydrin solution for amino phosphatides (62), molybdic
acid for phosphatides (25), and Dragendorf reagent for
choline (113). Aqueous sulfuric acid (50%) was sprayed
on the plate after first spraying with the other 1ndi-
cators. After 1-2 hours in an oven at 110°C, any pre-
viously undetected lipids and other impurities as well as
phospholipid spots previously observed were visible as
charred spots on the plate. The contents of vials con-
taining more than one component were considered impure
and were discarded. Pure fractions of PE were pooled in
one contalner and fractions of PC were grouped in another.
The phospholipd samples were flushed with nitrogen and

stored at -20°C in capped vials for further study.

Phosphorus Determination

The phosphorus content of PE and PC was determined
by the method of Rouser et al. (101). The phosphorus test

was performed with equal success on phospholipid fractions
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dissolved in organic solvents and on phospholipids dis-
persed in aqueous media. The importance of the phosphorus
determination in these research studies cannot be over-
emphasized since it provided a means of quantitating all
phospholipid fractions and dispersions. The phosphorus
test was performed on aliquots of a monobasic potassium
phosphate standard (Hartman Leddon Company, Philadelphia,
Pennsylvania) ranging in concentration from 2-10 ug of
phosphorus. The absorbance of these aliquots was read
with a Beckman Model DU spectrophotometer at 820 mu and

a phosphorus standard curve (Appendix A) was obtained by
plotting the absorbance values of the aliquots versus
their concentration. Multiplication by the factor, 11.3,
calculated from the standard curve, permitted a direct
conversion of an absorbance reading to ug of phosphorus
in a sample. Rhee and Dugan (97) demonstrated that the
method of Rouser et al. could be extended to give a linear
curve up to 17.44 ug of phosphorus. However, the concen-
tration of most of the phospholipid samples analyzed were
diluted to give readings within the 2-8 ug range (.182-
.728 absorbance).

Dispersion of Phospholipids
in Aqueous Media

Phospholipids were emulsified in three ways. In
the first method, purified PE and PC from egg and soybean
dissolved in chloroform-methanol were pipetted into

separate cell homogenizer flasks. After the chloroform-
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methanol was evaporated from the homogenizer flasks by a
stream of nitrogen, 50 ml of 0.1M borate (pH 7.0) buffer¥
and 0.1 ml of Tween 20 (polyoxyethylene sorbitan mono-
laurate) were added to the dry phospholipid residues which
remained in the flasks. The atmosphe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>