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The oxidation of methyl linoleate (LMe) in the presence of bovine serum albumin (BSA) was studied
to analyze both the processes involved when lipid oxidation occurs in the presence of proteins and
the relative progression of the several reactions implicated. The disappearance of LMe, the formation
of primary and secondary lipid oxidation products, the loss of essential amino acids, and the production
of oxidized lipid/amino acid reaction products (OLAARPSs) were studied as a function of incubation
time. During the first steps of lipid oxidation, LMe was converted quantitatively to methyl linoleate
hydroperoxides, which were very rapidly degraded to either secondary products of lipid oxidation or
OLAARPs. No significant differences were identified in the major lipid oxidation products formed in
incubations with or without proteins, indicating that mechanisms for formation of these compounds
are similar in both cases. In addition, no significant differences were observed between the time-
courses of formation of secondary oxidation products and OLAARPS, suggesting that hydroperoxide
decomposition and OLAARP formation occur simultaneously when the lipid oxidation process takes
place in the presence of proteins. Furthermore, OLAARP formation seems to be an unavoidable
process that should be considered as a last step in the lipid peroxidation process.
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INTRODUCTION groups of the lysine residues producing pyrrole amino acids,
. . . . . and these compounds may be in part responsible for some of
Lipid oxidation is a major cause of food spoilage and is . o

X " - - the changes produced in foods as a consequence of oxidized
undesirable from sensory acceptability and economic points of lipid/protein reactions6—19)

view. Therefore, extensive research has been done not only to .
. : o S - In an attempt to fully understand both the different processes
identify the products of lipid oxidation and the conditions that involved when lipid oxidation occurs in the presence of proteins
influence their production, but also to study the mechanisms nip . P . Tpro

and the relative progression of the several reactions implicated,

involved (L—8). Because oxidative reactions in foods are . 2 ) o '
exceedingly complex, simpler model systems, such as pure fattythe present investigation studle_s the oxidation of methyl linoleate
’ . Me) in the presence of bovine serum albumin (BSA). The

acids, have been used to ascertain mechanistic pathways, an isappearance of LMe and the formation of primary and

these data have been extrapolated to more complex food IiIOidsecondar roducts of lipid peroxidation, as well as the loss of
systems. However, other components present in foods are able ary p! . pid p Y L - .

. S e . . essential amino acids and the production of oxidized lipid/amino
to play a role in the lipid peroxidation process, which may either

modify its kinetics or produce end products that are different acid reaction products (OLAARPs) were studied as a function

from those formed during oxidation of pure lipids. of incubation time.

These last reactions may be of particular interest in the case
of proteins. Studies carried out during the past decades haveB(PERIMEI\ITAL PROCEDURES
shown that lipid oxidation products are able to react with Matgrials. LMe gnd essentially fa_tty-acid-free BSA were purchased
amines, amino acids, and proteins, producing different com- from Sigma Chemical Co. (St. Louis, MO). All other chemicals were
pounds which influence food quality9€11). Thus, these analytical grade and were purchased from reliable commercial sources.
reactions lead to browning, odor and flavor formation, loss of  Sample Preparation.A mixture of LMe (23% wiw) and BSA (77%
nutritional quality, and production of compounds with antioxi- w/w) was triturated in a mortar until a homogeneous powder was
dant effectsi(l—lé) Among the different compounds produced obtained. Triplicate LMe/BSA mixtures (1.5 g) were placed in Petri

. - . . dishes and incubated for 13 days under air in the dark &50 his
in these reactions, studies from this laboratory have shown thatyemperature was selected because it is widely employed in accelerated

some lipid oxidation products are able to react withdtemino stability tests (such as the Schaal oven test).
Analytical Measurements. At different periods of time, 100-mg
* To whom correspondence should be addressed. Phei(8495) 461 samples were removed for analytical measurements. Lipids were
1550. Fax: +(3495) 461 6790. E-mail: rzamora@cica.es. extracted twice with 2 mL of chloroform/methanol (2:1), and lipid
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extracts were combined, evaporated, diluted with methanol to 1%
solution, and analyzed for LMe disappearance, lipid oxidation, and color
changes. Delipidated proteins were analyzed for color changes, amino
acid losses, and OLAARP formation.

Fatty acid analysis was carried out by capillary G0)(using the
methanolic solution and methyl heptadecanoate acid which was added T r T r
as internal standard. GEMS analysis was performed with a Finnigan
MAT 95 double-focusing mass spectrometer (Finnigan, Bremen,
Germany) operating in the electron ionization mode. Electron energy
was 70 eV, multiplier voltage was 1500 V, source temperature was
200°C, and transfer line temperature was 280 Spectral data were
acquired over a mass range of-2800 amu at a scan rate of 1 s/scan.

Three determinations were used to evaluate lipid peroxidation: the
absorbances at 234 and 270 nm, and the thiobarbituric acid-reactive
substances (TBARS) assay. Absorbances at 234 and 270 nm were
measured using 0.01% solutions in methanol. Values are expressed as

Detector response

specific extinctions, conventionally indicatedkas, andKz70 (21). The
TBARS assay was carried out by the method of Kosugi et28) (
using the 0.01% solutions in methanol.

Protein damage was evaluated by determining amino acid losses and

OLAARP formation. Amino acid analysis was carried out by hydrolyz-
ing the delipidated proteins overnight in the preserfog ld HCI. The
produced amino acids were derivatized with diethyl ethoxymethylma-
lonate, and fractionated by HPLC using a previously described gradient
(23, 24). OLAARP formation was determined spectrophotometrically
after derivatization of protein pyrroles produced wittdimethylami-
nobenzaldehydelg, 25). Pyrrole determination is a good measurement

of OLAARPs because these compounds have been shown to be

produced both in the reaction of protein amino groups with many lipid
oxidation products, including 4,5-epoxy-2-alken&é)( 4-hydroxy-2-
alkenals 26, 27), unsaturated epoxyoxo fatty acid@8), and lipid
hydroperoxidesZ9), as well as in the oxidation of fish microsomes in
the presence of reactive oxygen specigd 81).

Color changes were determined spectrophotometrically in both lipid
extracts and delipidated proteins. Lipid extracts were prepared at 1%
in methanol and delipidated proteins were solubilize@ M guanidine
HCI with 20 mM potassium phosphate/trifluoroacetic acid, pH 2.3 (1
mg/mL). Yellowness index (YI) was expressed according to Francis
and Clydesdale32) as follows:

b*
o)

Statistical Analysis. All results are expressed as mean valdes
SD of three experiments, except for times 0 and 24 h which are mean
values of six experiments. Statistical comparisons among different
groups were made using ANOVA. When significdhtvalues were
obtained, group differences were evaluated by the Studéeivman-
Keuls test 83). All statistical procedures were carried out uskmgmer
of Biostatistics: The Program(McGraw-Hill, Inc., New York).
Significance level igp < 0.05 unless otherwise indicated.

Y| = 142.86x (

RESULTS

Lipid Peroxidation in the LMe/BSA Model System. The
method described in the Experimental Procedures section
allowed quantitative extraction of all lipid compounds present
in the incubations (23.% 1.0% of the incubation mixturey =
45). GC analysis of this extract showed that the incubation of
the LMe in the presence of the BSA at 80 rapidly produced
the disappearance of the fatty ackigure 1 shows the GC
chromatograms obtained at the initial time, after 14 and 32 h
of incubation, and after 13 days. LMe (peak a) disappeared
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Figure 1. GC chromatograms of lipid extracts obtained from LMe/BSA
incubations in the dark at 60 °C after: A, 0 h; B, 14 h; C, 32 h; and D,
13 days. Major peaks were tentatively assigned by GC-MS as follows:
a, LMe; b, methyl heptadecanoate (internal standard); ¢, methyl 9-ox-
ononanoate; d, epoxy esters; e, hydroxy esters; and f, conjugated
triunsaturated fatty esters.
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Figure 2. Time-course of LMe disappearance (O) and TBARS formation
(A) in the lipid extracts isolated from LMe/BSA incubations in the dark at
60 °C. Data are mean values + SD of three independent experiments.

c), a typical decomposition product of LMe hydroperoxides,
and epoxy (peaks d) and hydroxy (peaks e) derivatives was
observed. These compounds might be present in the incubation
mixture or produced in the injection port of the chromatograph.
In addition, most of these compounds decreased or disappeared
with the incubation time, and the appearance of conjugated
triunsaturated derivatives (peak f) was observed.

These results are in agreement with the data obtained by
measuringKzs4, K270, and TBARS formationFigure 2 shows
the time-course of LMe disappearance and TBARS formation.
Both processes exhibited a small lag time during the first few

completely after about 1 day, and its disappearance was parallehours, more clearly observed for TBARS. This lag time im-
to the appearance to some other peaks in the chromatogramplied that neither LMe decreased nor TBARS increased

Although no exhaustive characterization of peaks was intended,
major peaks did not differ from lipid oxidation products formed
in incubations of the lipid carried out in the absence of proteins
(data not shown) and were tentatively identified by using-GC
MS. Thus, the rapid formation of methyl 9-oxononanoate (peak

linearly for the first 14 h. This short period was followed by a
rapid decrease of LMe concentration at the same time that
TBARS increased very rapidly to arrive at its highest value.
This point was observed after 14 h of incubation, the same
incubation time at which the highest concentration of peak c
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Figure 3. Time-course of Ky (O) and Koro (A) i the lipid extracts isolated Figure 4. Time-course of lysine regidue_s recovelre_d after acid_ hy_drolysis
from LMe/BSA incubations in the dark at 60 °C. Data are mean values (O) and protein pyrroles (A) determined in the delipidated proteins isolated
+ SD of three independent experiments. from LMe/BSA incubations in the dark at 60 °C. Data are mean values
+ SD of three independent experiments.
(methyl 9-oxononanoate) was observedy(re 2B). After this 0.6
time LMe disappeared completely in the next few hours and a5
TBARS began to decrease, first very rapidly (the next 2 days)
and then much more slowly. l/ F0.5
Figure 3 shows the time-course &%34andKz7oduring LMe/ § Z/@ .
BSA incubation. The hydroperoxide formatio,g4) followed < 307 /L/ Los 5
a time-course similar to that observed for the TBARS formation, x e Te
but the maximumK,34 value was observed after only 5 h. £ & ;
Considering an abso_rptivit_y f_or the hydroperoxide of 26,000 S 154 &g,l\,_@,/g/ L0.3
(34), the results obtained indicated the presence of 16.2% of A= - /©
hydroperoxides after 5 h, a value which is in agreement with &~ _°
the loss of about 18% of LMe observed at this time by GC g‘;@cﬂa’e [0-2
(Figure 1). After this time, LMe hydroperoxides were decom- 015 : - : :
posed very rapidly, according to the well-known capacity of 0 3 - 6 oy ° 12
ime (days

proteins to promote hydroperoxide decompositiBs)( This ] e o )
decrease inKzss was very rapid during the next 24 h and Figure 5. Time-course of YI of lipid extracts (O) and delipidated proteins
decreased much more slowly afterward. (2) isolated from LMe/BSA incubations in the dark at 60 °C. Data are
Hydroperoxide decomposition was parallel to the increase Mean values + SD of three independent experiments.
observed irk,7gvalue, at least during the first incubation times.
Ka7ovalue is related to the formation of conjugated trienes, and,
therefore, is indicative of formation of secondary products of
lipid oxidation. The time-course d{270 was not lineal during
the first incubation day. Thus, it decreased for the first 5 h,
then increased very rapidly for the next 9 h, at the same time
thatK,34 decreased very rapidly, and after that a new decrease . : .
was 02b3;erved. From th)é sepcorzld incubation day to thekend by the fre_g radicals prodl_Jced during LMe hydroperoxide
always increased, indicating that either secondary products Weredeéorlnpocs:lr'glon or b.y f?r:mall_t;\c/l)n /gs%hﬁﬂr SHAQRTS A
continuously produced during the whole incubation period, olor Lhanges In the € odel System.As a
despite the low decrease observed Kggs or TBARS during consequence .Of all _these c_hanges_ produced in both t_he lipid
this period, or the formation of other products that contributed and the protein during the |ncuba_t|qn time, the .formatlon of
to the increase of absorbance observed at this wavelength. brclawn hcolor W%S observed. I??th lipid ﬁnd pLoteln developed
. . color changes that were parallElgure 5 shows the time-course
Protein Damage in the LMe/BSA Model System.The of Y1 for both the lipid extract and the delipidated protein as a

incubation of BSA in the presence of the LMe decreased the function of the incubation time. Both indexes increased almost
number of some amino acid residues recovered after acid,. - S ;
linearly during the whole incubation period € 0.983,p <

hydrolysis at the same time that showed the OLAARP produc- - . -
tion. Figure 4 shows the time-course of disappearance of lysine 80|00§tfo(; the It'p.'d extrzc:,hand— 0.966,p < ?'?001t’)f?r the v
residues and the formation of pyrrole rings in the lysine residues eipidated pro ein), anc there was a correlation between -
of the protein. Lysine residues recovered after acid hydrolysis data obtfauned fo.r the “p.'d extract and for the delipidated protein
decreased very rapidly during the first 2 days and, then, much at th.e different incubation times € 0.977,p < 0.0001)._|n
more slowly during the next 11 days. Inverse behavior was addition, Y1 also correlated withz7o for the last 12 daysr (=

: 0.991,p < 0.0001, for the lipid extract; and = 0.958,p <
observed for the pyrrole formation. In fact, there was a 0.0001. for the delinidated protein
correlation between lysine losses and pyrrole formatiors ( ) , for the delipidated protein).
—0.913,p < 0.0001), therefore confirming the origin of pyrrole
derivatives in the protein24, 31). The increase of pyrrole
derivatives observed during protein incubation was—@.3 When lipid oxidation takes place in the presence of other
nmol/mg protein. By using a molecular weight of 66,411 for food components, these last compounds are able to modify the

the protein 86), the pyrroles found suggest that the 2207%

of lysine residues (between 1.2 and 1.6 residues) were trans-
formed into pyrroles. Because the results found showed that
between 5 and 8 residues of lysine were lost during incubation,
pyrrole formation is responsible for the loss of-132% of lysine
residues. The rest of lysine residues may be either decomposed

DISCUSSION
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lipid oxidation process by reacting with the lipid oxidation (5) Min, D. B. Lipid oxidation of edible oil. InFood Lipids.
products. All these processes are simultaneous and not all the Chemistry, Nutrition, and Biotechnologgkoh, C. C., Min, D.

lipid has to be oxidized and degraded before oxidized lipid/ B., Eds.; Marcel Dekker: New York, 1998; pp 28296.
amino acid reactions take place. Thus, when the oxidation of (6) Nawar, W. W. Lipids. InFood Chemistry3rd edition; Fen-
LMe was carried out in the presence of BSA, the first step was nema, O. R., Ed.; Marcel Dekker: New York, 1996; pp 225
the production of lipid hydroperoxides. These products were 319.

formed quantitatively from the lipid within the first few hours (7) Shahidi, F. Indicators for evaluation of lipid oxidation and off-
of incubation with little or no influence of the protein, because flavor development in foodDev. Food Sci.1998 40, 55-68.

after 5 h the concentration of lipid hydroperoxides was ap-  (8) St Angelo, A. J. Lipid oxidation in food<Crit. Rev. Food Sci.
proximately the same as the loss of unoxidized lipid. Nutr. 1996 36, 175-224. _ o
. . (9) Chio, K. S.; Tappel, A. L. Synthesis and characterization of the
These hydroperoxides were decomposed very rapidly, and, : : .
. fluorescent products derived from malondialdehyde and amino
although the maximum of TBARS was observed after 14 h, ) . 3
th trati fhvd id h reduced by th acids.Biochemistryl969 8, 2821-2827.
Tf? concentra IonfoTB}A/\F\)rgperﬁ?(lheshwals(,jr‘rtl)uc_ (rje uce fy h en. (10) Gardner, H. W. Lipid hydroperoxide reactivity with proteins and
'S_ maximum o . » Which shou ein 'Cat!ve o t e amino acids: A reviewd. Agric. Food Chem1979 27, 220—
maximum concentration of secondary products of lipid oxida- 229,
tion, a]so c0|nC|ded. with the' highest increase of OLAARP (11) Hidalgo, F. J.; Zamora, R. The role of lipids in nonenzymatic
formation and the highest lysine losses. These results suggest o yning. Grasas Aceite00q 51, 35-49.

that OLAARP formation is parallel to secondary products (17) Friedman, M. Food browning and its prevention: an overview.

production and they are formed either directly from lipid J. Agric. Food Chem1996 44, 631—653.

hydroperoxides or very rapidly from secondary products. These (13) Zielinski, T. L.; Smith, S. A.; Pestka, J. J.; Gray, J. I.; Smith, D.

results are also in agreement with previous results indicating M. ELISA to quantify hexanal-protein adducts in a meat model

that antioxidant effects of OLAARPs may be employed to delay system.J. Agric. Food Chem2001, 49, 3017-3023.

lipid oxidation in mixtures containing lipids and proteirgv). (14) Rampon, V.; Lethuaut, L.; Mouhous-Riou, N.; Genot, C. Interface
Although the main chemical changes in the reaction (lipid characterization and aging of bovine serum albumin stabilized

oxidation and OLAARP formation) were produced very rapidly oil-in-water emulsions as revealed by front-surface fluorescence.

during the first few hours of incubation, changes in the J. Agric. Food Chem2001, 49, 4046-4051.

appearance of the samples were produced much more slowly, (15) Belitz, H. D.; Grosch, WFood Chemistry2nd ed.; Springer-

when most of the analyses carried out did not show significant Verlag: Berlin, 1999; pp 205207.

changes. This is in agreement with the mechanisms proposed (16) Hidalgo, F. J.; Zamora, R. Fluorescent pyrrole products from

for development of browningi@). Browning in lipids is carbonyl-amine reactionsl. Biol. Chem.1993 268 16190~

supposed to be produced by aldol condensations which should 16197.

not affect either the TBARS value or the absorbance at 234. (17) Alaiz, M.; Hidalgo, F. J.; Zamora, R. Effect of pH and
An increase in the absorbance at 270 nm may be expected asa  emperature on comparative antioxidant activity of nonenzy-
consequence of the increase in the conjugation of the products matically browned proteins produced by reaction with oxidized
formed. Browning in proteins is supposed to be produced by lipids and carbohydrate. Agric. Food Cher 999 47, 748-
pyrrole polymerization 18, 24). This reaction does not imply 752. . . -

the increase in pyrrole concentration, although the extinction (18) Zamora, R.; Alaiz, M.; Hidalgo, F. J. Contribution of pyrrole
coefficients of monomers and dimers are not the sah@ ( formation and polymerization to the nonenzymatic browning

. . produced by aminecarbonyl reactions]. Agric. Food Chem.
However, an increase in the absorbance at 270 nm may also be 200 48, 3152-3158.

expected. . . . . (19) Zamora, R.; Hidalgo, F. J. Inhibition of proteolysis in oxidized
The results obtained in this study suggest that the mechanisms lipid-damaged proteinsl. Agric. Food Chem2001 49, 6006-

of lipid oxidation in the presence of proteins do not differ greatly 6011.

from those produced in the absence of these last compounds. (20) American Oil Chemists’ Societyfficial Methods and Recom-

However, OLAARPs are always produced, and the formation mended Practices5th ed.. AOCS: Champaign, IL, 1999:

of these compounds should be considered a final step in the Method Ce 1e-91.

lipid peroxidation process, simultaneously to the formation of (21) American Oil Chemists’ Societyfficial Methods and Recom-

other secondary lipid oxidation products. mended Practices5th ed.; AOCS: Champaign, IL, 1999;
Method Ch 5-91.
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