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In vitro production of long chain pyrrole fatty esters
from carbonyl-amine reactions!
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Abstract The reaction of lipoxygenase pathway products
methyl 9,10(Z)-epoxy-13-oxo-11(E)-octadecenoate (13-MZEQO) and
methyl 12,13(Z)-epoxy-9-oxo-10(E)-octadecenoate (9-MZEO),
with butylamine and lysine was studied in order to investigate
whether some oxidized fatty acids are able to react with amino
groups, analogously to volatile aldehydes, and, therefore, con-
tribute to the overall protein damage produced during oxidative
stress. The reaction mixtures were incubated at room tempera-
ture or 37°C; the products were fractionated by semipreparative
high performance liquid chromatography, and characterized by
'H and '*C nuclear magnetic resonance spectroscopy and mass
spectrometry. The products identified were methyl 9-hydroxy-9-
(5-pentyl-N-alkylpyrrole-2-)nonanoate and N-alkyl-2-pentylpyrrole
for the 13-MZEO, and methyl 8-[5-(1'-hydroxyhexyl)-N-alkyl-
pyrrole-2-joctanoate and methyl 8-(N-alkylpyrrole-2-Joctanoate
for the 9-MZEQ. Formation of these pairs of analogs suggested
that compounds were produced by one mechanism with the loss
of the 5-substituent as a short-chain aldehyde, which was
identified for the 13-MZEOQO. A reaction mechanism that ex-
plains the formation of all these compounds is proposed and the
biological significance of these findings in relation to low density
lipoprotein oxidation is discussed. Although these results do not
demonstrate the formation of long-chain pyrrole fatty acids in
vivo, they suggest that these pyrroles could be produced as an ul-
timate step in the lipid peroxidation process.— Hidalgo, F. J.,
and R. Zamora. In vitro production of long chain pyrrole fatty
esters from carbonyl-amine reactions. [ Lipid Res. 1995. 36:
725-735.

Supplementary key words lipoxygenase pathway ¢ oxidized lipids/
proteins reactions ¢ polyunsaturated fatty acid oxidation e oxidative
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It is now well established that free radicals (especially
O, ") and other reactive oxygen species (such as H;O,)
are continuously produced in vivo. Consequently, organ-
isms have evolved not only antioxidant defense systems to
protect against them, but also repair systems that prevent
the accumulation of damaged molecules (1-4). Under
physiological conditions, the range of defense systems
available within cells is adequate to protect them against
oxidative damage. However, the protective balance can be
lost because of overproduction of free radicals that over-
whelm the antioxidant defenses or by inadequate intake
of nutrients that contribute to the defense system (5). This

imbalance, namely oxidative stress, can produce major
interrelated derangements of cell metabolism, including
DNA-strand breakage, rises in intramolecular “free” Ca?*,
damage to membrane ion transporters and/or other spe-
cific proteins, and peroxidation of lipids (6-9).

Lipids are a highly vulnerable target for oxygen species
due to the susceptibility of polyunsaturated fatty acids to
free radical attack ultimately forming lipid hydroperox-
ides (10). These hydroperoxides can then be converted
into a variety of secondary products including both non-
volatile fatty acid derivatives and volatile products.
Although volatile products are only a small part of
decomposition products of hydroperoxides, for example
Fe(II)/Fe(IIl)-catalyzed linoleic acid hydroperoxide
decomposition produced volatiles comprising less than
5 mol% of the total products (11), these volatile products
have received much more attention than nonvolatile
products. This is probably due to an easier availability of
these compounds. The aldehydic lipid peroxidation prod-
ucts are biologically very active and can produce a num-
ber of deleterious effects in cells (12, 13). These aldehydes,
and other products of lipid peroxidation, are more stable
than free radical species and may more readily diffuse into
cellular media, where they are available for facile reaction
with various biomolecules. Modification of proteins and

Abbreviations: 9-LOOH, 9-hydroperoxy-10(E)-12(Z)-octadecadienoic
acid; 9-MEEO, methyl 12,13(E)-epoxy-9-oxo-10(E)-octadecenoate; 9-MZEH,
methyl 12,13(Z)-epoxy-9-hydroxy-10( E)-octadecenoate; 9-MZEQO, methyl
12,13(Z)-epoxy-9-oxo-10(E)-octadecenoate; 13-LOOH, 13-hydroperoxy-
9(2)-11( E)-octadecadienoic acid; 13-MEEOQ, methyl 9,10(E)-epoxy-13-oxo-
11(E)-octadecenoate; 13-MZEH, methyl 9,10(Z)-epoxy-13-hydroxy-11(E)-
octadecenoate; 13-MZEO, methyl 9,10(Z)-epoxy-13-oxo-11(E)-octadeceno-
ate; CC, column chromatography; GC-MS, gas chromatography coupled
with mass spectrometry; HPLC, high performance liquid chromatogra-
phy; HPLC-MS, HPLC coupled with mass spectrometry; LDL, low den-
sity lipoproteins; NMR, nuclear magnetic resonance; NMR signals mul-
tiplicity: s, singlet; 4, doublet; dd, double doublet; 4, triplet; ¢, quartet;
br, broad; TLC, thin-layer chromatography.

!Part of this work was presented at the 85th AOCS Annual Meeting,
Atlanta, GA, May 8-12, 1994.

?To whom correspondence should be addressed.

Journal of Lipid Research Volume 36, 1995 725

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

other biomolecules by lipid peroxidation products is be-
lieved to play a central role in many pathophysiological
conditions often associated with free radical damage
(14-16). The mechanisms and relative contributions of
several potential reactions, however, are not well under-
stood (17).

In this context, previous research from this laboratory
has shown that volatile short-chain aldehydes having a
4,5-epoxy-1-oxo-2-pentene systemn, which have been de-
tected in several systems (18, 19), are very reactive with
amines, amino acids, and proteins producing brown color
and fluorescence (20). The reaction of 4,5(E)-epoxy-2(E)-
heptenal with lysine was studied and different 1-alkyl-2-
(1'-hydroxypropyl)pyrroles and 1-alkylpyrroles were
identified (21). These 1-alkyl-2-(1'-hydroxypropyl)pyrroles
were the responsible for the color and fluorescence
production via a polymerization reaction that was charac-
terized, and this reaction has been suggested as an alter-
native mechanism for in vivo production of brown macro-
molecular pigments with fluorescent characteristics
similar to lipofuscins (22).

Epoxyoxoene fatty acids with analogous 4,5-epoxy-1-
oxo-2-pentene system are produced when fatty acid
hydroperoxides are treated with different catalysts con-
taining iron, such as FeCls/cysteine (23), hemoglobin
(24), and lipoxygenase from various plant sources. Thus
a crude soy extract converted 13-hydroperoxy-9(Z)-11( £)-
octadecadienoic acid (13-LOOH), or linoleic acid, into
numerous products, from which 12,13(E)-epoxy-9-oxo-
10(E)-octadecenoic acid was isolated (25). This last fatty
acid seems to be a final product in the degradation of the
hydroperoxide, which involves the formation of an inter-
mediate epoxyhydroperoxy fatty acid [12,13(E)-epoxy-9-
hydroperoxy-10(E)-octadecenoic acid} (23). Analogous to
the above short-chain epoxyaldehydes, epoxyoxoene fatty
acids would also be able to react with the amino group of
amines, amino acids, and proteins, producing similar
pyrroles.

Long-chain N-heterocyclic fatty acids have not been
found in nature (26). However, long-chain pyrrole fatty
acids have been detected when a furan fatty acid, 9-
(5-butyl-2-furyl)nonanoic fatty acid, was incubated with
bovine liver homogenate at pH 7.5 in the presence of
cofactors known to stimulate fatty acid oxidation (27).
The aim of this study was the isolation and characteriza-
tion of the reaction products between the epoxyoxoene
fatty acids formed in the lipoxygenase pathway, and
amines and amino acids, in order to investigate reaction
pathways between oxidized lipids and proteins. These
studies should clarify whether epoxyoxoene fatty acids
are, in fact, final products in the lipoxygenase pathway,
and should allow synthesis of pure long-chain pyrrole
fatty acids in milligram amounts so that they could be
used in structural identifications and biological testings.
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MATERIALS AND METHODS

Materials

Linoleic acid and soybean lipoxygenase were purchased
from Fluka Chemie AG (Buchs, Switzerland). n-Butylamine
and L-lysine were purchased from Aldrich Chemical
(Milwaukee, WI). All other chemicals used were analyti-
cal grade and were purchased from reliable commercial
sources.

Chromatographic and spectroscopic techniques

Thin-layer chromatography (TLC). TLC was performed on
precoated silica gel 60F;s, plates (Merck, Darmstadt,
Germany) with detection with UV light (254 nm), Erlich
reagent, picric acid as specific reagent for epoxides (28),
and/or by charring with sulfuric acid.

Column chromatography (CC). CC was performed with sil-
ica gel 60 (70-230 mesh; Merck). Five milliliter fractions
were collected and tested by TLC. Organic solutions were
dried with anhydrous sodium sulfate and concentrated
under vacuum at a temperature below 40°C.

High performance liguid chromatography (HPLC). The
HPLC system consisted of a 126 Programmable Delivery
Module and a 168 Diode Array Detector Module (Beck-
man, Fullerton, CA). Data acquisition and processing
were carried out using Software System Gold 7.1 version
(Beckman). Analytical separations were carried out on a
Spherisorb ODS2 3-pm 25 x 0.46-cm column. A loop of
20 pul and a flow rate of 0.8 ml/min were used in the ana-
lytical experiments. Semipreparative separations were
carried out on a Spherisorb ODS2 5-ym 25 x l-cm
column. A loop of 500 ul and a flow rate of 5 ml/min were
used in these experiments. A temperature of 40°C and
UV detection at 250 nm were selected in all the experi-
ments. In the preparative separations, products were col-
lected from successive injections and combined. Solutions
were dried using nitrogen to remove acetonitrile, and
were freeze-dried.

Gas chromatography coupled with mass spectrometry analyses
(GC-MS). GC-MS analyses were conducted with
a Hewlett-Packard 5890 Series II gas chromatograph
(Hewlett-Packard, Palo Alto, CA) interfaced, via an open
coupling system, to an AEI-MS/70VG mass spectrometer
(VG Analytical, Manchester, UK). A DB-5 fused-silica
capillary column (J & W Scientific, Folsom, CA), 30 m x
0.25 mm L.D. was used in all the experiments. The follow-
ing column temperature conditions were programmed:
method A, from 200 (9 min) to 250°C at 4°C/min;
method B, from 100 (2 min) to 250°C at 2°C/min;
method C, from 100 (2 min) to 250°C at 4°C/min;
method D, from 200 (2 min) to 280°C at 4°C/min. The
MS conditions were as follows: ionization by electron im-
pact, 70 €V; accelerating voltage, 4 kV; emission current,
100 pA; ion source temperature, 220°C.
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HPLC coupled with mass spectrometry analyses (HPLC-MS).
An HPLC system analogous to the one used for analytical
and semipreparative separations was used for HPLC-MS
analyses. The HPLC column was a Cyg, 5-um particle
size, 25 x 0.46 cm LD. reversed-phase column. A 100 ul
loop was used in the injector. The UV detector was in-line
with the Universal Interface (Vestec, Houston, TX).
Thus the total-ion current trace obtained from the MS
data system could be directly compared with the UV
chromatogram obtained from the UV detector. The Uni-
versal Interface was connected to the momentum separa-
tor via a Teflon tubing, and this separator was connected
to a standard VG ion source of the AEI-MS/70VG mass
spectrometer via a quartz tube. The temperature of the
momentum separator was 135°C and the ion source tem-
perature was maintained at 220°C. In a typical experi-
ment the parameters of the Universal Interface were set
as follows: input helium pressure, 1 bar; tip temperature,
160°C; separator temperature, 45°C; spray temperature,
70°C. The ion source temperature was 220°C, the elec-
tron energy was 70 eV, the accelerating voltage was
7.0 kV, and the trap current was 100 pA.

Nuclear magnetic resonance (NMR) experiments. 'H and 13C
NMR at 300 and 75.4 MHz, respectively, were deter-
mined in a Bruker AC-300P (Karlsruhe, Germany), with
Me,Si as internal standard. For aqueous solutions, so-
dium 3-(trimethylsilyl)-1-propanesulfonate was used as in-
ternal standard. Two-dimensional NMR was used to as-
sign 13C NMR spectra.

Preparation of epoxyoxoene fatty esters

Chemical syntheses of methyl 9,10(Z)-epoxy-13-oxo-
11{E)-octadecenoate (13-MZEO), methyl 9,10(E)-epoxy-
13-oxo-11(E)-octadecenoate (13-MEEO), methy! 12,13(Z)-
epoxy-9-oxo-10(E)-octadecenoate (9-MZEOQO), and methyl
12,13( E)-epoxy-9-oxo-10(E)-octadecenoate (9-MEEO) were
carried out following a previously described method (29).
Briefly, linoleic acid was oxidized by soybean lipoxygenase
to produce mainly the corresponding 13-LOOH, and also
a small quantity of the corresponding 9-LOOH. Reduc-
tion of the hydroperoxides with sodium borohydride fol-
lowed by oxidation, esterification, and epoxidation
yielded the corresponding epoxyoxoene fatty esters.

Reaction of epoxyoxoene fatty esters with butylamine

A solution of 9- and 13-MZEO (or 9- and 13-MEEO)
(67.2 mg, 0.21 mmol) in chloroform (2 ml) was treated
with butylamine (97 pl, 0.98 mmol) and stirred at 37°C,
After overnight incubation, the organic solvent was
evaporated, and 5 ml of acetonitrile-water 2:1 was added.
The resulting solution was studied by GC-MS and frac-
tionated by semipreparative HPLC using acetonitrile-
water 2:1 as eluent. Isolated compounds were studied by
'H and '3*C NMR and MS.

Hidalgo and Zamora

Reaction of epoxyoxoene fatty esters with L-lysine

A solution of 9- and 13-MZEO (200 mg, 0.62 mmol) in
9 ml of acetonitrile~water 2:1 was treated with L-lysine
(362 mg, 2.48 mmol) and stirred at room temperature for
6 days. After that time, the reaction mixture was diluted
to 30 ml with acetonitrile-water 2:1 and then fractionated
by semipreparative HPLC using analogous conditions as
described above. Isolated compounds were studied by ‘H
and *C NMR and MS.

RESULTS

Chemical synthesis of epoxyoxoene fatty esters

Oxidation of linoleic acid with soybean lipoxygenase
mainly produced 13-LOOH. However, a small quantity
of the corresponding 9-LOOH was also formed depend-
ing on the conditions used during the oxidation. For most
of the reactions described in this study, this mixture of
hydroperoxides was not fractionated and the subsequent

4

M .7A A

0O 10 20 30 40 50
retention time (min)

Fig. 1. Total ion chromatogram of GC-MS analysis for the reaction
mixture of epoxyoxocene faity esters (13-MZEO and 9-MZEO) and
butylamine in chloroform after stirring overnight at 37°C. The reaction
mixture (2 pl) was injected in the chromatograph and separated on a
30-m DB-5 fused silica capillary column using the following temperature
conditions: from 100 (2 min) to 250°C at 4°C/min. Peaks are numbered
according the structures of the different compounds which are collected
in Fig. 2.
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reduction of hydroperoxides, oxidation of hydroxyesters,
esterification and epoxidation yielded a mixture of epoxy-
oxoene fatty esters that were fractionated by CC using
hexane-diethyl ether 4:1 as eluent. Under these condi-
tions two fractions were obtained, one containing 9- and
13-MZEO and the other containing 9- and 13-MEEQ.
Both mixtures could be easily identified by 'H-NMR.
Thus the coupling constants for epoxy ring protons (Jg 10
for the 13-MZEO and 13-MEEO, and Jig3 for the
9-isomers) were 4.5 Hz for cis epoxy protons and 2.1 Hz
for trans epoxy protons, in accordance with the literature
(29). When the mixture of hydroperoxides was frac-
tionated and only 13-LOOH was used in the preparation
of epoxyoxoene fatty esters, the products obtained were
diasteromerically pure 13-MZEO and 13-MEEO (29).
The obtained mixtures, one containing 9- and
13-MZEQ and the other containing 9- and 13-MEEQ,
could not be easily fractionated. However, the presence of
the two isomers in each mixture could be deduced from
the *C NMR spectra that presented split signals for most
of the carbons. The proportion of the two isomers could
be obtained from the integral of the carbonyl signals in
these spectra. The fractionation of each mixture by GG
(method A) showed two peaks with analogous mass spec-
tra. To confirm the assigned structures, the mixture of 9-
and 13-MZEO was reduced with sodium borohydride and
the corresponding epoxyhydroxyene fatty esters were sili-
lated and studied by GC-MS (method B). Mass spectra
of trimethylsilyl derivatives of methyl 9,10(Z)-epoxy-13-

hydroxy-11(E)-octadecenoate (13-MZEH) and methyl
12,13(Z2)-epoxy-9-hydroxy-10( £)-octadecenoate (3-MZEH)
allowed distinguishing between them. Mass spectrometry
of trimethylsilyl derivative of 13-MZEH yielded charac-
teristic fragment ions at m/ 327, 259, and 173, according
to a previous study (29). The most characteristic fragment
ion of trimethylsilyl derivative of isomer 9-MZEH was at
m/e 241. In addition, two decomposition products of 9-
and 13-MZEH were observed by GC-MS. They were,
respectively, methyl 12-0x0-8,10-decadienoate and methyl
9-oxononanoate. The ratio between these last two com-
pounds was similar to the peak area ratio in the 13C NMR
spectra of 9- and 13-epoxyoxoene fatty esters, and
provided an additional measurement of the ratio of
1somers in the mixture.

The presence of two isomers in the starting epoxyoxo-
ene fatty esters complicated the fractionation of their
reaction products with amines and amino acids, but the
use of these mixtures was preferred because it better
resembled the actual mixtures present in nature for lipid
peroxidation products.

Reaction of epoxyoxoene fatty esters with butylamine

The reaction of epoxyoxoene fatty esters 9- and
13-MZEO, or 9- and 13-MEEQO, with butylamine pro-
duced different compounds. Figure 1 shows the total ion
gas chromatogram (method C) obtained after overnight
incubation of the mixture. After this time, the original
epoxyoxoene fatty esters were not detected and the forma-

(O 7\ I\
R-CO-CH=CH-CH-CH-R* + R'NH, ——= R! CH(OH)}-R* 4+ R + R:CHO
N N

1-2 3
Compound R!

| (CH,),CH,
2 {CH,),CO,CH,
3
4 (CH,)CH,
5 (CH,)»;,CO,CH;,
6 (CH,)CH,
7 (CH,},CO,CH;
8 -
9 .

R3 R,l
4-5 6-7 8-9

R2 R?
(CH,),CO,CH, .
(CH,),CH, ;

- (CH,);CH,
(CH,,CO,CH; (CH,);CH;
(CH,)CH, (CH,);,CH,

. (CH,),CH,

- (CH,),CH,
(CH,),CO,CH,4 -
(CH,)CH; -

Fig. 2. Structure of the compounds identified in the reaction between epoxyoxoene fatty esters and butylamine. Most compounds were isolated by
semipreparative high performance liquid chromatography using the conditions described in the Methods section, and identified by 'H and '*C nuclear
magnetic resonance spectroscopy and mass spectrometry. Compound 8 was identified as its butylimino derivative. Compound 9 was not isolated in

this study, possibly because headspace GC analysis was not used.
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TABLE 1. ‘H NMR chemical shifts and coupling constants (in Hz) of selected signals (pyrrole moieties and
characteristic substituents) of the compounds described in this study

\

Compound H-9 H-10 H-11 H-12 H-13 H-1""
4 4.56¢ 6.04d 5.834 3.88m
J= 6.8 Jun = 3.6 Jin = 3.6 (2H)
5 5.834 6.04d 4.56¢ 3.88m
Joy = 3.6 Jw = 3.6 J =268 (2H)
7 5.86ddd 6.06¢ 6.57dd 3.77t
Js,m =08 J =31 Jwaz = 1.9 (2H)

Jm,n = 3.1 ]11,12 =26 Jr,z- =74
11 4.57t 5.94d 5.73d 3.84m
J = 7.1 Ju,m = 3.6 Jus = 3.6 (2H)
17 5.75m 5.92¢ 6.57dd 3.83¢
J =31 Jion = 1.8 (2H)

Jie = 2.7 Jra =172
18 5.75m 5.96¢ 6.77dd 4.43dd
J =31 Jiop = 1.8 (1H)

Jn,l'z = 27

“Signal H-1' includes the integral to distinguish between «- and e-derivatives of lysine in compounds 11, 17, and
18. When numbering the protons, the products are considered fatty acid derivatives and, therefore, it conserves

the numbering of the fatty acid chain.

tion of several new compounds was observed. More than
80% of the total area corresponded to peaks 4 and 5 in
the chromatogram which were lately identified as two C
pyrrole fatty esters produced by reaction of 13- and
9-MZEO (or MEEO), respectively, and butylamine. Two
other peaks (peaks 6 and 7) corresponded to short chain
pyrroles produced by cleavage of the carbon chain. The
peak number in the total ion gas chromatogram is in ac-
cordance with the numbering and structures for the
different identified compounds that are collected in
Fig. 2. Major compounds of the reaction were isolated by
semipreparative HPLC and studied by 'H and 13C NMR
and MS. Minor compounds were studied only by
GC-MS and/or HPLC-MS,

The major product of the reaction was identified as
methyl 9-hydroxy-9-(5-pentyl-N-butyl-1H-pyrrole-2-)non-
anoate (4). GC, R, 40.3 min (method C). Semipreparative

"HPLC, R, 16.8 min. 'H NMR (CDCl;)* showed the

selected signals listed in Table 1. Other signals appeared
at 6 092 ¢ (3H, Ji71s = 6.8 Hz, H18), 0.96 ¢ (3H,
Jy4 = 7.3 Hz, H4'), 1.35 m (14H, H4-H7, H16, H17,
and H3"), 1.62 m (6H, H3, H15, and H2"), 1.87 m (2H,
H8), 2.30¢(2H, J = 7.5 Hz, H2), 2.51 { (2H, J = 7.9 Hz,
H14), and 3.66 s (3H, OCH3). 1*C NMR (CDCl,) showed
the selected signals listed in Table 2. Other signals ap-

3When assigning signals in NMR spectra, we have preferred to num-
ber the compounds as fatty ester derivatives for an easier interpretation,
and to consider pyrrole protons and carbons as belonging to the carbon
chain of the fatty esters. Therefore, numbers in the assignation of the
spectra and in systemic names of compounds are not necessarily
equivalent.

Hidalgo and Zamora

peared at 8 13.91 ¢ (C4"), 14.11 ¢ (C18), 20.34 ¢ (C3"), 22.61
t (C17), 24.97 ¢ (C3), 26.44 t (C14), 26.50 ¢ (C7), 28.33,
29.13, 29.24 and 29.41 (4t, C4, C5, C6, and C15), 31.92
t (C16), 33.91 ¢ (C2"), 34.12 ¢ (C2), 36.53 ¢ (C8), 51.52 ¢
(OCH3), and 174.39 5 (C1). GC-MS m/e (relative intensity,
ion structure): 361 (57, M*~-H,0), 304 (100, 361-buty)),
232 (88, 361-methoxycarbonylpentyl). HPLC-MS m/
(relative intensity, ion structure): 379 (5, M*), 361 (61,
M*-H;0), 330 (13, M'-H;O-methoxy), 304 (100,
361-butyl), 232 (98, 361-methoxycarbonylpentyl), 222
(91, M*-methoxycarbonylheptyl). MS of its trimethylsilyl
derivative (70 €V) m/ (relative intensity, ion structure):
451 (6, M*), 380 (8, M*-pentyl), 294 (74, M*-methoxy-
carbonylheptyl), 138 (59), 80 (100).

The corresponding Cis pyrrole fatty ester of the
9-isomer was identified as methyl 8-[5-(1'-hydroxyhexyl)-
N-butyl-1H-pyrrole-2-Joctanoate (5). GC, R, 38.6 min
(method C). Semipreparative HPLC, R, 16.3 min. This
compound yielded essentially the same 'H NMR spec-
trum as that of compound 4, and only slight differences
were observed in its 3C NMR spectrum. 13C NMR
(CDCl;) showed the selected signals listed in Table 2.
Other signals appeared at § 13.82 ¢ (C4'), 14.06 ¢ (C18),
20.29 ¢ (C3'), 22.63 ¢t (C17), 24.94 ¢ (C3), 26.46 ¢ (C8),
26.22, 28.50, 29.13, 29.21 and 29.45 (5¢, C4-C7 and C15),
31.81 ¢ (C16), 33.89 ¢ (C2'), 34.11 ¢ (C2), 36.50 ¢ (C14),
51.53 g (OCH3), and 174.35 5 (C1). GG-MS m/e (relative
intensity, ion structure): 361 (46, M*-H,0), 318 (51, 361-
propyl), 218 (100, 361-methoxycarbonylhexyl). HPLC-
MS mv/e (relative intensity, ion structure): 379 (4, M*), 361
(37, M*-H,0), 318 (44, 361-propyl), 218 (100, 361-meth-
oxycarbonylhexyl).
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TABLE 2. '3C NMR chemical shifts of selected signals (pyrrole moieties and characteristic substituents)

of the compounds described in this study

Compound C-9 C-10 C-11 C-12 C-13 C-1’
66.484 134.46s 104.334 104.024 133.93s 43.42

134.00s 104.014 104.304 134.265 66.51d 43.42¢

7 133.04s 104.934 106.404 119.60d 46.17t

11 66.944 134.49s 105.884 105.314 134.55s 44.12¢

When numbering the carbons, the products are considered fatty acid derivatives and, therefore, it conserves the

numbering of the fatty acid chain.

Peak 7 in the total ion gas chromatogram could also be
isolated by semipreparative HPLC and it was identified
as methyl 8-(N-butyl-1H-pyrrole-2-)octanoate (7). GC,
R 26.7 min (method C). Semipreparative HPLC, R,
13.7 min. 'H NMR (CDCl;) showed the selected signals
listed in Table 1. Other signals appeared at é 0.94 ¢ (3H,
Jsa = 7.3 Hz, H4"), 1.35 m and 1.63 m (14H, H3-H7,
HZ2', H3'), 2.31 ¢ (2H, Jb3 = 7.5 Hz, H2), 2.51 ¢, b (2H,
J7s = 7.8 Hz, H8), and 3.67 s (3H, OCHj;). *C NMR
(CDCIl;) showed the selected signals listed in Table 2.
Other signals appeared at 6 13.79 4 (C4'), 20.06 ¢ (C3"),
24.92 ¢ (C3), 26.18 ¢ (C8), 28.79, 29.09, 29.13 and 29.39
(4t, C4-C7), 33.52 ¢t (C2'"), 34.09 ¢ (C2), 51.49 ¢ (OCH3),
and 174.34 5 (Cl1). GC-MS m/e (relative intensity, ion
structure): 279 (23, M*), 248 (13, M*-methoxy), 236 (6,
M?*-propyl), 136 (100, M*-methoxycarbonylhexyl). HPLC-
MS m/ (relative intensity, ion structure): 279 (15, M*),
248 (8, M*-methoxy), 150 (16, M*-methoxycarbonyl-
pentyl), 136 (100, M*-methoxycarbonylhexyl).

Peaks 6 and 8 in the total ion gas chromatogram could
not be isolated by semipreparative HPLC and they could
only be studied by GC-MS. They were identified as N-
butyl-2-pentylpyrrole (6) and methyl 9-butyliminonanoate
(8), respectively. Compound 6 had an R; of 9.1 min in
GC (method C), and its GC-MS m/ (relative intensity,
ion structure) was: 193 (60, M*), 178 (3, M*-methyl), 164
(3, M*-ethyl), 150 (33, M*-propyl), 136 (100, M*-butyl),
122 (33, M*-pentyl). Compound 8 had an R, of 17.6 min
in GC (method C), and its GC-MS m/ (relative intensity,
ion structure) was: 241 (0.6, M*), 240 (1, M*-1), 210 (10,
M*-methoxy), 198 (8, M*-propyl), 112 (34, M*-methoxy-

carbonylpentyl), 99 (44), 84 (100, M*-methoxycarbonyl-
heptyl), 57 (91, butyl).

Reaction of epoxyoxoene fatty esters with lysine

The reaction of epoxyoxoene fatty esters with lysine was
analogous to the above described with butylamine. How-
ever, the reaction rate was slower and the number of
products was higher because epoxyoxoene fatty esters
reacted with both a- and e-amino groups of lysine. Unlike
the reaction with butylamine, this reaction could not be
followed by GC-MS because of the low volatility of the
reaction products. However, the formation of the products
could be easily deduced by monitoring the reaction using
NMR spectroscopy (Fig. 3 shows the H spectrum ob-
tained after 2 days of reaction). During the reaction, a
gradual disappearance of olefinic protons (signals a) was
observed together with the appearance of heterocyclic sig-
nals. Two types of pyrrolic signals were observed analo-
gous to the reaction with butylamine. The main products
were 1,2,5-trisubstituted pyrroles (signals b), and the for-
mation of 1,2-disubstituted pyrroles was also produced
(signal c). Isolation of major compounds was carried out
by semipreparative HPLC. A characteristic chromato-
gram of the reaction mixture is shown in Fig. 4. Two
main fractions were isolated (A and B). The other frac-
tions were much less important quantitatively, in spite of
their high absorbance at 250 nm. Fraction A consisted
mainly of methyl 9-hydroxy-9-[5-pentyl-N-(5"-amino-5'-
carboxypentyl)-1H-pyrrole-2-nonanoate (11). However, a
minor presence of methyl 9-hydroxy-9-[5-pentyl-N-(5'-
amino-1'-carboxypentyl)-1H-pyrrole-2-]nonanoate  (12),

Fig. 3. 'H Nuclear magnetic resonance spectrum
(olefinic and pyrrolic protons portion) of the reaction
mixture of epoxyoxoene fatty esters (13-MZEO and
9-MZEO) and lysine in acetonitrile-water 2:1 after
2 days of reaction at room temperature. A 10% solu-
tion of the reaction mixture in deuterated methanol
was acquired in a Bruker AC-300P spectrometer using
a 45° excitation pulse, and a 2.28 s acquisition time.
A total of 64 scans were collected. The spectrum
showed the signals corresponding to unreacted epoxy-
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T 1 oxoene fatty esters (signals a), 1,2,5-trisubstituted pyr-
5.60 roles (signals b), and 1,2-disubstituted pyrroles (signal c).
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Fig. 4. Semipreparative high performance liquid chromatogram ob-
tained for the reaction mixture of epoxyoxoene fatty esters (13-MZEO
and 9-MZEQ) and lysine in acetonitrile-water 2:1 after 6 days at room
temperature. The reaction mixture was diluted and fractionated on a
Spherisorb ODS2 5 pm 25 x 1-cm column at 40°C. A loop of 500 pl,
a flow rate of 5 ml/min, and UV detection at 250 nm were used. Two
main fractions were isolated (A and B). The other fractions were much
less important quantitatively, in spite of their high absorbance exhibited
at 250 nm. Fraction A mainly consisted of compound 11. However
minor presence of compounds 12-14 was also detected in this fraction
by HPLC-MS. Fraction B was mainly a mixture of compounds 17 and
18. In addition, presence of compounds 15 and 16 in fraction B was also
detected by GC-MS of the methyl esters obtained by reaction with
diazomethane. Structures for compounds identified in the reaction of
epoxyoxoene fatty esters with lysine are collected in Fig. 5.

and methyl 8-[5-(1 -hydroxyhexyl)-N-(5"-amino-5’ or 1"
carboxypentyl)-1H-pyrrole-2-]Joctanoate (13 and 14,
respectively), was also detected in this fraction by
HPLC-MS. Fraction B was mainly a mixture of methyl
8-[N-(5'-amino-5" or 1'-carboxypentyl)-1H-pyrrole-2-Joc-
tanoate (17 and 18, respectively). In addition, the
presence of 2-pentyl-N-(5'-amino-5' or 1'-carboxypentyl)-
1H-pyrrole (15 and 16, respectively) was also detected in
fraction B by GC-MS of the methyl esters obtained by
reaction with diazomethane. Major isolated compounds
were studied by 'H and 3C NMR and/or HPLC-MS.
They were also esterified with diazomethane and studied
by GC-MS. Structure for compounds identified in the
reaction of epoxyoxoene fatty esters with lysine are col-
lected in Fig. 5.

Compound 11 had an R, of 4.27 min by semiprepara-
tive HPLC. 'H NMR (CD;OD) showed the selected sig-
nals listed in Table 1. Other signals appeared at § 0.92 ¢
(3H, HIi8), 1.34, 1.50 and 160 (3 m, 18H, H3-H7,
H15-H17, H3"), 1.85 m (6H, H8, H2', H4'), 2.31 ¢ (2H,
J2,3 = 7.4 Hgz, HZ), 2.53 ¢ (2H, J14.,15 = 7.6 Hz, H14),
3.50 m (1H, H5'), and 3.64 s (3H, OCHj). 3C NMR
(CD3;OD) showed the selected signals listed in Table 2.
Other signals appeared at § 14.47 ¢ (C18), 23.18 ¢ (C17),
23.66 ¢t (C3"), 25.99 ¢ (C3), 27.35 ¢ (Cl14), 27.53 ¢ (C7),
29.89, 30.08, 30.12 and 30.35 (4¢, C4-C6, C15), 32.47 ¢
(C27), 32.54 ¢t (C4"), 32.87 ¢ (C16), 34.47 ¢t (C2), 37.61 ¢
(C8), 52.00 ¢ (OCHy), 56.11 4 (C5"), 176.00 s (C1), and
181.05 s (C6'). HPLC-MS m/ (relative intensity, ion
structure): 434 (100, M*-H,0), 390 (18, M*-H,0-CO,),

O\ / \ / \
R-CO-CH=CH-CH-CH-R® + R'NH, ——= R! CH(OH)-R* 4+ R + R-CHO
N N

12 10
Compound Ri

10 -
" (CH,),CH,
12 (CH,),CH,
13 (CH,),CO,CH,
14 (CH,),CO,CH,
15 (CH,),CH,
16 (CH,),CH,
17 (CH,),CO,CH,
18 (CH,),CO,CH,

R3 R}
11-14 15-18 89

R? R}

. (CH,),CH(COOH)NH,
(CH,),CO,CH, (CH,),CH(COOH)NH,
(CH,),CO,CH, CH(COOH)CH,),NH,
(CH,),CH, (CH,),CH(COOH)NH,
(CH,)CH, CH(COOHXCH,),NH,

- (CH,)CH(COOH)NH,

- (CH,),CH(COOH)NH,

- CH(COOH)CH,),NH,

Fig. 5. Structure of the compounds identified in the reaction between epoxyoxoene fatty esters and lysine. Major compounds were isolated by semi-
preparative high performance liquid chromatography using the conditions described in the Methods section, and identified by *H and '3C nuclear
magnetic resonance spectroscopy and mass spectrometry. Structures for compounds 1, 2, 8, and 9 are given in Fig. 2.
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377 (25, M*~-H,O-butyl), 305 (52, M*-methoxycarbonyl-
pentyl), 84 (84). GC-MS of the methyl ester obtained by
reaction with diazomethane, R, 27.4 min (method D),
m/e (relative intensity, ion structure): 448 (100, M*~H,0),
417 (100, M*-H,O-methoxy), 319 (40, M*~-H,O-meth-
oxycarbonylpentyl).

Although compound 11 was the major product in the
reaction, the presence of three other isomers in fraction A
was observed by HPLC-MS. They were tentatively
identified as compounds 12, 13, and 14. The mass spec-
trum of isomer 12 was very similar to that described for
compound 11. However, MS of compounds 13 and 14
was slightly different. The presence of 391 and 291 m/
ions in the spectra was diagnostic of a pyrrole derived
from 9-MZEO.

In addition to the above described formation of 1,2,5-
trisubstituted pyrroles, the formation of two types of 1,2-
disubstituted pyrroles was observed in fraction B.

Compounds 17 and 18 had an R, of 3.23 min by semi-
preparative HPLC. The mixture obtained was a 7:3 ratio
of e- and a-amino derivatives of lysine as deduced from the
integral of heterocyclic protons in the tH NMR spectrum.
'H NMR (CD;OD) showed the selected signals listed in
Table 1. Other signals appeared at 6 1.2-2 b7,m (16H, H3-
H7, H2'-H4"), 2.31 (¢, 2H, H2), 2.49 and 2.51 (2, 2H, H8),
2.85 t (H5' of ae-isomer), 3.45 m (H5' of e-isomer), and 3.63
and 3.64 (25, OCH; of a- and e-isomers, respectively).
GC-MS of the methyl esters obtained by reaction with di-
azomethane, R, 16.1 min (method D), m/ (relative inten-
sity, ion structure): 366 (100, M*), 334 (49, M*-CH3;0OH),
307 (33, M*-methoxycarbonyl), 290 (39, M*-methoxy-
carbonyl-NH3), 278 (86, M*~-CH(NH;)CO,CHj;). These
compounds did not give good spectra by HPLC-MS
under the assayed conditions, but the m% 334 ion
(M*-H,0) was observed.

Compounds 15 and 16 were only detected by GC-MS
of the methyl esters obtained by reaction with diazo-
methane, R, 4.4 min (method D), m/% (relative intensity,
ion structure): 280 (78,- M*), 221 (19, M’-methoxy-
carbonyl), 204 (80, M*-methoxycarbonyl-NH,), 192 (90,
M*-CH(NH,)CO,CHs), 82 (100).

DISCUSSION

The above results show that epoxyoxoene fatty acids are
not necessarily final products in the lipoxygenase pathway,
but they are able to react with the amino groups of
amines, amino acids, and, possibly, proteins, to produce
N-substituted long-chain pyrrole fatty acids. Two types of
pyrroles have been isolated and characterized in the reac-
tion of 9- and 13-MZEO (and 9- and 13-MEEO) with
butylamine and lysine. The major product was a 1,2,5-
trisubstituted pyrrole. The production of 1,2-disubstituted
pyrroles was also detected. These results are analogous to
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those obtained in the reaction between 4,5(E)-epoxy-2(E)-
heptenal and amines and amino acids (21, 22), and, there-
fore, the reaction seems to follow a mechanism similar to
the one previously found for short-chain epoxyaldehydes.
A possible mechanism that explains the different com-
pounds isolated and characterized in this study is sug-
gested in Fig. 6. It implies the formation of an imine at
a first stage that would produce the pyrrole ring by intra-
molecular attack of the nitrogen at one of the epoxy car-
bons. A simple rearrangement of electrons with transfer
of one proton would produce the isolated 1,2,5-trisubsti-
tuted pyrroles. The transfer of this proton would probably
take place in two steps to avoid the strain involved in the
formation of the 4-membered ring needed for a concerted
transfer. An alternative pathway would also produce the
isolated 1,2-disubstituted pyrroles, which would be ac-
companied by the formation of an aldehyde in the leaving
group. Analogous to the reaction of 4,5(E)-epoxy-2(E)-
heptenal with amines and amino acids, which is accompa-
nied by the formation of propanal (21), the reaction of
epoxyoxoene fatty esters with amines and amino acids
should also be accompanied by the formation of methyl
9-oxononanoate when starting from the 13-isomer, and
hexanal when starting from the 9-1somer. Although hex-
anal has not been found in this study, possibly because
headspace GC analyses have not been carried out, the
identification of methyl 9-butyliminonanoate among the
products of the reaction between 9- and 13-MZEQ and
butylamine confirms the proposed pathway. Therefore,
this reaction constitutes a new route for formation of short
chain aldehydes from oxidized lipids, and can contribute
to the overall production of these compounds.

These results may be extended to other oxidized fatty
acids having the same 4,5-epoxy-1-oxo-2-pentene system
and to other biological amino groups and, therefore, may
constitute a new general reaction pathway of amino group
modification by long-chain lipid peroxidation products.
Epoxyoxoene fatty acids are not uncommon in nature.
They are produced from the corresponding fatty acid
hydroperoxides via alkoxyl radicals (30). These alkoxyl
radicals are able to rearrange intramolecularly by addi-
tion to the «,8 double bond affording epoxyallylic radi-
cals. Epoxvyallylic radicals, which have been spin-trapped
(31) and shown to be produced in the oxidation of many
polyunsaturated fatty acids including arachidonic acid
(30, 32), then combine with oxygen to form epoxyhydro-
peroxy fatty acids and, in a succeeding step, epoxyoxoene
and epoxyhydroxyene fatty acids. The reaction follows a
specific mechanismm and only certain isomers are pro-
duced. Thus, when starting from 13-LOOH, the epoxy-
oxoene obtained was 12,13-epoxy-9-oxo-10(£)-octadecenoic
acid. Because the present reaction with amino groups is
also specific, the products expected would be the pyrroles
derived from 9-MZEO and hexanal. Analogously, if the
substrate is arachidonic acid oxidized via the 15-lipoxy-
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Fig. 6. Proposed mechanism of pyrrole formation in the reaction of epoxyoxoene fatty esters with butylamine and
lysine. The major pathway (about 80% of the reaction in the conditions used in this study) was the formation of
the C,q pyrrole fatty esters. However, the formation of 1,2-disubstituted pyrroles was always observed.

genase reaction, as supposedly takes place during modifi-
cation of the low density lipoproteins (LDL) induced by
endothelial cells (33), the corresponding hydroperoxide
produced would be 15-hydroperoxy-5(Z),8(2),11(Z),13(E)-
eicosatetraenoic acid. Following the previous mechanism,
the epoxyoxoene fatty acid produced in the next step
would be 14,15-epoxy-11-0x0-5(Z),8(Z2),12( E)-eicosatrienoic
acid. This oxidized fatty acid would be able to react with
biological amino groups yielding two types of pyrroles 10-[5-
(1'-hydroxyhexyl)-N-alkylpyrrole-2-]-5(Z),8(Z)-decadienoic
acid and 10-(N-alkylpyrrole-2-)-5(Z),8(Z)-decadienoic acid.
The production of this last compound would be parallel

Hidalgo and Zamora

to the formation of hexanal.

In membranes and lipoproteins, lipids are very close to
proteins and the products of lipid peroxidation can inter-
act with the amino groups on amino acid side-chain on
proteins thus altering their charge and nature. This has
been proposed, for example, as a contributory mechanism
to the oxidative modification of LDL which facilitates
their recognition by scavenger receptors on macrophages
(34). Although it is not known how LDL oxidation is in-
itiated, during this oxidative process the LDL undergoes
many physicochemical changes which have been shown to
be a consequence of the peroxidation of the LDL lipids
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(35). Oxidized LDL lipids are able then to decompose,
and the resulting aldehydes form covalent bonds with the
lysine e-amino group of apoB, via Schiff's base formation,
and thus generate a negatively charged apolipoprotein,
which appears to be the ligand recognized by the macro-
phage receptor (36, 37). Although these effects have been
related almost exclusively to the reaction with short- or
medium-chain aldehydes, several studies suggest that
these compounds are not the only ones responsible for
LDL modification. Steinbrecher et al. (38) found that the
reactive products that modify LDL did not appear to be
simple saturated or unsaturated aldehydes, but more
complex oxygen-containing compounds. In addition, the
contribution of long-chain lipid peroxidation products to
modification of LDL has also been suggested by Fruebis,
Parthasarathy, and Steinberg (39). The present paper
constitutes, to our knowledge, the first evidence that oxi-
dized long-chain fatty acids are able to react with amino
groups producing stable compounds and, therefore,
modifying the charge and nature of these amino groups.
Additional studies should be carried out to investigate the
role that these compounds might play in the modification
of LDL upon oxidation. In addition, the reactions de-
scribed in this study might also be implicated in some of
the age-related diseases that are consequence of free radi-
cal damage to cellular function (40).

All these results provide the basis for future in vivo
studies to assess the role of protein modification by long-
chain oxidized fatty acids, which are more abundant than
short-chain aldehydes, in certain diseases, pathophysio-
logical conditions, and aging. Although these results do
not demonstrate the formation in nature of long-chain
pyrrole fatty acids, they strongly suggest that these pyr-
roles could be produced as an ultimate step in the lipid
peroxidation process, and methods should be developed
for their detection. The methods described in this study
may be useful in the preparation of standards. B

We are indebted to Mr. J. J. Rios for the GC-MS and
HPLC-MS data, and Mr. J. L. Navarro for the technical as-
sistance. This study was supported in part by the Comisién
Interministerial de Ciencia y Tecnologia of Spain (Projects
ALI91-0409 and ALI94-0763) and the Junta de Andalucia
(Project 2075).

Manuscript received 11 July 1994 and in revised form 17 October 1994.

REFERENCES

1. Halliwell, B., and 8. Chirico. 1993. Lipid peroxidation: its
mechanism, measurement, and significance. 4m. J. Clin.
Nutr. 57: 7158-7258.

2. Sies, H. 1991. Oxidative Stress, Oxidants and Antioxidants.
Academic Press, New York.

3. Dillard, C. J., and A. L. Tappel. 1988. Consequences of bi-
ological lipid peroxidation. Ir Cellular Antioxidant Defense

734 Joumal of Lipid Research Volume 36, 1995

10.

11

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Mechanisms. C. K. Chow, editor. CRC Press, Boca Raton.
103-115.

Slater, T. F. 1984. Free-radical mechanisms in tissue injury.
Biochem. [ 222: 1-15.

Machlin, L. J., and A. Bendich. 1987. Free radical tissue
damage: protective role of antioxidant nutrients. FASEB J.
1: 441-445.

Halliwell, B., and J. M. C. Gutteridge. 1989. Free Radicals
in Biology and Medicine. 2nd ed. Clarendon Press,
Oxford.

Hyslop, P. A, D. B. Hinshaw, W. A. Halsey, Jr, I. U.
Schraufstatter, R. D. Sauerheber, R. G. Spragg, J. H. Jack-
son, and C. G. Cochrane. 1988. Mechanisms of oxidant-
mediated cell injury: the glycolytic and mitochondrial path-
ways of ADP phosphorylation are major intracellular tar-
gets inactivated by hydrogen peroxide. J. Biol. Chem. 263:
1665-1675.

Halliwell, B., and O. I. Aruoma. 1991. DNA damage by
oxygen-derived species: its mechanism and measurement in
mammalian systems. FEBS Lett. 281: 9-19.

Orrenius, 8., D. J. McConkey, G. Bellomo, and P. Nicotera.
1989. Role of Ca?" in toxic cell killing. Tiends Pharmacol. Sci.
10: 281-285.

Rice-Evans, C., and R. Burdon. 1993. Free radical-lipid
interactions and their pathological consequences. Prog.
Lipid Res. 32: 71-110.

Grosch, W. 1976. Degradation of linoleic acid hydroper-
oxides to volatile carbonyl compounds. Z. Lebensm. Unters.
Forsch. 160: 371-375.

Esterbauer, H., H. Zollner, and R. J. Schaur. 1990. Alde-
hydes formed by lipid peroxidation: mechanisms of forma-
tion, occurrence, and determination. /n Membrane Lipid
Oxidation. Volume 1. C. Vigo-Pelfrey, editor. CRC Press,
Boca Raton. 239-268.

Esterbauer, H., G. Jirgens, O. Quehenberger, and E.
Koller. 1987. Autoxidation of human low density lipopro-
tein: loss of polyunsaturated fatty acids and vitamin E and
generation of aldehydes. J. Lipid Res. 28: 495-509.
Esterbauer, H., R. J. Schaur, and H. Zollner. 1991.
Chemistry and biochemistry of 4-hydroxynonenal, malon-
aldehyde and related aldehydes. Free Radical Biol. Med. 11:
81-128.

Halliwell, B. 1987. Oxidants and human disease: some new
concepts. FASEB J. 1: 358-364.

Steinberg, D. 1991. Lipoprotein modification and athero-
genesis. Atheroscler. Rev. 23: 115-121.

Szweda, L. 1., K. Uchida, L. Tsai, and E. R. Stadtman.
1993. Inactivation of glucose-6-phosphate dehydrogenase
by 4-hydroxy-2-nonenal. Selective modification of an
active-site lysine. J Biol Chem. 268: 3342-3347.
Swoboda, P. A. T.,, and K. E. Peers. 1978. trans-4,5-
Epoxyhept-trans-2-enal. The major volatile compound
formed by the copper and a-tocopherol-induced oxidation
of butterfat. J Sci. Food Agric. 29: 803-807.

Grosch, W. 1993. Detection of potent odorants in foods by
aroma extract dilution analysis. Trends Food Sci. Technol. 4:
68-73.

Hidalgo, F. J., and R. Zamora. 1993. Non-enzymatic
browning and fluorescence development in a (E)-4,5-epoxy-
(E)-2-heptenal/lysine model system. J Food Sci. 58:
667-670.

Zamora, R., and F. J. Hidalgo. 1994. Modification of lysine
amino groups by the lipid peroxidation product 4,5(E)-
epoxy-2(E)-heptenal. Lipids. 29: 243-249.

Hidalgo, F. J., and R. Zamora. 1993. Fluorescent pyrrole

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

23.

24,

25.

26.

27.

28.

29.

30.

31

products from carbonyl-amine reactions. J. Biol Chem.
268: 16190-16197.

Gardner, H. W,, and R. Kleiman. 1981. Degradation of
linoleic acid hydroperoxides by a cysteine-FeCl; catalyst as
a model for similar biochemical reactions. II. Specificity in
formation of fatty acid epoxides. Biochim. Biophys. Acta. 665:
113-125.

Hamberg, M. 1975. Decomposition of unsaturated fatty
acid hydroperoxides by hemoglobin: structures of major
products of 13L-hydroperoxy-9,11-octadecadienoic acid.
Lipids. 10: 87-92.

Gardner, H. W,, and R. Kleiman. 1977. A soy extract cata-
lyzes formation of 9-oxo-trans-12,13-epoxy-trans-10-octa-
decenoic acid from 13-hydroperoxy-cis-9,¢rans-11-octadecenoic
acid. Lipids. 12: 941-944.

Lie Ken Jie, M. S. F, and M. S. K. Syed-Rahmatullah.
1991. Preparation and some spectroscopic properties of N-
heterocyclic derivatives of a novel 1-pyrroline C 4 fatty ester.
Lipids. 26: 842-846.

Dietel, P, and G. Spiteller. 1988. Incubation of 2,5-disub-
stituted F acids with bovine liver homogenate. Liebigs Ann.
Chem. 397-403.

Fioriti, J. A., and R. J. Sims. 1968. A spray reagent for the
identification of epoxides on thin-layer plates. J. Chromatogr.
32: 761-763.

Hidalgo, F. J., R. Zamora, and E. Vioque. 1992. Syntheses
and reactions of methyl (2)-9,10-epoxy-13-oxo-(E)-11-octa-
decenoate and methyl (&)-9,10-epoxy-13-oxo-(£)-11-octa-
decenoate. Chem. Phys. Lipids. 60: 225-233,

Gardner, H. W. 1989. Oxygen radical chemistry of polyun-
saturated fatty acids. Free Radical Biol. Med. 7: 65-86.
Schreiber, J., R. P. Mason, and T. E. Eling. 1986. Carbon-
centered free radical intermediates in the hematin- and ram
seminal vesicle-catalyzed decomposition of fatty acid
hydroperoxides. Arch. Biochem. Biophys. 251: 17-24.

Hidalgo and Zamora

. 32.

33.

34.

35.

36.

37.

38.

39.

40.

Yamagata, S., H. Murakami, J. Terao, and S. Matsushita.
1984. Decomposition products of methyl arachidonate
monohydroperoxides. Agric. Biol. Chem. 48: 101-109.
Steinberg, D., S. Parthasarathy, T. E. Carew, J. C. Khoo,
and J. L. Witztumn. 1989. Beyond cholesterol: modifications
of low density lipoprotein that increases its atherogenicity.
N. Engl. . Med. 320: 915-924.

Parthasarathy, S., D. Steinberg, and J. L. Witztum. 1992.
The role of oxidized low-density lipoproteins in the patho-
genesis of atherosclerosis. Annu. Rev. Med. 43: 219-225.
Steinbrecher, U. P., S. Parthasarathy, D. S. Leake, J. L.
Witztum, and D. Steinberg. 1984. Modification of low den-
sity lipoprotein by endothelial cells involves lipid peroxida-
tion and degradation of low density lipoprotein phospho-
lipids. Proc. Natl. Acad. Sei. USA. 81: 3883-3887.
Parthasarathy, 8., L. G. Fong, D. Otero, and D. Steinberg.
1987. Recognition of solubilized apoproteins from delipi-
dated, oxidized low density lipoprotein (LDL) by the
acetyl-LDL receptor. Prc. Natl Acad. Sci. USA. 84:
537-540. )

Sambrano, G. R., S. Parthasarathy, and D. Steinberg. 1994.
Recognition of oxidatively damaged erythrocytes by a mac-
rophage receptor with specificity for oxidized low density
lipoprotein. Proc. Natl. Acad. Sci. USA. 91: 3265-3269.
Steinbrecher, U. P., M. Lougheed, W-C. Kwan, and M.
Dirks. 1989. Recognition of oxidized low density lipo-
protein by the scavenger receptor of macrophages results
from derivatization of apolipoprotein B by products of fatty
acid peroxidation. J. Biol Chem. 264: 15216-15223.
Fruebis, J., S. Parthasarathy, and D. Steinberg. 1992, Evi-
dence for a concerted reaction between lipid hydroperox-
ides and polypeptides. Proc. Natl Aced. Sci. USA. 89:
10588-10592.

Stadtman, E. R. 1992. Protein oxidation and aging. Science.
257: 1220-1224.

Pyrrole fatty esters from carbonyl-amine reactions 735

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

