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Abstract

An efficient RP-HPLC method was developed for the detection of the oxidation products derived from the AAPH-initiated
peroxidation of linoleic acid bound to human serum albumin. Diode array UV-detection allowed the quantification at 234 nm of
four regioisomeric hydroperoxyoctadecadienoic acids (HPODE) and four hydroxyoctadecadienoic acids (HODE) while at 280 nm
four oxooctadecadienoic acid isomers (KODE) were detected. Full identification of the different underivatized HODE, HPODE
and KODE isomers was achieved by negative ESI–mass spectrometry outlining common fragmentation pathways for 9- and 13-
regioisomers. Chemical synthesis of 9-(E,Z)-, 9-(E,E)-, 13-(Z,E)- and 13-(E,E)-KODE helped to their structural characterization by
1H NMR. Lipid peroxidation in the presence of albumin proved to be regioselective with a larger accumulation of 13-HPODE and

ODE.
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1. Introduction

For a long time, lipid peroxidation has been consid-
ered as a deleterious process leading to atherogenic LDL
or membrane disruption. However, when cell-mediated,
lipid peroxidation is a normal physiological process with

Abbreviations: HODE, hydroxyoctadecadienoic acid; HPODE,
hydroperoxyoctadecadienoic acid; KODE, oxooctadecadienoic acid;
LH, linoleic acid
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involvement in eicosanoid synthesis or cell matura
(Kuhn and Borchert, 2002). Lipoxygenase-catalyze
lipid peroxidation which can be up- and downregula
is well adapted to the above biological requireme
whereas lipid autoxidation resulting from patholog
events may escape metabolic control leading thu
harmful side effects.

Although both reactions with linoleic acid le
to hydroperoxyoctadecadienoic acids as primary
dation products, only lipoxygenases (LOX) disp
positional and stereospecificities. For example,
bean LOX catalyzes the conversion of linoleic a
into 13(S)-hydroperoxy-(9Z,11E)-octadecadienoic ac
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while tomato or corn seed LOX preferentially pro-
duce 9(S)-hydroperoxy-(10E,12Z)-octadecadienoic acid
(Hamberg, 1971; Matthew et al., 1997; Gardner and
Grove, 2001). In autoxidation, however, bothEZ andEE
stereoisomers are formed with the double bond closer to
the oxygenated center beingE (Chan and Levett, 1977).
Usually, these unstable hydroperoxides (HPODE) decay
to secondary oxidation products, identified mainly as
hydroxy- (HODE), epoxyhydroxy- and oxo-derivatives
(KODE) and dependent on the presence of factors such
as metal ions or reducing agents (Spiteller and Spiteller,
1998; Dix and Marnett, 1985).

The separation of the linoleic acid oxidation prod-
ucts is usually challenged by chromatographic means.
Normal-phase HPLC has been widely used for the ten-
tative separation of either native HODE, HPODE and
KODE (Wu et al., 1995) or the corresponding methyl
esters derivatives (Hilbers et al., 1996). Reverse-phase
HPLC may appear less efficient (Pérez Gilabert and Gar-
cia Carmona, 2002; Banni et al., 1996).

Structural informations on the peroxidation prod-
ucts such as mass data and position of the oxy-
genated center are gained by mass spectrometry. Gas
chromatography–mass spectrometry (GC–MS) usually
requires derivatization of the polar lipid derivatives
before injection (Spiteller and Spiteller, 2000). Further-
more, analysis of intact hydroperoxides by GC–MS is
impeded by their thermal instability (Pérez Gilabert and
Garcia Carmona, 2002). Development of soft ioniza-
tion techniques such as electrospray has allowed the
d od-
u ea
i n by
a
e nd
M h
a ries
s ient
m

x-
i s to
s on-
s ase
H ul-
t the
a va-
t ved
b pray
i mi-
c E.
T n of
H

2. Experimental

2.1. Chemicals

Fatty acid-free human serum albumin (HSA, A
1887), linoleic acid (LH), 13(S)-hydroperoxy-(9Z,11E)-
octadecadienoic acid, 13(S)-hydroxy-(9Z,11E)-
octadecadienoic acid, 2,2′-azobis(2-amidinopropane)
hydrochloride (AAPH) and sodium dihydrogenphos-
phate were used as received from Sigma–Aldrich (St.
Quentin Fallavier, France). Phosphate buffer (pH 7.4,
50 mM NaH2PO4, 100 mM NaCl) was prepared in
Millipore Q-Plus water and stirred with a chelating
resin (Chelex 100, 0.4 mequiv./mM, BioRad). MeOH
and CH3CN were of HPLC grade.

2.2. Lipid peroxidation

Linoleic acid (100�L, 200 mM in MeOH) was
added via syringe to albumin in buffer (10 mL to
33 g/L) followed by solid AAPH (82 mg). The reac-
tion mixture was stirred in an oven at 37◦C. Aliquots
(0.5 mL) were removed, acidified with an equal vol-
ume of 0.05 N HCl and extracted three times with
1 mL of ethyl acetate/hexane (1:1). The organic phase
was washed with a saturated NaCl solution, dried over
Na2SO4, concentrated under N2 and taken up in ace-
tone before freezing. The extraction yields were eval-
uated by spiking directly albumin with linoleic acid
(66%), HODE and HPODE (84%) and KODE (88%)
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etection of molecular ions of native oxidation pr
cts (Iwase et al., 1998). The state of the art in this ar

s brought by tandem mass spectrometry as show
pplications to fatty acid oxygenation products (Bylund
t al., 1998; Kerwin and Torvik, 1996; MacMillan a
urphy, 1995; Schneider et al., 1997). However, suc
n equipment is not routinely available in laborato
upporting the development of simpler but as effic
ethods in LC–MS.
Our interest in the inhibition of plasma lipid pero

dation by bioavailable secondary metabolites led u
tudy a biologically-relevant plasma model chiefly c
tituted by linoleic acid and albumin. A reverse-ph
PLC method was thus developed to quantify sim

aneously the resulting lipid oxidation products and
ntioxidants. Full identification of the different underi

ized HODE, HPODE and KODE isomers was achie
y mass spectrometry in combination with electros

onization. Assignment was further assisted by che
al synthesis and NMR analysis of the different KOD
he regio- and stereoselectivities for the peroxidatio
SA-bound linoleic acid were also established.
(n = 3).

2.3. HPLC and HPLC/MS analyses of lipid
peroxidation products

Lipid peroxidation products were separated
RP-HPLC coupled to Diode Array Detection (Hewle
Packard 1100) using a Alltima C18 column (5�m,
150 mm× 4.6 mm, Alltech) equipped with a Alltim
C18 guard column (5�m) (flow rate = 1 mL/min
T = 35◦C, volume injected = 10�L). The solven
system was a gradient of A (0.05% HCOOH in H2O)
and B (CH3CN) with 50% B from 0 to 5 min, 60%
B at 15 min, 73% B at 30 min and 100% B at 40 m
HPODE and HODE were detected at 234 nm, KO
at 280 nm and LH at 210 nm. Structure determ
tion was performed by HPLC–MS (Plateform LC
Micromass, coupled to a HP 1050, see HPLC ana
for the conditions of elution) in the negative elec
spray ionization mode (cone voltage = 30 and 5
nitrogen flow = 3.2 L/h, source block and desolva
temperatures = 150 and 250◦C, respectively, flow rat
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into the source = 50�L/min). Authentic standards of
13(S)-hydroperoxy-(9Z,11E)-octadecadienoic acid and
13(S)-hydroxy-(9Z,11E)-octadecadienoic acid as well
as synthetic KODE samples were used for co-injection
and calibration curves (five point measurements)
of total, respectively, HPODE, HODE and KODE.
Micromolar solutions gave areas of 11 for HPODE and
HODE, 2 for KODE and 2 for LH (n = 3 andr2 > 0.999).

2.4. Ketodiene synthesis and NMR analysis

From HODE. Neat linoleic acid (1.19 g) was left
to autoxidize at room temperature for a week. The
mixture containing LH and the HPODE in ethanol
(35 mL) was reduced with sodium borohydride (106 mg)
at 0◦C, hydrolyzed with water (35 mL), acidified to
pH 3 with 1 N HCl and extracted three times with
hexane/ethyl acetate (1:1). The organic extracts were
washed with sat. NaCl, dried over Na2SO4 and con-
centrated in vacuo. Silica gel chromatography (eluent:
ethyl acetate/hexane 2:8) yielded four fractions enriched
in the different HODE (156 mg, 12.5% overall yield)
and used for mass analysis. Oxidation of the respective
fractions by pyridinium dichromate (PDC) helped to the
chromatographic assignment of the HODE. For exam-
ple, HODE3 (28 mg) was oxidized with PDC (50 mg)
in chloroform (4 mL) at 0◦C. PDC was precipitated
with Et2O (8 mL) and the solution eluted over sil-
ica gel (ethyl acetate/Et2O 6:4) to yield quantitatively
KODE4.
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Fig. 1. HPLC chromatogram after 7 h of peroxidation for linoleic acid
bound to human serum albumin.

3. Results

The HPLC chromatogram obtained for LH autoxida-
tion in the 18–24 min area is qualitatively similar to the
one obtained for chemical oxidation of HSA-bound LH
except that HPODE are major compounds in autoxida-
tion (Fig. 1). Chemical synthesis of HODE and KODE
from HPODE produced by autoxidation was used to
assess the structures of the oxidation products obtained
in the presence of HSA. Solvent and gradient condi-
tions in HPLC were refined until well-separated peaks
were obtained for each product. Each oxidation prod-
uct is numbered according to the LC peak from which it
originates.

3.1. Structures of the HPODE products

Mass analysis was conducted at low and high voltages
in order to get either the molecular ion or full fragmen-
tation for structural assignment. Product ions and abun-
dances are reported for the latter conditions inTable 1.
Although no sodium-based chemical was used for
HPODE purification and HPLC analysis, ions detected
at m/z 333 and 315 suggest the presence of sodium in
the parent ions [M + Na− 2H]− and the dehydrated par-
ent ions [M + Na− H2O− 2H]−. Abundant ions atm/z
293 resulted from the loss of water and proved to be
major for HPODE2 and 4. The expected loss of H2O2
did not appear as a degradation pathway and decarboxy-
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From HPODE. Pure HPODE were obtained
autoxidation of neat linoleic acid followed by g
chromatography on silica gel (ethyl acetate/hex
5:95). The HPODE (25 mg) were then treated w
pyridine (1.75 mL) and acetyl chloride (63.5�L) to
yield directly the corresponding KODE (16.7 mg, 7
yield) (Porter and Wujek, 1987). The fraction con
taining the KODE was analyzed in HPLC/MS a
next purified by semi-preparative HPLC (Waters 6
coupled to a UV detection (Waters 486) using
Uptisphere ODB column (10�m, 250 mm× 21.2 mm
equipped with a Uptisphere ODB guard column (5�m,
33 mm× 21.2 mm) (flow rate = 18 mL/min,T = 35◦C,
volume injected = 500�L). The solvent system w
a gradient of A (0.05% HCOOH in H2O) and B
(CH3CN) with 65% B from 0 to 5 min, 70% B
10 min, 73% B from 15 to 25 min and 80% B
35 min. Four fractions were obtained containing e
a major KODE (purity 85–95%).1H NMR spectra wer
obtained with a cryoprobe on a Bruker DRX-500
CDCl3 (300 K) with CHCl3 as the internal reference
7.26 ppm.
lation of the fatty acids was the next step. Other cle
ages were characteristic of the 9- and 13-oxygena
of the primary oxidation products. Similar patterns
the product ion spectra were displayed for HPODE1
3. The product ion atm/z 223 resulted from cleavag
between C13 and C14. Subsequent losses of CO and2
yielded ions atm/z 195 and 179 while the most abund
ion was detected atm/z 113. HPODE1 and 3 are th
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Table 1
Product ions (m/z) and proposed structures for fragments issued from hydroperoxyoctadecadienoic acids (HPODE) in ESI–MSa

HPODE1
13-Z,E-HPODE

HPODE2
9-E,Z-HPODE

HPODE3
13-E,E-HPODE

HPODE4
9-E,E-HPODE

[M + Na− 2H]− 333 (2) 333 (4) 333 (5) 333 (5)
[M + Na− H2O− 2H]− 315 (8) 315 (12) 315 (12) 315 (8)
[M − H]− 311 (1) 311 (3) 311 (3) 311 (2)
[M − H2O− H]− 293 (55) 293 (100) 293 (52) 293 (100)
[M − H2O− CO2 − H]− 249 (8) 249 (9) 249 (3) 249 (7)
[M − H2O2 − CO2 − H]− 233 (4) 233 (3) 233 (2) 233 (2)
[M − CH3(CH2)2CHCH2 − H2O− H]− 223 (5) 223 (39)
[M − CH3(CH2)2CHCH2 − H2O− CO− H]− 195 (22) 195 (44)
[M − CH3(CH2)2CHCH2 − H2O− CO2 − H]− 179 (11) 179 (18)
[M − CH3CH2(CH2)5COOH− H]− 167 (14) 167 (7) 167 (15) 167 (14)

139 (14) 139 (6) 139 (14) 139 (5)
113 (100) 113 (100)

197 (22) 197 (25)
185 (75) 185 (72)

[M − CH3(CH2)4CHCHCCH− H2O− H]− 171 (8) 171 (7)
149 (17) 149 (14)

[M − CH3(CH2)4CHCHCCH− H2O− H2CO− H]− 141 (15) 141 (11)
[M − CH3(CH2)4CHCHCCH− H2O− HCO2H − H]− 125 (51) 125 (49)
[CH3(CH2)4CHCHCHCH2 − H]− 123 (20) 123 (15)

aAbundances for cone voltage−50 V are given in parentheses.

13-regioisomers. Their maximal absorption wavelengths
in diode array detection were found to be, respectively,
236 and 232 nm. Last, the co-elution of HPODE1 with
an authentic standard of 13(S)-hydroperoxy-(9Z,11E)-
octadecadienoic acid allowed to assign HPODE3 as
13-hydroperoxy-(9E,11E)-octadecadienoic acid. In the
case of HPODE2 and 4, characteristic product ions were
detected atm/z 197, 185 and 171. The latter ion resulted
from the fission between C9 and C10 and subsequent
elimination of water. Decarbonylation and decarboxyla-
tion led to the production of typical ions atm/z 141 and
125. These 9-regioisomers were further assigned based
on their UV maximal absorption wavelengths. HPODE2
(λmax 236 nm) appears as 9-hydroperoxy-(10E,12Z)-

octadecadienoic acid while HPODE4 (λmax 232 nm) is
9-hydroperoxy-(10E,12E)-octadecadienoic acid.

3.2. Structures of the HODE products

The separation of the 4 HODE could not be fully
achieved in the selected chromatographic system. Peaks
1 and 3 could be assigned by mass spectrometry
(Table 2). In addition, peak 1 co-eluted with an authen-
tic standard of 13(S)-hydroxy-(9Z,11E)-octadecadienoic
acid. Mass spectra of peaks 1 and 3 revealed parent ions
at m/z 295 for [M − H]− and 317 for [M + Na− 2H]−.
Dehydration led tom/z 277. Characteristic fragments at
m/z 171 and 123 were obtained from scission between

Table 2
Product ions (m/z) and proposed structures for fragments issued from hydroxyoctadecadienoic acids (HODE) in ESI–MSa

HODE1
13-Z,E-HODE

HODE3
9-E,E-HODE

[M + Na− 2H]− 317 (2) 317 (1)
[M − H]− 295 (100) 295 (56)
[M − H2O− H]− 277 (42) 277 (100)
[M − CO2 − H]− 251 (2) 251 (1)
[M − H2O− CO2 − H]− 233 (1) 233 (2)
[M − CH3(CH2)4CHO− H]− 195 (77)
[M − CH3(CH2)2CHCH2 − HCO2H − H]− 179 (6)
[M − CH3(CH2)4CHCHCHCH2 − H]− 171 (100)
[M − HCO(CH2)7CO2H − H]− 123 (10)

113 (13)

aAbundances for cone voltage−50 V are given in parentheses.



64 C. Dufour, M. Loonis / Chemistry and Physics of Lipids 138 (2005) 60–68

Table 3
1H NMR spectral data for regioisomeric 9- and 13-oxooctadecadienoic acidsa

Compound H� H� H� H� CH2–CO CH2–C C

13-Z,E-KODE 6.19 d (15.2) 7.50 dd (11.5, 15.2) 6.12 dd (11.5, 10.4) 5.91 dt (8.3, 10.4) 2.54 t (7.2), 2.35 t (7.5) 2.30 m
13-E,E-KODE 6.08 d (15.4) 7.13 dm (15.4) 6.14–6.18 m 6.14–6.18 m 2.53 t (7.4), 2.35 t (7.5) 2.17 m
9-E,Z-KODE 6.16 d (15.3) 7.49 ddd (0.7, 11.4, 15.3) 6.12 dd (11.4, 10.9) 5.91 dt (8.0, 10.9) 2.55 t (7.4), 2.34 t (7.5) 2.30 m
9-E,E-KODE 6.07 d (15.5) 7.13 dm (15.5) 6.15–6.19 m 6.15–6.19 m 2.53 t (7.4), 2.33 t (7.5) 2.17 m

aChemical shift in ppm, multiplicity (coupling constant in Hz). Numbering is as follows: CO–CH� CH�–CH� CH�. Common chemical shifts as
follows: 1.63 (m, 4H), 1.43 (m, 2H), 1.32 (m, 10H), 0.88 (t, 3H, 7.0 Hz).

C9 and C10 for peak 3. Presence of a maximal absorption
at 232 nm led to the assignment of peak 3 as 9-hydroxy-
(10E,12E)-octadecadienoic acid. Typical ions displayed
by 13-hydroxy-(9Z,11E)-octadecadienoic acid (λmax
234 nm) arem/z 195, 179 and 113. Ion atm/z 195 may
result from bond cleavage between C12 and C13 while
cleavage between C13 and C14 followed by a deformy-
lation may lead tom/z 179.

Peak 2 is indeed a mixture of 13-hydroxy-(9E,11E)-
octadecadienoic acid (λmax 232 nm) and 9-hydroxy-
(10E,12Z)-octadecadienoic acid (λmax 234 nm) as
revealed from UV and mass probing.

3.3. Structures of the KODE products

KODE1 exhibited a UV max at 280 nm.1H NMR
of the ethylenic region displayed a dd at 7.50 ppm with
J = 11.5, 15.2 Hz assigned to H11 (Table 3). At 5.91 ppm,
H9 appeared as a dt (J = 8.3, 10.4 Hz). At, respec-
tively, 6.19 and 6.12 ppm the splitting patterns were a
d (J = 15.2 Hz, H12) and a dd (J = 11.5, 10.4 Hz, H10).
Coupling constants of 10 and 15 Hz pointed tocis and
trans geometries for the two ethylenic moieties suggest-
ing that KODE1 is 13-oxo-(9Z,11E)-octadecadienoic
acid. These results are in agreement with chemical
shifts (Napolitano et al., 2002) and coupling con-
stants obtained for 13-oxo-(9Z,11E)-octadecadienoic
acid (Iacazio, 2003) or for the corresponding methyl ester
(Kuklev et al., 1997; Hidalgo et al., 1992). Discrepan-
cies are observed with other literature results (Chudinova
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compared to KODE1. Chemical shifts are consistent with
those published previously (Bull and Bronstein, 1990).

KODE3 presented a UV max at 280 nm. Four well
resolved signals were observed in the1H NMR ethylenic
region. The most deshielded proton H11 appeared as a
ddd at 7.49 ppm with a largeJ value of 15.3 Hz indicating
a trans configuration for the double bond. At 5.91 ppm,
a dt (J = 8.0, 10.9 Hz) was expected for H13 pointing
to a cis geometry for the second unsaturation. A d at
6.16 ppm (J = 15.3 Hz, H10) and a dd (J = 11.4, 10.9 Hz,
H12) confirmed the assignment of KODE3 as 9-oxo-
(10E,12Z)-octadecadienoic acid (Iacazio, 2003; Kuklev
et al., 1997).

The ethylenic region for KODE4 exhibited three dis-
tinct patterns: a dm at 7.13 ppm, part of an ABMX
system (J = 15.5 Hz) and assigned to H11, a multiplet
at 6.15–6.19 ppm for H12 and H13 and a d (J = 15.5 Hz)
at 6.07 ppm for H10. Finally, a COSY revealed strong
correlations between H10 and H11, H11 and the multi-
plet common to H12 and H13 but no correlation between
H10 and both H12 and H13. Additional correlations were
observed between the allylic methylene at 2.17 ppm and
both H12 and H13 and more weakly with H11. Last,
correlations were displayed between methylenes� (2.33
and 2.53 ppm) and� (1.63 ppm) to the different carbonyl
groups. With a maximal absorption at 276 nm, KODE4
corresponds to 9-oxo-(10E,12E)-octadecadienoic acid
(Kawagishi et al., 2002). Moreover, chemical shifts
reported in pyridine for the ethylenic protons of the four
KODE show a downfield move compared to those in
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et al., 1995; Dong et al., 2000). In particular, the lack o
use of multiplicity led to inversion in proton assignme
(Bull and Bronstein, 1990; Blackburn et al., 1997).

With KODE2, the most downfield proton at 7.13 p
is part of an ABMX spin system from which a coupli
constant of 15.4 Hz could be extracted. It was assi
to H11. A d (J = 15.4 Hz) was observed for the oth
ethylenic proton assigned as H12. The configuratio
the double bond alpha to the carbonyl group is thustrans.
KODE2 is ascribed to 13-oxo-(9E,11E)-octadecadieno
acid owing to a shorter absorption maximum (276
chloroform (Watanebe et al., 1999). Last, equilibration
of a mixture of the four KODE in the presence of iod
led to isomerization to all-trans KODE2 and 4.

All KODE presented common fragments in th
negative ESI mass spectra (Table 4). Parent ions wer
detected atm/z 293. A low abundance of sodium addu
was also observed atm/z 315. Decarboxylation le
to m/z 249. Furthermore, 13-regioisomers displa
characteristic fragments atm/z 195 and 179 resultin
from bond scission between C13 and C14 followed
either decarbonylation or decarboxylation. Succes
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Table 4
Product ions (m/z) and proposed structures for fragments issued from oxooctadecadienoic acids (KODE) in ESI–MSa

KODE1
13-Z,E-KODE

KODE2
13-E,E-KODE

KODE3
9-E,Z-KODE

KODE4
9-E,E-KODE

[M − H]− 293 (100) 293 (100) 293 (100) 293 (100)
[M − CO2 − H]− 249 (8) 249 (8) 249 (3) 249 (3)
[M − CH3(CH2)4CHCH2 − H]− 197 (11) 197 (9)
[M − CH3(CH2)2CHCH2 − CO− H]− 195 (16) 195 (10)

185 (37) 185 (37)
[M − CH3(CH2)2CHCH2 − CO2 − H]− 179 (13) 179 (5)

149 (5) 149 (5)
[M − CH3(CH2)2CHCH2 − CO− CH2CH2 − H]− 167 (13) 167 (12)
[M − CH3(CH2)4(CHCH)2CHO− H]− 141 (5) 141 (6)
[M − CH3(CH2)2CHCH2 − CO− 2xCH2CH2 − H]− 139 (6) 139 (3)
[M − CH3(CH2)4CHCHCHCH2 − CO2 − H]− 125 (20) 125 (18)
[CH3(CH2)4CHCHCHCH2 − H]− 113 (82) 113 (76) 123 (5) 123 (4)

113 (82) 113 (76)

aAbundances for cone voltage−50 V are given in parentheses.

fragmentations of ion 195 led to characteristic ions at
m/z 167, 139 and 113 resulting from the loss of ethylene
or CO. Typical ions for 9-ketodienes were detected at
m/z 197, 185, 149, 141, 125 and 123. Cleavage between
C11 and C12 may result inm/z 197 while cleavage
between C9 and C10 may producem/z 123.

3.4. Peroxidation of HSA-bound linoleic acid

The course of the peroxidation of HSA-bound linoleic
acid was followed by RP-HPLC (Fig. 1). The peroxida-
tion products HPODE, HODE and KODE as well as
remaining LH were quantified by peak area according to
the calibrations with 13(S)-(10Z,12E)-HPODE, 13(S)-
(10Z,12E)-HODE, a synthetic sample of KODE and LH.
During the first 7 h of reaction, HSA-bound linoleic acid
was mainly converted into the primary oxidation product
HPODE and secondary oxidation products HODE and
KODE (Fig. 2). Levels in KODE were found to be sub-
stantial whereas HODE appeared as minor degradation
products in the albumin system. Additionally, the mass
balance is consistent with HPLC chromatograms show-
ing no further degradation products during this period.
The values for the extraction yields and calibration fac-
tors are thus confirmed.

Major differences were displayed in the accumulation
of the four HPODE isomers (Fig. 3). Similar concentra-
tions in 13- and 9-(E,E)-HPODE were observed after
7 h of reaction whereas 13-(Z,E)- and 9-(E,Z)-HPODE
a rved
a een
2 av-
i n-
t DE,

rates appeared to differ appreciably for the various iso-
mers with a predominant production of 9-(E,E)-KODE
(Fig. 4). In addition, higher levels inE,E-stereoisomers
were formed compared to theZ,E-ones. At the end of
the reaction the following order of accumulation was
observed: 9-(E,E)-KODE > 13-(E,E)-KODE > 13-(Z,E)-
KODE > 9-(E,Z)-KODE. With HODE, this analysis is
partly prevented owing to the lack of product separation.
The peak for 9-(E,E)-HODE was however integrated as
twice the area of the shoulder on the left side of the
peak for 13-(Z,E)-HPODE. Differences are again out-
lined: 13-(Z,E)-HODE was slightly formed whereas 9-
(E,Z)-HODE and 13-(E,E)-HODE accumulated almost
linearly (Fig. 5). The trend for 9-(E,E)-HODE should be
viewed with care because of a high similitude with that
observed for 13-(Z,E)-HPODE.
ccumulated to a lesser extent. The trend obse
t 7 h was confirmed by the data collected betw
4 and 30 h of reaction. The most intriguing beh

or was displayed by 9-(E,Z)-HPODE whose conce
ration peaked at 6 h and then decreased. For KO
Fig. 2. Accumulation of HPODE (�), KODE (�), HODE (�) during
the course of the peroxidation of HSA-bound linoleic acid (�) at 37◦C.
Total lipids (�) are the sum of oxidized lipids and LH (n = 4).
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Fig. 3. Formation of the different HPODE regioisomers during the
course of the peroxidation of HSA-bound linoleic acid: 13-(E,E)-
HPODE (�), 13-(Z,E)-HPODE (�), 9-(E,E)-HPODE (�) and 9-(E,Z)-
HPODE (�).

Fig. 4. Formation of the different KODE regioisomers during the
course of the peroxidation of HSA-bound linoleic acid. 9-(E,E)-KODE
(�), 13-(E,E)-KODE (�), 13-(Z,E)-KODE (�) and 9-(E,Z)-KODE
(�).

4. Discussion

Negative ESI–MS provided sufficient information for
identification of classes of oxidation products in the per-
oxidation of HSA-bound linoleic acid. At−20 V, parent
ions were mainly obtained for KODE and HODE while
HPODE displayed a dehydrated form of the parent ion. In
addition, negative ESI–MS proved to be a valuable tool
for determining the position of oxygenation in the 9- and
13-regioisomers of the oxidation products derived from
linoleic acid. At the higher voltage of−50 V, common
characteristic ions atm/z 195, 179 and 113 are revealed

Fig. 5. Formation of the different HODE regioisomers during the
course of the peroxidation of HSA-bound linoleic acid: 9-(E,Z)-
HODE + 13-(E,E)-HODE (�), 9-(E,E)-HODE (�) and 13-(Z,E)-
HODE (�).

for all 13-regioisomers while 9-regioisomers share a
fragment ion atm/z 123. Furthermore, almost identical
spectra to those obtained in this work were obtained by
collision-induced decomposition of the molecular ions
for 9- and 13-HPODE in the negative mode (MacMillan
and Murphy, 1995). This emphasizes that routinely avail-
able LC–ESI–MS can be used for the characterization of
these oxygenated products. Characteristic ions atm/z 113
from 13-regioisomers andm/z 185 from 9-regioisomers
appear to result from an apparent cleavage of the double
bond adjacent to the oxygenated center. A mechanism
involving a 1,5 sigmatropic proton shift was suggested
for the formation of these fragments (MacMillan and
Murphy, 1995).

Attempts in positive ESI–MS proved to be less suc-
cessful. At low voltage, no single ion prevails. The
parent ions mainly appear as sodium and/or acetoni-
trile adducts coexisting with the dehydrated forms,
respectively, [M − H2O + H]+ for HODE and KODE and
[M − H2O2 + H]+ for HPODE. At higher voltages, an
elevated proportion of triply unsaturated aliphatic frag-
ments was detected indicating easy cleavages of the ions
in these conditions. The use of ammonium acetate in
the HPLC solvent system did not improve the response
in the KODE mass. Characteristic ions of the 9- or
13-regiochemistry were also found although in a lower
abundance than in the negative mode (Schneider et al.,
1997). As a matter of fact, the negative mode in ESI–MS
is the most valuable as it provides clean molecular ions at
low voltages as well as several characteristic fragments

ges.
of the 9- and 13-oxygenated products at higher volta
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We also report a full characterization of the differ-
ent KODE isomers in the same1H NMR conditions.
Identical spectra were obtained for bothE,E-isomers, on
one hand, andZ,E-isomers on the other hand, reflecting
the isolation of the structural moiety in the hydrocarbon
chain. The main differences were linked to the stere-
ochemistry of the double bond� to the keto group.
Chemical shifts for olefinic and allylic protons were
thus found to be characteristic of theE,E- and Z,E-
stereochemistries.

Long chain fatty acids (LCFA, C16–C20) are cru-
cial intermediates in the lipid metabolism. The non-
esterified forms of fatty acids are not soluble in plasma
and are thus transported by albumin (Peters, 1996). Up
to seven binding sites for LCFA have been located in
human albumin with affinities in the 107 to 108 M−1

range (Petitpas et al., 2001). Because the total concen-
tration of LCFA is just below 1 mM in plasma and that
of albumin is about 0.6 mM, circulating albumin typ-
ically carries 1–2 LCFA molecules. This number may
rise to about 4 LCFA per HSA after strenuous exer-
cise or other adrenergic stimulation (Peters, 1996). In
our study, HSA was bound with four molecules of
linoleic acid and placed next in oxidizing conditions.
The thermal decomposition of lipid peroxidation initia-
tor AAPH delivers peroxyl radicals at a constant rate
(Niki, 1990). The accumulation in time of the peroxi-
dation products as well as the consumption of LH was
followed by reverse-phase HPLC. Although the full
separation of the primary and secondary products of
l phic
s orp-
t cids
e nd-
i tive
a
i ble
o the
fi cts
r bu-
m is
o arly
l tra-
t
K u-
m tion
p es.
B the
s sup-
p E.
F n of
c av-

ages in the accumulated primary or secondary oxidation
products.

In a homogeneous system, lipid peroxidation yields
a 13-HPODE/9-HPODE ratio of one. In the presence
of albumin, this ratio was found to increase steadily
to end up at 1.8 after 30 h of reaction. The 13- to 9-
regioselectivity induced by HSA probably results from
the location of the linoleic acid molecules in their tunnel-
like binding sites. ESR studies have shown that the
tightest restriction in the binding channel is between C5
and C13–15 (Peters, 1996). Because the dienyl moiety
is located in this area, steric hindrance may favor the
addition of oxygen on the 13-position rather than the 9-
position of the pentadienyl radical issued from linoleic
acid (L

•
+ O2 → LOO

•
). In contrast, a 9-regioselectivity

was observed for the KODE formation in the presence
of HSA. The lower stability of the 9-HPODE may result
in an accelerated conversion to the 9-KODE regioiso-
mers. The presence of HSA during lipid peroxidation
favors the formation of thermodynamically more sta-
ble E,E-stereoisomers. The reversible addition of oxy-
gen onto the pentadienyl radical may be controlled
by HSA, thus favoring theE,E-stereoisomers. More-
over, the conversion of HPODE to KODE (formally
a dehydration) may involve a double-bond rearrange-
ment to produce the thermodynamically more stable
E,E-KODE.

5. Conclusion

the
rod-
to

wed
nd
DE
cteri-
ng a
tep

, 9-
m-
ved
in

n of
ply

ille,
inoleic acid cannot be achieved in this chromatogra
ystem, their quantification remains feasible. Abs
ion of hydroxy- and hydroperoxyoctadecadienoic a
xtends from 210 to 260 nm while that of the correspo

ng ketodiene is in the range 250–310 nm. Quantita
nalysis was performed for concentrations 1–250�M

n a single oxidation product without any undesira
verlap for detection at 234 and 280 nm. During
rst hour of reaction, the levels in peroxidation produ
emain low suggesting an antioxidant activity of al
in. When the protection of HSA-bound linoleic acid

ver, HPODE, HODE and KODE accumulate at a ne
inear rate. After 7 h of reaction, measured concen
ions were found to be 251�M for HPODE, 84�M for
ODE and 37�M for HODE. In the presence of alb
in, hydroperoxides appear as the major peroxida
roducts followed by ketodienes and finally hydroxid
eyond this time, the rate in HPODE levels off while
econdary oxidation products keep accumulating
orting the conversion of HPODE in HODE and KOD
urthermore, the HPLC profile displays the formatio
ompounds with shorter retention times indicating cle
An efficient RP-HPLC method was developed for
detection of primary and secondary peroxidation p
ucts issued from oxidation of linoleic acid bound
human serum albumin. Diode array detection allo
the quantification of all the regioisomeric KODE a
HPODE as single compounds while the four HO
isomers were resolved as three peaks. Full chara
zation by ESI–MS and NMR was conducted reveali
13- versus 9-regioselectivity for the peroxidation s
in this plasma model. Furthermore, unstable 9-(E,Z)-
HPODE decayed rapidly to give major KODE isomer
(E,E)-KODE. The favored formation of thermodyna
ically controlledE,E-stereoisomers was also obser
for both HPODE and KODE. Mechanisms involved
the regio- and stereoselectivities of the peroxidatio
HSA-bound linoleic acid will be discussed more dee
elsewhere.
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