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modified protein: formation of lipid hydroperoxide-
modified apoB-100 in oxidized LDL
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Abstract Lipid hydroperoxide may react with protein or
amino phospholipid without secondary decomposition. We
prepared a polyclonal antibody to lipid hydroperoxide-modi-
fied proteins using 13S-hydroperoxy-9Z, 11E-octadecadie-
noic acid-modified keyhole limpet hemocyanin (13-HPODE-
KLH) as immunogen. The antibody recognized 13-HPODE-
modified bovine serum albumin (BSA), but not aldehyde-
modified proteins, such as malondialdehyde-modified BSA.
The antibody also recognized adducts derived from 13-
HPODE and 13S- hydroperoxy-9Z, 11E, 15Z-octadecatrienoic
acid (13-HPOTRE(a)). The oxidized ¢-linolenic acid- and li-
noleate-protein adducts were recognized by the antibody. Ox-
idized phospholipid-protein adducts were scarcely recognized
by the antibody. However, when ester bonds of phospholipids
containing linoleic acid were hydrolyzed by alkaline treat-
ment, the cross-reactivities appeared. The result suggests that
a phospholipid hydroperoxide can react with a protein di-
rectly or indirectly, and a carboxyl terminal (COOH) of the
lipid in an adduct was needed as an epitope. Oxidized LDL
(ox-LDL) was prepared by the incubation of LDL with cop-
per ion or 2,2-azobis(2-amidinopropane)dihydrochloride
(AAPH), and the formation of lipid hydroperoxide-modified
apolipoprotein was confirmed using the antibody. A slight im-
munoreactivity was observed in ox-LDL without alkaline treat-
ment. When the ox-LDL was treated with alkali to hydrolyze
the ester bonds of the lipid, enhanced antigenicity appeared
with time-dependency. BB The results suggest that lipid hydro-
peroxide-modified apolipoprotein was formed during the
oxidation of LDL.—Kato, Y., Y. Makino, and T. Osawa. Char-
acterization of a specific polyclonal antibody against 13-hydro-
peroxyoctadecadienoic acid-modified protein: formation of
lipid hydroperoxide-modified apoB-100 in oxidized LDL..
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Lipid peroxidation probably contributes to the initia-
tion, promotion, and/or progression of some diseases,
such as atherosclerosis. The oxidation of the lipid
causes the formation of secondary decomposition prod-
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ucts including malondialdehyde (MDA) and 4-hydroxy-
2-nonenal (HNE). These aldehydes covalently react
with protein or nucleic acid (1). The antibodies to
MDA- or HNE- modified proteins have already been
prepared by some workers and used for an evaluation
of the oxidative modification of proteins in vivo and in
vitro (2-8).

The mechanism of the reaction between lipid hydro-
peroxide and amine is unknown compared to that of
the aldehyde-derived modification. Shimasaki, Ueta,
and Privett (9) examined the modification of protein
by linoleic acid hydroperoxide. The formation of lipo-
fuscin-like fluorescent adducts has been shown as cross-
linked polymers. Fruebis, Parthasarathy, and Steinberg
(10) suggest that the linoleic acid hydroperoxide reacts
with the polypeptide or phosphatidylethanolamine, fol-
lowed by the formation of a fluorescent compound
without the formation of low molecular weight al-
dehydes, such as HNE or MDA. Hidalgo and Zamora

Abbreviations: MDA, malondialdehyde; HNE, 4-hydroxy-2-none-
nal; LDL, low density lipoprotein; ox-LDL, oxidized L.DL; KLH, key-
hole limpet hemocyanin; 9-HPODE, 9S-hydroperoxy-10E, 12Z-octa-
decadienoic acid; 13-HPOTRE (o), 13S-hydroperoxy-9Z, 11E, 15Z-
octadecatrienoic acid; 13-HPOTRE (y), 13S-hydroperoxy-6Z, 9Z,
11E-octadecatrienoic acid; 13-HPODE, 13S-hydroperoxy-9Z, 11E-oc-
tadecadienoic acid; AAPH, 2,2"azobis (2-amidinopropane) dihydro-
chloride; SLO, soybean lipoxygenase; TLC, thin-layer chromato-
graphy; PBS, phosphate-buffered saline; TBARS, thiobarbituric
acid-reactive substance; TBA, thiobarbituric acid; TCA, trichloroace-
tic acid; BSA, bovine serum albumin; 15-HPETE, 15S-hydroperoxy-
57., 8BZ, 117, 13E-eicosatetraenoic acid; ox-BSA, oxidized BSA; ELISA,
enzyme-linked immunosorbent assay; TPBS, PBS containing 0.25%
Tween 20; SDS-PAGE, sodium dodecyl sulfate- polyacrylamide gel
electrophoresis; PVDF, polyvinylidene difluoride; TTBS, Tris-buf-
fered saline containing 0.25% Tween- 20; AGE, advanced glycation
end products; PC, phosphatidylcholine; DTPA, diethylenetriamine-
pentaacetic acid; DTT, dithiothreitol.
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(11) reported the production of long-chain pyrrole
fatty acid esters form carbonyl-amine reactions in
methyl 9,10(Z)-epoxy-13-oxo-11(E)-octadecenoate or
12,13(Z2)-epoxy-9-oxo(E)-octadecenoate / butylamine
systems.

The preparation of the antibody to oxidized low den-
sity lipoprotein (ox-LDL) has also been done. Using the
antibodies including anti-aldehyde-modified protein
antibodies, the presence of oxidatively modified LDL
in atherosclerotic lesions has been reported (2-5).
Magil et al. (12) prepared monoclonal antibodies that
recognize the fatty acid product-modified proteins.
They prepared immunogens by the reaction of oxidized
linoleate or arachidonate with LDL. However, the pre-
cise epitopes are not clear. Itabe et al. (13) established
a monoclonal antibody that recognizes ox-LDL, using
the homogenates of the human atherosclerotic plaques
of the aortae as the immunogens. The epitope of the
antibody is thought to be oxidized phosphatidylcholine
and its complex with peptides. We assume that a lipid
hydroperoxide reacts with a protein without a serious
fragmentation of the fatty acid chain. A novel polyclonal
antibody to lipid hydroperoxide-modified protein was
prepared using 13S-hydroperoxy-9Z, 11E-octadecadie-
noic acid (13-HPODE)-modified keyhole limpet hemo-
cyanin (KLH) as the immunogen. The epitopes of this
antibody were characterized in detail.

EXPERIMENTAL PROCEDURES

Materials

The chemicals used were from the following sources:
soybean lipoxygenase, 1-palmitoyl-2-linoleoyl-phospha-
tidylcholine,  1-stearoyl-2-arachidonoyl-phosphatidy}-
choline, 1,2-dilinoleoyl-phosphatidylcholine, o-linole-
nic acid, y-linolenic acid, arachidonic acid, and lipid-
free BSA were obtained from Sigma Keyhole limpet he-
mocyanin (KLH) was supplied by Pierce. Linoleic acid
and 2,2-azobis(2-amidinopropane)dihydrochloride
(AAPH) was purchased from Wako. Methyl linoleate
was obtained from Nacarai. 95-hydroperoxy-10E, 12Z-
octadecadienoic acid (9-HPODE) was purchased from
Cascade Biochem, Ltd. 13S-hydroperoxy-9Z, 11E, 15Z-
octadecatrienoic acid (13-HPOTRE(a)) and 13S-hy-
droperoxy- 6Z, 9Z, 11E-octadecatrienoic acid (13-HPO-
TRE(y)) were obtained from Cayman Chemical Com-

pany.
Preparation of immunogen and anti-13-HPODE-KLH
antibody

13S-hydroperoxy-9Z, 11E-octadecadienoic acid (13-
HPODE) was made from linoleic acid by soybean lipox-

ygenase (SLO). The linoleic acid (0.7 mg/ml) was dis-
solved in 0.1 M borate buffer (pH 9.0). SLO (7600 unit/
ml) was added to the solution and reacted under O,
with stirring at room temperature. After 90 min, the pH
was adjusted to 4.0 with 0.1 M HCI for the termination
of the oxidation. The peroxide formed was extracted
with a 2-fold volume of chloroform-methanol 1:1. The
extract was evaporated, dissolved in chloroform, and
then applied to a thin-layer chromatography (TLC)
plate. The chromatography was performed using a de-
velopment with n-hexane-diethyl ether 4:6. The band
of 13-HPODE was visualized by a UV lamp and scraped
off. The 13-HPODE was extracted with chloroform and
evaporated. The purified 13-HPODE was dissolved in
ethanol and stored under argon at —70°C or —20°C
before use. The identification was performed on the ba-
sis of "H-nuclear magnetic resonance spectrometry and
coelution of HPLC with authentic 13-HPODE commer-
cially obtained. The concentration of 13-HPODE was
determined by absorbance at 234 nm using € = 25000
M em™ (14).

The antiserum to 13-HPODE-modified protein was
prepared as follows. 13-HPODE (5 mm) was incubated
with 5 mg/ml keyhole limpet hemocyanin (KLH) at
37°C for 3 days in 0.1 m phosphate buffer (pH 7.4).
After dialysis against phosphate-buffered saline (PBS)
for 2 days at 4°C, 500 ul of the protein (in PBS) was
emulsified with an equal volume of complete Freund’s
adjuvant to a final concentration of 0.5 mg/ml and was
intramuscularly injected into a New Zealand White rab-
bit. After 4 weeks, 0.5 mg of 13- HPODE-modified KLH
emulsified with an equal volume of incomplete adjuvant
was injected as a booster.

Preparation of oxidized lipids and their
characterization

Oxidized lipids were generated by thermal oxidation
(12). Lipids were transferred to a glass dish open to the
air and heated to 50°C for 4 days in the dark. Methanol
was added to the vessel, and the oxidized lipids were
transferred to vials. Aliquots of the methanol solution
were used for an estimation of 2-thiobarbituric acid-
reactive substances (TBARS) and lipid peroxide. The
methanol was evaporated, and the lipids were dissolved
in phosphate buffer (pH 7.4). The oxidized lipid-pro-
tein adduct was prepared as follows. Oxidized lipid (0.4
mM) in phosphate buffer was incubated with 200 ng/
ml of lipid-free BSA for 3 days at 37°C. Aliquots of the
reaction mixture were used for fluorescence measure-
ment. The isolation of oxidized lipid-modified BSA was
performed by ethanol precipitation. The oxidized lipid-
modified BSA (1 ml) was precipitated by the addition
of 9 ml ice- cold ethanol and kept at 4°C for 1 hr. The
solution was centrifuged for 10 min, and the superna-
tant was discarded. Ice- cool ethanol (9 ml) was added

Kato, Makino, and Osawa Antibody to lipid hydroperoxide-modified proteins 1335

2102 ‘8T aunr uo ‘sanb Aq 610 Jjmmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

to the precipitate and then again centrifuged. The pre-
cipitate was dissolved in PBS and sonicated. Undissolved
materials were removed by centrifugation.

Measurements of lipid peroxidation

TBARS was measured as follows. For the estimation
of the thermal oxidation of the lipid, sample (2 mm
lipid, 48 pl) was mixed with 30 mMm BHT (2 ul), 1% TBA
(50 ul), and 2.8% TCA (50 pl) in an Eppendorf tube.
For measurement of the oxidation of LDL, 50 ul of the
reaction mixture was mixed with 1% TBA (50 ul) and
2.8% TCA (50 wl) in an Eppendorf tube. The sample
was heated at 100°C for 15 min. The tube was cooled
and then centrifuged for 5 min at 4°C to remove undis-
solved materials. The supernatant (100 pl) was trans-
ferred to a 96-well microtiter plate and measured at 532
nm by a microplate reader (SPECTRA MAX 250, mi-
croplate spectrophotometer, Molecular Devices Corpo-
ration). The amount of TBARS was calculated from com-
parison with authentic malondialdehyde which was
prepared by the hydrolysis of malonaldehyde bis(di-
methylacetal). The lipid peroxide was measured by a de-
terminer LPO kit (Kyowa medix), a colorimetric method
based on the reaction of lipid peroxides with amethylene
blue derivative in the presence of hemoglobin (15). The
lipids (2 mM) were used for the determination.

Amino acid analysis

Native and 13-HPODE-modified proteins were hy-
drolyzed with 6 N HCI at 105°C for 24 h in vacuo. The
hydrolysates were concentrated, dissolved in citrate
buffer (pH 2.2), and then submitted for amino acid
analysis (JLC-500/V, JEOL).

Preparation of chemically modified BSA

Malondialdehyde and 2,4-decadienal were pur-
chased from Aldrich. Glyoxal, 1-nonanal, and 2-non-
enal were obtained from Wako. Methylglyoxal and 2-
hexenal were obtained from Sigma. 1-Hexanal was
purchased from Nacarai. 4-Hydroxy-2-nonenal was syn-
thesized and provided by Dr. Koji Uchida (Nagoya Uni-
versity). Aldehyde-inodified BSAs were prepared as
described (16) with some modifications as follows. Alde-
hyde (5 mm) and BSA (5 mg/ml) in 0.2 m phosphate
buffer (pH 7.4) were mixed, and the reaction mixture
was incubated for 24 h at 37°C. The reaction mixture
was dialyzed against PBS at 4°C for 2 days to remove
unreacted aldehyde and then used for enzyme-linked
immunosorbent assay (ELISA). The degree of modifi-
cation was evaluated from the loss of the amino groups
determined by trinitrobenzenesulfonic acid (17). The
losses of Lys residues were as follows: MDA, 53%; gly-
oxal, 17%; methyl glyoxal, 22%; 1-hexanal, 11%; 2-hex-
enal, 11%; l-nonenal, 11%; 2-nonenal, 24%; 4-hy-
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droxy-2-nonenal, 8.5%; 2,4-decadienal, 7.4%. Glycated
BSA was prepared by the incubation of BSA (10 mg/
ml) with glucose (1 M) for 225 days at 37°C in phos-
phate buffer, pH 7.4 (18, 19). The oxidized BSA (ox-
BSA) was prepared as follows. BSA was dissolved in
phosphate buffer (pH 7.4) and incubated with H,O, (5
mM) in the presence of Fe(II1) /EDTA (2 mM) at room
temperature for 1 h. The ox-BSA was isolated by the
dialysis of the reaction mixture for 3 days at 4°C. The
13-HPODE-modified BSA was prepared by the incuba-
tion of lipid-free BSA (5 mg/ml) with 13-HPODE (5
mM) in 0.1 M phosphate buffer (pH 7.4) at 37°C for 3
days, followed by dialysis against PBS. 15S-hydroperoxy-
5Z, 8Z, 117, 13E-eicosatetraenoic acid (15-HPETE)-
modified BSA was prepared according to the method of
13-HPODE-modified protein with some modification.
Briefly, arachidonic acid (0.76 mg/ml) in 0.1 M borate
buffer (pH 9.0) was oxidized by soybean lipoxygenase
(6500 unit/ml) for 5 min under O,. The 15-HPETE
formed was extracted and then purified by TLC. 15-
HPETE-modified BSA was prepared by the incubation
of BSA (5 mg/ml) with 15-HPETE (5 mm) in phos-
phate buffer (pH 7.4) for 3 days at 37°C. After the incu-
bation, the reaction mixture was dialyzed against PBS
for 2 days at 4°C.

Enzyme-linked immunosorbent assay (ELISA)

Cross-reactivity testing with various compounds
(MDA-BSA, HNE-BSA, glycated-BSA, ox-BSA, 13-
HPODE-BSA and 15-HPETE-BSA) was performed by a
competitive indirect ELISA using 13-HPODE-modified
BSA as a coating agent. Fifty pl of 13-HPODE-modified
BSA solution (0.05 mg/ml in PBS) was dispensed into
each well of the microtiter plate and kept overnight at
4°C. At the same time, competitors (50 ul) in PBS were
mixed with 50 ul of antiserum (1/500) in PBS con-
taining 1% BSA and kept overnight at 4°C. The coating
solution was discarded, and the wells were then washed
three times with 200 pl of PBS containing 0.05% Tween
20 (TPBS) and water. The wells were blocked with 200
ul of 4% skim milk for 1 h at 37°C with shaking. After
washing, the sample (90 pl) was applied to the well and
incubated with gentle shaking at 37°C for 2 h. After
washing, the well was incubated with 100 pl of anti-rab-
bit IgG goat antibody peroxidase labeled (1/5000) in
TPBS for 1 h at 37°C with shaking. After washing, 100
ul of o-phenylenediamine solution (o-phenylenedia-
mine 5 mg/30% H,O, 10 ul/0.1 M citrate-phosphate
buffer (pH 5.5) 10 ml) was added to each well. The
plate was sometimes gently shaken at room temperature
until an adequate color developed. The color develop-
ment was stopped by the addition of 50 ul of 2 N H,SO;
to each well. The optical density at 492 nm was mea-
sured by a microplate reader. The results are expressed
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as B/B,, where B is the amount of antibody bound in
the presence and B, in the absence of the competitor.
Each point represents the mean of duplicate determina-
tions.

For a noncompetitive indirect ELISA, a sample solu-
tion (50 pl) was added to a well and kept overnight at
4°C. After washing, the uncovered well was blocked by
4% skim milk for 1 h at 37°C and then washed. For
ester bond hydrolysis, prior to blocking, 100 ul of 0.25
M NaOH was added to the well and soaked for 1 h at
37°C. An antiserum (100 pl) in PBS containing 0.5%
BSA (final concentration; 1/1000) was added to the
well and soaked for 2 h at 37°C. After washing, 100 pl
of anti-rabbit IgG goat antibody peroxidase labeled (1/
5000) was added to the well and soaked for 1 h at 37°C.
After washing, a color development was performed as
previously described.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblet analysis

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (10% acrylamide) was prepared and run ac-
cording to the method of Laemmli (20) using a stacking
gel of 4.5%. Ten micrograms of protein was applied to
each lane of the gel. The gels were stained with Coomas-
sie Brilliant Blue. For an immunoblot analysis, the mi-
grated protein in the gel was electroblotted to a polyvi-
nylidene difluoride (PVDF) membrane, incubated with
4% skim milk for blocking, washed three times with
Tris-buffered saline containing 0.25% Tween 20
(TTBS) for 10 min, and treated overnight with an anti-
serum (1/1000) in TTBS at 4°C. For hydrolysis of the
ester bond, prior to blocking, the blotted membrane
was immersed in 0.25 M NaOH at 37°C for 1 h with
gentle shaking. This procedure was followed by an ad-
dition of horseradish peroxidase conjugated to goat
anti-rabbit IgG (1/2000) and soaked for 1 h at room
temperature. The binding of the second antibody to
anti-13-HPODE-KLH antibody was visualized by an
ECL reagent (Amersham).

Low density lipoprotein (LDL) preparation

Low density lipoprotein (LDL) was separated from
human plasma by sodium bromide stepwise density gra-
dient centrifugation. After centrifugation, the fractions
with a density of 1.019-1.063 g/ ml were pooled as LDL.
Prior to oxidation, LDL was dialyzed against PBS at 4°C
for 2 days.

Oxidation of low density lipoprotein

Copper-oxidized LDL was prepared by the incuba-
tion of LDL (0.2 mg/ml) with 50 pm copper ion in
phosphate-buffered saline (PBS). The reaction was
stopped by an addition of 1 mm EDTA and 10 um butyl-

ated hydroxytoluene. Oxidation of LDL was also per-
formed by the addition of 2,2’-azobis(2-amidinopro-
pane)dihydrochloride (AAPH) at a concentration of 0—
5 mM. The reaction was carried out at 37°C for 24 h
in PBS and terminated by the addition of EDTA/BHT
solution as previously described. Fifty ul of ox-LDL in
PBS was coated to a microtiter plate, and the formation
of antigenic materials was determined by ELISA as pre-
viously described.

Reaction of lipid hydroperoxide with BSA

To investigate the effects of metal ion on the epitope
formation, 13-HPODE (5 mm) was incubated with lipid-
free BSA (5 mg/ml) in the absence or presence of 0.1
mM additives (Fe(II) /EDTA or DTPA). To improve the
recovery of the modified protein, the lipid was extracted
from the reaction mixture with chloroform-methanol
1:1. An equal amount of chloroform-methanol was
added to a reaction mixture and vigorously mixed. After
centrifugation, the chloroform layer was discarded and
this procedure was repeated three times. Residual or-
ganic solvents were evaporated by blowing Ar gas. Pro-
tein contents were adjusted by BCA assay (Pierce) and
used for a noncompetitive indirect ELISA as already de-
scribed. In addition, to investigate the effects of the SH
residue(s) in BSA on the formation of antigen, instead
of commercially obtained lipid-free BSA, we also used
partially reduced lipid-free BSA, which was prepared by
the treatment of dithiothreitol (DTT) as follows. Lipid-
free BSA (10 mg/ml) in water was reduced by the addi-
tion of DTT (2 mM) at room temperature for 2 h. The
reaction mixture was applied to a desalting column
(PD-10, Pharmacia Biotech.). The eluate between 3-6
ml was collected and dialyzed against a phosphate
buffer (pH 7.4) at 4°C for 24 h. An aliquot of dialyzed
sample was used for free SH residue(s) determination
by Ellman’s assay (21). Briefly, 0.3 ml of protein solu-
tion was added to 1.6 ml of 0.125 M phosphate buffer,
pH 8.0. One hundred pl of Ellman’s reagent (5,5
dithiobis- (2-nitrobenzoic) 39.6 mg/10 ml of 50 mm
phosphate buffer, pH 7.0) was added and kept for 5
min at room temperature. The amount of SH residues
was calculated from a maximum extinction at 412 nm
(€42 = 13600 M~! cm™!). The amount of SH residues
in albumins was as follows: non-lipid BSA, 0.4 mol/mol
BSA; partially reduced non-lipid BSA, 6.4 mol/mol
BSA. For investigation of the effects of various lipid hy-
droperoxide on epitope formation, 13-HPODE, 9-
HPODE, 13-HPOTRE (o), 13-HPOTRE (y), and 15-
HPETE (1 mm) were incubated with lipid-free BSA (5
mg/ml) at 37°C in a phosphate buffer. After 3 days of
incubation, lipid hydroperoxide-modified BSAs were
collected by ethanol precipitation as previously de-
scribed.
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RESULTS

Characterization of 13-HPODE-modified protein

13-HPODE (13S-hydroperoxy-9Z, 11E-octadecadie-
noic acid) was prepared by soybean lipoxygenase. The
purified 13-HPODE was incubated at 37°C for 3 days
with keyhole limpet hemocyanin (KLH) or bovine se-
rum albumin (BSA) in phosphate buffer (pH 7.4). The
character of the lipid hydroperoxide-modified proteins
was first investigated. The 13-HPODE-modified mole-
cules have strong lipofuscin-like fluorescence intensity
(ex. 350 nm, em. 420 nm). This agreed with the results
of Shimasaki et al. (9). The results of the formation of
lipofuscin-like fluorescence also coincided with the re-
sults of Freubis et al. (10). The change in amino acid
composition was investigated by amino acid analysis.
Specific amino acids, such as lysine and histidine resi-
dues, in 13-HPODE-modified KLH were decreased
(loss of His, 15.3%; loss of Lys, 28.9%). These results
may show the formation of lipid—protein adducts be-
tween these amino acids and peroxide. Not only the ly-
sine and histidine but also the methionine in 13-
HPODE-modified BSA was decreased, compared with
native BSA (loss of His, 14.1%; loss of Lys, 7.6%; loss of
Met, 12.7%). We cannot detect MDA- or HNE-modified
derivatives in the 13-HPODE-modified BSA using anti-
MDA- or HNE-modified protein antibodies (data not
shown). This suggests that 13-HPODE or a molecule
with a very similar structure bound to the protein, as
suggested by Freubis et al. (10).

Specificity of anti-13-HPODE-KLH polyclonal
antibody

Using 13-HPODE-modified KLH as an immunogen,
a polyclonal antibody was prepared as described in Ex-
perimental Procedures, and the antiserum obtained was
characterized by ELISA and immunoblotting. First, the
formation of the antibody to 13-HPODE-modified pro-
tein was confirmed by a binding assay (indirect ELISA).
As shown in Fig. 1, the antibody binds to the 13-
HPODE-modified BSA, but not to the native BSA.

Next, oxidized BSA (modified by the Fenton System),
MDA-modified BSA, HNE-modified BSA, glycated-
BSA (AGE-BSA), 13-HPODE-modified BSA, and 15-
HPETE-modified BSA were used as competitors, and
the cross-reactivities with the polyclonal antibody were
investigated by a competitive indirect ELISA. Figure 2
shows that the 13-HPODE-modified BSA was recog-
nized by the antibody. 15-HPETE-modified BSA also
competed to a lesser extent. The formation of carboxy-
methyllysine during lipid peroxidation has also been re-
ported (22, 23), and the major antigen of AGE-BSA is
thought to be carboxymethyllysine residue (24). How-
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Fig. 1. Generation of antibody against 13-HPODE-modified pro-
tein. BSA (O) or 13-HPODE-BSA (@) were coated to microtiter
plates. The binding activity of immune serum was investigated by indi-
rect ELISA. The antiserum was diluted 1:1000 in PBS containing
0.5% BSA hefore addition to microtiter plate. The results represent

the subtraction of O. D. 492 nm of preimmunc serum from that of

immune serum,

ever, AGE-BSA shows no cross-reactivity. Similarly, car-
boxymethylated BSA, which is prepared by carboxy-
methylation of Lys residues in BSA with glyoxylic acid
in the presence of NaCNBH; (23), is not recognized by
the antibody (data not shown). The result indicates that
carboxymethyllysine is not the epitope of the anti-13-
HPODE- KLH antibody. Other modified BSA including
HNE- and MDA-modified BSA could not inhibit the
binding between the antibody and the 13-HPODE-

1.2]

1.0

0.8

B/Bo

0.6

0.4

0.2

0.0 ettt i
10 *10 10 10 10 10
Competitor (mg/mt)

-1 4]
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Fig. 2. Competitive indirect ELISA tor chemically modified BSA.
Chemically modified BSA was prepared as described in Experimental
Procedures. 13-HPODE-BSA (15-HPETE-BSA) was prepared by the
reaction of 13-HPODE (15-HPETE) with lipid-free BSA. MDA-BSA
and HNE-BSA were made by incubation of lipid-free BSA with MDA
or HNE. AGE-BSA was prepared by glycation of BSA. Ox-BSA was
made by oxidation of BSA with H,O.,-Fe/EDTA. 13-HPODE-BSA
{0.05 mg/ml) was plated as antigen, and antiserum was added at a
dilution of 1:1000 in the absence or presence of various concentra-
tions of native and modified BSAs. The amount of antibody bound
was detected as described, using peroxidase-labeled goat anti-rabbit
IgG. The results are expressed as B/Bq, where B is the amount of
antibody bound in the presence and By in the absence of the competi-
tor. Each point represents the mean of duplicate determinations, Na-
tive BSA (O); 13-HPODE-BSA (@); 15-HPETE-BSA ([1); MDA-BSA
(M); HNE-BSA (A); AGE-BSA (A); Ox-BSA (+).
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modified BSA coated on a solid phase. It is well known
that lipid hydroperoxide decomposes and various alde-
hydes (such as nonenal, hexenal, or MDA) are formed.
These aldehydes can react with protein. To deny the
antigenicity of aldehyde-modified proteins, various al-
dehydes (malondialdehyde, glyoxal, methyl glyoxal, 1-
hexanal, 2-hexenal, 1-nonanal, 2-nonenal, 4-hydroxy-
2-nonenal, and 2,4-decadienal) were incubated with
BSA, and the recognition of the aldehyde-modified BSA
by the antibody was then investigated. None of alde-
hyde-modified BSA reacts with the antibody (data not
shown).

The antigenicities of protein adducts by linoleic acid-,
a-linolenic acid-, y-linolenic acid-, and arachidonic
acid-derived hydroperoxide were examined. Peroxides
were incubated with BSA for 3 days at 37°C, and the
formation of the antigenicity of the adducts was deter-
mined by an indirect ELISA. As shown in Fig. 3, 13-
HPODE- and 13-HPOTRE (a)-modified BSA show im-
munoreactivity. The results suggest that a structure of
peroxide from a terminal COOH to 13-carbon is
needed for the formation of antigenicity. We tried to
examine the cross-reactivity of 13-HPODE itself with
the antibody. However, during competitive ELISA, 13-
HPODE reacted with blocking (coating) agents from its
high reactivity, and then the antigenicity of 13-HPODE
could not be investigated. Next, we examined the cross-
reactivity of 13-hydroxy-9Z, 11E-octadecadienoic acid
(13-HODE), which is a reduced product of 13-HPODE,
and linoleic acid with the antibody. 13-HODE was pre-
pared by a reduction of 13-HPODE with NaBH, under
N, at 4°C for 90 min. Neither 13-HODE nor linoleic
acid could be recognized by the antibody (Fig. 4).

0.06
0.05T
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0.031
0.02F

0.D. 492 nm

0.01[

0.00
10 * 10 * 10 10

Coating Compound (mg/ml)

-1

Fig. 3. Effects of peroxides on the formation of antigenicity. Perox-
ides (1 mM) were mixed with lipid-free BSA (5 mg/ml) and incu-
bated for 3 days at 37°C. The peroxide-BSA adducts were isolated by
ethanol precipitation and coated to microtiter plate. The antiserum
was added at a dilution of 1:1000. The amount of antibody bound
was detected by indirect ELISA as described, using peroxidase-labeled
goat anti-rabbit IgG. Results were represented by the absorbance at
492 nm after subtraction of blank (no coating wells). The data are
presented as the mean * standard deviation of three separate deter-
minations. 13-HPODE (O); 9-HPODE (@); 13-HPOTRE (y) ({1); 13-
HPOTRE (o) (H); 15-HPETE (A).

0.5 —O—  Linoleic Acid
—e— 13-HODE

B/Bo
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10" 10° 10” 10" 10°
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Fig. 4. Antigenicity of 138S-hydroxy-9Z, 11E-octadecadienoic acid
(13-HODE). 13-HODE was prepared by reduction of 13-HPODE with
NaBH;,. The antigenicity of 13-HODE (@) and linoleic acid (O) was
estimated by competitive indirect ELISA as described in Experimental
Procedures. 13-HPODE itself could not be used for ELISA because
of its reactivity. The results are expressed as B/B,, where B is the
amount of antibody bound in the presence and By in the absence of
the competitor. Each point represents the mean of duplicate determi-
nations.

Effect of metal ions on the formation of antigenic
materials

The effects of the metal ion on the formation of anti-
gen, i.e., 13-HPODE-BSA, were investigated. 13-
HPODE was incubated with BSA in the absence or pres-
ence of a metal ion (Fe(II) /EDTA) or a metal ion che-
lator (DTPA). After incubation for 3 days, the adducts
were obtained after lipid extraction by treatment with
chloroform-methanol, and the reactivities of the ad-
ducts were examined by indirect ELISA. As shown in
Fig. 5, the addition of Fe(II) /EDTA accelerated the for-
mation of antigenicity. On the other hand, the metal
ion chelator (DTPA) depressed the formation of anti-
genic materials compared to the control reaction be-
tween 13-HPODE and BSA. These results suggest that
a decomposition of lipid hydroperoxide by a metal ion
is required for the formation of epitopes. In addition,
the effects of the SH residue(s) in BSA on the formation
of antigenicity were also investigated. ‘‘Native”’ BSA has
a single reduced cysteine (Cys 34), and the SH is consid-
ered to act as an antioxidant (25). Commercially ob-
tained BSA is supplied in a partially oxidized form (26).
The commercially obtained lipid-free BSA (0.4 mol
SH/mol BSA) and the partially reduced lipid-free BSA
(6.4 mol SH/mol BSA), which was prepared by the re-
duction of lipid- free BSA with DTT, were used for sub-
strates and reacted with 13-HPODE. The antigenicity
of the partially reduced lipid-free BSA was significantly
enhanced (>2-fold compared to commercially ob-
tained lipid-free BSA). Free SH residue(s) may become
one of the good targets for 13-HPODE, and the formed
adducts may become one of the epitopes of the anti-
body.
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Fig. 5. Effect of metal ion on formation of 13- HPODE-BSA adducts.
13-HPODE and BSA were incubated for 3 days at 37°C in the absence
or presence of 0.1 mM Fe (II) /EDTA or DTPA. The adducts were sepa-
rated from lipids by chloroform—methanol and then used for indirect
ELISA (0.8 pg/ml, 50 ul/well). Results were represented by the ab-
sorbance at 492 nm after subtraction of blank (no coating wells). The
experiment was repeated two times separately, and similar results
were obtained. The data are presented as the mean * standard devia-
tion of three separate determinations.

Reactivity of the antibody to oxidized fatty acid-
modified BSA

Furthermore, we investigated reactivity of the anti-
body to oxidized lipid-modified BSA. Various lipids
were oxidized at 50°C for 4 days, and the oxidized lipids
were incubated with BSA at 37°C for 3 days. The prog-
ress of lipid peroxidation was evaluated by the measure-
ment of TBARS (Fig. 6A) and peroxide contents (Fig.
6B). The amounts of TBARS and lipid peroxide were
not so high. The low recovery of oxidation products
from lipids might be due to excess oxidation of lipid.
The formation of oxidized lipid—protein adducts was
estimated by measurement of lipofuscin-like fluores-
cence (Fig. 6C). The cross- reactivities of the antibody
with oxidized lipid—protein adducts were investigated
by indirect ELISA (Fig. 6D). Figures 6A and 6B show
that oleic acid (monounsaturated fatty acid) is less sus-
ceptible to oxidation than other polyunsaturated fatty
acids. On the other hand, polyunsaturated fatty acids
were oxidized and then reacted with protein molecules
estimated by the increase in lipofuscin-like fluores-
cence. However, the extent of antigenicity was not cor-
related with the oxidation and increase in fluorescence.
The oxidized o-linolenic acid- and linoleic acid-modi-
fied BSA show strong binding activity to the antibody
(Fig. 6D, Normal). The same partial structure as that of
the epitopes was probably formed in these modified
BSA. The results support the cross-reactivity of 13-
HPOTRE (o), which is one of the products derived
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from oxidized a-linolenic acid, with the antibody (see
Fig. 3). Oxidized arachidonic acid- and y-linolenic acid-
modified proteins show slight cross-reactivities. Inter-
estingly, the antibody could not react with oxidized
methyl linoleate-modified protein (Fig. 6D, Normal).
The results of ELISA (Fig. 6D, Normal) suggest that
linoleic acid and o-linolenic acid have the ability to be-
come the precursors of epitopes, and, therefore, the
lipid hydroperoxide-modified protein has the same par-
tial structure.

Involvement of carboxyl terminal of lipid for
antigenicity

The anti-13-HPODE-KLH antibody barely recog-
nized the oxidized methyl linoleate -, the oxidized phos-
pholipid -, or the oxidized cholesteryl ester—protein
adducts (Fig. 6D, Normal). To investigate the contribu-
tion to an immunoreactivity of terminal carbonyl of a
lipid moiety in adducts, the ester bond was cleaved by
treatment of oxidized lipid—protein adducts with 0.25
M NaOH. When the methyl ester bond of the methyl
linoleate—protein adduct was cleaved by alkali, signifi-
cant cross-reactivity was observed (Fig. 6D, +Alkali).
The result suggests the need for a recognition of an ad-
duct by the antibody and that a carboxyl terminal struc-
ture (COOH) of a lipid remained in a lipid hydroperox-
ide-modified protein. As shown in Fig. 6D (Normal),
no reactivity of oxidized phospholipid-modified BSA,
except for 1,2-dilinoleoyl-phosphatidylcholine, was ob-
served. However, after alkaline treatment, the reactivi-
ties of phospholipids containing linoleic acid as compo-
nents, such as 1,2- dilinoleoyl-phosphatidylcholine and
1-palmitoyl-2-linoleoyl- phosphatidylcholine, consider-
ably increased (Fig. 6D, +Alkali). The results assume
that phospholipid hydroperoxides were covalently
attached to BSA and that a cleavage of an ester bond is
required for the formation of an antigenicity of oxi-
dized phospholipid-modified protein. The result sup-
ports no cross-reactivities of the various aldehyde-modi-
fied BSA used, including HNE- or MDA-modified BSA,
which do not have a COOH structure.

Immunoblot analysis of oxidized lipid-modified BSA

The lipid-protein adducts obtained were subjected
to SDS-PAGE and Western blotting. As shown in Fig.
7A, oxidized linoleic acid- and o-linolenic acid-modi-
fied BSA were recognized by the antibody (Fig. 7A,
lanes 2 and 3). Immunoblot analysis also shows that the
antigenic proteins exist in a high-molecular-weight re-
gion including the stacking gel. The methyl linoleate-
BSA adduct showed its antigenicity after an alkaline
treatment of the blotted membrane (Fig. 7B, lane 6).
Oxidized phosphatidylcholine (containing linoleic
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Fig. 6. Antigenicity of oxidized lipid-BSA adducts with or without alkaline treatment. Oxidized lipid was pre-
pared by thermal oxidation. The oxidation was evaluated by formation of TBARS (A) and lipid peroxides (B)
as described in Experimental Procedures. The oxidized lipid (0.4 mMm) was incubated with lipid-free BSA (0.2
mg/ml) at 37°C for 3 days in phosphate buffer. The formation of lipid—protein adducts was estimated by a
lipofuscin-like fluorescence (C). The lipid—protein adduct was obtained by ethanol precipitation and then
used for indirect ELISA (D). The lipid—protein adducts (0.01 mg/ml, 50 pl/well) in PBS were coated to
microtiter plates. Ester bond hydrolysis (+Alkali) was performed by addition of alkali (0.25 m NaOH) prior
to blocking. Results were represented by the absorbance at 492 nm after subtraction of blank (no coating
wells). The O. D. 492 nm of native and alkali-treated BSA is 0.069 and 0.063, respectively. The data are presented
as the mean * standard deviation of three separate determinations.
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’ Binis By Fig. 7. Immunoblot analysis of oxidized lipid-BSA
- - 67 ~67 adducts. Lipid-BSA adducts were prepared as de-
scribed in Fig. 6 legend. The adducts (20 pug) were
-3 <a43 subjected to SDS-PAGE and Western blotting, and
the antigenic protein was detected as described in
Experimental Procedures. (A, C): Normal immu-
-30 -30 noblotting. (B, D): Immunoblotting with alkaline

treatment. Samples loaded onto gel were as follows:
A, B: lane 1, native BSA; lane 2, oxidized linoleic

81234567

acid-BSA adduct; lane 3, oxidized a-linolenic acid—
BSA adduct; lane 4, oxidized y-linolenic acid-BSA

%
- 67

€43

- 30

adduct; lane 5, oxidized arachidonic acid-BSA ad-
duct; lane 6, oxidized methyl linoleate—BSA adduct;
lane 7, oxidized methyl arachidonate-BSA adduct.

<94 G D:lane 1, native BSA; lane 2, oxidized 1-palmit-
oyl-2-linoleoyl-PC-BSA adduct; lane 3, oxidized 1,2-

<67 dilinoleoyl-PC-BSA adduct; lane 4, oxidized 1-stear-
oyl-2-arachidonoyl-PC-BSA adduct; lane 5, oxi-

-43 dized cholesteryl linoleate—BSA adduct; lane 6, oxi-
dized cholesteryl arachidonate-BSA adduct.

acid)-modified BSA also showed considerable increase
in the visualized bands by alkaline treatment (Fig. 7D,
lanes 2 and 3).

Formation of lipid hydroperoxide-modified
apoprotein in oxidized LDL

It is thought that the oxidation of LDL may contrib-
ute to atherosclerosis. During the oxidation of LDL, the
derivatization of amino acids in apoB-100 by lipid hy-
droperoxide decomposition products has been re-
ported (17). These modifications may accelerate depo-
sition of macrophages, and then the events can possibly
lead to a conversion of macrophages to foam cells. How-
ever, the formation of lipid hydroperoxide-modified
protein in ox-LDL is not known. We then examined an
immunochemical detection of adducts from ox-LDL.
During incubation with copper ion, lipid peroxidation
proceeded as assessed by an increase in TBARS and
lipid peroxide (Figs. 8A and 8B). Without alkaline treat-
ment, the formation of lipid hydroperoxide-modified
protein was slightly observed by ELISA (Fig. 8C, Nor-
mal). The results probably show that lipid hydroperox-
ides (derived free fatty acid) covalently bound to the
apoprotein B-100 during lipid peroxidation in the LDL
particle. As shown in Fig. 8C (+Alkali), a considerable
enhancement of antigenicity was observed by alkaline
treatment. A similar result of alkaline enhancement was
also observed using another modality of LDL oxidation,
an azo-initiator, 2,2’-azobis(2-amidinopropane)dihy-
drochloride (Figs. 9A and 9B). The results suggest that
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lipid hydroperoxide-modified apoproteins are formed
in ox-LDL.

DISCUSSION

Several lines of evidence indicate that macrophages
are the precursors of the lipid-laden foam cells that
characterize early atherosclerotic lesion (27-30). The
mechanism by which these cells accumulate excess lipid
in the artery wall in vivo has not been determined. Mac-
rophage may accumulate excess lipid when exposed to
modified LDL, such as oxidatively modified LDL (31,
32). In vivo, the modification of LDL is probably de-
rived from the oxidation of the lipid accompanied by
derivatization of the lysine residues of apoprotein B-100
(17). However, the nature of in vivo oxidant(s) remains
obscure (31). 15-Lipoxygenase, which is able to oxidize
the LDL molecule in vitro (33-36), was detected in the
atherosclerotic lesion of the Watanabe heritable hyper-
lipidemic (WHHL) rabbit or human by immunohisto-
chemistry or in situ hybridization (37, 38).

During the oxidative degradation of polyunsaturated
fatty acid, a variety of reactive aldehyde products are
formed, and these are capable of covalently attaching to
the protein. Malondialdehyde (MDA) and 4-hydroxy-
nonenal (HNE) are two examples of such products
(1). The treatment of protein or amino acids with MDA
results in an inactivation of the enzyme (39), cross-link-
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Fig. 8. Time-dependent formation of antigenic materials in copper-oxidized LDL. Oxidized LDL was pre-
pared by incubation of LDL with copper ion. The reaction was terminated by the addition of EDTA and BHT.
The oxidation of LDL was estimated by the formation of TBARS (A) and lipid peroxide (B). The amount of
lipid peroxide was expressed as the equivalent of cummene hydroperoxide. The sample was coated to microtiter
plate, and the formation of antigenic materials was evaluated by indirect ELISA with or without alkaline treat-
ment (C). Results were represented by the absorbance at 492 nm after subtraction of blank (no coating wells).
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Fig. 10. Proposed essential structure of precursor for epitope forma-
tion.

ing (40), fluorescence formation (41), and amino acid
modifications (40, 41). MDA reacts with €-amino
groups in protein and forms a 1:1 adduct (aminoprope-
nal), 1:2 adduct (amino-imino-propen), and dihydro-
pyridine structure. HNE treatment on LDL causes
cross-linking and amino acids losses of apolipoprotein
B-100 (42). HNE reacts with the e-amino groups of ly-
sine, sulfhydryl groups of cysteine, and imidazole
groups of histidine through a Michael-type addition (1,
43). Anti-aldehyde-modified protein antibodies were
widely used for the detection of lipid peroxidation in
vitro and in vivo (2-9, 25, 39, 40, 44-46). Haberland,
Fang, and Cheng (2) and Palinski et al. (4) reported
evidences for the presence of aldehyde-modified LDL
in the atherosclerotic lesions of rabbit and/or human.
The precise structures of the epitopes for these antibod-
ies have been gradually investigated (46). Lipid hydro-
peroxide can react with a protein with an intact form
(10). Magil et al. (12) reported on the preparation of
antibodies that recognize oxidized linoleic acid- and ar-
achidonic acid-modified LDL, but the precise epitopes
are not known. We then decided on the preparation
and characterization of an antibody that recognizes
lipid hydroperoxide-modified proteins.
13-HPODE-modified KLH was used for an immuno-
gen, and an antiserum was prepared by an injection to
a rabbit. The serum obtained was shown to react
strongly with 13-HPODE-modified BSA, but not native
BSA (Fig. 1). The antibody specifically recognizes the
13-HPODE- and 13-HPOTRE (¢)-modified protein
(Fig. 4). 13-HPOTRE () is one of the oxygenated prod-
ucts of o-linolenic acid. The structures of these two per-
oxides (13-HPODE and 13-HPOTRE (a)) contain the
same structure from a terminal COOH to a C13 carbon.
The result suggests that the lipid-derived part of epi-
topes has a terminal carbonyl. In addition, the lipid hy-
droperoxide-modified proteins formed do not have the
structure of peroxide (—~OOH) because the adducts
cannot react with the lipid peroxide detection reagent
(data not shown). The cross-reactivity of 13-HPODE
with the antibody could not be investigated by a compet-
itive indirect ELISA because of its high reactivity (data
not shown). 13-HODE, a reduced product of 13-
HPODE, is not recognized by the antibody (Fig. 4). The
result suggests that the antibody probably recognizes an
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adduct with amine as well as the peroxidized lipid-de-
rived structure. The specificity to 13-HPOTRE (o) is
supported by the considerable cross-reactivity of oxi-
dized o-linolenic acid—protein adducts with the anti-
body (Fig. 6). This antibody could not recognize various
aldehyde-modified proteins. Judging from these results,
the antibody has a novel and unique character.

It is well-known that lipoxygenases were inactivated
by peroxides (47-49). Kishimoto et al. (50) have re-
ported that the molecular mass difference between the
native and 15-HPETE-treated 12-lipoxygenase was close
to the molecular weight of 15-HPETE. Similar result was
obtained by Orning et al (51). These reports support
our results of the formation of lipid hydroperoxide-
modified protein without a serious decomposition of
the lipid moiety.

Oxidized phospholipid (containing linoleic acid)-
modified BSA shows antigenicity after the ester bond
cleavage by alkali. The result suggests that I) terminal
COOH is needed for the epitopes and 2) phospholipid
hydroperoxides are also capable of adduct formation.
We also detected the formation of antigenic materials
in copper- and AAPH-oxidized LDL. The antigenicity
was enhanced by an ester bond cleavage. The results
indicate the reaction to be as follows. Oxidation of LDL
causes the formation of the hydroperoxide of free fatty
acid, phospholipid, cholesteryl ester, and triglyceride.
These lipid hydroperoxides react with the amines, and
then lipid hydroperoxide-modified proteins are formed
in ox-LDL. Among the adducts formed, the antibody
recognizes 13-HPODE-derived adducts but not 9-
HPODE-derived adducts. The lipid hydroperoxide can
also directly react with an amine moiety of the phospha-
tidylethanolamine (Y. Makino and T. Osawa, unpub-
lished results). The antigenicity in ox-LDL observed us-
ing ELISA was possibly derived from 13-HPODE-
modified apoprotein and also 13-HPODE-modified
phosphatidylethanolamine.

In summary, we prepared a novel polyclonal antibody
to the 13-HPODE-modified protein. The antibody also
recognizes oxidized ¢- linolenic acid- and linoleic acid-
modified proteins. The recognition of the oxidized
phospholipid—protein adduct by the antibody requires
an ester bond cleavage of the adduct. Aldehyde-modi-
fied BSA, AGE-BSA, linoleic acid, and 13-HODE failed
to react to the antibody, whereas 13-HPODE- and 13-
HPOTRE (a)-modified BSA show considerable antige-
nicity. These results suggest the existence of an essential
structure of a precursor for epitope formation (Fig. 10).
We also detected antigenic materials in copper- and
AAPH-oxidized LDL. The structural estimation of the
epitopes of lipid hydroperoxide-modified protein using
the antibody is now in progress in our laboratory. The
presence of epitopes in vivo has to be proved. This anti-
body may be a useful tool for an evaluation of the lipid
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