
Original Research Communication

a-Tocopherol Is Ineffective in Preventing the Decomposition
of Preformed Lipid Peroxides and May Promote the

Accumulation of Toxic Aldehydes: A Potential Explanation
for the Failure of Antioxidants to Affect Human Atherosclerosis

Achuthan Raghavamenon,2 Mahdi Garelnabi,1 Sainath Babu,1 Alex Aldrich,1 Dmitry Litvinov,1

and Sampath Parthasarathy1

Abstract

The decomposition of peroxidized lipids of low-density lipoprotein (LDL) has been suggested to be involved in
atherosclerosis. In this study, an in vitro system with 13-hydroperoxylinoleic acid (13-HPODE) was used to
determine the effects of antioxidants on its decomposition. Decomposition of 13-HPODE was not affected by
a-tocopherol, several other antioxidants, or antioxidant enzymes. Moreover, the inclusion of a-tocopherol during
the decomposition of 13-HPODE resulted in an accumulation of aldehydes. Further oxidation of aldehydes to
carboxylic acids by a number of oxidases was prevented by a-tocopherol. Conversely, the formation of carboxylic
acids may be conducive to plaque stabilization via immunomodulation, rapid degradation, and by calcium
sequestration. Thus, the inhibition of formation of carboxylic acids could be a serious deleterious effect of anti-
oxidant treatment. In contrast, a-keto acids, like pyruvic acid, promoted the conversion of 13-HPODE to
13-hydroxylinoleic acid (13-HODE) by readily undergoing decarboxylation into acetate. These observations
suggest that agents that promote the reduction of lipid peroxides into lipid hydroxides could be far more effective
in treating cardiovascular diseases as opposed a-tocopherol–like antioxidants that could affect additional steps in
the oxidation cascade. Antioxid. Redox Signal. 11, 1237–1248.

Introduction

The oxidation of low-density lipoprotein (LDL) has been
suggested to play a major role in the development of early

atherosclerotic lesions (7, 8, 39, 41). That recent human clinical
trials reported failure of antioxidants to affect human car-
diovascular disease (4, 7, 9, 13, 16, 17, 19, 37, 51), despite
reduction in specific biomarkers of oxidative stress, is of great
concern.

Some of the strongest evidence for the oxidation hypothesis
was derived from animal studies that tested the effects of
various antioxidants on atherosclerotic development (27, 41,
45). These include WHHL rabbits, cholesterol-fed rabbits,

hypercholesterolemic hamsters and monkeys, and various
mouse models of atherosclerosis. Animal models were de-
veloped to study the formation of early atherosclerotic lesions
in an isolated environment so that contribution of individual
risk factors and associated biochemical events could be segre-
gated and studied. Results from these studies unambiguously
showed that antioxidants attenuate the early atherogenic
process (27).

The human form of atherosclerotic disease differs consid-
erably from the disease models in animals. The animal models
were created to study the human disease in a short and
meaningful period of time. In contrast, the macrophage foam
cell rich-fatty-streak lesions start very early in life in humans
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and progress with age (20, 38). Infants and children younger
than 15 years have been noted to have foam cell fatty-streak
lesions (20, 22, 24, 25, 38). Maternal hypercholesterolemia
seems to influence strongly the development of atheroscle-
rotic lesions in the young (22, 24, 28, 32). Yet another major
difference between human and animal atherosclerosis is the
contribution of inflammatory cytokines, calcification, and
matrix-digesting enzymes (MMPs) to the advancement of the
vulnerable plaque (32, 33, 43). The human clinical trials using
a-tocopherol as one of the major antioxidant ingredients were
mostly negative and failed to show any evidence of protection
against cardiovascular diseases (4, 7, 9, 13, 16, 17, 19, 51). More
important, antioxidants seemed to have an adverse effect on
clinical end points, including HDL levels (5). Numerous ex-
planations were offered for this failure (27, 28, 29, 40, 48),
including the inability of pharmacologic doses of a-tocopherol
to affect lipid peroxidation and thromboxane biosynthesis in
healthy subjects with a mild degree of oxidant stress. These
findings were interpreted to suggest that the basal rate of lipid
peroxidation is a major determinant of the response to a-
tocopherol supplementation (29). The bottom line remains
that the human atherosclerosis at the time when patients are
seen in the clinic manifests in a different form that is not
amenable to attenuation by antioxidants. Moreover, the bur-
den is not only to explain the failure of antioxidants to retard
the progression of the disease but also to explain why they
may have an adverse effect.

A not-well-studied reaction in the lipid-peroxidation cas-
cade is the oxidation of lipid peroxide–derived aldehydes into
carboxylic acids. In this study, we propose that such reactions
may not be amenable to inhibition by antioxidants. The oxi-
dation hypothesis took into consideration that the aldehyde
products covalently modify the e-amino groups of lysine
residues to generate the oxidatively modified LDL (12, 15).
Considering that even the simplest PUFA, linoleic acid, could
generate several aldehyde products (e.g., 2-hydroxy hexanal,
4-HNE, oxo-nonanoic acid) (15, 30, 34–36), one would end up
with a glut of such products during the oxidation of LDL. In
addition, the lysosomal proteolysis would release from
modified apoproteins, aldehydes-bound lysine peptides, as
well as free aldehydes, because of the instability of Schiff bases
in such acidic environments. Aldehydes formed from perox-
idized linoleic acid (18:2) have been extensively studied (34–
36), and such products themselves have a plethora of potent
proatherogenic effects.

Materials and Methods

Linoleic acid, soybean lipoxygenase (SLO) type V, human
MPO, superoxide dismutase (SOD), XAO, catalase, ascorbic
acid, a-tocopherol, tetramethylpentamine-2,4-dinitrophenyl
hydrazine, bromocresol green, pyruvic acid, pelargonyl
aldehyde (nonenal), AZA, 4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole-4-amino-5-hydrazino-1,2,4-triazole-3-thiol (Pur-
pald), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), and silica gel G TLC plates were purchased from
Sigma (St. Louis, MO); leucomethylene blue (LMB) and
4-nitrobenzylpyridine were bought from Alfa Aesar (Ward
Hill, MA); and 13-S-hydroperoxy octadecadienoicacid and
4-HNE were obtained from Cayman chemicals (Ann Arbor,
MI). Radioactive calcium chloride was obtained from Amer-

sham Biosciences (Piscataway, NJ). Solvents were of HPLC
grade and were free of aldehydes.

Preparation of linoleic acid hydroperoxide

Linoleic acid, 100 nmol=ml in phosphate-buffered saline
(PBS, pH 7.4), was oxidized with the addition of 10 U soybean
lipoxygenase. The oxidation reaction was allowed to com-
plete at room temperature over a period of 1 h. Increased
absorption at 234 nm was used to monitor the reaction by
using an Uvikon XL (Biotech Instruments, El Cajon, CA)
spectrophotometer. The amount of conjugated diene formed
was determined from its molar extinction coefficient 23 mM=C
at 234 nm. Lipid peroxide generated in the reaction system
was analyzed with the leucomethylene blue assay (3). In
general, the conversion of linoleic acid to HPODE was >90%,
and the major (>82%) product was 13-HPODE. In almost
all experiments, the isolated HPODE was used immediately.
We have not detected any free aldehydes in fresh prepa-
rations.

From 50 to 60 nmols of HPODE was made up to 1 ml with
PBS and incubated at 48C and 378C over a period of 72 h.
Reaction mixture at various time intervals was collected, and
conjugated diene and lipid peroxide levels were determined.
To eliminate any residual effects of lipoxygenase, the studies
were performed with extracted and purified HPODE, as well
as with a pure commercial HPODE.

For experiments using 100% serum, 13-HPODE was pre-
pared in large quantities (30–50 mmols), extracted with ether,
and dried. An aliquot was stored for the determination of
peroxide and diene content. Dry 13-HPODE was suspended
in fetal calf serum at 1mmol=100 ml by vigorous vortexing for
2 min. An aliquot was immediately analyzed for peroxide
content and diene levels. Within 5 min, 28� 3% of added
peroxide was lost, as measured by the LMB reaction. This
could be caused by either a variety of mechanisms, including
the actions of specific enzymes such as paraoxonase, reaction
with protein thiols or other amino acids, or by competition of
the serum with the detection reagent.

At 5 min, several aliquots (hexaplicates) were stored in the
freezer or incubated at 378C for 72 h. The reactions were
performed in 96-well plates. Three separate reactions of hex-
aplicates were performed. In some reactions, sodium pyru-
vate (final concentration of 5 mmol per 100 ml serum) was
added at the beginning of the incubation. As 100 ml of serum
contains a large amount of lipids, these concentrations were
needed for the detection of peroxides, dienes, and aldehydes.

Effects of antioxidants on the decomposition reaction

HPODE (60–80 nmol peroxide equivalent) was incubated
for various time intervals at 378C with 10–100 mM a-
tocopherol, vitamin C, butylated hydroxy toluene (BHT), or
20 mM ethylenediaminetetraacetic acid (EDTA). All antioxi-
dants were added in 5ml ethyl alcohol except Trolox, which
was added as a sodium salt. The antioxidant enzymes such
as SOD and catalase (10–100 units) were also used in this
study, although they are of no relevance to the human clinical
trials. The efficacy of these antioxidants to prevent the loss in
conjugated dienes and lipid peroxides was evaluated over a
period of 72 h.
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Visualization of linoleic acid hydroperoxide
decomposition products with thin-layer
chromatography (TLC)

Lipid hydroperoxide was allowed to decompose com-
pletely (ascertained by complete loss of peroxides and con-
jugated dienes). Products obtained were extracted twice with
chloroform=methanol (2:1, vol=vol). The organic phase was
evaporated under nitrogen gas, and the resultant residue
dissolved in known volume of acetone. The compounds in the
residue were separated on silica gel G TLC plates by using
hexane=diethylether=acetic acid (70:30:1.5, vol=vol) as the
solvent system. Visualization of compounds was carried out
with exposure to iodine vapor for unsaturated compounds,
spraying the chromatogram with 2,4-dinitrophenyl hydrazine
(DNP) reagent for aldehydes, chromosulfuric acid reagent for
organic compounds, and 4-nitrobenzylpyrridine and tetra-
ethylpentamine reagents for epoxides. Dipping of chromato-
gram in bromocresol green reagent (0.2% in alcohol) for
organic acids was also performed.

IR spectral analysis

Oxidized linoleic acid (5 mg peroxide equivalent) was in-
cubated at 608C in a rotary evaporator for 24 h. The volatile
compounds were collected on 2-ml cold acetone kept in the
collecting flask. The collecting flask was kept cool on dry ice.
The compound in acetone was then evaporated under nitro-
gen gas and spotted on a TLC plate. The separated compound
was scraped out, and the IR spectrum was determined.

AZA formation from oxidized linoleic acid

13-HPODE (100 nmol=ml), prepared as described earlier,
was incubated at 378C for 1 week. After acidification to pH 4.5
with 1N HCl, the mixture was extracted with chloro-
form=methanol (1:1, vol=vol) and dried under nitrogen. The
sample was then dissolved in methanol at 1 nM concentration
and continuously injected in MS by using a Hamilton Syringe
4.6 mm in diameter and a flow rate of 10.00ml=min. The
negative ion electrospray ionization (ESI) mode was used, and
a Q1MS Q1 scan was conducted to scan simultaneously for
ions between 100 and 300 m=z. Heat-block temperatures for
the analysis were set at 3008C, and ion-source gas flow was set
at 20 l=min with the detector voltage at 5,500 eV AzA mass
elute at a mass of 187. A 3,200 Q TRAP LC=MS=MS (Applied
Biosystems=MDS Sciex, Foster City, CA) was used for the
analysis.

Reaction of lipid hydroperoxides with pyruvic acid

The 500 nmols=ml of 13-HPODE was reacted with 1–7.5
mmols=ml of PYR in 1 ml of PBS at pH 7.4 for 5 min at room
temperature. After the incubation, a 50-ml aliquot of the sample
(in duplicate) was taken for the LMB assay, as described in
Methods. The remaining sample was acidified with 25ml of
1N HCl and extracted with 2 ml of ether. The ether was then
evaporated overnight, and the resultant extract was dissolved
in methanol. The conjugated diene was measured by reading
the spectrum at 234 nm with methanol as the blank, and the
experiment was done in triplicate. The graph is an average of
three experiments done with fresh 13-HPODE and PYR and
expressed as the percentage of remaining diene and peroxide.

Generation of CO2 in lipid hydroperoxide
and pyruvic acid reaction

Radioactive calcium hydroxide [45Ca](OH)2 was prepared
by mixing supersaturated solutions of potassium hydroxide
and [45Ca]calcium chloride. The reaction with PYR was car-
ried out by incubating 50 nmols of 13-HPODE with similar
concentrations of (1–7.5 mmols) PYR in a microtube at 378C
by using a dry-bath incubator. The carbon dioxide released
during these reactions was trapped by using filter paper in-
serted in a lid containing 5 ml of radioactive calcium hydrox-
ide. Approximately six to 10 filter papers were inserted per
tube. After overnight incubation, the tube lid was opened
carefully, and the filter papers were transferred gently to an-
other set of tubes and washed with distilled water (500 ml�3).
The filter papers were then placed in scintillation vials, and
the formation of radioactive calcium carbonate was counted
on a scintillation counter (Beckman Coulter, Fullerton, CA).

NMR spectroscopy analysis for the reaction between
pyruvate and 13-HPODE

Because of the lack of sensitivity of natural abundance
NMR, higher concentrations of the reactants were used.
HPODE, 12 mmoles, was allowed to react with 60 mmoles of
PYR at room temperature. After overnight incubation, the
samples were lyophilized and dissolved in 750ml deuterium
oxide and measured with 400-MHz 1H NMR.

Oxidation of nonylaldehyde or malondialdehyde (MDA)
by XAO or MPO

The reaction mixture (1 ml) contained 5 mM nonyl alde-
hyde in 5ml ethyl alcohol, Tris buffer (pH 7.4), cytochrome
c (100mg), and suitably diluted XAO (0.01 unit) was used.
a-Tocopherol was added in ethyl alcohol in 1- to 4-ml volume
at appropriate concentrations. The reduction of the cyto-
chrome c reaction was monitored by monitoring changes in
the spectrum between 500 and 600 nm. In some cases, the
reaction was scaled down to 175 ml, keeping the concentra-
tions of the reagents the same without cytochrome c. The re-
action was carried out in microtiter plates with a total volume
of 175ml. At the end of the reaction, the remaining aldehyde
was determined by adding the Purpald (2-1,2,4-triazoline-5-
thione, 4-amino-3-hydrazino-1,2,4-triazolidin-3-one, 4-amino-
5-thioxo-, 3-hydrazone) reagent (31). The optical density of
the remaining aldehydes was determined by measuring
the OD at 540 nm. Aliquots from the reaction were used for
LC-MS detection of nonanoic acid.

In similar incubations, MPO (0.1 unit) and H2O2 (1 mM)
were used in a total volume of 175ml, and freshly generated
MDA (0.1–5 mM) was used as the aldehyde. The remaining
aldehydes at the end of the incubation were determined with
the TBA reaction (50). When nonenal was used, the formation
of nonanoic acid was ascertained with LC-MS.

Results

13-HPODE undergoes temperature dependent
decomposition generating products

About 90% of linoleic acid was converted to its peroxides
when subjected to oxidation with soybean lipoxygenase, as
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measured by conjugated diene formation and by LMB per-
oxide assay. Incubation of 13-HPODE at 48C up to 72 h re-
sulted in no changes in the peroxide content or in the
conjugated diene content (data not shown). However, when
incubated at 378C, a time-dependent loss was found in con-
jugated diene and peroxides (Fig. 1A), suggesting decompo-
sition of the peroxides into components that do not have the
peroxide or the conjugated dienyl structures. A similar de-
crease in conjugated dienes and lipid peroxides also was ob-
served when commercial purified 13- HPODE was incubated
at 378C (data not shown), indicating that the decomposition
was not due to any residual lipoxygenase enzyme. Overall,
these results suggest that once formed, peroxidized lipids
could spontaneously undergo decomposition to generate
products.

We have not performed similar studies with the other iso-
mer of 13-HPODE because of the limited availability of the
R-isomer. It would be interesting if the R-isomer had a dif-
ferent decomposition fate.

The oxidation of LDL is more likely to occur in the sub-
endothelial space (42), perhaps in the extracellular milieu in
which filtered serum components and albumin might be pres-
ent. Although both phospholipid and cholesterol ester per-

oxides as well as various types of oxidized lipids and
electronegative LDL subfractions have been detected in the
plasma, because of extremely rapid clearance of oxidized LDL
(half-life, t1=2 of <15 min), it is generally believed that these
components are products of diffusion of oxidized lipid species
from the intima.

The decomposition of HPODE in the presence
of serum

The presence of 1 and 10% heat-inactivated fetal calf serum
(FCS) that contains *0.1–1 mg of albumin reduced the level
of peroxide content immediately by*6.3� 0.8% and 23� 6%,
respectively. Inclusion of 100% serum did not drastically in-
crease the immediate decomposition of 13-HPODE (28� 3%).
However, subsequent decomposition of the 13-HPODE even
in the presence of 100% serum. The peroxide and conju-
gated diene content precipitately decreased to <50% of the
level as compared with samples that were kept at �208C
(Fig. 2). As the presence of 100 or 10% serum imposed prob-
lems in subsequent extraction and conjugated diene deter-
minations, we performed additional studies in the absence
of serum.

FIG. 1. The decomposition of 13-HPODE with time. Linoleic acid was oxidized with soybean lipoxygenase, as described
in Methods, and was incubated at 378C for <72 h. At specified time periods, lipid peroxides and conjugated dienes were
determined. (A) The determination of peroxides (&) and conjugated diene (^) during the decomposition of HPODE. The
data are expressed as average� SD from six different sets of incubations. (B, C) Determination of peroxides and conjugated
dienes in the presence of a-tocopherol at 0 (^), 5 (&), 25 (~), and 100 (�) mM concentrations. (D, E) Determination of peroxides
and conjugated dienes in the presence of BHT at 0 (^), 10 (&), 50 (~) and 100 (�) mM concentrations. The (B–E) values are too
close, and the results are averages from four independent trials.
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TLC, IR, GC-MS, and LC-MS determinations revealed that
the decomposition of 13-HPODE was accompanied by the
formation of a variety of products that included epoxides,
aldehydes, and carboxylic acids, depending on the length and
temperature of the incubations. Typically, at the end of the
incubation, the formation of carboxylic acids, particularly the
formation of AZA, was noted both by GC-MS and by LC-MS
reactions.

Antioxidants, antioxidant enzymes and EDTA did not
affect the spontaneous decomposition of 13-HPODE

Radical-mediated decomposition of lipid peroxides has
been described in literature (6, 14, 19). However, addition of
a-tocopherol (5–100 mM) (Fig. 1B and C) and BHT (10–100mM)
(Fig. 1D and E) did not inhibit the decomposition reaction. No
significant changes in the levels of peroxides (Fig. 1B and D) or
conjugated dienes (Fig. 1C and E) in the absence or presence
of these antioxidants. To eliminate the possibility that the
observed effects were restricted to phenolic antioxidants, we
tested the effects of N-acetyl cysteine and ascorbic acid and
noted similar effects (or the lack of it) (Results are not
included). It is unlikely that a radical-mediated decomposi-
tion process was involved as a major reaction in the decom-
position of preexisting peroxides. In many experiments, an
accelerated decomposition of 13-HPODE was noted in the
presence of these antioxidants, suggesting that inhibition of
radical side-reactions might actually help to promote de-

composition. For example, Trolox, a water-soluble carboxylic
acid analogue of tocopherol, not only failed to inhibit the
decomposition of HPODE, but also seemed even to accelerate
the decomposition (Fig. 3). The inability of three phenolic
antioxidants, a-tocopherol, BHT, and the sodium salt of
Trolox to prevent the decomposition of 13-HPODE might
suggest that antioxidant partitioning in the lipid phase may
play a limited role.

The human clinical trials were performed by using chemi-
cal antioxidants. Because of our findings that a-tocopherol
and BHT did not prevent the decomposition of 13-HPODE,
we tested to see whether antioxidant enzymes would have an
effect, although the results would have no bearing on the
clinical findings. In addition, superoxide release has been re-
ported during amine-catalyzed decomposition of HPODE.
Enzymes such as SOD (100 U=ml) (Fig. 4A and B) and catalase
(10–100 U=ml) (Fig. 4C) had no effect on the loss of peroxides
or conjugated dienes as compared with controls without an-
tioxidant enzymes. Samples treated with catalase (10–
100 U=ml) showed an increased and accelerated loss of lipid
peroxide (Fig. 4C) and did not prevent the loss of conjugated
dienes (Fig. 4D). Similar results were obtained when LOOH
was incubated in the presence of EDTA (Fig. 4E and F), sug-
gesting that the observed outcome was not due to chelation of
any redox metal(s). The use of buffers prepared with ‘‘metal-
free’’ water, along with the use of several other chelators=
antioxidants, showed no differences. The use of TLC and
identification of epoxides, aldehydes, and carboxylic acids

FIG. 2. Decomposition of HPODE in serum.
HPODE was prepared (*30mmols); an aliquot was
set aside for peroxide, conjugated diene, and alde-
hyde determinations. Dried HPODE was re-
suspended in fetal calf serum at a concentration of
1.0 mmol in 100 ml and aliquoted into 96-well mi-
crotiter plates. Aliquots were also stored at �208C.
When needed, pyruvate was added in 5-ml quanti-
ties to give a final concentration of 5.0 mmols per
100 ml. Samples were collected at 1, 2, and 3 days
after incubation at 378C for analytic determinations.
Incubations were set in quintuplicates, and the
values represent average� SD. *p< 0.05 versus
sample incubated at 378C. Open bars, grey bars, and
black solid bars represent conjugated dienes, perox-
ides, and aldehydes, respectively.

FIG. 3. Effect of Trolox on the decom-
position of HPODE. Linoleic acid was oxi-
dized with soybean lipoxygenase, as
described in Methods, and was incubated at
378C for �72 h. Trolox was added as so-
dium salt at 10-, 50-, and 100-mM levels. At
specified time periods, lipid peroxides and
conjugated dienes were determined. The left
and the right panels represent conjugated
dienes and peroxides, respectively. Squares
and circles, values at 1- and 2-day incuba-
tions. The data are expressed as aver-
age� SD from six different sets of
incubations. *Values significantly different
from control (0 time) values.
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showed that, in all cases, the parent compound 13-HPODE
was degraded into simpler compounds during the long in-
cubation. (Data not shown.)

Based on one of our previous publications (11) that sug-
gested that an intramolecular oxidation and epoxidation
was feasible, we considered the following scheme of events
(Fig. 5). According to Fig. 5, the 13-HPODE would oxidize the
delta-9 double bond of the molecule, leading to the formation
of epoxides. The hydration and further oxidation of the vicinal
hydroxyl groups might lead to the formation of the aldehydes
(4-hydroxynonenal and oxononanoic acid). Whereas it is
tempting to speculate whether the vicinal diols would be
cleaved by another molecule of LOOH or peracid, we do not
have any data suggesting such a reaction. A corollary to this
hypothesis would be that agents that would reduce hydro-
peroxides into hydroxides (HPODE to HODE), as shown in
the left side of Fig. 5, would prevent the decomposition re-
actions.

13-HPODE undergoes reductive reaction
with a-keto acids

a-Keto acids readily undergo a decarboxylation reaction,
and such a reaction is enhanced in the presence of hydrogen
peroxide (H2O2). The decomposition of pyruvate (PYR) in the
presence of H2O2 has been well described in the literature
(2, 23, 46). We incubated 13-HPODE with PYR acid to deter-
mine whether such a decarboxylation reaction would convert

13-HPODE into 13-HODE. Incubation of LOOH by itself for
up to 60 min had no effect on the peroxides or conjugated
dienes (Fig. 6A, left panels). Conversely, incubation of LOOH
with PYR for as little as 5 min at room temperature resulted in
the complete loss of LMB reactivity ( p< 0.05; Fig. 6A, right
panel, solid bar) without any loss of conjugated dienes (Fig.
6A, right panel, open bar), suggesting a reduction of LOOH to
LOH. LOH will retain the conjugated diene structure without
the peroxides. Even in the presence of 100% serum, the ad-
dition of PYR decreased the peroxide content in a concentra-
tion-dependent manner (Fig. 2). Similar results were obtained
with a-ketoglutarate (results not shown).

The reaction is expected to be accompanied by the decar-
boxylation of PYR to acetate and would lead to the release of
increased levels of CO2 (Fig. 6B), as established by CO2

trapping. Carbon dioxide evolution was higher when PYR
was treated with LOOH (taken as 100%) as compared with
PYR alone (10%; p< 0.005) or LOOH alone (52%). (In many of
these experiments, we noted an autodecomposition of the
carboxylic acid moiety of LOOH, a reaction not understood at
present, presumably the result of formation of peracids). The
latter could be important in the oxidation of vicinal diols). In
summary, a-keto acids appear to reduce LOOH to lipid hy-
droxide by undergoing oxidative decarboxylation.

A concomitant formation of acetate from PYR decarboxy-
lation occurred, as determined by proton NMR (Fig. 6C). The
1H-NMR spectrum of sodium pyruvate in deuterated water
exhibited a sharp singlet signal at d 2.309 (PY indicated by

FIG. 4. Effects of SOD, catalase, and EDTA on the decomposition of HPODE. HPODE (60- to 80-nmol peroxide
equivalent) was allowed to decompose at 378C over a period of 72 h in presence of 0 (^), 5 (&), and 100 (~) U=ml SOD (A,
B); catalase 0 (^), 10 (&), 50 (~), and 100 (�) U=ml (C, D); or EDTA 0 (^) and 20 (&) mM (E, F). Peroxides (top) and
conjugated dienes (bottom) were measured. Figure 3B–E show representative experiments from four independent trials.
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solid arrow in the lower right insert), showing the presence of
a methyl group, whereas the methyl group in sodium acetate
resonated at d 1.861 (Ac, indicated by solid arrow in the lower
left insert). The presence of an electron-withdrawing keto
group adjacent to the methyl group in sodium pyruvate de-
shielded the methyl protons and shifted the signal toward
downfield. The 1H-NMR spectrum of the PYR and LOOH
reaction mixture in deuterated water (D2O) gave two singlets,
indicating the presence of both the reactant and the product
(PY and Ac indicated by broken arrows), suggesting the for-
mation of acetate during the reaction. The proton NMR
spectrum of LOOH alone did not yield any of those signals,
indicating the change in chemical shift value. This must have
occurred because of the loss of a keto group in sodium py-
ruvate catalyzed by LOOH, yielding sodium acetate.

Enzymatic oxidation of aldehydes is prevented
by a-tocopherol

Aldehydes have been identified as among the end prod-
ucts of lipid peroxidation. Numerous studies have measured
the release of MDA during the preparation of oxidized LDL,
and antibodies that recognize MDA-LDL, as well as other
aldehyde-modified proteins (e.g., 4-HNE), have been well de-
scribed (15). However, aldehydes are also chemically unstable
and readily undergo further oxidation. In other words, if li-
poprotein fatty acids undergo oxidation, no reason exists to
suspect or expect that the reaction would terminate at the al-
dehyde level. Chemical oxidation of aldehydes is arrested by
antioxidants. We, therefore, considered the possibility that anti-
oxidants might also prevent the further ‘‘biologic’’ oxidation of
aldehydes. A number of different oxidases, for example, XAO,
aldehyde dehydrogenase, MPO (6, 44, 47, 49), and others, have
been shown to act on aldehydes and oxidize them to carboxylic

acids. For example, Winterbourn and Carr (49) described the
loss of MDA after treatment with HOCl and MPO.

The release of superoxide also has been noted under these
conditions, as typified by the acetaldehyde-XAO reaction. To
determine whether a-tocopherol inhibited the XAO-mediated
oxidation of aldehyde into the corresponding carboxylic acid,
we incubated nonenal with XAO in the presence or absence of
a-tocopherol and measured the free aldehyde at the end of the
incubation. When we incubated nonenal in the presence of
XAO, a substantial reduction of cytochrome c was found,
which was effectively quenched by a-tocopherol (Fig. 7A).
Increasing concentrations of a- tocopherol resulted in a de-
creased reduction of cytochrome c (curves 1 to 4 and also
insert showing dose dependency). Of course, the possibility
remained that a-tocopherol reacted only with the superoxide
radical, thereby preventing the latter’s interaction with the
cytochrome c. In other words, although indicative, these re-
actions did not demonstrate that a-tocopherol prevented the
conversion of an aldehyde into the carboxylic acid.

We therefore measured the aldehydes remaining at the end
of the incubation with xanthine oxidase. Results, as shown in
Fig. 7B, indicated that a significant loss of aldehydes occurred
at the end of the incubation. Inclusion of a-tocopherol in the
incubations prevented the loss of the aldehyde. Similarly, we
incubated MDA or 4-HNE (data not shown) with MPO, an
enzyme that has been suggested to be involved in the devel-
opment of atherosclerosis. a-Tocopherol was able to prevent
the loss of the aldehydes.

We extracted the products after similar incubations with
4-HNE and subjected them to mass spectrometry. As ex-
pected, the control reaction, in the presence of XAO, showed
the formation of a negative ion at 171 (4-hydroxy nonenoic
acid). The formation of this ion was considerably reduced in
the presence of a-tocopherol, with an increase in mass at 155

FIG. 5. Breakdown of 13-
HPODE into azelaic and 4-
hydroxynonenoic acids.
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(4-HNE). Similar results were obtained when we used 9-oxo-
nonenoic acid with the formation of AZA at mass of 187 (data
not given).

Discussion

Secondary decomposition of fatty acid hydroperoxide has
gained wide importance, as they are mainly responsible
for causing rancidity in foods and also damage biologic
materials. Large bodies of evidence suggest that metal ions,
radicals, hemoglobin, hematin, and vitamin C induce de-
composition of HPODE.

In the current study, we showed that, when incubated at
physiologic temperature, 13-HPODE lost almost 80–90% of its
diene structure and lipid peroxide levels during a period of
72 h. Thin-layer chromatography analysis showed the pres-
ence of various epoxides and aldehydes during the early pe-
riod of incubation, as well as at later hours. Some of the
epoxides generated during the early hours were found to in-
crease over time, whereas other epoxides and aldehydes were

not found during the later time (data not shown), indicating
that epoxide may be an intermediate compound in the de-
composition reaction. The decomposition was not affected by
a-tocopherol or by EDTA, suggesting that the decomposi-
tion pathway is not radical mediated. Considering that a-
tocopherol is well documented to prevent the initial oxidation
of LDL, it is likely that a-tocopherol may have profound ef-
fects on the formation of new atherosclerotic lesions. It may
also have effects if any further cellular oxidative events are
involved in the pathobiologic actions of the decomposition
products themselves.

The results will have far-reaching importance in the
pathobiology of atherosclerosis. As mentioned earlier, a dis-
crepancy exists between animal and human antioxidant trials.
How do we reconcile the effects of a-tocopherol in the two
systems? Convincing evidence from human studies is the
prevalence of oxidized LDL in subjects with various forms of
coronary artery diseases (40, 48), as determined by detection
with antibodies that recognize oxidatively tailored lipids.
Thus, it is likely that the decomposition events (as described in

FIG. 6. (A) Reaction between lipid hydroperoxide and pyruvic acid. The 500 nmols=ml of 13-HPODE was reacted with
7.5 mmols=ml of PYR in 1 ml of PBS at pH 7.4 for 5 min at room temperature. After the incubation, a 50-ml aliquot of the
sample (in duplicate) was taken for the LMB assay, as described in Methods. The remaining sample was acidified with 25ml
of 1N HCl and extracted with 2 ml of ether. Ether was then evaporated overnight, and the resultant residue was dissolved in
methanol. The conjugated diene was measured by reading the spectrum at 234 nm, with methanol as blank. The experiment
was done in triplicate. The graph is an average of three experiments done with fresh LOOH and PYR and expressed as a
percentage of the remaining diene and peroxide. The Y axis represents the percentage of the remaining diene and peroxide in
the reaction; this is statically significant ( p< 0.05). (B) CO2 trapping in lipid hydroperoxide and pyruvic acid reaction: the
50 mM LOOH reacted with a similar concentration of PYR in a microtube. The mixture was incubated at 378C in a dry-bath
incubator. The carbon dioxide was trapped by using filter paper, as previously described in Methods. The Y axis represents
the percentage of radioactive calcium carbonate present in the filter paper. Formation of calcium carbonate and rate of CO2

released was significant ( p< 0.05). (C) NMR spectroscopy of the reaction between pyruvate and 13-HPODE. The 12 mmoles of
HPODE was allowed to react with 60mmoles of PYR at room temperature. After overnight incubation, the samples were
lyophilized and dissolved in 750ml deuterium oxide and measured in 400-MHz 1H-NMR. Inserts are spectra of acetate and
pyruvate for comparison.
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the current study) are the hallmarks of progression and the
development of vulnerable lesions and not the initial forma-
tion of peroxidized lipids or early atherosclerotic lesions, as in
animals. If this be the case, infants or children, at very early
stages of lesion development, might benefit from antioxi-
dants, and the treatment of adult disease might require novel
strategies that would limit and detoxify the formation of
secondary oxidation products. Glutathione-dependent en-
zymes or a-keto acids, such as pyruvate, might serve to ac-
complish the purpose of ‘‘detoxifying’’ lipid peroxides and
generate alcohols that might undergo natural fatty acid oxi-
dation mechanisms.

Conversely, dicarboxylic acids (further oxidation product
of malondialdehyde or that of oxo-nonanoic acid), such as
AZA, would have important antiatherogenic properties: as
do other dicarboxylic acids, they would have great affinity
for calcium and precipitate calcium in lipid-rich domains.
This might account for the unusually high calcification as-
sociated with lipid-core domains. It is too premature to
speculate about the effects of increased aortic calcification,
as the literature is divided on the topic. Although calcium is
definitely correlated with plaque burden, calcification also
protects against plaque vulnerability. In addition, AZA has
been shown to have antiinflammatory properties and has
been noted to decrease cytokine production by macro-
phages and inflammatory cells (10). It also has been noted
to reduce oxidant production by leukocytes (1). Thus, it has
been added as an active ingredient in topical skin medica-
tions, particularly as an antiacne agent. In conclusion, the
role of antioxidants in controlling the atherosclerotic process
should be studied in the context of steps that are involved
beyond initial oxidation, as outlined in Fig. 8. In animal
atherosclerosis, which is studied in the short term, the em-
phasis is on establishing the lesions. Thus, antioxidants, such
as a-tocopherol, might affect predominantly the initial for-
mation and progression of the lesion. In humans, particularly
in those who already have clinically significant events, the
early steps might have already occurred. In such cases, a-
tocopherol and similar antioxidants could affect the conver-
sion of aldehydes into carboxylic acids. The latter, are
presumed to be nonatherogenic and are easily degraded via
fatty-acid degradation pathways.
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