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The addition of oxygen to lipids is an
important process developed by biological
systems to generate a wide spectrum of
compounds both by enzymatic and non-en-
zymatic mechanisms. The oxidation of
lipids precedes that of other biomolecules
and unlike oxidized proteins, for example,
which are destined for destruction, oxi-
dized lipids may serve as messengers for
communication both within and between
cells or may induce structural and metabol-
ic changes in the cell1. 

Both enzymatic and non-enzymatic
lipid oxidation may be triggered by inflam-
matory and mitogenic stimuli. Thus, in the
light of the involvement of chronic inflam-
mation which, owing to the fact that it
makes atherosclerotic plaques in coronary
vessels prone to rupture2, has been pro-
posed as an important risk factor for coro-
nary events, extensive studies have been
conducted to probe the involvement of the
different pathways of lipid oxidation in the
pathogenesis of coronary heart disease. In
this review, I will summarize the major
findings and I will point out the possible fu-
ture directions in studying the involvement
of lipid oxidation in myocardial infarction.
Further researches in this setting are neces-
sary since half of the patients presenting

with myocardial infarction do not have the
classical risk factors2.

Enzymatic lipid oxidation

Arachidonic acid, a polyunsaturated fatty
acid containing 4 cis double bonds esteri-
fied at the sn-2 position of the glycerol
backbone of membrane phospholipids,
once released by the activity of phospholi-
pase A2, is oxidized in reactions catalyzed
by the isoforms of prostaglandin (PG) H
synthase (known as cyclooxygenase-1 and
-2 or COX-1 and -2) or by the family of
lipoxygenases that produces a broad range
of biologically active compounds, i.e.
prostanoids, leukotriene and lipoxins3,4.
Lipoxygenases can peroxidize membrane
lipids that remain esterified in membrane
phospholipids with the formation of hy-
droxyeicosatetraenoic acids (HETEs) that,
in turn, induce a series of functional cellu-
lar changes4. The enzyme 15-lipoxygenase
has been implicated in the oxidation of
low-density lipoproteins5, a key event in the
initiation of atherosclerosis2.

The two isoforms of the enzyme COX
catalyze the bis-dioxygenation of arachi-
donic acid, generating PGH2, the precursor
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The addition of oxygen to lipids, in response to inflammatory and mitogenic stimuli, is an impor-
tant process developed by biological systems to generate a wide spectrum of compounds both by en-
zymatic and non-enzymatic mechanisms. These oxidized lipids may serve as messengers for commu-
nication both within and between cells or may induce structural and metabolic changes in the cell.
Since chronic inflammation has been proposed as an important risk factor for coronary events by
making atherosclerotic plaques prone to rupture, extensive studies have been conducted to probe the
involvement of the different pathways of lipid oxidation in the pathogenesis of coronary heart disease.
The oxidation of arachidonic acid and 2-arachidonylglycerol through the activity of cyclooxygenase-2
may play a role in plaque instability through dysregulation of vascular tone and induction of endothe-
lial dysfunction. Moreover, two families of biologically active mediators formed by free-radical cat-
alyzed oxidation of arachidonic acid and phosphatidylcholine, i.e. isoprostanes and platelet activating
factor-like lipids, respectively, may be involved. Clarification of the metabolic steps of lipid oxidation
altered in unstable coronary artery disease will be of valuable help in identifying new cardiovascular
markers for the prediction of the long-term risk of death from cardiac causes. The integration of this
information with the presence of mutations in the genes encoding the enzymatic machinery of lipid ox-
idation will be useful in the selection of patients with increased risk of myocardial infarction.
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of a family of biologically important and diverse
prostanoids including PGE2, prostacyclin (PGI2) and
thromboxane (TX) A2 (Fig. 1A)3. COX-1 displays the
characteristics of a “housekeeping gene” and is consti-
tutively expressed throughout the body; it is involved in
both human physiology (e.g. cytoprotection of the gas-
tric mucosa and maintenance of the glomerular filtra-
tion rate and renal blood flow) and pathology (e.g. the
enhanced platelet activation associated with cardiovas-
cular risk factors)6. COX-1 is the only isoform ex-
pressed in platelets7 and several lines of experimental
and clinical evidence support the belief that prevention
of myocardial infarction and ischemic stroke by aspirin
is largely due to the permanent inactivation of platelet
COX-1 and as a result to the synthesis of TXA2

8, a po-
tent agonist of platelet aggregation that has mitogenic
and constrictive properties for vascular smooth muscle
cells9,10. In contrast, COX-2 is the product of an “im-
mediate-early gene” that is rapidly inducible and tight-
ly regulated11. Under normal conditions, constitutive
COX-2 expression is restricted to a limited number of
tissues, such as the brain, kidney, reproductive system
and vasculature; however, COX-2 is up-regulated in re-
sponse to cytokines, bacterial endotoxins, growth fac-
tors and tumor promoters in a variety of cell types12.
Thus, overexpression of COX-2 may act as an amplifi-
cation loop in the propagation of the initial activation
signal to adjacent cells. COX-2-dependent prostanoid
biosynthesis may be involved in a variety of human
pathological conditions, such as chronic arthritis,
Alzheimer’s disease, colorectal cancer and acute coro-
nary syndromes. It has been proposed that COX-2 ex-
pression in nucleated cells (e.g. monocytes/ma-
crophages and/or vascular cells) in response to an in-
flammatory milieu may be involved in the aspirin-in-
sensitive TXA2, biosynthesis detected in patients with
acute coronary syndromes13. In fact, in unstable angina
patients, the occurrence of episodes of enhanced
biosynthesis in vivo of TXA2, as reflected by the uri-
nary excretion of its major enzymatic metabolites 11-
dehydro-TXB2 and 2,3-dinor-TXB2, has been reported.
This, despite the > 90% suppression of platelet COX-1
activity by low-dose aspirin, as monitored ex-vivo14.
The involvement of COX-2 expression in this phenom-
enon can now be probed by the use of a new class of se-
lective COX-2 inhibitors (coxibs) in this setting6,15.
However, the interpretation of these studies may be
hampered by the concomitant inhibition of the COX-2-
dependent biosynthesis of PGI2

16, a postulated athero-
protective mediator. 

Cortisol secretion represents an endogenous mech-
anism which limits inflammation in vivo17. Similarly to
synthetic glucocorticoids, cortisol has been shown to
down-regulate COX-2 expression in vivo in experimen-
tal animals18. Studies aimed at ascertaining whether
failure of the hypothalamic-pituitary-adrenal axis acti-
vation may be involved in enhanced TXA2 biosynthesis,
in response to inflammatory or mitogenic stimulation,

in acute coronary syndromes are currently underway.
The results of these studies will provide valuable infor-
mation on the possible mechanism of uncontrolled in-
flammation that has been proposed as a contributory
factor to plaque instability2.

The endogenous cannabinoid system appears to
have vascular, neurological, immunological and repro-
ductive functions19. Moreover, the cannabinoids exert
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Figure 1. Enzymatic and non-enzymatic pathways of lipid oxidation. A:
oxygenation of arachidonic acid (AA) and 2-arachidonylglycerol (2-AG)
to prostanoids [prostaglandin (PG) E2, PGD2, PGF2�, prostacyclin
(PGI2) and thromboxane (TX) A2] and glyceryl-prostaglandins (PGE2-
G, PGD2-G) and glyceryl-hydroxyeicosatetraenoic acids (11-HETE-G,
15-HETE-G), respectively, by cyclooxygenase (COX)-2. B: synthesis of
isoprostanes (iP) and isothromboxanes by means of a free radical-cat-
alyzed attack on esterified arachidonate. F2-iPs possess a 1,3-dihydroxy-
cyclopentane ring (PGF ring). Depending upon which of the labile hy-
drogen atoms is first abstracted by means of the free radical attack, up to
64 isomers in four structural classes can be generated. C: enzymatic syn-
thesis of platelet activating factor (PAF) and oxidative fragmentation of
alkyl phosphatidylcholine (PC). Some oxidatively fragmented alkyl PCs
are PAF mimetic. From McIntyre et al.41, modified.



significant vascular effects in humans and laboratory
animals. In particular, the cannabinoids cause vasodila-
tion and hypotension20. The possible mechanisms of
these effects include the inhibition of transmitter re-
lease from sympathetic nerve terminals, direct effects
on vascular smooth muscle cells and effects on en-
dothelial cell function. The identification of 2-arachi-
donylglycerol (2-AG) as an endogenous ligand for the
central (CB1) and peripheral (CB2) cannabinoid recep-
tors has prompted interest in enzymes capable of mod-
ifying or inactivating this endocannabinoid. It has been
reported that 2-AG serves as a COX-2 selective sub-
strate that is metabolized as effectively as arachidonic
acid (Fig. 1A)21. The products of 2-AG oxygenation are
PG and HETE esters that represent the first entries into
a novel class of glyceryl eicosanoids. Thus, COX-2
may play a regulatory role in endocannabinoid signal-
ing by decreasing 2-AG levels and reducing the tone at
cannabinoid receptors. Whether this effect may con-
tribute to plaque instability through the dysregulation
of vascular tone and induction of endothelial dysfunc-
tion remains to be investigated. 

Non-enzymatic lipid oxidation

Non-enzymatic lipid oxidation by free radicals is a
detrimental event for the cell and organisms that em-
ploy numerous approaches to block the productionof or
limit the damage by these toxic agents. In fact, many
oxidative chemical reactions may show exponential re-
action rates, and some of the products are highly reac-
tive species that modify proteins and DNA1. 

Isoprostanes (iPs) are a family of prostaglandin-
like compounds formed non-enzymatically by means
of a free radical-catalyzed attack on esterified arachi-
donate followed by enzymatic release from cellular or
lipoprotein phospholipids22-24. F2-iPs possess a 1,3-di-
hydroxycyclopentane ring (PGF ring). Depending up-
on which of the labile hydrogen atoms is first abstract-
ed by free radical attack, up to 64 isomers in four struc-
tural classes can be generated (Fig. 1B). Compounds
analogous to the F2-iPs may be synthesized from other
fatty acid substrates. Similarly, free radical-derived
isomers of other PGs, leukotrienes, and epoxy-
eicosatrienoic acids have been reported. iPs are so
closely related to PGs that they exert their actions by
capturing the receptors for PGs. F2-iPs are detectable
in human atherosclerotic lesions, particularly within
monocyte/macrophages and smooth muscle cells25.
They circulate in the plasma at low concentrations and
are excreted in the urine22-24. 8-iso-PGF2� (also re-
ferred to as iPF2�-III26) is an abundant F2-iP formed in
vivo in humans. This compound is of particular inter-
est because it induces vasoconstriction and modulates
the function of human platelets23 through the interac-
tion with TXA2/PGH2 receptors (TPs)27. However, un-
like TXA2, the interaction of 8-iso-PGF2� with platelet

TPs is associated with a morphologic change which
does not result in the release of intracellular granules.
This iP primes platelets to respond by aggregating ful-
ly in spite of the presence of subthreshold concentra-
tions of other platelet agonists. 8-iso-PGF2� has been
proposed to act as a signal transduction mechanism of
oxidative stress-dependent platelet activation. Presum-
ably, many other iPs are biologically active; this will
be revealed when the synthetic compounds will be
available.

Altered generation of iPs has been reported in a va-
riety of syndromes putatively associated with oxida-
tive stress. These include coronary ischemia-reperfu-
sion syndromes28, Alzheimer’s disease29, adult respira-
tory distress syndrome, chronic obstructive pulmonary
disease30, and cystic fibrosis31. Enhanced synthesis of
F2-iPs has been reported in unstable angina32 and in as-
sociation with several cardiovascular risk factors, in-
cluding hypercholesterolemia33, diabetes mellitus34,
and cigarette smoking35,36. The latter conditions are
characterized by increased lipid peroxidation in re-
sponse to complex metabolic abnormalities or to vari-
ous constituents of cigarette smoke. There is some ev-
idence that iP formation may increase with age. Fur-
thermore, even alcohol has been shown to increase iP
synthesis37. 

The non-invasive measurement of F2-iP may repre-
sent a useful tool for the identification of subjects with
enhanced rates of lipid peroxidation who may benefit
from antioxidant intervention. Moreover, the measure-
ment of F2-iP formation in vivo permits investigation of
the dose-response relationship of antioxidants in vivo,
thereby providing guidance for their rational use in rel-
evant models of disease38,39.

The same initial process (peroxidation of arachi-
donate esterified in phospholipids) can also yield
another family of lipid mediators, the oxidized phos-
phatidylcholines with biologic activities similar to
those of platelet activating factor (PAF) (Fig. 1C)40,41.
They are potent biologically active compounds which
trigger components of the immune and inflammatory
systems. Some of these oxidation products activate
cells expressing the PAF receptor. They activate hu-
man leukocytes, stimulate Ca2+ transients in platelets
and the secretion of �-interferon from human mono-
cytes. These oxidatively fragmented PAF-like lipids
also induce [3H]thymidine incorporation into smooth
muscle cells41, an event relevant to the smooth muscle
hypertrophy of atherosclerosis2. Unlike the synthesis
of PAF that is tightly controlled by enzymes, its
free radical-catalyzed oxidation products are poten-
tially formed at high concentrations and may thus
cause a pathological result. Due to the biological
activity of these new oxidized lipids, further studies
will be of valuable importance for the ascertainment
of the role of these new products of non-enzymatic
lipid oxidation in the development of cardiovascular
diseases.
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Conclusions

An extensive number of biologically active oxi-
dized lipids can be formed in the cell both by enzymat-
ic and non-enzymatic reactions. While enzyme-derived
lipid formation may be controlled effectively by the use
of selective drugs in humans, new, wide spectrum an-
tioxidant drugs are probably required to efficiently
block lipid oxidation in the cell. However, the develop-
ment of a novel non-invasive analytical approach quan-
tifying the antioxidant effect of conventional and new
drugs in vivo, is provided by measurement of F2-iP lev-
els in plasma and urine.

The discovery of new families of oxidized lipids
leads to the awareness that presumably we have uncov-
ered only the surface of the complex network devel-
oped by the cell to modify lipids. Clarification of the
metabolic steps of lipid oxidation altered in unstable
coronary artery disease will be of valuable help for the
identification of new cardiovascular markers which
predict the long-term risk of death from cardiac causes.
The integration of this information with knowledge re-
garding the presence of mutations in the genes encod-
ing the enzymatic machinery of lipid oxidation will be
useful for the selection of patients at an increased risk
of myocardial infarction.
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