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Abstract Lipid peroxidation is a well known example of
oxidative damage in cell membranes, lipoproteins, and
other lipid-containing structures. Peroxidative modification
of unsaturated phospholipids, glycolipids, and cholesterol
can occur in reactions triggered by i) free radical species
such as oxyl radicals, peroxyl radicals, and hydroxyl radicals
derived from iron-mediated reduction of hydrogen perox-
ide or ii) non-radical species such as singlet oxygen, ozone,
and peroxynitrite generated by the reaction of superoxide
with nitric oxide. Lipid hydroperoxides (LOOHSs) are
prominent non-radical intermediates of lipid peroxidation
whose identification can often provide valuable mechanistic
information, e.g., whether a primary reaction is mediated
by singlet oxygen or oxyradicals. Certain cholesterol-
derived hydroperoxides (ChOOHs) have been used very
effectively in this regard, both in model systems and cells.
Being more polar than parent lipids, LOOHs perturb
membrane structure/function and can be deleterious to
cells on this basis alone. However, LOOHs can also partici-
pate in redox reactions, the nature and magnitude of which
often determines whether peroxidative injury is exacer-
bated or prevented. Exacerbation may reflect iron-catalyzed
one-electron reduction of LOOHSs, resulting in free radical-
mediated chain peroxidation, whereas prevention may re-
flect selenoperoxidase-catalyzed two-electron reduction of
LOOHs to relatively non-toxic alcohols. LOOH partition-
ing between these two pathways in an oxidatively stressed
cell is still poorly understood, but recent cell studies involv-
ing various ChOOHSs have begun to shed light on this
important question. An aspect of related interest that is
under intensive investigation is lipid peroxidation/LOOH-
mediated stress signaling, which may evoke a variety of cel-
lular responses, ranging from induction of antioxidant en-
zymes to apoptotic death. Ongoing exploration of these
processes will have important bearing on our understanding
of disease states associated with peroxidative stress.—
Girotti, A. W. Lipid hydroperoxide generation, turnover,
and effector action in biological systems. J. Lipid Res. 1998.
39: 1529-1542.
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Propagative lipid peroxidation is a degenerative process
that affects cell membranes and other lipid-containing
structures under conditions of oxidative stress (1-3). Our
understanding of how this complex process occurs and
how cells respond to it, e.g. by enhancing cytoprotective
activity, is improving steadily, but much remains to be
learned. The intent of this review is to address some of
these important issues. Lipid hydroperoxides (LOOHSs)
derived from unsaturated phospholipids, glycolipids, and
cholesterol are prominent intermediates of peroxidative
reactions induced by activated species such as hydroxyl
radical, lipid oxyl or peroxyl radicals, singlet oxygen, and
peroxynitrite (2, 3). Once formed, LOOHs may undergo
reductive degradation which either diminishes or enhances
cytotoxic potential, depending on a variety of circum-
stances (3-5). In addition, LOOHSs or related peroxida-
tion intermediates/products may trigger signal transduc-
tion pathways calling for either greater cytoprotection
(exemplified by up-regulation of detoxifying enzymes) or
deliberate termination (apoptotic death) (6). Although
much has been written about lipid peroxidation and its
possible cytopathological consequences (1-3), less atten-
tion has been directed to LOOHs per se, e.g., mechanisms

Abbreviations: ROS, reactive oxygen species; PUFA, polyunsatu-
rated fatty acid; LOOH, lipid hydroperoxide; LO, lipid oxyl radical;
LOO:, lipid peroxyl radical; OLOO", epoxyallylic peroxyl radical;
PLOOH, phospholipid hydroperoxide; ChOOH, cholesterol hydro-
peroxide; 5a-O0OH: 3B-hydroxy-5a-cholest-6-ene-5-hydroperoxide;
6a-O0H: 3-hydroxycholest-4-ene-6a-hydroperoxide; 6B-OOH: 3B-
hydroxycholest-4-ene-6B3-hydroperoxide; 7«,73-OOH: mixture of 3p-
hydroxycholest-5-ene-7a-hydroperoxide and 3B-hydroxycholest-5-ene-
7B-hydroperoxide; 5,6-epoxide: unspecified mixture of 5,6a-epoxy-5a- and
5,6B-epoxy-53-cholestan-3B-ol; Fe(HQ),, ferric-8-hydroxyquinoline; DFO,
desferrioxamine; TBARS, thiobarbituric acid reactive substances; SePX,
selenoperoxidase; GPX, glutathione peroxidase; PHGPX, phospho-
lipid hydroperoxide glutathione peroxidase; SOD, superoxide dismu-
tase; CAT, catalase; GSH/GSSG, reduced glutathione/glutathione di-
sulfide; PLA,, phospholipase-A,; Se(+), selenium-replete cells; Se(—),
selenium-deficient cells; HPLC-EC(Hg), high performance liquid
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of formation under various prooxidant conditions, and
comparative susceptibilities to one-electron or two-elec-
tron reduction in cells. This article deals with these as-
pects for LOOHSs in general, but with some emphasis
on cholesterol-derived hydroperoxides (ChOOHs), which
arise most prominently in plasma membranes and lipo-
proteins, and have been studied extensively in this labora-
tory (4). Recent advances in this area have been made
possible largely through the development of highly sensi-
tive and specific methods for measuring LOOHs, some of
which will be mentioned along the way.

OXYGEN ACTIVATION, LIPID PEROXIDATION,
AND LIPID HYDROPEROXIDES

Reactive oxygen species

Small amounts of potentially toxic reactive oxygen spe-
cies (ROS) can be generated in eukaryotic cells by normal
oxidase action and during the course of electron trans-
port in mitochondria or endoplasmic reticulum (3, 7).
Electron “leaks” in the transport pathways can give rise to
superoxide radical (O,7), which may either dispropor-
tionate or be reduced, giving rise to hydrogen peroxide
(H,0,). The generation rate of these ROS can increase
dramatically when cells are confronted with redox cycling
compounds such as bipyridyls or anthracyclines, which in-
tercept electrons at the level of flavins or quinone carriers
and then autoxidize, resulting in large increases in O,~
and H,0, yield (8-10). In the special case of phagocytic
cells (macrophages, neutrophils), O, is deliberately over-
produced during an “oxidative burst” associated with
NADPH oxidase activation, and H,O, is correspondingly
generated (11). While O, and H,O, may be individually
damaging under some circumstances (12, 13), the effects
are usually more dramatic in combination with one
another or with other reactive species. Perhaps the best
known example is iron-mediated reduction of H,O, by
O, (reduction of Fe3* by O, coupled to Fenton-type
reduction of H,O, by Fe2*), which gives rise to hydroxyl
radical (HO"), an exceedingly strong and indiscriminate
oxidant that can abstract allylic hydrogens, add (hydroxy-
late), or accept electrons, depending on the target mole-
cule (14). Most HO" reactions are extremely rapid, ap-
proaching diffusion limits (14). Therefore, in a biological
system such as a cell membrane, HO" would react very
close to its point of formation, which is typically a ligation
site for redox-active iron. This is often referred to as “site-
specific” reactivity (15, 16). In such systems, it is difficult to
diagnose for HO" intermediacy by using scavengers or traps
because high enough concentrations for achieving local-
ized competition are often beyond practical limits (16).

Superoxide per se can also oxidize biological substrates,
but is rather selective in this. For example, O, readily ox-
idizes iron-sulfur clusters and inactivates proteins bearing
these groups (12), but unlike its conjugate acid, hydroper-
oxyl radical (HOO), cannot trigger lipid peroxidation by
abstracting allylic hydrogens (17). However, O, reacts ex-
tremely rapidly with another naturally occurring (and also
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poorly oxidizing) radical, nitric oxide ("NO), to give per-
oxynitrite (ONOO™)/peroxynitrous acid (ONOOH), a
strong general oxidant and nitrating agent (18, 19). A va-
riety of cells, including neutrophils, macrophages, neu-
rons, and endothelial cells can produce both O, and
‘NO through the respective actions of various oxidases
and nitric oxide synthases (20). The true oxidant in the
ONOO~/ONOOH system appears to he ONOOH, which
decays rapidly via an activated intermediate that is diag-
nostically indistinguishable from HO" (18, 19, 21). At pH
7.4 and 37°C, ~20% of the ONOOH/ONOO ™ pair exists
as ONOOH, as its pK, is ~6.8 (22). Peroxynitrite is known
to be generated by activated macrophages, neutrophils,
and endothelial cells, and it may play an important role
in pathologies such as chronic inflammation, ischemia/
reperfusion injury, and atherosclerosis (20, 23).

In addition to cellular sources, there are numerous en-
vironmental sources of ROS, important examples being
ionizing and non-ionizing radiation. Of growing biomedi-
cal interest in the latter category are near ultraviolet radia-
tion (UVA, 320-400 nm) and visible radiation (400-700
nm), which, together with appropriate photoexcitable
compounds (sensitizers) and molecular oxygen, can pro-
duce oxidative injury through photodynamic action (24).
UVA is insidious because i) it passes through the strato-
spheric ozone layer, unlike shorter wavelength radiation,
and ii) it comprises a major part of the spectral output of
commercial tanning lamps (25). Endogenous (intracellu-
lar) UVA-absorbing sensitizers include tetrapyrroles (e.g.,
protoporphyrin IX, bilirubin), flavins (FMN, FAD), and
reduced pyridine nucleotides (NADH, NADPH), whereas
exogenous sensitizers can be found in certain drugs, cos-
metics, and food additives (25-28). Likewise, there are nu-
merous sensitizers, both naturally occurring and syn-
thetic, that are activated by visible light. Most prominent
among these are the dyes/pigments being developed for
therapeutic purposes, e.g. photodynamic therapy for in
vivo or ex vivo eradication of tumors (29, 30). Singlet oxy-
gen in the A4 state (*O,) has been reported to be an im-
portant ROS in UVA-driven reactions, particularly at
longer wavelengths (31), and also in many reactions in-
volving exogenous sensitizers and visible light (24, 32).
Singlet oxygen, which is not a radical, is generated by
~22.5 kcal of energy transfer from a relatively long-lived
sensitizer triplet (3S) to ground state oxygen (30,). Photo-
dynamic reactions may also give rise to reduced oxygen
species such as O,~, H,0,, and HO"; these frequently derive
from hydrogen or electron transfer from a reductant (RH)
like NAD(P)H or ascorbate to 33, followed by autoxidation
of the latter (32). Reactions stemming from 3S/RH encoun-
ters are referred to as Type I, whereas those stemming
from 35/30, encounters are referred to as Type 11 (33).

Ozone (O3) is a bona fide ROS, but curiously is often
omitted from discussions about ROS pathobiology. In the
lower atmosphere of heavily populated cities, O3 is a ma-
jor pollutant generated by photochemical reactions be-
tween nitrogen oxides and trace hydrocarbons (14). Like
10,, O; is a powerful non-radical oxidant, which can pro-
duce free radicals in vitro and in vivo while provoking
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membrane lipid peroxidation, enzyme inactivation, and
other cytodamage (34-36). The primary target of O3 tox-
icity is the lung, where respiratory bronchioles can un-
dergo various types of structural and functional damage
(37). Similar to many of the other ROS described, O3 has
been shown to induce cytoprotective antioxidant en-
zymes, both in cellular and animal model systems (38).

Lipid peroxidation and lipid hydroperoxide formation
Unsaturated phospholipids, glycolipids, and cholesterol
in cell membranes and other organized systems are prom-
inent targets of oxidant attack. This can result in lipid per-
oxidation, a degenerative process that perturbs structure/
function of the target system, often with cytopathological
consequences (1-5). Lipid peroxidation has been linked
to a variety of disorders, including atherogenesis, ischemia—
reperfusion injury, and UV-induced carcinogenesis (3). It
may also play a role in the cytotoxic effects of oxidant-
based chemotherapeutic and phototherapeutic drugs (4,
29). As shown in Fig. 1, involvement of reduced oxygen
species in lipid peroxidation may commence with the re-
duction or dismutation of metabolically or photochemi-
cally generated O,~ to H,O,. Fenton-type reduction of
H,O, by suitably chelated iron (e.g., membrane-associated
Fe2*) produces HO, which can trigger chain peroxida-
tion by abstracting allylic hydrogens from proximal unsat-
urated lipids (LHs). For phospholipids, these hydrogens
would typically derive from sn-2 fatty acyl groups, whereas
for cholesterol, the C-7 hydrogen is most reactive in this
regard (39). Rapid addition of 30, to the resulting lipid
radicals (L) propagates the reaction via peroxyl radical
(LOO") intermediates, with concomitant formation of
lipid hydroperoxide (LOOH) species (1-4). Because of
their increased polarity and long lifetimes compared with
free radical precursors, LOOHs may be able to migrate
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from points of origin to more sensitive sites, e.g. sites at
which iron-mediated cytotoxicity might be elicited (see
below). Such movements (if detoxifying enzymes are not
encountered) might be spontaneous or facilitated by lipid
transfer proteins, possibilities that are currently under in-
vestigation in the author’s laboratory.

In discussing free radical-mediated lipid peroxidation,
it is important to point out that two homologous or heter-
ologous peroxyl radicals have a finite possibility of under-
going Russell-type disproportionation to give an alcohol, a
ketone, and oxygen (40). The oxygen is either 1O, or 20,,
and the ketone is correspondingly in the ground state or
triplet excited state. The luminescence associated with
free radical peroxidation is often attributed to these reac-
tions (41). It has been well established that lipid peroxi-
dizability in model membranes and cells increases not
only with polyunsaturated lipid content, but also with de-
gree of fatty acyl unsaturation (42-44). With regard to the
latter, spin trapping EPR (electron paramagnetic reso-
nance) studies have shown that the rate of overall lipid
peroxidation in oxidatively stressed leukemia cells in-
creases exponentially with the number of bis-allylic hydro-
gens (44). This contrasts with the situation in homoge-
neous solution, where the peroxidation rate varies linearly
with bis-allylic hydrogen content (45). This discrepancy is
presumably related to the fact that most cellular lipids are
closely packed and as such are more interactive in terms
of chain propagation.

A similar overall mechanism would apply for ONOOH-
or Os-induced lipid peroxidation. In the case of ONOOH,
homolytic decomposition gives HO' and O,N", either of
which could act as a H-abstracting initiator (46). Accord-
ing to a more recent proposal, however, the more proba-
ble initiator is an activated isomer of ONOOH with prop-
erties similar to HO" (21). Surging interest in "NO-related

Fig. 1. Scheme depicting important routes of lipid
hydroperoxide (LOOH) formation and turnover in
oxidatively challenged cells. ROS such as 1O, gener-
ated by photodynamic action (Sens/hv) or HO" gen-
erated by Fenton chemistry (H,O,/iron) gives rise
to primary stage LOOHs. These LOOHs may un-
dergo iron-mediated one-electron reduction and ox-
ygenation to give epoxyallylic peroxyl radicals
(OLOO"), which trigger exacerbating rounds of free
radical-mediated lipid peroxidation. For 10, sys-
tems, radical chemistry would start here, whereas for
HO" systems, radical chemistry would continue to be
propagated. Alternatively, LOOHs may undergo two-
electron reduction to redox-inert alcohols (LOHs);
these reactions are typically catalyzed by GSH-depen-
dent selenoperoxidase(s) (SePX), most prominently
phospholipid hydroperoxide glutathione peroxidase
(PHGPX). This represents a secondary (reparative)
level of cytoprotection. Other antioxidant enzymes,
including glutathione peroxidase (GPX, another
SePX), catalase (CAT), and members of the super-
oxide dismutase (SOD) family protect mainly at the
primary (preventative) level. Agents such as a-toco-
pherol (a-TOH) and ferritin can suppress LOOH
formation by protecting at both the primary and sec-
ondary stages of lipid peroxidation.

02

SOD
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cytotoxicity should lead to further clarification of this
mechanism in the near future. Ozone can add across an un-
saturated fatty acid double bond to give a 1,2,3-trioxolane,
O-0 homolysis of which gives an oxygen-centered diradical
(47). The latter may undergo B-scission to split out a carbon-
centered radical or rearrange to a carbonyl oxide, which in
turn produces radicals via B-scission. As in HO-triggered
reactions (Fig. 1), these radicals can set peroxidation
chains in motion, leading to formation of LOOHSs and vari-
ous other characteristic intermediates and by-products.

In contrast to HO* or ONOOH, 10, can react directly
with unsaturated fatty acyl groups or with cholesterol (see
Fig. 1) to give LOOHs with double bonds shifted to the al-
lylic position. This is an example of the “ene” reaction of
10, with olefins (32). All atoms of the hydroperoxyl group
derive from 10, and the target lipid. This contrasts with a
free radical-generated hydroperoxyl group, which derives
from 30, and another H-donating lipid. A unique at-
tribute of 1O,-generated LOOHs is that in the absence of
reductants and metal catalysts, they accumulate linearly
without lag as a function of 1O, generation (4). It is unfor-
tunate that many articles and reviews continue to give
the impression that all lipid peroxidation reactions are
free radical in nature, notwithstanding the fact that 10,
mediated peroxidation does not per se involve free radi-
cals. On the other hand, radical-mediated peroxidation
might give rise to 10, via LOO" disproportionation (see
above), and this 10, might produce new LOOHs, thereby
contributing to overall peroxidative damage. However, ev-
idence in support of such a mixed mechanism is rather
limited thus far (48).

Enzymatic and non-enzymatic inhibitors of
lipid peroxidation

Eukaryotic cells are equipped with a variety of primary
and secondary defenses against lipid peroxidation and
other deleterious effects of oxidative stress (49, 50). Both
constitutive and inducible systems have been described
(50). Potentially lethal injury can occur if these defenses
are overwhelmed. Primary defenses are mainly preventa-
tive, whereas secondary defenses have a “back-up” protec-
tive role, which might typically involve excision/repair of
any lesions that do develop. Primary cytoprotection relies
on the scavenging/inactivation of ROS or redox metal
ions before lipid peroxidation takes place. This aspect has
been amply covered in numerous other reviews (3, 12, 49,
50), and, therefore, will be touched upon only briefly.
Enzymes involved in primary cytoprotection include i)
the copper/zinc-dependent (cytosolic) and manganese-
dependent (mitochondrial) superoxide dismutases (SODs);
ii) cytosolic and mitochondrial glutathione peroxidase
(GPX), which scavenges H,O, efficiently at relatively low
concentrations (low Ky); and peroxisomal catalase
(CAT), which scavenges H,O, efficiently at relatively high
concentrations (high Ky, (Fig. 1). (GPX may also be ef-
fective at the secondary stage, e.g., by detoxifying fatty
acid hydroperoxides; see below.) On the other hand,
there are no known specific enzymatic scavengers for 10,
or Og; however, like HO', these species can be intercepted
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(often indiscriminately) by a variety of low molecular
weight antioxidant compounds (51). Chain-breaking anti-
oxidants such as a-tocopherol (a-TOH) and butylated hy-
droxytoluene (BHT) can afford primary as well as second-
ary stage protection; by competing with LHs for peroxyl
radicals (Fig. 1), they also produce LOOHs, but in much
lower overall yield than without competition, and this ba-
sically accounts for their efficacy. Provocative recent stud-
ies have revealed that ‘NO can also function as a chain-
breaking antioxidant by reacting with peroxyl radicals,
and appears kinetically to be more effective in this than
o«-TOH, at least in model systems (52, 53). In the process,
lipid nitrites and nitrates appear to be generated via re-
arrangement of unstable nitrosoperoxyl intermediates
(53). Thus, "NO by itself can act as a lipid antioxidant,
but upon reacting with O, it becomes ONOO~/
ONOOH, a powerful lipid prooxidant (see above). The
expression and regulation of this dual activity in vivo, e.g.,
in the vascular system, is clearly a matter of great impor-
tance (23). In addition to these various agents there are
iron-sequestering proteins, lactoferrin and ferritin being
prime examples (3), which play an important role in lim-
iting peroxidation potency, both at the primary and sec-
ondary levels (Fig. 1).

Lipid hydroperoxides as mechanistic
reporters in oxidant systems

Lipid peroxidation and other oxidative damage can be
“diagnosed” for free radical or 1O, involvement in a vari-
ety of ways, each with certain advantages and disadvan-
tages. One popular approach is to determine whether a
reaction is inhibited by well-established free radical or
non-radical scavengers, i.e., compounds that intercept
these species at high rates. Along these lines mannitol has
been used for HO", butylated hydroxytoluene (BHT) for
LOO" or LO, and azide or histidine for 10, (14). Unfor-
tunately, many of these agents lack absolute specificity. For
example, azide can intercept HO" as well as 1O,, and histi-
dine might chelate and thereby dislocate metal ions in-
volved in site-specific HO* formation. Moreover, highly
polar scavengers like azide and mannitol interact poorly
with membranes, whereas low polarity scavengers like
BHT may interact well, but in doing so perturb membrane
structure, possibly interfering with chain propagation for
this reason. Approaches based on stimulation of a reac-
tion have also been used. For example, substituting D,O
for H,O increases 10, lifetime by about 15-fold and on this
basis D,O would be expected to stimulate 1O,-mediated,
but not radical-mediated reactions (54). However, oxidiz-
able membrane lipids are typically located in H,O-poor
environments, and this might preclude a D,O effect.
Thus, not seeing such an effect in a peroxidation system
would not necessarily rule out 1O, intermediacy (55).

A more rigorous alternative to these approaches is
based on product screening, i.e., identification of species
that are uniquely characteristic of either 1O, or free radi-
cal intermediacy. The lipid substrate that has been ex-
ploited to greatest advantage in this regard is cholesterol.
Although phospholipid polyunsaturated fatty acyl (PUFA)

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

groups have also been considered as possible reaction
probes, cholesterol is clearly superior because i) unlike
PUFAs in natural membranes, it exists as a single molecu-
lar species, making product isolation and characterization
much less complicated; ii) its oxidation products are
ready for analysis without the need for potentially artifac-
tual hydrolysis steps; and iii) unlike phospholipids, it can
be readily transfer-radiolabeled in membranes and cells
without transfer protein requirement. Cholesterol prod-
ucts generated by ionizing radiation, photodynamic ac-
tion, ozone exposure, and other oxidant conditions have
been well characterized in simple systems such as organic
solvents, micelles, and liposomal membranes (39, 56-62).
In free radical-mediated reactions, the epimeric pair 7a-
OOH and 7B-O0H (Fig. 2) are generally the most promi-
nent hydroperoxide products, with lesser amounts of the
dihydroxy derivatives (7a-OH and 73-OH), 7-ketone (7-
one), epimeric 5,6-epoxides, and various other species
(39, 58, 61). The free radical-derived hydroperoxides arise
via direct attack of an oxidant on cholesterol (initiation)
and/or via propagation reactions (see Fig. 1). In 10,
mediated reactions, three characteristic peroxides are
seen: 5a-O0H, 6a-O0H, and 6B3-O0H (Fig. 2), the first
of these being generated at the highest rate in most reac-
tion systems (56, 57, 59, 60, 62). Although O, does not
produce 7a- or 73-OOH, this pair can arise via allylic rear-
rangement of 5a-OOH, which is especially pronounced in
low polarity solvents (63). On the other hand, no 5a-OOH
is generated in reactions that are purely free radical in na-
ture (58). Like other monoenoic lipids, cholesterol is oxi-
dized at a relatively low rate compared with PUFA-containing
phospholipids. However, problems of detection and quan-
titation have been alleviated for the most part by the avail-
ability of labeled cholesterol of high specific radioactivity
and also by the development of ultrasensitive new detec-
tors for chromatographic analysis (64—-66).

High performance analytical techniques

A broad array of techniques is available for measuring
lipid peroxidation and LOOHSs, ranging from relatively

CgHy7 CsHy;
HO E HO ) HO
R K, R,
R R, R,

5-O0H OOH 60-OOH OOH H 70-O0H

Sa-OH OH 6B-O0OH H OOH 7B—OOH
60-OH OH H 7o-OH
68-O0H H OH 7B-OH

simple “bulk” methods such as the thiobarbituric acid as-
say to sophisticated HPLC-based approaches with ex-
tremely high sensitivity and specificity. Two of the latter
have been used specifically for LOOH separation/detec-
tion, one using chemiluminescence detection, HPLC-CL
(67, 68), and the other mercury cathode electrochemical
detection, HPLC-EC(Hg) (69-71). Both of these approaches
represent state-of-the-art in LOOH analysis, although
HPLC-EC(HQ), which was developed more recently in this
laboratory (65), has distinct advantages and may be the
method of choice for future work in this area. Most of the
studies to be described dealing with biological LOOH
reduction involved the use of HPLC-EC(Hg) for perox-
ide analysis.

LIPID HYDROPEROXIDE TURNOVER IN
BIOLOGICAL SYSTEMS

Toxic effects of one-electron reduction

In addition to perturbing membranes directly, LOOHSs
arising from free radical- or 1O,-mediated lipid peroxida-
tion can undergo one-electron reduction to oxyl radical
(LO") intermediates. This reaction, which is kinetically
more favorable than one-electron oxidation (72), is typi-
cally mediated by Fe2*, which would necessarily be che-
lated in close proximity to a reactive LOOH, e.g., on a cell
membrane. At least three possibilities are open to LO®
radicals: i) direct H-abstraction and initiation of chain
peroxidation; ii) p-scission with formation of aldehydes
and alkyl radicals; and iii) rearrangement and oxygen-
ation to give epoxyallylic peroxyl radicals (OLOO"). Re-
cent studies with model systems have shown that the latter
alternative is far more favorable than the others (73, 74).
In that case, OLOO" (rather than LO-, as widely assumed)
would trigger rounds of free radical-mediated lipid perox-
idation, during which new hydroperoxide substrates are
generated (Fig. 1). Reactions of this type would exacerbate
the damaging effects of primary peroxidation alone (4, 5).

Metal ion-catalyzed oxidation of low density lipoprotein

CgHy7 CgHyy CgHyy
R HO™ ™% HO S0
1 O
R, R, 5,6-epoxide 7-one
OOH H
H OOH
OH H
H OH

Fig. 2. Structural formulas of relevant cholesterol oxidation products. The species shown are as follows: 33-hydroxy-5a-cholest-6-ene-5-
hydroperoxide (5a-OOH); 5a-cholest-6-ene-3p,5-diol (5a-OH); 3B-hydroxycholest-4-ene-6a-hydroperoxide (6a-OOH); 3p-hydroxycholest-
4-ene-6B-hydroperoxide (6B3-O0H); cholest-4-ene-33,6a-diol (6a-OH); cholest-4-ene-33,6B-diol (6B-OH); 3B-hydroxycholest-5-ene-7«-
hydroperoxide (7a-OOH); 3B-hydroxycholest-5-ene-73-hydroperoxide (78-O0OH); cholest-5-ene-33,7a-diol (7a-OH); cholest-5-ene-3,
7B-diol (78-OH); 5,6-epoxide: unspecified mixture of 5,6a-epoxy-5a- and 5,63-epoxy-53-cholestan-33-ol.
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(LDL) is an important example of damaging lipid peroxi-
dation that is driven by one-electron LOOH turnover.
Among other things, this process is associated with the ac-
cumulation of phospholipid-, cholesterol-, and cholesteryl
ester-derived hydroperoxides, along with aldehyde degra-
dation products (75-77). Various lines of evidence suggest
that LDL oxidation is an early vascular event that contrib-
utes to the development of atherosclerosis (78). The free
radical-mediated lipid peroxidation associated with LDL
oxidation causes apoB-100 protein modification, which in
turn greatly increases LDL uptake by vascular macro-
phages, leading ultimately to the formation of atheroscle-
rotic plaques (75, 79). In addition to this, oxidized LDL
has chemotactic and cytotoxic properties (78) and can
elicit stress signaling (80, 81). Most germane to this discus-
sion is the question of peroxidative mechanism and the
prospect that preexisting LOOHSs in LDL play a crucial
role in this mechanism. Carefully prepared human LDL
has been shown to contain trace amounts of cholesteryl
ester hydroperoxides (CEOOHSs) by HPLC-EC(Hg) analy-
sis, e.g., 6-12 pmol/mg protein, corresponding to ~1
CEOOH for every 200-400 particles (82). These and other
even less abundant LOOHSs were reduced to undetectable
levels by treating with GSH and the selenoperoxidase
PHGPX (see below). This material was found to be much
more resistant to a Cu2*-induced peroxidative burst than
an untreated control, whereas material enriched in CEOOH
by aging or photogeneration in situ was less resistant (82).
These findings clearly demonstrate that at any given antioxi-
dant level, LDL oxidizability depends strongly on its start-
ing LOOH content, which in vivo may be governed by
contact with lipoxygenases, lecithin:cholesterol acyltrans-
ferase, or LOOH-bearing cells (78, 82, 83). By undergoing
one-electron redox chemistry, these LOOHSs would drive
peroxidative chain reactions (Fig. 1), thereby promoting
oxidized LDL’s pathophysiological potential.
One-electron reduction of primary LOOHs may also oc-
cur during 1O,-mediated photodynamic reactions (Fig. 1).
This reduction would be light-independent and governed
by many different factors, including the availability of
iron, electron donors, and antioxidants. The interrela-
tionship of these factors in complex systems is still poorly
defined. In addressing this question for dye/light (*O,)-
treated leukemia cells (84), we recently showed, using
HPLC-EC(Hg) for peroxide analysis, that 5a-OOH and
6a,68-O0OH (10, adducts) were dominant in the early
stages of photooxidation, whereas 7«,73-OOH (radical
products) became so after prolonged irradiation or dur-
ing dark incubation after a dye/light dose. Using the 7-
OOH/5a-O0H ratio as a sensitive, internally consistent
index for monitoring these changes, we found that this ra-
tio increased steadily in the dark after a dye/light dose,
but that treating cells with DFO prevented this. The rise in
7-O0OH/5a-O0H was greatly enhanced by lipophilic iron
chelates, e.g., ferric-8-hydroxyquinoline [Fe(HQ),], but
diminished by butylated hydroxytoluene (BHT) (Fig. 3A).
Concomitantly, post-irradiation BHT was able to “rescue”
cells from progressively greater killing, presumably by in-
tercepting lipid-derived radicals generated by primary
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Fig. 3. Effect of butylated hydroxytoluene on post-irradiation
changes in cholesterol hydroperoxide ratio and cell killing. L1210
cells were preincubated without (control) or with 0.5 um Fe(HQ),,
and then exposed to a 0.38 J/cm? light fluence in the presence of
10 wm merocyanine 540, a sensitizing dye. (A) Cholesterol hydro-
peroxide analysis. Immediately after irradiation, BHT in ethanol or
ethanol alone was added to the control and Fe(HQ),-treated cells;
concentrations of BHT and ethanol in cell suspension were 25 um
and 0.5%, respectively. During subsequent dark incubation at 37°C,
samples were extracted and recovered lipid fractions were analyzed
by HPLC-EC(Hg). Temporal changes in 7-OOH/5a-O0H ratio are
plotted: (0) Control + ethanol; (0) Control + BHT/ethanol; (»)
Fe(HQ), + ethanol; (V) Fe(HQ), + BHT/ethanol. (B) Photokill-
ing. Immediately after irradiation, non-Fe(HQ),-treated cells were
treated with BHT at the indicated concentrations or with ethanol
vehicle (0 wm BHT). After these additions, the cells were incubated
in the dark for 20 h, after which survival was assessed by clonal assay.
Values in (A) and (B) are means = deviation of measurements from
duplicate experiments. From Geiger et al. (84), with permission.

LOOH degradation (Fig. 3B). These findings, like those
described above for LDL, clearly illustrate that biological
LOOHs are susceptible to iron-catalyzed one-electron turn-
over. By triggering chain reactions, this can expand perox-
idative damage and along with it elicit a variety of re-
sponses ranging from antioxidant enzyme induction to
cell death (see below).

Detoxification via two-electron reduction

As already mentioned, a second line of enzymatic de-
fense against peroxidation injury exists in most eukaryotic
cells. In general, this involves removal of LOOHs at dam-
age sites, followed by repair reactions. For some reactive
species, which lack primary enzymatic scavengers, this ap-
pears to be the only means of coping at the metabolic
level. Singlet oxygen is one case in point; ozone is another.
Unlike excision/repair of thymine dimers in DNA, exci-
sion/repair of LOOH lesions in cell membranes has not
been well characterized in mechanistic terms. Three intra-
cellular enzymes with peroxidatic activity have been impli-
cated in LOOH detoxification: glutathione-peroxidase
(GPX); phospholipid hydroperoxide glutathione peroxi-
dase (PHGPX), and non-seleno GSH-S-transferase type o
(GSTa) (85, 86). The SePXs have been studied far more
extensively and are considered to be more important in
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overall LOOH disposal. In support of this are findings
that Se-deficient cells accumulate LOOHs more rapidly
under oxidative challenge than normal counterparts and
die off faster (87, 88). GPX and PHGPX both contain an
active site selenocysteine which participates in the two-
electron reduction of peroxides to alcohols (Fig. 1). How-
ever, the enzymes differ in functional size (GPX being an
85 kDa tetramer and PHGPX a 20 kDa monomer), subcel-
lular distribution, and amino acid sequence (only ~30%
homology) (89). They also exhibit striking differences in
peroxide reactivity. PHGPX can act directly on phospho-
lipid hydroperoxides (PLOOHSs) in membranes (86, 90),
whereas GPX is unreactive unless sn-2 fatty acyl bonds are
cleaved to liberate fatty acid hydroperoxides (91, 92). For
membrane PLOOHS, elimination could involve i) sequen-
tial action of peroxide/Ca?*-stimulated phospholipase A,
(PLA,) and GPX (92) or ii) sequential action of PHGPX
and PLA, (90), followed in either case by reacylation of
the resulting lysolipids (Fig. 4). The latter process might
involve reinsertion of the same fatty acyl group or remod-
eling of some type. The biological importance of the GPX
pathway (excision/reduction/repair) relative to the PHGPX
pathway (reduction/excision/repair) is not yet certain, al-
though evidence in favor of the latter is accumulating rap-

idly. For example, by use of kinetic modeling (93), it has
been estimated that the reductive flux of PLOOHSs
through mitochondrial PHGPX is at least 104-fold greater
than the hydrolytic flux through PLA,, suggesting that
PHGPX is far more efficient than GPX in removing
PLOOHs. In another study (94), treatment of hepatoma
cells with a [*C]PLOOH resulted in Se-stimulated accu-
mulation of [C]PLOH, but not hydroperoxy- or
hydroxy-fatty acid, suggesting that reductive detoxification
was mediated by PHGPX rather than GPX or GSTa. Of
added interest are recent studies showing that cells trans-
fected with a PHGPX expression system were better
equipped to detoxify LOOHs and survive peroxidative
stress than normal counterparts (95, 96). There is a grow-
ing consensus based on these and related findings that un-
der physiological conditions, GPX acts mainly on sub-
strates of relatively high polarity, e.g., H,O, and fatty acid
hydroperoxides. In contrast, PHGPX, the more versatile
of the two enzymes, acts not only on H,O, (albeit less effi-
ciently than GPX), but also on a broad range of lower po-
larity substrates, including phospholipid, cholesterol, and
cholesteryl ester hydroperoxides (86, 97, 98).

Cholesterol comprises 40-45 mol % of eukaryotic plasma
membrane lipid; therefore, how cells deal with cholesterol-
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Fig. 4. Proposed pathways of cytoprotection against the deleterious effects of phospholipid hydroperox-
ides. The Excision/Reduction/Repair pathway involves consecutive action of phospholipase A,, glutathione
peroxidase, and an acyltransferase; whereas the Reduction/Excision/Repair pathway involves consecutive ac-
tion of phospholipid hydroperoxide glutathione peroxidase, phospholipase A,, and an acyltransferase.
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derived hydroperoxides (ChOOHSs) is also important.
ChOOHs are completely resistant to GPX (99), ruling out
any involvement of PLA,/GPX in the cytoprotection of
ChOOH-challenged cells. The first clues as to how
ChOOHs are detoxified came from experiments showing
that LOOH-containing erythrocyte ghosts were only par-
tially protected against Fe2*-induced peroxidation by
PLA,/GSH/GPX treatment, but completely protected by
GSH/PHGPX treatment (98, 99). This provided the first
evidence that PHGPX can react with membrane ChOOHSs
in addition to PLOOHSs. Recent studies have shown that
several photochemically generated ChOOHs are reduced
at different rates by the GSH/PHGPX system (100). Rate
constants for peroxide disappearance in several different
model systems (Triton X-100 micelles, unilamellar lipo-
somes, and red cell ghosts) were found to increase in the
following order: 5a-O0OH < 6a-O0OH = 7a,78-O0H <
6B-OO0OH. Under the conditions described (100), the 6p3-
OOH/5a-O0H rate ratio varied between 4 and 8 for the
different reaction systems. Loss of each ChOOH, as as-
sessed by HPLC-EC(HQ), was accounted for by formation
of the expected diol (ChOH) product, as assessed by TLC
with 14C-radioimaging. A similar kinetic profile was ob-
served when ChOOH mixtures were incubated in the
presence of GSH and Triton lysates of selenium-replete
[Se(+)] L1210 cells, implying PHGPX involvement (Fig.
5). In keeping with this, there was little detectable reac-
tion when GSH was omitted from the reaction mixture or
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1 —ABR— - B R
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0 20 40 60
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Fig. 5. Time courses for the reduction of cholesterol hydroperox-
ides in the presence of GSH and lysates of selenium-replete (A) or
selenium-deficient (B) L1210 cells. Reaction mixtures contained 40
wm each of 5a-O0H, 6B-O0H and 7«,73-O0OH, 5 mm GSH, 50 pm
DFO, 100 um EDTA, and cell lysate corresponding to ~2.3 X 107
cells/ml in 0.1% Triton X-100/PBS. Samples removed during incu-
bation at 37°C were extracted and recovered ChOOHs were analyzed
by HPLC-EC(HgQ): (0) 5a-O0H; (») 6B-O0H; (O) 7, 73-O0H. A
control system lacking GSH or PHGPX was also monitored: (x) to-
tal ChOOH. P, and P; denote peroxide concentrations at zero time
and time t, respectively. Mean values from duplicate experiments
are shown.
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when lysates from selenium-deficient [Se(—)] cells were
used; Se(—) cells were ~50-fold depressed in PHGPX ac-
tivity. Experiments with [1*C]JChOOHSs showed that 5a-
OOH and 6B-OO0H in liposomal form are taken up at
equal rates by Se(+) cells, yet the former is much more cy-
totoxic, its concentration for 50% lethality being about
one-fifth that of 63-OOH (100). The logical implication is
that 5¢-OOH has a long lifetime in cells due to its rela-
tively slow PHGPX-mediated metabolism, and this ac-
counts for its greater cytotoxicity. The latter presumably
reflects the ability of 5a-OOH, like other LOOHs, to un-
dergo iron-catalyzed one-electron reduction in cells (Fig.
1), similar to that demonstrated for 5a-OOH-containing
model membranes (101). The strong cytotoxic potential
of 5a-O0H due to inefficient catabolism becomes even
more important when its known high rate of 10,-medi-
ated generation is taken into account (66). Therefore, un-
der conditions of photodynamic stress, 5a-OOH would be
the most damaging ChOOH, and possibly one of the most
damaging of all LOOHSs generated in any given system.

Although most of the current thinking about PHGPX
centers on its antioxidant capabilities, there is also specu-
lation (90) that the enzyme might be involved in the mod-
ulation of natural biological activities that are peroxide-
dependent. For example, cyclooxygenase requires a low
level of LOOH for optimal activity, an example of ‘perox-
ide tone’ (102). LOOH reduction by PHGPX would tend
to deactivate cyclooxygenase and thereby down-regulate
eicosanoid metabolism and associated physiological events.
Similar reasoning may apply to PLA,, protein kinase C,
and other peroxide-responsive enzymes (see below).
PHGPX’s relative importance as a peroxide “regulator”
versus peroxide “detoxifyer” may depend on the type of
tissue involved, but this remains to be investigated.

Other aspects of LOOH catabolism besides GPX- or
PHGPX-catalyzed reduction have been described. For ex-
ample, lecithin:cholesterol acyltransferase (LCAT) associ-
ated with high density lipoprotein (HDL) has been shown
to mediate the formation of CEOOH from PLOOH and
cholesterol (83). As PLOOH is undetectable in plasma or
after being added to plasma samples in molar excess over
GSH (83), LCAT may complement PLA,/GPX in ridding
plasma of PLOOH. HDL-CEOOH formed in the process
can be taken up by liver cells, where it undergoes reduc-
tive detoxification (103). The LCAT reaction could be es-
pecially important under high stress conditions, i.e., when
plasma GPX capacity is exceeded (83). This may also ap-
ply for a recently reported non-SePX CEOOH reducing
activity associated with both LDL and HDL (104).

INVOLVEMENT OF LIPID HYDROPEROXIDES IN
OXIDATIVE STRESS SIGNALING

Survival pathways versus death pathways

According to Fig. 1, serious peroxidative damage can be
averted if two-electron detoxification of strategic primary
LOOHs (e.g., 1O, adducts) overtakes one-electron toxicity
enhancement. On the other hand, if LOOHs accumulate
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at a high rate and iron-catalyzed reduction takes hold,
then detoxification is overwhelmed and potentially lethal
chain peroxidation may be unleashed. The determinants
of how different LOOHs will partition between the one-
electron and two-electron pathways in an actual cell set-
ting are still poorly defined. An area of related interest
that is attracting considerable attention is oxidative stress-
induced cell signaling, e.g., signaling that may originate
with lipid peroxidation and culminate with apoptotic (ge-
netically programmed) cell death (6, 105). Apoptosis is
characterized by cell shrinkage, loss of plasma membrane
asymmetry, protease and endonuclease activation, and in-
ternucleosomal fragmentation of nuclear DNA (106). Ac-
cording to recent findings (107, 108), apoptosis is medi-
ated by mitochondrial events rather than nuclear events,

DNA fragmentation, for example, appearing to be an epiphe-

nomenon. In contrast to apoptosis, necrosis (non-pro-
grammed death) is characterized by cell swelling, lysis,
and random DNA fragmentation. Whereas necrotic cells
can elicit inflammation in vivo, apoptotic cells are non-
inflammatory, typically being removed by phagocytosis
(109). Apoptosis has been induced by oxidizing condi-
tions such as H,O, treatment (110), peroxynitrite treat-
ment (111), ionizing radiation (112), UVA radiation
(113), and dye/Vvisible light treatment (114, 115). Involve-
ment of lipid peroxidation has been inferred in several in-
stances by showing, for example, that ordered DNA frag-
mentation is suppressed by the SePX mimetic ebselen
(114), or by Trolox and other phenolic antioxidants (110,
111). Some of these agents have been used at very high
concentration (up to 10 mm) and consequently their im-
plied specificity as free radical interceptors could be open
to question. Notwithstanding such uncertainties, the over-
all evidence presented thus far, albeit limited (110-116),
argues quite persuasively for some early involvement of
lipid peroxidation in oxidative stress-induced apoptosis.
In seeking additional supporting evidence for this, we
showed recently (W. Korytowski, P. G. Geiger, and A. W.
Girotti, unpublished observations) that exogenous or en-
dogenous peroxides can trigger an apoptotic cascade in
leukemia cells (as evidenced by DNA laddering) and that
this can be modulated by SePX enzyme(s). For example,
Se(—) HL-60 cells were found to be more susceptible to t-
butyl hydroperoxide-induced DNA fragmentation than
Se(+) controls and this was accompanied by greater accu-
mulation of LOOHSs and loss of viability. All effects, in-
cluding the DNA effects, were inhibited by ebselen and by
BHT, implying that free radical-mediated lipid peroxida-
tion triggered by t-butyl hydroperoxide was involved (88).
Similar Se(—) versus Se(+) effects were observed when
cells were challenged photodynamically, suggesting that
in this case 10,-derived LOOHs were involved in apo-
ptotic signaling. The exact nature of this involvement re-
mains to be elucidated.

It is important to consider the extent of peroxidative in-
jury when asking whether a stressed cell will either survive
or succumb via apoptosis or necrosis. This can be viewed
according to a pattern of graded responses such as the fol-
lowing: i) no net damage when constitutive antioxidant

capacity is sufficient to either prevent or repair peroxide
lesions; ii) relatively mild (sublethal) oxidative injury,
which may trigger cytoprotective responses, e.g., induc-
tion of GSH and/or antioxidant proteins such as GPX,
catalase, heme oxygenase, or ferritin (117-122); iii) more
extensive damage, which triggers apoptosis because some
undefined threshold is crossed, beyond which both consti-
tutive and inducible repair capacity is exceeded; and iv)
gross damage, which preempts any type of programmed
metabolic response and results in necrosis. A scheme illus-
trating these different possibilities for lipid peroxidation-
mediated stress is shown in Fig. 6. It should be empha-
sized that this scheme is hypothetical and the trends
shown may not necessarily apply for all peroxide-chal-
lenged cells. There have been numerous reports (117-
122) that mammalian cells can overproduce antioxidants
such as GSH, GPX, CAT, and SODs in response to suble-
thal or modestly lethal levels of oxidant pressure (see cate-
gory ii above). In some instances, a specific role of lipid
peroxidation in signal transduction has been inferred
based on various lines of evidence. Induction of heme ox-
ygenase-1 (HO-1) and ferritin in UVA-exposed skin fibro-
blasts is an important example (121-123). Overexpression
of these proteins is believed to be a defensive strategy
against heme- and iron-mediated oxidative injury trig-
gered by UVA-derived 'O, (31). Exposing fibroblasts to
UVA also provokes iron-catalyzed lipid peroxidation, as in-
dicated by formation of TBARS, 4-hydroxynonenal (4-
HNE), and LOOHs. Recent studies have shown that lipid
metabolites such as arachidonate and diacylglycerol (pos-
sibly upregulated because of peroxidation-activation of
phospholipases C and A,; see below) can activate HO-1 ex-
pression (123). This implies that protein kinase C (see be-
low) and eicosanoid(s) are involved in the activation pro-
cess. The peroxidation by-product 4-HNE was also shown
to be a strong activator. Thus, there appear to be several
different lipid-derived mediators of stress signaling in this
system, each associated with peroxidative UVA damage.
Interestingly, subcellular membranes were found to be
more important in signal transduction than the plasma
membrane, evidently because the former are in closer
proximity to endogenous UVA-excitable sensitizers.

Phospholipase and protein kinase involvement

Activation of certain protein kinases and phospholi-
pases is believed to play an important role in oxidant-
induced signaling that stimulates gene expression associ-
ated with cytoprotection, apoptosis, or other responses (see
Fig. 6). Highly noteworthy among these enzyme transduc-
ers are protein kinase C (PKC), mitogen-activated protein
kinases (MAPKSs) and hydrolases such as phospholipase C
and Ca?*-activated phospholipase A, (6, 124-126). There
is a growing awareness that oxidant-derived species such
as LOOHs are early intermediates in these pathways which
might mimic the effects of certain growth factors, cyto-
kines (e.g., tumor necrosis factor-a), or other natural ago-
nists. This has stimulated great interest in oxidant deriva-
tives as possible second messengers (6). Considerable
attention has been directed to oxidant activation of PLA,,
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Fig. 6. Scheme showing possible levels of lipid peroxidation (LPO) involvement in ROS-induced signal
transduction. Responses may range from i) no net effect (prooxidant-antioxidant standoff); ii) antioxidant
enzyme induction at relatively low LPO pressure; iii) apoptotic death at moderate LPO pressure; and iv) ne-
crotic death at high LPO pressure. Transition from one phase to another (e.g. ii to iii) may occur as some

(undefined) threshold of damage is exceeded.

which, by releasing arachidonate from phospholipids,
plays a crucial role in the production of eicosanoid lipid
mediators such as prostaglandins, thromboxanes and leu-
kotrienes. PLA, also gives rise to lysophospholipids, which
may either exert direct effects or be metabolized to plate-
let activating factor (PAF) and other mediators. Phospho-
lipid membrane studies carried out with secreted PLA,
(sPLA,, ~14 kDa) (126) and more recently with the cyto-
solic enzyme (cPLA,, ~85 kDa) (124, 125) have clearly
demonstrated that hydrolytic activity increases as a func-
tion of membrane PLOOH content. This effect has been
observed with modestly peroxidized liposomes, as well as
liposomes constituted with low levels (<15 mol %) of
PLOOH, and is ascribed to alterations in phospholipid
packing, along with greater Ca?* binding. Importantly,
the hydrolysis of PLOOHSs greatly exceeds that of unoxi-
dized lipids, and there is a more rapid liberation of oxi-
dized fatty acids. (This was alluded to earlier in the con-
text of PLOOH detoxification; see Fig. 4.) A second
activation mechanism applies specifically to cPLA, (which
acts preferentially on sn-2 arachidonyl groups), and in-
volves PKC-catalyzed phosphorylation and translocation
to the membrane (125). In this mechanism, PKC itself ap-
pears to be activated by membrane PLOOHSs, and this in
turn promotes cPLA, phosphorylation/activation, possi-
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bly via MAPK activation in cells (6, 125). In contrast to the
first mechanism, this one shows much lower Ca2* depen-
dency and therefore may be operative at relatively low
stress/peroxide levels, i.e., before intracellular [Ca%*] is
substantially elevated (6).

Simulation of natural signal transduction

As alluded to above, the ability of LOOHSs and other in-
termediates/products of chain peroxidation to mimic
some of the effects of natural agonists is attracting consid-
erable interest. Platelet activating factor is an important
example. Recent studies have shown that oxidatively mod-
ified (e.g., Cu?*-treated) LDL contains HPLC-separable
phospholipid derivatives that resemble PAF in biological
activity, e.g., stimulation of neutrophil adhesion and smooth
muscle cell proliferation (127). Moreover, low-activity cells
could be made strongly responsive to both oxidized LDL
lipid and PAF by transfecting with the PAF receptor. All of
these effects could be strongly inhibited by PAF acetylhy-
drolase, implying that there was structural similarity be-
tween the phospholipid mimic and PAF itself. Although
not yet defined structurally, the mimic is believed to be a
mixture of oxidatively fragmented phospholipids whose
sn-2 chains (some bearing aldehyde groups) are relatively
short as in PAF. Fragmentation is attributed to B-scission
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reactions that commonly occur during radical-mediated
lipid peroxidation (73). These findings raise the possibil-
ity that PAF-like species in peroxidized LDL may contrib-
ute to its atherogenic potential, either by derivatizing
apoB-100 protein to a form recognized by scavenger re-
ceptor or by activating leukocytes and stimulating smooth
muscle cell growth (78, 79). Other aspects of related inter-
est are expected to emerge as the pathologic conse-
quences of LOOH-mediated lipid peroxidation continue
to be explored.

SUMMARY AND PERSPECTIVES

Research on lipid peroxidation has intensified in recent
years largely because of increasing awareness that this pro-
cess may play an important role in UV-induced skin can-
cer, atherosclerosis, neurodegeneration, and various other
disorders. Lipid hydroperoxides are well known interme-
diates of peroxidative reactions which are generally more
long-lived than any free radical precursors, making inter-
membrane translocation within a cell, between cells, or
between lipoproteins and cells possible.

As a result, LOOH toxicity and effector action could
conceivably be manifested far beyond the site of LOOH
origin, but relatively little is known about this. Similarly,
much more needs to be learned about the factors that in-
fluence the reductive fate of LOOHs, i.e., toxicity enhanc-
ing one-electron reduction on the one hand versus detox-
ifying two-electron reduction on the other. In the case of
one-electron reduction, these factors include availability of
redox iron and electron donors, whereas for two-electron
reduction, accessibility of LOOHs to GSH and PHGPX
would be highly important. An additional exciting aspect
which is just beginning to unfold relates to the role of
LOOHs in signal transduction. Such signaling may deter-
mine whether a cell survives or succumbs to an oxidative
insult. Progress in each of these complex areas is clearly
important because of the far-reaching physiological and
biomedical implications.tl
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