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Inflammation and many other Emtholugical processes lead to increased production of
free radicals that target critical macromolecules such as proteins, DNA and lipids.
Structural medifications of these molecules, induced by free radicals, typically result
in alterations of vital biochemical processes. Hydroxyl radical-initiated lipid peroxi-
dation is known to generate a variety of toxic oxidized lipids, many of which
originate from polyunsaturated fatty acids esterified to cellular membrane phos-
pholipids. Recent interests have focused on a group of lipids known as isoeicosanoids
that are formed from peroxidation of arachidonic acid, and share structural
similarity to enzymatically-derived prostaglandins and leukotrienes. However, little
is known about lipid peroxidation processes initiated by nitrogen free radicals. NO
is a toxic free radical and an abundant urban air pollutant, which is also gencrateﬁ
in vivo from oxidations of nitric or nitrite and decomposition of peroxynitrite. The
NO,-induced lipid peroxidation mechanisms involving arachidonic acid have not
been characterized. Described here is the isomerization of arachidonic acid, a new
process induced by NO,, which leads to a mixture of trans-arachidonic acids. We
observed that the levels of rrans-arachidonic acids in rat plasma increased following
infusion of bacterial endotoxin; therefore, the isomerization of arachidonic acid is
likely to occur in vive by a mechanism involving NO,.

Key words: free radicals, trans-arachidonic acid, isoeicosanovids, NO,-induced lipid
peroxidation, uric acid.

INTRODUCTION

Trans fatty acids

Trans fatty acids are those unsaturated fatty acids that have one or more
trans double bonds instead of cis bonds. Trans fatty acids are found in dairy
fats and, to a greater extent, in products made from hydrogenated fat, such as
margarine. Typical Western diets contain an estimated 5—6% of trans fatty
acids (as percentage of total fat intake). Despite numerous epidemiological and
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experimental feeding studies, evidence regarding the health risk of risk of trans
fatty acids is not conclusive (1—4). It is known that increased levels of trans
fatty acids can alter biological membrane rigidity, permeability and asymmetry
(5—7). It has been also noted that one of the serious limitations toward
understanding the potential role of trans fatty acids as causative factors in the
development of cardiovascular disease is the lack of a precise and accurate
methods for their quantitative analysis (1). In addition, it has been known that
trans fatty acids are not a homogenous group and individual frans isomers may
have a different biological profile (1).

We obtained evidence that trans fatty acids are formed within biological
membranes phospholipids by a free radical process initiated by NO, (8).
Because NO, is a product of NO oxidation, the isomerization of unsaturated
fatty acids is likely to occur in vive, particularly under conditions such
as inflammation, which causes induction of NO biosynthesis. Therefore,
trans fatty acids may originate not only from the diet but also from
a reaction between precursor-membrane bound fatty acids and NO, We
focused our studies on the isomerization of arachidonic acid, which is
an aboundant fatty acid esterified to cellulalr membrane phospholipids,
and a precursor for important lipid mediators. Qur studies revealed that
the isomerization of arachidonic acid is a specific and characteristic process
of NO,, OH, peroxyl, and superoxide do not isomerize arachidonic acid
(8). The isomerization of arachidonic acid has also been observed following
exposure of cells to peroxynitrite, and an involvement of NO, in this
process has been suggested (9). Thus, endogenous formation of trans fatty
acids, such as rrans-arachidonic acids could be used as a marker of the
exposure of biological membranes to NO,.

Nitrogen dioxide and lipid peroxidation

NO, is a major toxic air pollutant that originates from the combustion of
fossil fuels. Therefore, available studies have exclusively focused on the toxicity
of inhaled NO, (10—12). Changes in cellular membrane asymmetry and
fluidity have been observed following exposure to NO, (7, 13). NO, can be also
generated endogenously by several mechanisms involving oxidation of NO or
nitrite (Table 1). However, the potential of endogenously formed NO, to
induce lipid peroxidation remains to be explored. Liu et al. have observed that
oxidation of NO to NO, in aqueous solutions is greatly accelerated by the
addition of phospholipids and the NO oxidation occurs predominantly in the
hydrophobic bilayer of phospholipid vessicles (21). This study indicates that the
biological membrane may play an important role in the oxidative chemistry of
NO. In the lipid phase, the hydrolysis of NO, to nitrite and nitrate is minimal
(22). Thus, NO, may remain in membrane lipids for periods of time that may
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be sufficient for reaction with fatty acids and phospholipids. Reaction of NO,
with another NO molecule produces dinitrogen trioxide (N;QO,), a potent
nitrosating agent. In the aqueous phase, N,Q, rapidly hydrolyzes to form two
NO; molecules. NO; can be oxidized to NO, enzymatically in the presence of
H,O0, (reactions 3—6 and 8 in Table ). Thus, some of NO; may be converted
to NO,. The rate of reaction 1 (Table 1) is 10°-fold slower than reaction
2 indicating that at constant concentrations of NO, oxygen and superoxide, the
majority of NO will react with superoxide to form peroxynitrite (ONQO ~).
ONOO~ is protonated in biological buffers to peroxynitrous acid, which
decomposes to NO, and a molecule of OH-radical reactivity.

Table i. Mechanisms of NO, generation

Reaction Reference
. 2NO+0,;—2NO, (14)
2. NO+0,—+0ONOO™ +H* -=ONOOH—-NO, + OH (14)
3. mycloperoxidase + H,0, + nitrite+ NO, (15)
4. mycloperoxidase+H,0; + Cl~ +nitrite—=NOQ, (16)
5. Cu,Zn-50D + H,0, + nitrite—= NO, (17)
6. peroxidases+ H,0, + nitrite—=NQ, {18)
7. cytochrome P450+ONOO~=NO, {(19)
8. lactoperoxidase + H,O, + nitrite=NQ, (20)

Priitz et al. have shown that exposure of arachidonic acid to NO, in
aqueous solutions generates arachidonyl radicals with a rate of ~ 106 M~ 15!
(23). Therefore, the reaction of NO, with arachidonic acid occurs faster than
the disproportionation of NO, to nitrite and nitrate (23). NO,-mediated
autooxidation of unsaturated lipids is not autocatalytic and is not dependent
on basal hydroperoxides. These two aspects differentiate NO,-mediated lipid
oxidation from copper-and hydroperoxide-dependent oxidations.

Several investigators have described NO,-initiated peroxidation of linoleic
and linolenic acids (k~10°—10°M s~ ') (24—27). In fact, the potential of
nitrite to modify unsaturated fatty acids has been first described more than 180
years ago (28). Peroxynitrite has also been found to oxidize linoleic acid,
producing nitro-, nitrito- and nitrosoperoxo linoleic acid products (29, 30).
Reactions of linoleate hydroperoxides with HONO have produced epoxy-
nitrolinoleic acids (25). Lai and Finlayson-Pitts have shown that NO , reacts
with oleic acid bound to phospholipids (31). Infrared spectroscopy and FAB
mass spectrometry revealed that nitration occurs at the double bond of the
fatty acid (31). However, formation of these lipid products in vivo has not been
reported. The major difficulty to understanding the role of NO, in the lipid
peroxidation processes has been the lack of structural identification of the
specific NO,-derived lipid peroxidation products. We hypothesized that
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characterization of the products of the NO,-arachidonic acid reaction may
vield important clues regarding novel mechanisms involved in their formation.

Arachidonic acid and lipid peroxidation

Arachidonic acid esterified to glycerophospholipids that make the cellular
membrane serves as the primary precursor of a number of complex products
formed by chemical reactions taking place within the biological membrane as
a result of formation of reactive oxygen species. Recent studies have focused on
a series of metabolites derived from arachidonic acid termed isoeicosanoids
that have chemical structures similar to enzymatically-derived products. These
include isoprostanes (32) and isoleukotrienes (33). These molecules have been
used as markers of the initiation of free radical events within tissues by the OH
radical. Other products of free radical reactions, such as malondialdehyde
(MDA), 4-hydroxynonenal and pentane have been also analyzed as the marker
substances. However, such low-molecular mass compounds probably originate
from several reactions subsequent to the initial oxidations of a polyunsaturated
fatty acid acyl group esterified to phospholipids. To characterize the initial free
radical processes within cellular membranes, the more intact free radical
product species may be more useful targets for structural identification. Such
markers are likely to provide important clues regarding various mechanisms
involved in their formation. In addition to the marker function served by these
molecules, several compounds have been found to possess significant biological
activity, including the isoprostanes (32) and the isoleukotrienes (33), as well as
oxidatively modified phospholipids derived from membrane precursors (34).
These phospholipid molecules apear to exert biological activity through
specific receptors, including the PAF receptor (35).

Isomerization and nitration of arachidonic acid by NO,

Our experiments demonstrate that arachidonic acid reacts readily with NO,
and also with ONOO™ in a dose-dependent manner, generating a complex
mixture of products (8, 9, 36). An UV chromatogram obtained during analysis
of the NO,-arachidonic acid reaction mixture by a reversephase HPLC
revealed major products that eluted after the peak of arachidonic acid. This
was a unique finding because a product of arachidonic acid oxidation having
such a chromatographic property has not been reported previously. We used
various techniques of mass spectrometry, including electrospray tandem mass
spectrometry to structurally characterize the new lipid products. The mass
spectra revealed that the major product obtained from the NO,-arachidonic
acid reaction was a mixture of four isomers having one frans and three cis
bonds (Fig. 7). The isomerization is likely to involve the binding of NO,
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Fig. 1. Structures of arachidonic acid (AA) and four rrams-arachidonic acids that contain one
trans-bond and three cis-double bonds.

and formation of a nitroarachidonyl radical followed by elimination of NO,
and generation of a frans bond. The nitroarachidonyl radical may also bind
oxygen to produce nitrohydroxyeicosatrienoic acids (NO,OHAA). The mass
spectrometric analysis revealed that eight isomers of NO,OHAA were formed
(37). In addition, the NO,/arachidonic acid reaction mixture contained
nitroeicosatetraenoic acids, oxime-arachidonic acids, hydroxyeicosatetraenic
acids, epoxyeicosatrienoic acids and isoprostaglandins. This study revealed
that NO, might react with arachidonic acid by at least two mechanisms as
shown in Fig. 2.
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Fig. 2. Two mechanisms of NO, reaction with arachidonic acid. a — Addition separately to each of

the double bonds leads to formation of trans-arachidonic acids via a nitroarachidonyl radical. This

pathway may also lead to formation of nitrohydroxyeicosatrienoic acids via addition of oxygen to

the nitroarachidonyl radical. & — Hydrogen abstraction leads to formation of an arachidonyl

radical that may bind oxygen to form hydroperoxyeicosatetraenoic acids and other oxygenated
products, or may bind NO, to generate nitrocicosatetraenoic acids.

Our efforts have focused on the identification of these new lipids in vive. We
developed an isotopic dilution GC/MS assay that uses octadeuterium-labeled
trans-arachidonic acid as internal standard (8). Using this assay, we have
identified and quantified trans-arachidonic acid in human plasma (50.3 +10
ng/ml) and urine (122450 pg/ml) (8). It is possible that these basal levels of
trans-arachidonic acids originate from NO, formed by oxidation of en-
dogenous NO. These new molecules may function as specific markers of the
NO, mediated oxidation of arachidonic acid. In addition, several of
these products have displayed vasorelaxant (37) and platelet antiaggregatory
activity (38).

Endotoxemia causes increased trans-arachidonic acid levels in blood

The terms sepsis, endotoxemia, septicemia, and septic shock are used to
identify the continuum of the clinical response to infection with bacterial toxins
such as lipopolysaccharide (LPS). Endotoxemia is characterized by the
invasion of bacterial toxins so that alterations are effected both by mediators
activated by bacteria or their products and by body defense mechanisms.
A substantial amount of evidence suggested the involvement of reactive oxygen
species (ROS) in sepsis and inflammation, including the increase of lipid
peroxidation products (16, 39, 40), the ability of ROS to mimic all facets of
organ injury such as edema, hemorrhage, vascular obstruction, and impair-
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ment of vessel contractility (41—45). Tt has also been sugpested that the late
phase of LPS-evoked arterial hypotension and lethal vasoplegia as well as
multiple organ failure syndrome are associated with overproduction of NO
(45). The role of iINOS is well documented in the pathogenesis of sepsis and
endotoxemia; conditions of elevated NO levels that contribute to LPS induced
hypotension and mortality.

Antioxidants such as SOD (43, 46) and catalase (47) provide partial
protection during endotoxemia and show only minimal beneficial therapeutic
effect (48). Immunotherapy with antibodies aimed at targeting multiple
proteins has failed to improve survival from sepsis and septic shock (42). The
NOS inhibitor, L-nitroarginine, administered prior to LPS, causes a dramatic
increase of the mortality of rats due to acute lung injury (44). If reactive
nitrogen species generated in endotoxemia cause damage to the cellular
membrane, then such damage should be revealed by detection of atered lipid
molecules.

We studied the effect of LPS on #rans-arachidonic acid levels in plasma and
urine in rats using the GC/MS assay (Fig. 3). Following infusion of LPS into
the jugular vein (10 mg/kg in 10 min), the trans-arachidonic acid levels in
plasma increased significantly, and reached concentrations of 0.5 pM after
5 hrs (Fig. 3). Urinary levels of these acids were not changed. Our experiments
show, for the first time, that isomerization of arachidonic acid can be induced
in endotoxemia. In addition, the GC/MS analysis of frans-arachidonic acid
extracted from the blood of LPS-treated rats showed a characteristic profile
that was nearly identical with the arachidonate isomer profile obtained by
treatment with NO, (8) but different from the profile produced by the reaction
of ONOO™ with arachidonic acid (9). Thus it appears that NO, rather than
ONOO~ is involved in the generation of frans-arachidonic acids, and possibly
of other fatty acids, in endotoxemia.

Fig. 3. Quantitative analysis of
trans-arachidonic acids by an isotopic *
dilution GC/MS  assay. The 2
conceniration of trans-arachidonic
acid in plasma of LPS (serotype
OL11:B4)-treated rats (10 mg/kg; 5 hrs)
was 155.5+33 ng/ml (n =6), and was 80
significantly higher (p<0.05) than
in plasma of control rats (78.61+19 «
ng/ml, n=6). Urinary levels of
trans-arachidonic acid were 8.6+3 e urine plasma e—
ng/ml (n = 6) in LPS-treated rats and confrol LPS control LPS

148+ ng/ml (n=8) in the control

group.

ng/ml
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CONCLUSIONS

The development of new methodologies based on mass spectrometry has
advanced our understanding of the role of NO oxidative chemistry that
takes place in biological membranes as a result of formation of active
oxygen species in inflammation. The new aspect of our studies is that, for
the first time, we have correlated the levels of a specific endogenous group
of trans fatty acids with the disease process. In the past, the trans fatty
acids were of concern as components of diet. Our data support the hypothesis
that circulating trans fatty acids not only originate from the diet but also
from the endogenous free radical processes. The accumulation of frans fatty
acids in biological membranes is likely to alter membrane properties such
as fluidity, permeability and asymmetry. Isomerization of membrane fatty
acids is a newly identified process that could contribute significantly to
mechanisms of free-radical-induced membrane injury. Since NO, has been
known as a major air pollutant and has been suspected to be the cause
of asthma, lung cancer (11), and cardiovascular complications (49), our
observations may also advance studies of inhaled NO, toxicity. In addition,
many researchers have noted that serious limitations in the quantitative
estimation of trans fatty acids intake is a major problem in understanding
the health effects of trans fatty acids. It has been also suggested that
knowledge of frans fatty acids plasma levels in humans may be valuable
in estimating the effects of particular diet regiments on health outcomes.
The use of deuterium-labeled standards in the quantitative analysis has the
advantage of unequivocal identification and quantification of a selected group
of trans fatty acids. The synthesis of specific isomers of trans-arachidonic
acid will also advance the understanding of their distribution and effects
on membrane function. Our studies also suggest that scavengers of NO,
should inhibit fatty acid isomerization and nitration, and protect biological
membranes from damage in inflammation. Uric acid (UA) has the potential
to scavenge reactive radicals, such as NO,, and prevent its actions on
biological membranes. The effectiveness of UA and similarly acting compounds
to inhibit fatty acid isomerization in endotoxemia remains to be established.
The damage to biological membranes could be assessed by measurement
of specific unique lipid products derived from the reaction of arachidonic
acid and NO,. These products, such as trans-arachidonic acid, are not
generated by other free radicals (8), thus can serve as specific markers of
NO,-mediated injury. UA has a distinct profile because it scavenges NO,
(50, 51), peroxynitrite (52) and oxidants derived from H,0, without scavenging
NO or superoxide (53, 54).
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