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Abstract: The free-radical-induced modification of biologically relevant molecules is an active field of interdisciplin-
ary research, spanning from chemistry to biochemistry, biology and medicine. Lipid modifications are also attract-
ing attention for their relationship with structural and functional roles in physiological and pathological conditions
of living organisms. The discipline of lipidomics studies the lipid behavior in an innovative and multidisciplinary
context. Combining lipidomics with free radical chemistry, the research field becomes an ideal setting for the
chemical biology approach, to study the basis of molecular mechanisms and chemical reactivity and connect them
with free-radical-based processes occurring in the biological environment. This paper will give an overview of the
approaches for studying free radical processes on lipids and some biological consequences, which represent also
subjects of interdisciplinary collaborations among European research groups and contribute to the general topic
of the COST Action ‘Free Radicals in Chemical Biology’.
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1. Introduction

Lipids are molecules with different struc-
tures having in common the feature of wa-
ter insolubility. These molecules have very
important biological roles, with structural,
functional and signaling activities that have
nowadays regained the attention of life sci-
ence research. The novelty brought about
by the approach of lipidomics in the last
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years consisted of a dynamic vision of lip-
ids existing in living organisms.(1.2! In fact,
lipidomics considers not only the struc-
tural and functional roles played by lipids,
but also their in vivo transformations and
modifications by metabolic or degradation
pathways, as well as their biological conse-
quences. In this context, in the last decades
the effects of free radical processes were
recognized as being important in physi-
ological and pathological conditions. The
first radical process on lipids to be recog-
nized was peroxidation, a transformation
mainly occurring at the expense of fatty ac-
ids containing bisallylic positions, i.e. more
than one double bond. This process can oc-
cur to natural substrates such as triglycer-
ides, phospholipids, eicosanoids. The study
of lipid peroxidation was first approached
in chemistry,3 then has involved, and still it
does, several disciplines of life sciences.4l
This topic can be certainly considered as
a successful example of the fruitful rela-
tionship between chemical and biological
investigations. More recently, the radical-
based process of lipid isomerization has
been evidenced that occurs to unsaturated
lipids and consists of the transformation of
the naturally occurring cis geometry of lip-
id double bonds to the corresponding geo-
metrical trans isomer.l561 Also this process
involves several lipid structures and takes
advantages from being studied in a multi-
disciplinary research context, in order to
use chemical knowledge as the molecular

basis for biological and medical investiga-
tions.

Lipidomics of free-radical-based mod-
ifications can furnish the ideal context
for a chemical biology approach, foster-
ing collaborations among different disci-
plines and expertise. Free radical behavior
in living systems can be fully understood
only by combining chemical with biologi-
cal properties and conditions, to improve
the comprehension of molecular mecha-
nisms for the interpretation of biological
results.

Depending on the role played by the
lipid structures, membrane lipidomics and
mediator lipidomics can be distinguished.
In the first case, the lipid role is targeted for
its contribution to membrane composition,
correlating structural variations and change
of biophysical properties with the effects
on the membrane assembly and function-
ing. In the mediator lipidomics, the focus is
on signaling pathways derived from lipids
and the change of molecular interactions
that can have influence on a biochemical
response.

As far as the methodologies of lipi-
domic studies are concerned, biomimetic
models can be useful to explore lipid reac-
tion outcomes and products in a simplified
environment. These models can provide
basic molecular mechanisms and libraries
that can be transferred for the evaluation of
more complex biological systems, from cell
cultures to living organisms.
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Fig. 1. Examples of lipid aggregation: micelle (A) and liposome (B)

The study of fatty acid reactivity in
model systems can be performed under dif-
ferent experimental conditions, such as:

— homogeneous solutions, taking into ac-
count that lipids are hydrophobic, there-
fore soluble in organic solvents such as
alcohols, chloroform, hexane, etc.

— heterogeneous systems, using an aque-
ous environment, where lipid molecules
organize themselves spontaneously.
The two main organization modes are
micelles and liposomes. Free fatty acids
organize themselves in micelles, where-
as phospholipids form liposomes (Fig.
1). This latter system is characterized by
the presence of an aqueous cavity and is
closer to a biological model for lipid ag-
gregation. In fact, liposome vesicles are
widely accepted as model for the lipid
bilayer of cell membranes.

In this paper radical processes of lipid
peroxidation and isomerization and some
biological consequences will be described,
highlighting the work done by the authors
and the context of future collaborations in
the frame of the COST Action ‘Free Radi-
cals in Chemical Biology’.

2. Lipid Peroxidation

Polyunsaturated fatty acids (PUFA) are
constitutive parts of lipids, present in all bio-
logical membranes and lipoproteins. In PU-
FA the most sensitive site to oxidative attack
is the bisallylic position between two double
bonds. Detailed studies of the products and
mechanism of peroxidation were initiated in
the 70s by several research groups.”-91 The
first products to be identified were the hy-
droperoxides derived from the correspond-
ing peroxyl radicals (Scheme 1).

The mechanism of lipid peroxidation (a
radical chain reaction) starts with the ab-
straction of hydrogen atom producing the
bisallylic (or pentadienyl) radical L®. The
propagation steps are illustrated in reactions
1 and 2. The reaction of L* with oxygen is
close to a diffusion-controlled process, but

is also reversible. Indeed, the peroxyl radi-
cal can undergo a very rapid fragmentation
(106 s71), that can also serve as a useful
clock for H-atom transfer from antioxidant
molecules. Peroxyl radicals LOO® can ab-
stract a hydrogen atom to produce lipid hy-
droperoxide (LOOH) together with ‘fresh’
L*® radicals to continue the chain (reaction
2). Termination steps occur either by rad-
ical-radical combination or by attacking
other molecules, such as an antioxidant
(o-tocopherol) or proteins.

L*+0, ——LOO* (1)
LOO® + LH—*2 S LOOH + L* )

The distribution of hydroperoxides
formed depends on the efficiency and
concentration of the hydrogen atom do-
nor present. For example, when oxidation
of linoleic acid occurs in the presence of
a-tocopherol (o-Toc, <10 mM), a trans,cis
mixture of conjugated hydroperoxides is
the major product.10!

The ability of PUFA to undergo chain
oxidation (autoxidation) is termed oxidiz-
ability, kp Nﬂ(where k, are the rates of
radical-radical termination reactions), a
composite quantity defined by the ratio of
the propagation rate constant and the square
root of the termination rate constant.

The classical rate law for autoxidation in
homogeneous solutions has been shown to
extend to micelles and lipid bilayers. Lino-
leic acid, taken as typical example of unsatu-
rated fatty acid, has a similar oxidizability
in different media as determined by different
procedures (0.02-0.04 M2 571/2) 19

The systematic determination of oxidiz-
ability in the extended homologous series of
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PUFA indicate an increase with increased
number of bisallylic carbons. The relation-
ship in the series linoleic acid/linolenic
acids/arachidonic  acid/docosapentaenoic
acid/docohexaenoic acid has been shown to
be 1:V2: 2: 2V2: 4.1 Contrary to previous
measurements, which were based on con-
tinuous monitoring of the consumption of
oxygen, in this work the radiation-induced
peroxidation of PUFA in bulk was followed
by direct measurement of LOOH formed.

The products of lipid degradation and
decomposition are commonly expressed as
conjugated dienes,[12! as well as aldehyde
end-products, which are used to assess the
occurrence of oxidative stress.[!3] Spectro-
photometric quantification of LOOH is
used to follow accurately the initial stages
of the process.l14]

2.1. Metal-mediated Lipid
Peroxidation

Extensive studies have been performed
on metal-mediated lipid peroxidation, such
as copper or iron-induced peroxidation,
since it has a relationship with membranes
and human diseases.l15-171 However, the
mechanism by which iron, as well as other
metals, initiates lipid peroxidation is still
under debate. In the iron case, one of the
theories proposes induction of lipid oxida-
tion by hydroxyl radicals (*OH), formed
via autoxidation of Fe(m) and formation of
hydrogen peroxide (reaction 3), [18] and the
subsequent ferrous-catalyzed H,O, cleav-
age to *OH by the Fenton reaction (reac-
tion 4).

Fe?* + 0,°~ + 2 H* — Fe’* + H,0,
k=2 x108 M| 5! 3)

H,0, + Fe>* - *OH + OH™ + Fe**  (4)

Hydroxyl radicals formed subsequently
react with polyunsaturated lipids leading to
the formation of LOOH via the propagation
steps of lipid oxidation process (reactions 1
and 2). The data accumulated over the past
few decades have shown that hydroxyl radi-
cals can be dismissed as the first initiator
of lipid peroxidation.l!9! Minotti and Aust
reported the necessity of the couple Fe(i)/
Fe(ur) for the lipid oxidation process to
take place, as neither Fe(i1) nor Fe(ur) alone
could promote the oxidation of polyunsatu-
rated lipids.l20) To explain the requirement
of the Fe(u)/Fe(m) couple as initiator of
the lipid oxidation process, mixed-valence
iron-oxygen and perferyl-oxo complexes

OOH

Ry= (CH;}C(0)OH; Ry= (CH,)sCH;

P N R/—< +
Ry Ry ™ Ry Ks

HOO

R|)ﬁ\’/=\ Ry

Scheme 1. Lipid peroxidation of linoleic acid with formation of hydroperoxides
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were proposed to be formed. However, un-
til now there is no conclusive evidence for
the hypervalent iron complex as a proposed
initiator.

Numerous studies were carried out in
biological or model systems concerning
autoxidation induced by Fe(i) as mecha-
nism of the reactive oxygen species forma-
tion, simultaneously neglecting the role of
iron and lipid hydroperoxides preformed
in these systems by specific mechanisms.
Since the reactions of Fe(un) with LOOH
are much faster than those of Fe(ur) with
LOOH, hydroperoxides undergo break-
down by Fe(n) leading to the formation of
alkoxyl and alkyl radicals (reactions 5 and
6, respectively), followed by propagation
of the lipid oxidation process through reac-
tions 1 and 2.

Fe?" + LOOH — LO® + OH + Fe3t  (5)

LO*+LH —>LOH+L* (6)

The pre-existing LOOH has been shown
to occur widely in biological samples or
model membranes and to play an essential
role in iron-mediated lipid peroxidation.
The LOOH-dependent initiation, which is
also referred to as ‘secondary initiation’
initially develops two kinds of free radi-
cals, lipid alkoxyl radicals (LO®) and lipid
peroxyl radicals (LOO®). Alkoxyl radicals
are highly reactive. It has been reported
that Fe(i1) can scavenge alkoxyl radicals at
a rate constant of 3.4 x 108 M~! 71,121 This
reaction is fast compared to reaction 5 (~
1.3 x103 M~! s71221 and can suppress the
initial formation of LO® or even terminate
the chain reaction of lipid peroxidation in
excess of Fe(1) concentration.

2.2. Oxidative Modification of
Lipids: Biological Significance

The first demonstration of free radical
oxidation of membrane phospholipids was
given in 1980,123] leading to a new fruitful
era with a continuous flow of work devoted
to chemistry, biochemistry and medicine.[24
As already mentioned, the simulation of
such transformations can be approached
by using models of fatty acid aggregates
in aqueous media, such as micelles and li-
posomes (Fig. 1), as well as complexes of
lipids with proteins. Linoleic acid has been
frequently used as a model fatty acid in
the studies of lipid peroxidation, but also
arachidonic acid is used, since both are the
most abundant PUFA found in humans.

Characteristic oxidative stability of
PUFA in organized systems may be corre-
lated with the specific physical properties
of PUFA. Their tight conformation may re-
sult in the selective attack of free radicals
and/or oxygen at the bisallylic position in
PUFA. Consequently, it would be expect-
ed that there are some differences in the

distribution of positional isomers of lipid
hydroperoxides between the oxidation in
aqueous micellar solutions of PUFA and
autoxidation of neat substrate in the air.

Since the first chemical studies, it has
beendemonstrated thatin the autoxidation of
neat PUFA the main products were isomers
of the lipid hydroperoxides (see Scheme 1).
The stereoisomeric alcohols, 9-hydroxy-
10,12-octadecadienoic acids (9-HODE:s)
and 13-hydroxy-9,11-octadecadienoic ac-
ids (13-HODEs), have been found in vivo
as enzymatic products of linoleic oxidation,
in variable amounts depending on the tis-
sues.[25] Fatty acids with more than two dou-
ble bonds are able to give also other prod-
ucts, such as cyclic endoperoxides which
can also be products of in vivo enzymatic
transformation. The effects of peroxidized
fatty acids have been checked by adminis-
tering such compounds to animals.[26:271 It is
not surprising that the toxicity can be con-
sidered overall low, because lipid oxidation
is part of natural biochemical pathways.
Lipoxygenases, cyclooxygenases and cyto-
chrome P450 enzymes are involved in such
transformations and knowledge on their in-
teractions with substrates is increasing.(28.29]
The oxidized products are well known as
bioactive compounds that influence metab-
olism and enzymatic systems, and below
a few examples will be given. It must be
added that there are excellent scavengers of
peroxyl radical species that act in vivo to
balance the physiological production, and
only when the cells are severely wounded,
the peroxide radical production cannot be
controlled, thus becoming harmful. This is
the reason that oxidative pathways became
a very active field of interdisciplinary re-
search, because of their correlation with
disease.

Perhaps, the most well-known process is
the oxidation of LDL (low density lipopro-
tein) that is recognized as an important con-
tributor to the pathogenesis of atheroscle-
rosis.30.311 The phospholipid part of LDL,
that accounts for up to 20-25% of the whole
particle (by weight), is the primary target of
oxidation in an LDL particle. In vitro oxida-
tion of LDL has led to the isolation of sever-
al oxidized phospholipids, and with the de-
velopment of HPLC methods coupled with
ion-spray mass spectrometry, identification
of these primary products in the early stages
of LDL oxidation has been performed.32!
Biological assays showed that they are bio-
active compounds, involved indeed in the
biological events associated with athero-
sclerosis. In fact, the uptake of oxidized
low-density lipoprotein by the cells of the
vascular wall plays a key role in atherogen-
esis. The modified particles either inhibit or
induce (programmed) cell death, depending
on the extent of lipoprotein oxidation and
dose. These effects can be initiated by mini-
mally modified LDL (mmLDL) in which
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only the lipids are oxidized. The contribu-
tion of the individual lipids to the toxic ef-
fect of mmLDL on vascular cells is far from
clear. Current interests focus on the cyto-
toxic effects of the phosphatidylcholines
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-
3-phosphocholine (POVPC), 1-palmitoyl-
2-glutaroyl-sn-glycero-3-phosphocholine
(PGPC) and their 1-O-alk(en)ylether ana-
logs that are oxidation products of choline
glycerophospholipids containing arachi-
donic acid in position sn-2 of glycerol.
The research aim is to identify the role of
these compounds in cell death as a conse-
quence of apoptosis and/or necrosis. The
1-O-alk(en)yl (ether) analogs of PGPC and
POVPC are studied since ether phospho-
lipids also represent important lipoprotein
and membrane components. To understand
the molecular mechanisms of lipid-induced
cell death, the uptake and stability of the
oxidized phospholipids in cells has to be
determined, in order to identify their pri-
mary targets, measure their apoptotic and
necrotic effects, and analyze the intracellu-
lar signaling components.[33]

Anoriginal approach thatis currently un-
der examination is to combine the properties
of membranes with those of inorganic poly-
anions, such as synthetic polyoxometallates
(POM) which are nanoclusters of highly
oxidized early transition metals and oxy-
gen with important biological activities.[34
The origin of such activities are still under
exploration, but given the anionic char-
acter of those compounds, it appears that
membrane crossing is an issue that needs
to be addressed for deeper understand-
ing of the systems. Upon reduction at the
cell membranes POM might also generate
radicals that would produce effects to the
cells. POM structures can contain an ‘arm’
to be used as a linker (Fig. 2), and condi-
tions have been developed to attach various
molecules to the acid moiety by coupling
reactions.[35-37]

Fig. 2. Polyoxometalate structures to be functionalized

The synthesis of POM-containing
fluorescent labels can be then envisaged
for the study of interaction with biological
structures such as membranes, or inducing
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cell responses, thus affecting cell growth
and death.

The scenario regarding modifications
of unsaturated lipids would not be com-
plete without mentioning the oxidation
products of cholesterol esters of linoleic
and arachidonic acids. These esters are
incorporated into VLDL that are then
transformed into LDL. When this LDL is
transferred to endothelial cells, toxic prod-
ucts are liberated and induce cell damage.
The damage is combined with structural
changes that influence neighboring cells
and cause an influx of Ca*? ions, with
activation of phospholipase first, that is
responsible of the free fatty acid libera-
tion from membranes, and secondly to
lipoxygenase enzymes that produce lipid
peroxides. When the level of free PUFA
obtained from the phospholipase activity
exceeds certain limits, lipoxygenase com-
mits suicide, liberating iron ions. These
ions react with lipid peroxides, a produc-
tion of peroxyl radicals via non-enzymatic
reactions, which are able to attack any bio-
logical compounds, inducing severe dam-
age.l3I

The formation of lipid peroxides, simi-
lar to that occurring in cardiovascular dis-
eases, can be observed in inflammatory
and neurodegenerative diseases, indicating
a close relationship between the inducers of
all these events. The formation of oxidized
lipids in membranes seems to influence the
channels across the bilayer, and causes an
influx of Ca*2ions, so that phospolipase en-
zymes are activated. The cleavage of phos-
pholipids occurs and it will cause damage
as described above.3!

What are the most sensitive membrane
phospholipids to oxidative damage has
been the subject of several investigations,
using model liposomes as well as living
organisms. In rats, ischemia-reperfusion
injury to cardiac myocytes involved mem-
brane damage with the most pronounced
effects on cardiolipin (Fig. 3), a lipid
which is mostly present in mitochondria,
with its oxidation products being involved
in apoptosis and signaling.[4041] One of the
most indicative experimental protocols for
investigating the damage of the membrane
lipids uses irradiation. Employing the
oxidative lipidomics to qualitatively and
quantitatively characterize phospholipids
peroxidation in the small intestine of mice
exposed to total body irradiation (TBI) of
10 and 15 Gy, in a recent work has been
established that two anionic phospholipids
— cardiolipid in mitochondria and phos-
phatidylserine outside mitochondria — are
the most involved in oxidation. Phosphati-
dylcholine and phosphatidylethanolamine
did not reveal any oxidative stress respons-
es despite the presence of highly oxidiz-
able docosahexaenoic fatty acid residues
in their structures.“21 Therefore, the sensi-
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Fig. 3. Cardiolipin structure

RI R: - RS - H
Yoo F RS’ =—= H
R R,

cis

Scheme 2. Cis-trans isomerization by thiyl radicals

tivity of the different lipid molecules can
vary depending on the biological context
and location.

It is however clear that lipid oxidation
in vivo has a very important target in mem-
brane phospholipids components. In par-
ticular, being the polyunsaturated fatty acid
usually located in the sn-2 position of the
glycerol backbone, this is the position that
is modified in oxidized phospholipids.43]
It is important to recall at this point that
the above described lipid peroxides are the
starting products of this damage. In fact,
from the intermediate peroxyl radicals,
a cascade of radical reactions can occur,
including hydrogen abstractions and frag-
mentations, generating truncated phospho-
lipids and different types of low molecular
weight aldehydes. The aldehydes, such as
malondialdehyde (MDA), 4-hydroxynon-
enale (HNE) and other related unsaturated
aldehydes, have been found as products of
the cleavage of hydroperoxides. MDA was
the focus of attention in lipid peroxidation
for many years, which motivated the use
of the thiobarbituric acid (TBA) to assay
the peroxidation in vitro.44 Also HNE
was investigated for its role in this deg-
radation process,#5! and found to be par-
ticularly toxic to mitochondria.ls! These
structures containing a double bond, an
aldehyde function and a hydroxyl group
are chemically very reactive, and they can
easily form adducts with many functional
groups, such as thiol and amino groups,
widely present in the biological environ-
ment, for example in proteins and the nu-
cleotidic components of DNA. Therefore,
the adducts have a mutagenic potential,
and in general very strong toxicity ef-
fects.[47481 These compounds can induce
the production of antibodies, and this has
led to the increased use of HNE or MDA
antibodies that are able to visualize their

adducts present in a tissue. This is very
useful to demonstrate the importance of
these reactions in diseases and ageing. As
examples, modification of proteins with
the lipid peroxidation product 4-HNE has
been detected in human peripheral blood
lymphocytes, using two- dimensional gel
electrophoresis followed by Western blot-
ting with an antibody recognizing 4-HNE
protein adducts.49! Analogously, such bio-
markers have been used to detect the oc-
currence of neurodegeneration. (50!

3. Lipid Isomerization

In the recent years geometrical isomer-
ization of fatty acid residues has been rec-
ognized as a radical-based modification
that can have a biological meaning.

In organic chemistry it is well known
that several radical species catalyze the cis
to trans isomerization by the formation of
the most stable trans structure. The chemi-
cal transformation occurs via the addition-
elimination of thiyl radicals to the double
bond, as shown in Scheme 2 for a monoun-
saturated substrate and a thiyl radical.

On the other hand, when a double bond
is considered in biology, the cis geometry
(Z) is ubiquitously found and this structure
is not considered as unstable from a bio-
logical point of view. Neither isomerization
process and formation of stable trans lipid
structures were thought to occur in eukary-
otes. All structural and metabolic activities
of mono- and polyunsaturated fatty acid
(MUFA and PUFA) moieties are based on
the common feature of cis geometry. The
cis requisite is strictly controlled during
lipid biosynthesis by desaturase enzymes,
which in fact produce double bonds from
saturated structures in a regiospecific and
stereoselective manner.[51.52]
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Lipid cis/trans isomerization is a field of
multidisciplinary research. In lipid chemis-
try related to nutrition, cis/trans isomeric
mixtures are described as products during
partial hydrogenation or deodorization of
fats utilized in food industry.!53541 It must be
demonstrated that in this case, geometrical
isomers are formed together with positional
trans isomers, the latter having the double
bond positions shifted in the adjacent car-
bon atom, with respect to the natural cis iso-
mer position. Investigations in nutrition and
epidemiological studies pointed out some
harmful effects of unnatural lipids for human
health,[551 and motivated a crusade to amend
food labeling in USA by 2006, thus includ-
ing trans fat information in the nutritional
facts.561 In microbiological research, it is
known that trans lipids are formed in some
bacteria by an enzymatic cis—trans isomer-
ization during adaptation responses.[57!
Trans fatty acids cannot be synthesized in
eukaryotic cells. It is very important to note
that in biochemistry trans fatty acid isomers
are well known to produce perturbation ef-
fects on cell membrane arrangement and
lipid enzymatic cascades.[58-62!

A few years ago, the general view of
the lipid cis double bonds was that they are
the natural structure, whereas trans isomers
could occur in eukaryotic cells only after
a dietary supplementation of chemically
modified fats. More recently, the trans ge-
ometry in natural lipids was reconsidered,
addressing a crucial question: can trans lip-
ids be generated from two different path-
ways, namely, from foods, that we called
the exogenous path, and from a radical
isomerization, that we called the endog-
enous path, occurring during the metabolic
functioning?

This question could arise from the
known chemical reactivity of double bonds
under radical conditions. In fact, thiyl radi-
cals RS® are known to be some of the most
effective species to catalyze the cis-trans
isomerization process.!63641 The connection
with a biological process could be initially
found by the consideration that thiyl radicals
are generated from thiols under the radical
stress, in particular because of the ‘radical
repair reaction’, as well as during the activ-
ity of some enzymes (reaction 7).165]
R*+RSH — RH + RS* @)

Considering the possibility of lipid
isomerization occurring in biological sys-
tems, the chemical biology approach was
applied by combining the following as-
pects:

i) design of biomimetic models such as
model membranes, to study trans lipid
formation in the presence of biological-
ly meaningful sulfur-containing com-
pounds, examining different radical
initiations and conditions;

ii) mechanistic and product studies on lipid
isomerization in homogenous and het-
erogeneous systems, to gather kinetic
and thermodynamic information on the
isomerization steps and product forma-
tion; this part can be associated with
computational chemistry for getting
predictive indications about mecha-
nisms, and help to interpret data;

iii) synthetic studies to build up a trans lipid
library to be used in lipidomics and bio-
logical research.

3.1. Lipid Isomerization in Model

Membranes
Liposomes such as multilamellar vesi-

cles (MLV) and small or large unilamellar

vesicles (SUV, LUV), are widely accepted
as models of membrane lipid assembly

(see Fig. 1B). After an initial use of MLV

vesicles, the choice was oriented to large

unilamellar vesicles obtained by an extru-
sion technique (LUVET) for their close re-
lationship with cell membranes, due to the
presence of a single bilayer.[66671 They can
be prepared with quite a uniform diameter
depending upon the polycarbonate filter

size used for the extrusion. Vesicles of 100

nm diameter form an almost transparent

suspension, which is also suitable for stud-
ies under photolytic conditions.[68]

The aqueous and lipid phases are the
two distinct compartments of this non-
homogeneous system. There are several
features to be taken into account for exam-
ining the reactivity of this system towards
free radicals:

i) the characteristic supramolecular ar-
rangement of the lipid assembly, with
the fatty acid chains of phospholipid
molecules that form the hydrophobic
core of the model membrane, and the
polar heads that face the aqueous inter-
nal and external phases;

ii) the partition coefficient of compounds
added in the system, which influences
the distribution of the reactive species
in the two compartments;

iii) in particular, the location of the initiation
step, i.e. where the formation of an ini-
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tial radical species, able to abstract the

H-atom from the thiol group, occurs.

As far as the lipid organization is con-
cerned, there is a precise arrangement of
the hydrophobic core, which can influence
the position of the double bonds in the layer
and the reactivity of the different fatty acids
to the radical attack. This was found to be
the case in the double bond isomerization,
studied with an amphiphilic thiol, 2-mercap-
toethanol, as well as other diffusible thiols,
such as H,S,[ that are able to move with-
out restriction from the aqueous phase to the
lipid bilayer, and vice versa. A regioselective
process resulted since the double bonds are
not involved at the same extent by the radical
isomerization. In particular, using vesicles
made of egg yolk lecithin, it was possible to
demonstrate that the double bonds located
closest to the membrane polar region are the
most reactive towards the attack of diffus-
ing thiyl radicals.[0 In the case of linoleic
acid residues in vesicles, the double bond in
position 9 was more reactive than that in po-
sition 12. Also arachidonic acid residues in
vesicles were more reactive than oleic and
linoleic acids, and two positions, i.e. the dou-
ble bonds in 5 and 8, over the four present
in this structure, were transformed preferen-
tially. The work in the models highlighted
arachidonic acid residues as very important
markers in membrane phospholipids, in par-
ticular for distinguishing endogenous trans
isomers, formed by radical processes, from
the exogenous frans isomers, derived from
dietary contribution.[66-711

The partition coefficient of sulfur-
containing compounds used in the vesicle
model and the compartment where the radi-
cal initiation step occurs, play a role in the
isomerization outcome. Hydrophilic, lipo-
philic and amphiphilic compounds have
a different behavior and the combination
between the thiol and the radical initiator
can be a crucial step. In biomimetic mod-
els, a variety of biologically relevant sulfur-
containing compounds, such as cysteine,
glutathione, methionine, lipoic and dihydro
lipoic acids,[”2 were examined under differ-
ent radical initiating conditions (Fig. 4).

Fig. 4. Diffusion of thiyl
radical species in the
liposomes and cis-
trans isomerization of

phospholipids
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Radical initiation exclusively occurring
in the aqueous compartment was obtained
by two methodologies:

i) thermal decomposition of a hydrophilic
azocompound, which can also have a
biological significance, simulating the
‘repair’ hydrogen-donation reaction
given by thiols, such as cysteine and
glutathione, towards carbon-centered
radicals;

ii) y-irradiation of aqueous systems which
gives e, -, HO®, and H® as reactive spe-
cies, and the possibility of selection of a
specific species under appropriate con-
ditions.[66:67]

By examining different combinations of
thiols and initiators, it was established that
hydrophilic compounds, such as cysteine,
combined with a hydrophilic thermal ini-
tiator, did not give any isomerization of the
lipid bilayer.[0! This behavior was easily
explained by the fact that hydrophilic thiyl
radicals are not able to enter the lipid bi-
layer, and therefore cannot reach the lipid
double bonds.

On the other hand, under y-radiolysis
conditions lipid isomerization occurred.
Thisradicaldamage was foundtobe caused
by hydrogenatoms H® thatareable toattack
the sulfur moiety of the amino acid, and
produce a desulfurization reaction.[73.74
It is very interesting that this reactivity
represents the molecular basis of a tan-
dem lipid-protein damage, which is the
subject of another paper of this CHIMIA
issue (Chatgilialoglu and coworkers, p.
721-727).

Computational chemistry can offer a
very important contribution to the mecha-
nistic studies on fatty acid transformations
by free radical processes. It allows ther-
mochemical data, such as heats of forma-
tion, to be calculated with an accuracy of ~1
kcal/mol. Experimental heats of formation
for radicals are difficult to obtain and can be
in error. A disagreement between reliable
theoretical and experimental data of more
than 3—4 kcal/mol is usually a strong indi-
cation that experimental results need to be
reviewed and perhaps re-interpreted. Un-
like experiments, computations can locate
and study transition-state structures.[’5-771
The energies of the transition states relative
to the reactants can be translated in relative
kinetics predicting what process or process-
es among several competing ones maybe
favored energetically. This was applied to
cis-trans isomerization in comparison with
experimental datalé4 and can be extended to
other thiyl radical species generated from
biologically relevant environment (as for
example those derived from S-containing
residues in peptides or proteins) as well
as to polyunsaturated substrates, in order
to evaluate competitivity from other pro-
cesses, such as H-abstraction or H-transfer,
occurring intra- or intermolecularly.
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Fig 5. All-trans arachidonic acid and all-trans anandamide

4. All trans Lipid Strategy

The relevance of the double bond geom-
etry for the biological activity of unsaturated
fatty acids has been addressed by several
studies on cell cultures and organisms. For
example the common monounsaturated FA
oleic acid in its free form specifically acti-
vates a number of enzymes such as oleic acid
dependent PKC (protein kinase C),[78! PLD
(phospholipase D) and could act as an intra-
cellular messenger causing Ca>* mobiliza-
tion in human platelets,[”! while the respec-
tive saturated fatty acid (stearic acid) and
the trans-counterpart (elaidic) are inactive.
This is also true for PUFA such as arachi-
donic acid, linoleic acid and their enzymatic
(cyclooxygenase, COX, and lipoxygenase,
LOX) products that are involved in a variety
of biological responses. It should be pointed
out that trans FA derived from PUFA are not
an homogenous group and might have dis-
tinct biological activities. For instance, the
14-trans arachidonic acid isomer decreased
platelet aggregation, 89! whereas the 5-trans
isomer did not.811 The presence of trans fatty
acids in living systems has been reported in
anumber of studies where the conditions are
such that they arise endogenously by effect
of radical stress. In these in vitro and in vivo
cases, mono frans arachidonic acid isomers
have been detected.67.71.82]

The biological effects connected to the
lipid geometry have suggested an antisense
strategy focusing on the all-frans geometry,
which is the opposite of cis configuration
present in natural lipids; although it is high-
ly improbable that these compounds could
be formed endogenously by exhaustive
isomerization, their study in comparison to
their natural cis-counterparts can provide
valuable information for the role of the
double bond geometry by considering the
interference in major physio-pathological
biological actions. The synthesis of these
compounds can be accomplished using the
thiyl radical-catalyzed methodology, which
was found to convert specifically the cis
double bond into their geometrical trans
counterparts without causing double bond
shift.i831 A number of trans fatty acids, such
as all-trans arachidonic acid, all-trans lino-
leic acid as well as the respective deriva-
tives of biologically important signaling
molecules, namely all-¢rans arachidonoyle-
thanolamide (all-frans anandamide) and
all-trans linoleoylethanolamide, have been
prepared so far (Fig. 5).

Anandamide is the most studied en-
docannabinoid which exerts its biological
roles by binding to cannabinoid recep-
tors (CB1, CB2) and it is then inactivated
through degradation by the action of a fatty
acid amidohydrolase (FAAH), inside the
cell. Platelets were used as an experimen-
tal cell model to study the effects of trans
fatty acids and derivatives in comparison to
their cis counterparts. Platelets play an im-
portant role in maintaining vascular homeo-
stasis and their function is modulated by cis
unsaturated fatty acids, and their metabolic
products, while trans FA have been accused
of causing atherogenesis. 84

Arachidonic acid induces platelet ag-
gregation mainly through its conversion
to tromboxane A, (TXA,) which is then
released and, by binding to its receptors,
activates PLC (phospholipase C); subse-
quently, intracellular calcium is increased
and amplifies platelet aggregation which in
turn may cause further release of TXA, and
adenosine diphosphate (ADP) that leads to
irreversible aggregation. It should be men-
tioned that platelet stimulation by throm-
bin results in TXA, release while platelet
activating factor (PAF) activates platelets
through a TXA, independent pathway.

All-trans arachidonic acid was found
to have a dual effect on platelets. At high
concentrations (>10~* M) aggregation was
observed, while the respective cis acid had
a similar effect at approximately ten times
lower concentration. It is noteworthy that at
lower concentrations all trans arachidonic
acid inhibited the aggregation induced by
the strong platelet agonist PAF (4 x 10710
M) with an ICs, ~ 6 UM, but not that in-
duced by thrombin. Arachidonic acid and
all-trans arachidonic acid methylesters,
as well as the respective saturated isomer
(arachidic acid) had no effect. These results
suggest that the presence of double bond and
the free form of the FA are necessary for the
activity. Similar results were obtained with
all-trans linoleic acid.

On the other hand, anandamide caused
platelet aggregation at a concentration-de-
pendent manner through its conversion to
AA, apparently by the action of FAAH.[85]
Indeed aggregation was inhibited by PMSF
(phenylmethanesulphonyl fluoride, a serine
protease inhibitor) and the rather specific
FAAH inhibitor, URB597. Interestingly
all-trans anandamide behaved like -AA
causing aggregation at high concentrations
and inhibiting platelet aggregation induced
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by PAF at lower concentrations (ICs, ~ 4.7
uM ).861 The aggregation was not inhibited
by FAAH inhibitors, suggesting that a dif-
ferent mechanism was involved.

Nevertheless, all-frans anandamide as
well as all-trans linoleoylethanolamide
were good substrates for FAAH when plate-
let homogenate or Tetrahymena thermophi-
la cell homogenate was used as enzymatic
source.[86]

The antisense strategy carried with all-
trans lipids indicated that the effects ob-
tained by such structural change could in-
terfere with the pathways followed by their
(normal) cis counterparts involved in very
important functions. The aim of these stud-
ies is to contribute to the understanding of
the role and the importance of the double
bond configuration in biological systems.
In addition, the possibility that all-frans AA
and all-trans anandamide might be proved
rather specific PAF inhibitors is very inter-
esting and needs further investigation since
PAF is a very potent mediator of inflam-
mation.

5. Conclusions

The combination of studies in lipi-
domics with those of free radical modifi-
cations concerning lipids is promising for
the understanding of the molecular basis
in biology and medicine, either involved
in ageing and in several pathologies or in
the physiological metabolic functioning of
membranes and signaling pathways. The
chemical biology approach is important not
only for fostering collaborations among dif-
ferent fields, but also for improving a com-
mon language, in order to share informa-
tion from life science disciplines. This will
allow chemical properties and mechanisms
to become a useful basis for understanding
biological processes, contributing to the so-
lution of puzzling questions on free radical
stress and suggesting strategies for medi-
cal applications. In this respect, as demon-
strated by peroxidation and more recently,
by isomerization processes, the field of free
radicals and their applications to biology
and medicine is not only increasing the sci-
entific role of chemistry in life sciences, but
also hopefully contributing to a better social
perspective of chemistry for its role in the
improvement of health and quality of life.
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