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Background: Free radical-mediated lipid peroxidation has been implicated in a number of human diseases. Di-
verse methods have been developed and applied to measure lipid peroxidation products as potential bio-
markers to assess oxidative stress status in vivo, discover early indication of disease, diagnose progression
of disease, and evaluate the effectiveness of drugs and antioxidants for treatment of disease and maintenance
of health, respectively. However, standardized methods are not yet established.

Scope of review: Characteristics of various lipid peroxidation products as biomarkers are reviewed on the basis

Keywords: . . . . .
Bi gmarker of mechanisms and dynamics of their formation and metabolism and also on the methods of measurement,
Hydroxycholesterol with an emphasis on the advantages and limitations.

Major conclusions: Lipid hydroxides such as hydroxyoctadecadienoic acids (HODE), hydroxyeicosatetraenoic
acids (HETE), and hydroxycholesterols may be recommended as reliable biomarkers. Notably, the four HODEs,
9-cis,trans, 9-trans,trans, 13-cis,trans, and 13-trans,trans-HODE, can be measured separately by LC-MS/MS and
the trans,trans-forms are specific marker of free radical mediated lipid peroxidation. Further, isoprostanes and
neuroprostanes are useful biomarker of lipid peroxidation. It is important to examine the distribution and
temporal change of these biomarkers.

General significance: Despite the fact that lipid peroxidation products are non-specific biomarkers, they will
enable to assess oxidative stress status, disease state, and effects of drugs and antioxidants. This article is part
of a Special Issue entitled Current methods to study reactive oxygen species - pros and cons and biophysics
of membrane proteins. Guest Editor: Christine Winterbourn.
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1. Introduction

Biomarkers are defined as measures that can be used as indicators
of normal biological processes, pathological processes, or pharmaco-
logic and/or biochemical responses to therapeutic/nutritional inter-
vention. Biomarkers are used for health examination, diagnosis of
pathologic processes, assessment of treatment response and progno-
sis, safe and efficient drug development, and evaluation of the effects
of drugs, foods, beverages, and supplements. Lipid peroxidation is
the major consequence of oxidative stress and cause of oxidative dam-
age [1]. Various biomarkers for lipid peroxidation have been proposed,
developed, and applied for biological samples from humans and ex-
perimental animals. Substantial evidence shows the association
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between the level of these biomarkers and development of many dis-
eases. Accordingly, the lipid peroxidation products have received
much attention as biomarkers of oxidative stress and diseases and
also as indicators of antioxidant effects and the advantages and limita-
tions of various biomarkers and methods of measurement have been
the subject of extensive studies and arguments [1-10].

Lipids are vulnerable to oxidation by both enzymes and non-
enzymatic oxidants. Especially, polyunsaturated fatty acids (PUFAs)
possessing more than two cis-double bonds each separated by one
methylene group and their esters are readily oxidized by free radical
mediated chain oxidation, termed lipid peroxidation, which has been
shown to impair membrane functions and inactivate proteins and en-
zymes, leading eventually to various disorders and diseases. Lipid
peroxidation products have been accepted as toxic mediators, but
now they are known to exert diverse biological effects [11-13].

The mechanisms and products of lipid peroxidation have been stud-
ied extensively and are now fairly well understood [1,14]. One of the
characteristics of lipid peroxidation is that it proceeds by non-specific
fashion. PUFAs and their esters having bis-allylic hydrogens are very
reactive toward oxygen radicals and readily oxidized to produce lipid
hydroperoxides as major primary products (Scheme 1). The major
PUFA in vivo is linoleic (18:2), linolenic (18:3), arachidonic (20:4),
eicosapentaenoic acid (20:5, EPA), and docosahexaenoic acid (22:6,
DHA), which have one, two, three, four, and five bis-allylic methylene
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Scheme 1. Chemical structure of hydroperoxyoctadecadienoic acid (HPODE, 1),
hydroxyoctadecadienoic acid (HODE, 2), hydroperoxyeicosatetraenoic acid (HPETE,
3), and hydroxyeicosatetraenoic acid (HETE, 4).

groups respectively. In contrast to lipoxygenase, peroxy radicals, chain
carrying species of lipid peroxidation, attack these bis-allylic hydrogens
non-selectively. For example, arachidonic acid has three bis-allylic
methylene groups at carbon 7, 10, and 13 positions, which are equally
attacked by peroxyl radicals and the resulting radicals may undergo
several competing reactions to yield final products. Thus lipid peroxida-
tion of PUFAs gives rise to diverse group of products with hundreds of
regio-, stereo-, and enantio-isomers.

Cholesterol is also an important substrate of oxidation. It was ac-
cepted as an important component of cellular membranes and lipopro-
teins and also as a precursor to hormone synthesis, but it is oxidized in
vivo substantially and its oxidation products play an important role as
signaling messenger and biological mediators [15-18]. The oxidation
products of cholesterol received attention as biomarkers of oxidative
stress in vivo [19,20].

Lipids are oxidized not only by free radical pathways but also by
non-radical oxidants and enzymes such as singlet oxygen, ozone,
hypohalous acids, lipoxygenases, cyclooxygenases, and cytochrome
P450. The same lipid oxidation products are formed by some of the
free radical and non-radical oxidation. This point should be born in
mind in the measurement and interpretation of data. It is important
to understand the mechanisms of lipid oxidation by different oxidants
in order to identify the responsible oxidant and assess the efficacy of
antioxidant.

In the present article, the characteristics and measurement of lipid
peroxidation products as a biomarker in clinical materials will be
described, with special attention to the strengths and limitations as bio-
markers on the basis of mechanisms and dynamics of their formation,
metabolism, and excretion, rather than experimental details of protocols.

2. Lipid peroxidation products as biomarker: pros and cons

Various biomarkers of lipid peroxidation have been developed and
applied to biological samples. Some representative biomarkers of lipid
peroxidation are summarized in Table 1. The free radicals are too
short-lived to be measured directly and stable products are measured.
Early methods for determination of lipid peroxidation products
depended largely on colorimetric assays involving the reaction of the
lipid peroxidation products with chemical reagents that generated
chromophores. For example, the iodometric assay is one of the oldest

Table 1
Biomarkers of lipid peroxidation °.

Biomarker Remarks/methods of measurement

Hydroperoxides Primary product of lipid peroxidation, not stable/LC-UV, CL,
FL, MS; DPPP

Hydroxides Reduced form of hydroperoxides, HODE and HETE/LC-UV,
MS; GC-MS; EIA

[soprostanes Free radical mediated oxidation product of arachidonic acid/
LC-MS; GC-MS; EIA, RIA

Neuroprostanes Free radical mediated oxidation product of DHA/LC-MS;
GC-MS

TBARS, MDA Thiobarbituric acid reactive substances measuring MDA

and possibly others/spectrophotometry, HPLC

1,3-Diene of hydroperoxides and hydroxides/UV 234 nm
Fragment product of hydroperoxides in exhaled gas/GC
Secondary products from hydroperoxides/LC; DNPH-UV/vis;
EIA; RIA

LysoPC Hydrolysis of PC by phospholipase A2/TLC, LC-MS/MS
7-Hydroxycholesterol Reduction of 7-hydroperoxycholesterol, enzymatic oxidation/
GC-MS

Free radical oxidation of cholesterol/GC-MS

Conjugated diene
Ethane, pentane
Aldehydes, Ketones

7- Ketocholesterol

Oxidized LDL Oxidatively modified LDL by multiple oxidants/EIA, RIA

LPO-modified Proteins modified by aldehydes/LC-MS; EIA; RIA
proteins

Lipofuscin Fluorescence

2 CL, chemiluminescence; DNPH, 2,4-dinitrophenylhydrazine; DPPP,
diphenylpyrenylphosphine; EIA, enzyme immunoassay; FL, fluorescence; HETE,
hydroxyeicosatetraenoic acid; HODE, hydroxyoctadecadienoic acid; GC, gas chromatogra-
phy; LG, liquid chromatography; LPO, lipid peroxidation; Lyso PC, lysophosphatidylcholine;
MS, mass spectrometry; RIA, radio immunoassay; TLC, thin layer chromatography; UV/V,
ultraviolet/visible spectrophotometry.

methods applied for measurement of lipid peroxidation products. In
this method, iodine formed by the reaction of hydroperoxides and io-
dide is measured by titration [21]. This is a simple and convenient
method, but due to a lack of specificity and sensitivity this method is
not used today for clinical materials. With the advent of modern tech-
nologies such as chromatography, mass spectrometry, immunochem-
istry, and imaging technique, much more sophisticated methods are
now available and applied for the identification, structure determina-
tion and quantification of lipid peroxidation products in biological
samples. Nonetheless, there is still no method which is specific, accu-
rate, sensitive, and quantitative enough to measure lipid peroxidation
products in biological samples. The human samples contain low levels
of lipid peroxidation products and their measurement may be inter-
fered by other biological materials and also by artifactual oxidation
during sampling, storage, and analysis. The characteristics of these
biomarkers are described below.

2.1. Lipid hydroperoxides

Hydroperoxides are formed as the major primary product of lipid
peroxidation of PUFA and cholesterol. Hydroperoxides are produced
in the oxidation by singlet oxygen and lipoxygenase as well as free
radical mediated lipid peroxidation [1]. Singlet oxygen oxidizes
mono-olefins such as oleic acid and squalene as well as PUFA to give
rise to hydroperoxides with concomitant migration of double bond.
For example, the lipid peroxidation of linoleic acid by free radicals pro-
duces 9 and 13-hydroperoxyoctadecadienoic acid (HPODE), while the
oxidation of linoleic acid by singlet oxygen gives four regio-isomers, 9,
10, 12, 13-HPODE, of which 10 and 12-HPODE do not contain conju-
gated diene. In contrast to lipoxygenases which attack specific posi-
tion, peroxyl radicals attack bis-allylic hydrogens of PUFA equally;
for example, peroxyl radicals abstract hydrogens at carbon 7, 10, and
13 positions of arachidonic acid at the same rate. The resulting carbon
radicals react with molecular oxygen after rearrangement to yield
thermochemically more stable 5, 8, 9, 11, 12, and 15-peroxyl radicals,
which then abstract bis-allylic hydrogen to give the corresponding six
regio-isomers of hydroperoxyeicosatetraenoic acid, HPETE. Since 8, 9,
11, and 12-peroxyl radicals, but not 5- and 15-peroxyl radicals, may
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also undergo intramolecular cyclization to give prostaglandin type
products, the yields of 5- and 15-HPODE are larger than 8-, 9-, 11-,
and 12-HPODE.

In addition to PUFA hydroperoxides, cholesteryl hydroperoxide
was detected in vivo. For example, 7-hydroperoxycholesterol was
found in human atherosclerotic lesions [22]. The oxidation products
of triglycerides are smaller than those of phospholipids and cholester-
ol and have received less attention.

Hydroperoxides are not stable end product but reduced in vivo by
glutathione peroxidases and selelnoprotein P to the corresponding
hydroxides. Hydroperoxides react with transition metal ions such as
iron and copper to produce oxygen radicals and they are decomposed
thermally and hence cannot be analyzed directly by gas chromatogra-
phy (GC). Accordingly, hydroperoxides in biological samples are often
reduced before analysis to convert hydroperoxides to the correspond-
ing hydroxides.

Different kinds of lipid hydroperoxides are separated by HPLC and
then quantified with chemiluminescence (CL), fluorescence (FL) or
mass spectrometry (MS). HPLC-CL is specific and very sensitive
[23-25], but care should be taken because chemiluminescence inten-
sity depends on the type of lipid hydroperoxides and also analytical
conditions including apparatus set up [26]. The observed levels of
PC hydroperoxides in healthy human plasma measured by HPLC-CL
vary considerably, ranging from nil to several hundred nM, the recent
reported levels being often below 100 nM [27].

Recent advancement of lipidomics technique has made it possible
to identify and characterize diverse molecular species of phospho-
lipids and cholesteryl ester hydroperoxides in intact forms by LC-
MS/MS [28]. The accurate quantification by MS requires deuterated
samples of the same compounds, which are usually not commercially
available except for several limited standards.

The above LC-CL, LC-FL, and LC-MS/MS methods are specific and ca-
pable of measuring different hydroperoxides separately, but they are
neither simple nor rapid and they require skilled techniques and costly
equipments. Simpler methods which measure total hydroperoxides
have been developed also. One of such methods is the Fox assay in
which ferric ion Fe* formed by the reaction of hydroperoxides and fer-
rous ion Fe? T is measured spectrophotometrically at 560 nm after reac-
tion with xylenol orange [29]. It should be pointed out that the reaction
of hydroperoxides and ferrous ion produces ferric ion and at the same
time alkoxyl radicals, which undoubtedly induce artifactual oxidation
of lipids. In support of this notion, the reported levels of lipid hydroper-
oxides measured by Fox assay are much higher (often above 1 uM) [29]
than those measured by other direct methods [1].

As an alternative method, diphenylpyrenylphosphine (DPPP) has
been used to measure total lipid hydroperoxides in biological samples
[30-32]. The reaction of lipid hydroperoixdes and DPPP gives lipid hy-
droxides and DPPP oxide stoichiometrically and the resulting DPPP
oxide may be measured with HPLC-FL [30,33] or GC-MS [34]. The
level of cholesteryl ester hydroperoxides in human plasma deter-
mined by this method was reported as 24.5 nM [30].

2.2. Lipid hydroxides, HODE, HETE and hydroxycholesterol.

Lipid hydroxides are also major lipid oxidation products found in
biological samples. Especially, HODEs and HETEs are the most abun-
dant lipid oxidation products found in human plasma, normally
around 100 nM [1,35]. They are produced by reduction of hydroper-
oxides and also directly by oxidation with cytochrome P450. The
lipid hydroxides derived from enzymatic oxidation and singlet oxygen
oxidation are cis,trans-hydroxides, while free radical lipid peroxida-
tion gives both cis,trans and trasn,trans-hydroxides. Therefore, trans,
trans-hydroxides serve as specific biomarker for free radical lipid per-
oxidation. In terms of chiral specificity, enzymatic oxidation gives in
general either R or S form product selectively, while free radical lipid
peroxidation gives equal amount of R and S forms, that is, racemic

products. This may be used to distinguish lipid peroxidation from
non-radical oxidation. It may be noted, however, that the enzymatic
lipid oxidation in membranes and lipoproteins by lipoxygenase may
not be fully enantio specific [36].

As described above, hydroperoxides are chemically and thermally
unstable and they are often analyzed as hydroxides after reduction
with triphenylphosphine or sodium borohydride. It was found that so-
dium borohydride, a strong reducing agent for hydroperoxides and
metal ions, induced ex vivo lipid oxidation during analytical proce-
dures, which could be avoided if triphenylphosphine was used as the
reducing agent [37]. Human plasma and tissue samples contain con-
siderable iron.

In many cases, the biological samples are hydrolyzed to convert
phospholipid hydroxides and cholesteryl ester hydroxides to the corre-
sponding free fatty acid hydroxides and measured as total lipid hydrox-
ides such as HODE, HETE and hydroxycholesterol. Lipid hydroxides are
measured by the same method as hydroperoxides, although chemilu-
minescence cannot be applied. Tandem mass spectrometry is useful
for analysis of geometrical isomers and LC-MS/MS has been used suc-
cessfully as a potential tool.

HODE is particularly a useful biomarker, since linoleates are the
most abundant PUFA in vivo and oxidized by a straightforward mecha-
nism to give only four kinds of regio- and stereo-isomers, which can be
quantified separately with LC-MS. In contrast, free radical oxidation of
arachidonates gives twelve kinds of regio- and stereo-isomeric HETEs
and furthermore cyclic peroxides as well. The molar ratio of cis,trans-
HODE/trans,trans-HODE is determined by the capacity of hydrogen do-
nation at the reaction site and this ratio can be used as an indicator of in
vivo antioxidant capacity and may be applied for the assessment of an-
tioxidant efficacy in vivo [38].

Many studies observed the association between increase in HODE
levels and progress of diseases. For example, it was found that human
atherosclerotic lesions contained increased amounts of HODE than
non-atherosclerotic vessel wall, the ratio of HODE/linoleic aicd being
5/1000 [39]. Furthermore, racemic 9- and 13-HODEs were significantly
elevated in patients with nonalcoholic steatohepatitis (NASH) com-
pared with patients with steatosis [44].

HETE has been measured also as a biomarker of lipid peroxidation
[35]. The plasma level of HETE from healthy human subjects is similar
to that of HODE, although the ratio of products to parent lipid HETE/
arachidonates is higher than HODE/linoletes. It should be pointed out
that the ratio of HETE to total oxidized arachidonates is lower than
the ratio of HODE/oxidized linoleates, and importantly this ratio de-
pends on the circumstances such as concentrations of substrates, an-
tioxidants, and oxygen. Thus, HODE may be considered to be more
suitable than HETE as a quantitative biomarker of lipid peroxidation.

2.3. Isoprostane and neuroprostane

Isoprostanes (IsoP) are a series of prostaglandin-like compounds
produced by a free radical mediated lipid peroxidation of arachidonic
acid independent of cyclooxygenase [40,41]. An important structural
distinction between IsoP and cyclooxygenase-catalyzed PGs is that
the former contains side chains that are predominantly oriented cis
to the prostane ring, whereas the latter possess exclusively trans side
chain [40]. Another difference between IsoPs and PGs is that IsoPs
are formed primarily in situ, esterified to phosphplipids and subse-
quently released by a phospholipases, whereas PGs are generated
only from free arachidonic acid. The 8, 9, 11, and 12-peroxyl radicals,
but not 5 and 15-peroxyl radicals, derived from arachidonic acid un-
dergo two consecutive intramolecular cyclizations, oxygen addition,
and hydrogen abstraction to form PGG,-like compounds, which are
reduced to yield D,, E, F3, J», and A,-IsoPs (Scheme 2). Among these,
F»-IsoPs containing F-type prostane ring have been studied most ex-
tensively. The oxidation of EPA and DHA by similar mechanisms
gives Fs-isoprostanes and F4-neuroprostanes respectively [42].
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Scheme 2. Chemical structure of isoprostane.

Over the past two decades after discovery in 1990 [40], numerous
studies have been carried out and it is now accepted that F,-IsoPs are
most reliable biomarker of oxidative stress in vivo [43]. In fact, elevation
of IsoPs in human fluids and tissues has been observed in many human
disorders. F»-IsoPs are chemically and metabolically stable and
nonreactive. Several methods have been developed to measure IsoPs in-
cluding LC-MS, GC-MS, and enzyme and radio immunoassays [45].
ELISA-based assay is often less accurate than chromatography-based
techniques due to cross-reactivity. It was reported that the correlation
between IsoP levels obtained using enzyme immunoassay and GC-MS
methods was poor, which may arise, at least in part, from the measure-
ments of different isomers by the two methods [108].

It should be born in mind that there are many types and isomers of
IsoPs. The most widely used F,-IsoPs are composed of 5, 8, 12, and
15-series regio-isomers based on the carbon atom to which hydroxyl
group is attached and each series contains 16 diastereomers, the total
isomers being as many as 64 isomers [46]. In addition to F,-IsoPs, D/
E-type prostane rings (D,/E»-IsoPs) are formed depending on wheth-
er IsoP endoperoxide intermediates undergo reduction or isomeriza-
tion [46,47]. Furthermore, the selectivity for production of IsoP from
arachidonic acid is very small, being around 1%, which depends on
the concentrations of oxygen and reactive hydrogens including lipids
and antioxidants. IsoPs are present predominantly in ester forms in
plasma and tissues, but in free acid forms in urine. Further, a signifi-
cant proportion of IsoP in human urine are excreted as glucuronide
conjugates [109].

2.4. Malondialdehyde (MDA) and thiobarbituric acid reactive substances
(TBARS)

MDA and TBARS have been used frequently as a standard biomark-
er of lipid peroxidation in vivo for many years due to simplicity and
low cost [8,48]. Despite criticisms for lack of specificity and artifactual
production during analytical processes, these biomarkers remain
among the most commonly applied indices of oxidative damage.
TBARS assay involves the reaction of MDA with thiobarbituric acid
(TBA) under strong acidic condition and heating, leading to the

formation of pink-colored products which can be measured by colori-
metric or fluorometric methods. Originally it was accepted that TBARS
measured malondialdehyde (MDA), but it actually measures other al-
dehydes and decomposition products from hydroperoxides as well.
Actually many different aldehydes formed in the lipid peroxidation
process can react with TBA and form complex with similar absorbance
or emission wavelengths [49]. Further, many other biological mate-
rials may react with TBA, resulting in high TBARS levels.

In order to improve the specificity, a range of HPLC methods has
been developed. Direct measurement of MDA by UV absorption with
HPLC is possible but suffers from inferior sensitivity to MDA-TBA ad-
duct. To overcome this problem, GC-MS [50] and high performance
capillary electrophoresis methods [51] have been developed.

Numerous studies observed the association between an increase in
TBARS values and diseases. In the Biomarkers of Oxidative Stress
Study using acute CCl, poisoning as a rodent model for oxidative stress,
the concentrations of lipid hydroperoxides, TBARS, MDA, IsoPs, protein
carbonyls, methionine sulfoxidation, tyrosine products, 8-hydroxy-2’-
deoxyguanosine (8-OHdG), leukocyte DNA-MDA adducts, and DNA-
strand breaks were measured and it was concluded that MDA and
IsoPs in plasma and urine as well as 8-OHdG in urine were potential
candidates for general biomarkers of oxidative stress [43]. Overall,
TBARS method is convenient, simple, and low cost, but the inherent
problems of specificity and variability of data make it difficult to be a re-
liable quantitative biomarker of lipid peroxidation in vivo, although it
may be used as a screening tool when measured with tightly controlled
consistent protocol.

2.5. Aldehydes and ketones

Many kinds of carbonylated compounds such as aldehydes and
ketones have been found in human fluids and tissues. Aldehydes are
formed by the B-scission of alkoxyl radicals and by myeloperoxidase—
hydrogen peroxide- chloride ion system [52-54]. Acrolein may be
formed also by amine oxidase-mediated degradation of spermine and
spermidine, which may constitute a significant source of acrolein in
situations of oxidative stress and inflammation [55]. Notably,
o,3-unsaturated aldehydes such as acrolein and 4-hydroxy-2-nonenal
(HNE) have received much attention as biomarkers of lipid peroxida-
tion in vivo and also as signaling and cytotoxic mediators [52,55,56].

Total carbonyl compounds were measured often from 24-
dinitrophenylhydrazone formed by the reaction of carbonyl com-
pounds with 2,4-dinitrophenylhydrazine. Specific carbonyl compounds
may be identified and measured with LC-MS/MS and GC/MS. Recently,
carbonyl compounds were measured by ESI-MS in positive ion mode
after derivatization with 7-(diethylamino)coumarin-3-carbohydrazide
[57]. In the in vitro oxidation of PC vesicles containing docosahexaenoic
(DHA, 22:6), arachidonic (20:4), linoleic (18:2) and oleic acids (18:1),
the structures of 122 carbonylated compounds were identified with
the tandem mass spectra of a single shotgun analysis after derivatiza-
tion with 7-(diethylamino)coumarin-3-carbohydrazide [57].

HNE is metabolized by glutathione transferases [58] and mercapturic
acid conjugates of HNE were found in urine as end metabolites [59].
o,B-Unsaturated aldehydes are highly reactive and readily react with
thiol and amino groups of protein and with other biological molecules
to form covalent bonds [54]. Aldehydes may also be oxidized to carbox-
ylic acids. Since carbonyl compounds are highly reactive with biological
molecules and readily metabolized by enzymes, they may not be an ap-
propriate biomarker for lipid peroxidation and oxidative stress status in
vivo.

2.6. Lysophosphatidylcholine (LysoPC)
LysoPC is formed by partial hydrolysis of PCs by the enzymatic ac-

tion of phospholipase A2. It has been observed that the level of lysoPC
increases in association with the level of lipid peroxidation and
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considerable amount of lysoPC has been found in the oxidized LDL
[60]. LysoPC is measured with column chromatography, TLC, and
LC-MS/MS, but it should be born in mind that it is quickly metabo-
lized by lysophospholipase and acyltransferase.

2.7. Hydroxycholesterols and 7-ketocholesterol

Cholesterol is also an important substrate for oxidation and
oxidized by three mechanisms described above to give products
collectively termed oxysterols [15,18,61]. The free radical mediated
oxidation of cholesterol gives 7-hydroperoxycholesterol (7-OOHCh),
7-hydroxycholesterol (7-OHCh), 7-ketocholesterol (7-KCh), 5,6-
epoxycholesterol (5,6-epoxyCh), and cholestane-3(3,5«,6B3-triol as
major products. Both alpha and beta forms of 7-OOHCh, 7-OHCh,
and 5,6-epoxyCh are formed.

Singlet oxygen and ozone oxidize cholesterol to yield products
named secosterol-A and secosterol-B [62,63]. Singlet oxygen oxidation
of cholesterol gives also 5-OOHCh. Further, cholesterol is oxidized by
enzymes to OHCh at various positions of both cholesterol ring and
side chain, primarily by cytochrome P450 enzymes which play central
roles in cholesterol metabolism [64,65]. The side chain oxidation
product of cholesterol such as 25-OHCh can be formed by both free rad-
ical oxidation [66] and the enzyme cholesterol 25-hydroxylase [67].
Chlorinated cholesterols may serve as markers of myeloperoxidase-
dependent oxidation. It may be noted that the interconversion between
oxysterols may take place in vivo.

It is assumed that 73-OHCh and 7-KCh are the biomarker for free
radical mediated oxidation of cholesterol. They are measured by GC-
MS. The reported levels of oxysterols determined in human samples
vary considerably: those of 73-OHCh and 7-KCh in healthy human plas-
ma being in the range of 3-20 and 12-30 nM, while 24-OHCh and
27-OHCh 60-200 and 72-400 nM, respectively [20,68-72]. Higher
levels have been observed in many diseased patients. The oxysterols
are found at substantially higher levels in the fatty streak and advanced
plaques than in normal healthy tissue [18].

2.8. Oxidized LDL

Since the pioneering paper of Steinberg and his colleagues in 1989
[73] reporting the concept that oxidative modification of LDL is a critical
initial event in the pathogenesis of atherosclerosis, overwhelming evi-
dence has been accumulated showing that oxidized LDL exerts
proinflammatory and proatherogenic effects. Circulating oxidized LDL
has received much attention as a biomarker of atherosclerosis and car-
diovascular disease. Despite extensive studies from numerous laborato-
ries, the nature, composition, and biological effects of oxidized LDL have
not been fully elucidated and are a matter of controversy [74]. This is
not surprising considering the inherent heterogeneity of LDL itself and
diverse pathways of oxidation by multiple oxidants.

The LDL particle contains on average 600 molecules of free choles-
terol, 1600 molecules of cholesteryl ester, 700 molecules of phospho-
lipids, 170 molecules of TG, and 1 molecule of ApoB, with varying
amounts of antioxidants such as a- and <y-tocopherol, coenzyme
Q10, and B-carotene [74]. Linoleic acid and arachidonic acid are the
major PUFA in LDL, especially CE contains high proportion of linoleic
acid. The fatty acid composition varies between LDLs and depends on
diet. LDL is oxidized by both enzymes such as lipoxygenase, cyto-
chrome p450, and myeloperoxidase and non-enzymatic oxidants,
some free radicals while others non-radical oxidants. PUFA are the
major target of free radicals and, as noted above, lipid peroxyl radicals
act as chain-carrying radical in the lipid peroxidation independent of
the type of radicals that initiate chain oxidation [75].

Literally hundreds of products have been identified in the oxidized
LDL [76,77] and it is impossible to identify and quantify all of them.
Considering the heterogeneity of LDL, it is difficult to define, charac-
terize and quantify “oxidized LDL” and “minimally modified LDL.” In

practice, “oxidized LDL” has been assessed by measuring some specif-
ic oxidation products contained in LDL particles.

Monoclonal antibodies were raised against LDL oxidized by copper
or modified by aldehydes and applied to measure the level of oxi-
dized LDL in circulating plasma with a sandwich ELISA [78-80]. It
was reported that the levels of oxidized LDL in human plasma were
1.95 ng/5 pg LDL protein and 0.58 ng/5 pg LDL protein respectively
for patients with acute myocardial infarction and healthy controls re-
spectively [81]. This level is similar to the molar ratio of HODE to its
parent fatty acid, linoleic acid [1].

It may be said that the plasma levels of oxidized LDL in patients of
atherosclerosis and cardiovascular diseases are higher than those in
healthy subjects [79,80,82], but it should be born in mind that the
level of oxidized LDL and the above association is relative or at best
semi-quantitative.

2.9. LPO-modified proteins

Numerous lipid peroxidation products are chemically reactive and
react with biological molecules including proteins, peptides, and DNA.
Notably, a,3-unsaturated carbonyl compounds are strong electrophiles
and thus can readily react with nucleophilic side chains of proteins,
resulting in the alteration of protein structure, function, and cellular dis-
tribution [8,52,54,55]. The structure of such adducts has been identified.
Monoclonal antibody has been raised against several adducts and their
structure has also been identified by LC-MS/MS analysis [83]. However,
accurate quantitation of adducts from biological samples is difficult.
Practically, immunohistochemistry for aldehyde-modified proteins
has been carried out often for tissue samples to show their presence,
in particular for the samples from experimental animals.

2.10. Other potential biomarkers

In addition to the lipid peroxidation products described above, sev-
eral other lipid metabolites have been considered as biomarker.
Nitro-fatty acids and trans fatty acids may serve as potential biomark-
er of oxidative stress. Notably, the levels and biological effects of
9-nitro-oleic acid and 10-nitro-oleic acid which are assumed to be
formed in vivo by the reaction of nitrogen dioxide and oleic acid
have been explored in many studies [reviewed in [84,85]]. Biological
effects of trans-fatty acids have been the subject of extensive argu-
ments [86]. They are contained in the diet but they may also be pro-
duced in vivo by reversible addition-elimination reaction of free
radicals such as nitrogen dioxide and thiyl radicals to double bonds
of unsaturated lipids. The levels of trans fatty acids found in human
plasma are about two orders of magnitude higher than those of lipid
peroxidation products such as HPODE and HODE.

Another biomarker of potential interest is the level and metabolites
of antioxidants. It has been observed in many studies that smoking in-
duces increase in oxidative stress biomarkers and that the plasma levels
of vitamin C of smokers are lower than those of non-smokers [87]. The
level of 5-nitro-y-tocopherol was increased by smoking [88]. The total
level of antioxidants in plasma termed TAC (total antioxidant capacity)
or non-enzymatic antioxidant capacity (NEAC) [89] has been measured
to estimate the level of oxidative stress or antioxidant capacity status in
vivo, but it should be interpreted with caution [90,91]. On the other
hand, specific oxidation products and metabolites of antioxidants such
as a-tocopheryl quinone, 5-nitro-y-tocopherol, biopyrrin, and allntoin
may be a useful biomarker of oxidative stress and lipid peroxidation
[91]. The ratio of reduced to oxidized forms of antioxidants such as
GSH/GSSG and ubiquinol/ubiquinone is used as an index of oxidative
stress.

The assessment of antioxidant capacity in vitro and in vivo has
been the subject of extensive studies and arguments [reviewed in
[91]]. The in vivo antioxidation capacity of antioxidant compounds,
foods, beverages, and supplements may be assessed from the effects
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of antioxidant administration to human subjects and experimental
animals on the levels of lipid peroxidation products mentioned above.

3. Measurement of lipid peroxidation products: advantages and
limitations

As described above, literally hundreds of products are formed by
the lipid peroxidation in vivo, making it quite difficult to identify and
quantify all of them. They are produced with different yields and me-
tabolized and excreted at different rates. The physiological levels of
lipid peroxidation products are determined by a balance between for-
mation, metabolism, and excretion. Linoleates (18:2), arachidonates
(20:4), docosahexanoates (22:6), and cholesterol are the major sub-
strates for biological lipid peroxidation. PUFAs are present predomi-
nantly as esters of phospholipids, glycerol, and cholesterol. Their
composition is dependent on the diet and varies between biological
fluids and tissues. Some lipid peroxidation products are present in
free forms, while others in ester forms. It has been observed that
they are present predominantly as ester form in plasma, while in
free form in urine. The rate of hydrolysis from cellular membranes
may vary between the products and individuals [7].

In terms of measuring method, accuracy, sensitivity, specificity, re-
producibility, simple and quick protocol, less consuming time, low
cost, and less intensive labor are the important factors. The suitability
of methods may also depend on the biomarker, sample, and objective.
Lipids are vulnerable to air oxidation and therefore every care should
be taken to avoid artifactual oxidation during sample collection, stor-
age, and analytical processes.

It has been pointed out that accurate determination of biomarkers
from biological samples is very difficult. In fact, it is often observed
that the reported values span over one to two orders of magnitude
even in control healthy subjects. 8-Ox0-7,8-dihydroguanine (8-oxoGua)
is one of the most commonly measured marker of oxidative damage in
vivo. The European Standards Committee on Oxidative DNA Damage
(ESCODD) pointed out that the published estimates of the concentration
of 8-oxoGua in DNA of normal human cells vary over a range of three or-
ders of magnitude and that the measurements of the same samples at
different laboratories gave inconsistent results [92]. The advantages
and limitations of biomarkers and methods of measurement are consid-
ered below.

3.1. Sample preparation

Sample collection, storage, and handling are critically important for
accurate determination of biomarkers. Two factors are decisive for accu-
rate measurement of lipid peroxidation products, the artifactual gener-
ation and loss during sample treatment and the lack of selectivity,
specificity, and sensitivity of the analytical method. The original biolog-
ical samples contain very small amounts of products as compared to the
large amounts of parent lipids. Therefore, a very small fraction of artifac-
tual oxidation during sample handling and analysis may be consider-
able and exceed the basal level of the biomarker. It was pointed out
that 7-oxygenated cholesterol, which is less reactive than PUFAs, was
artificially formed by autoxidation of cholesterol during workup proce-
dures and analysis of biological samples [93]. In general, antioxidants
such as 2,6-di-tert-butyl-4-methylphenol and metal chelator are
added to inhibit artifactual lipid oxidation during storage and handling.
Fasting is required for sample collection from the subjects, because diets
often contain considerable amounts of lipid peroxidation products [94].

The emerging lipidomics technology using mass spectrometry
makes it possible to identify diverse lipid oxidation products in intact
forms [14,95-97]. This may be useful for basic study but it is too so-
phisticated for practical and clinical use. In many cases, the samples
are subjected to hydrolysis in alkaline solution to convert multiple es-
ters to free fatty acid and free cholesterol forms. Since it is quite

difficult to measure all of the lipid peroxidation products in intact
forms, this is practically useful.

Hydroperoixdes and other peroxides are thermally unstable and
may decompose during analytical processes, interfering accurate mea-
surement. For example, in the analysis using GC, the temperature is
raised often above 200 °C. Therefore, the samples are often reduced
beforehand to convert labile hydroperoxides to the corresponding hy-
droxides. As described above, it was found that sodium borohydride
induced artifactual lipid oxidation during analytical processes, proba-
bly by reducing ferric or cupric ions to the reactive ferrous and cuprous
ions respectively [37]. Triphenylphosphine is recommended as a re-
ducing agent for lipid hydroperoxides in biological samples.

3.2. Sample source

Various samples have been used to measure in vivo biomarkers,
including plasma, serum, erythrocytes, urine, saliva, tear, exhaled
gas, sweat, bile, celebrospinal fluid, synovial fluid, bronchoalveolar la-
vage fluid, and tissues. Some are less invasive, while others invasive. In
contrast to plasma or serum, urine and saliva are not invasive but so
variable that quantitative assessment is difficult, despite the fact the
level in urine is normalized by creatinine. On the other hand, it was
reported also that urine could be a better matrix than blood because
it has a much lower organic as well as inorganic metal content making
urine less liable for artificial increase of oxidative markers during sam-
ple collection, storage, preparation, and analysis and further that uri-
nary levels of the biomarkers present intergraded indices over a
longer period of time compared to blood levels [98].

3.3. Methods of measurement

Many methods of measurement have been proposed and developed,
but no currently available method fulfills the requirements described
above. Of the techniques available, high performance liquid chromatog-
raphy (HPLC) based approaches offer the best sensitivity and specificity.
The HPLC approach relies on separation of various products. Different
post column detection systems can be applied, including UV/visible spec-
trophotometry, chemiluminescence (HPLC-CL), fluorescence (HPLC-FL),
electrochemical-coulometry (HPLC-ECD), and mass spectrometry (LC-
MS/MS) detection systems. The HPLC-CL method has high sensitivity
and specificity for hydroperoxides.

The recent availability of high-sensitive liquid chromatography-
mass spectrometry has provided a new approach for quantification
that minimizes the sample size and the required preparation. The ad-
vantages of this method include minimal sample preparation, high
sensitivity and elimination of the problem associated with thermal in-
stability in gas chromatography analysis.

Mass spectrometry is an evolving technology and, with a combi-
nation of chromatography, facilitates the detection and quantification
of scarce products in intact forms. The mass spectrometry-based
methods are very sensitive and specific but necessitate a skilled tech-
nical stuff and laborious work. Further, lack of commercially available
stable isotope-labeled analogs may be a limiting factor in mass
spectrometry-based methods.

Immunoassays, although less specific and quantitative than LC-MS
and GC-MS methods, have been found to be helpful tools for a huge
sample-analyzing capacity at fairly low cost. Thus, a well-validated
immunoassay technique could be a significant tool for evaluating
free radical-mediated reactions in clinical research, where a large
number of samples must be analyzed at an affordable cost. However,
it has to be noted that the specific methods such as LC-MS or GC-MS
and ELISA method applied for biological samples do not often give
results in satisfactory agreement. Specific antibodies against lipid per-
oxidation products with high specificity and affinity are critically
needed.
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Imaging is a promising tool for study of oxidative stress in vivo.
The emerging imaging mass-spectrometry represents an exciting
new opportunity for correlating maps of lipid profiles and their oxida-
tion products with structure and pathology [97,99]. Desorption
electrospray ionization-mass spectrometry (DESI-MS) was used to
monitor the changes in lipid classes, fatty acid distribution, and also
oxidation products such as MDA [100], but probably higher sensitivity
is required for imaging of lipid peroxidation products.

The antibodies have been used successfully for in situ localization
by immunostaining in oxidative stress-injured tissues. For example,
the aldehyde-modified proteins have been found in many tissues
from experimental animals under oxidative stress [101].

The imaging technique has been applied in the study of many dis-
eases such as atherosclerosis and cardiovascular diseases [102]. Imag-
ing using specific antibody raised against oxidation products is a
challenging approach. The antibody may be tagged with appropriate
labels for use in nuclear scintigraphy, magnetic resonance, ultrasound
imaging, or positron emission tomography (PET) [103]. The combined
PET/CT scans using antibody against specific oxidation products may
provide images that pinpoint the location of oxidative damage. The
antibodies labeled with copper-64 and yttrium-90 may be used for
non-invasing imaging and radio isotope therapy respectively.

3.4. Limitations of lipid peroxidation products as biomarker

The characteristic aspect of free radical oxidation is non-specificity,
that is, free radicals attack biological molecules such as lipids, proteins,
carbohydrates, and DNA randomly. The bisallylic hydrogens of PUFAs
in different lipid classes and on different carbons are oxidized similar-
ly by free radicals. An increase in free radical production and reaction
in vivo will most likely result in the increase in the oxidized lipids, pro-
teins and DNA bases simultaneously. The lack of specificity may be the
inherent drawback of lipid peroxidation products as a biomarker. In
contrast to oxidatively modified proteins such as amyloid 3, phos-
phorylated tau, or oxidized DJ-1 which may link to specific disease,
lipid peroxidation products are indices of free radical mediated oxida-
tive stress in general but may not link to any specific disease. Further-
more, it is difficult to prove from the biomarkers of lipid peroxidation
measured in blood or urine whether the lipid peroxidation is a cause
or consequence of diseases and where the lipid peroxidation products
come from. Abundant research over the past three decades has seldom
demonstrated convincing link between increased lipid peroxidation
and the development of disease or provided solid evidence that lipid
peroxidation is fundamentally involved in pathogenesis. Furthermore,
no disease has been treated with any antioxidant convincingly and
successfully.

To be used as diagnostic tools, the biomarkers should correlate
with disease severity. However, this has not been confirmed in many
cases. The level of biomarker may not necessarily increase in accor-
dance with the progress of disease, but may increase, reach plateau,
or decline. For example, the oxidative stress was suggested to be im-
portant at the early stage of Parkinson disease [104,105].

In order to overcome such drawbacks, it is recommended to measure
multiple biomarkers at different time points. For example, the fatty acid
distribution depends markedly on tissues and lipid classes. The relative
levels of HODE, HETE, IsoP, neuroprostane, and 7-OHCh may give a hint
for the origin of tissues. Simultaneous measurements of oxidized pro-
teins are undoubtedly useful. It is important to analyze the temporal
change of multiple biomarkers and inter- and intra-individual variation.

One special exception is the oxidation product of
7-dehydrocholesterol (7-DHC). The level of 7-DHC is elevated in tissues
and fluids of Smith-Lemli-Opitz syndrome (SLOS) patients due to defec-
tive 7-DHC reductase. 7-DHC is very reactive toward peroxyl radical and
the oxidation product of 7-DHC, 3p,5a-dihydroxycholest-7-en-6-one,
may be used as a specific biomarker of SLOS [106]. Another example is

squalene hydroperoxides and metabolites, which may be used as bio-
marker of oxidative stress in human skin [107].

4. Concluding remarks

Biomarkers are needed to assess oxidative stress status in vivo, dis-
cover early indication of disease, diagnose progression of disease, and
evaluate the effectiveness of treatment with drugs or antioxidants. To
date, there is no established biomarker available for regular clinical
use. Despite the limitations described above, lipid peroxidation prod-
ucts may serve as useful biomarkers, since lipid peroxidation is the
major reaction taking place under oxidative stress and assumed to
play an important role in the pathogenesis and progression of many
diseases. Furthermore, lipid peroxidation products can be measured
more quantitatively than the oxidatively modified proteins and DNA.

Considering chemical stability and consistency of the reported levels
in human fluids and tissues, lipid hydroxides are considered to be more
suitable than hydroperoxides. Specifically, HODEs, HETEs, and
hydroxycholesterols may be recommended as reliable biomarkers. No-
tably, the four HODEs, 9-cis,trans, 9-trans,trans, 13-cis,trans, and
13-trans,trans-HODE, can be measured separately by LC-MS/MS and
the trans,trans-forms are specific products of free radical mediated
lipid peroxidation. Likewise, 7-hydoxycholesterol and 7-KCh are con-
sidered to be a specific product of free radical oxidation. Further, F,-IsoP
and neuroprostanes are accepted biomarker of lipid peroxidation. As
stated above, it is important to examine the distribution of these prod-
ucts and their temporal change. The potential usefulness as biomarker
for health and disease should be validated in the future studies.
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