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The hydroperoxyl radical is a much stronger oxidant than superoxide anion-radical and was initially thought to be responsible for the toxic
effects of oxygen and cell membrane damage [Liochev & Fridovich, 2001]. HO," has a relatively long lifetime and so can diffuse to neighbouring
structures. At the physiological pH of 7.4 about 1% of superoxide exists in its protonated form. A quantitative method for hydroperoxide deter-
mination has been developed by O’Gara et al. [Morisco et al., 2004], based on the oxidation of glutathione (GSH) by hydroperoxide and forma-
tion of oxidized glutathione (GSSG). This reaction is catalyzed by glutathione peroxidase. GSH and GSSG were separated on reversed phase col-
umn at pH 3 and their concentrations were estimated using electrochemical detection at a glassy carbon electrode. The method was applied for
the analysis of picomolar levels of many hydroperoxides in human plasma.

INTRODUCTION

Although oxygen is necessary to live, it is also toxic for
living organisms. A big part of oxygen is used as electron
acceptor. Some enzymes catalyze oxidation reactions of
transform electrons from substrates on oxygen molecule.
During its reduction the so-called ROS - reactive oxygen
species are created. Among them one can enumerate free
radicals and also singled oxygen and hydrogen peroxide.
Free radicals are atoms, ions, molecules or their fragments
having unpaired electrons, giving them paramagnetic prop-
erties. They are present in every living cell (Tables 1 and 2).
Their concentration in animal tissue (about 10'%/g) changes
widely after interactions with some chemical compounds,
radiation, sickness, stress (using much more oxygen) and
aging. In the living organisms free radicals are generated
under physiological as well as pathological conditions main-
ly on the inner surface of the mitochondrial membrane.
Under physiological conditions they do not accumulate in
tissue because they are scavenged by the local antioxidative
mechanisms. Under pathological conditions they can cause
degenaration and even cell deaths.

Free radicals interact with all cell components. The
biggest changes they cause in lipids, proteins and DNA. Of
the cell organs, the most exposed to the free radicals’ attack
are mitochondria. Their damage may cause even cell death.

Half spin particles are described by the Fermi-Dirac sta-
tistics. According to the probability function, the electron
(fermion) appearance increases with a decrease of energy
and never exceeds 1. This means that in a given energetic
(described by energy, momentum and spin) state there may

TABLE 1. Generation of free radicals in living organisms.

1. Exposition to high and low oxygen pressure and after ischemic
reperfusion.

2. Interaction of chemical compounds (xenobiotics, pesticides (para-
quat), tetrachlorocarbon, PCH, antracyclic antibiotics, ozone, nitric
oxides, nicotine).

3. Energetic changes («, 8, y, UV, visible, IR, X radiation, electrical
discharges).

4. Metabolic processes in microsomes, mitochondria, during phagocy-
tose, photosyntese, cytochrome reactions, peroxidation of PUFA.

5. Disorders of metabolic processes by avitaminose (A, E and C),
aging, sickness (Alzheimer disease, tumor, rheumatism, diabetes,
alcoholism, after encephalopathic blood deficiency) vitamin.

TABLE 2. Influence of free radicals on basic components of animals
cells.

1. Lipid peroxidation (changing of membrane “liquidity” and perme-
ability, mitochondrium swelling).

2. Amino acids and proteins (modification of amino acids, peptides
fragmentation cross linking).

3. Nucleic acids (modification of heterocyclic bases and pentoze rests,
tear of glycoside and phosphodiester bonds).

be only one electron. The electron disposition in the oxygen
molecule and its reduction products are presented in Figure
1. In the basic state the oxygen is a triplet biradical, which
explains its relatively high reactivity and simultaneously
small reactivity as for a radical.

Singled oxygen
Figure 1 shows the products of oxygen reduction. In the
basic state oxygen is a triplet biradical and in the excited
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state it appears as a singlet which is present in cytoplasm at
a concentration of about 10" mol/L (compared to about
10 mol/L for the triplet form). Two singlet oxygen states
are known: delta ('AgO,) and sigma ('=g*O,). They are cre-
ated during the oxidation of superoxide anion radical with
iron (Haber-Weissa reaction) and oxyalcohol, during
phagocytose, non-enzymatic lipid oxidations, peroxide dis-
mutation efc.

Superoxide anion-radical, O,

The first products in the oxygen reduction scheme in
Figure 1 are the superoxide anion-radical (O,") and its pro-
tonated form, the hydroperoxyl radical (HO,", pK,=4.88).
The concentration of these species in the biological cell is
about 10! mol/L and is kept essentially constant by super-
oxide dismutase (SOD) [Michelson et al, 1977]. In 1954
Gershman, Gilbert and Fridovich suggested that it is res-
ponsible for oxygen toxicity. However it turned out that
although it is highly reactive, it is non-reactive in aprotic
environment and for amino acids and lipids.

Hydroperoxyl radical, HO,"

The hydroperoxyl radical is a much stronger oxidant
than superoxide anion-radical and was initially thought to
be responsible for the toxic effects of oxygen and cell mem-
brane damage [Liochev & Fridovich, 2001]. HO;" has a rel-
atively long lifetime and so can diffuse to neighbouring
structures. At the physiological pH of 7.4 about 1% of su-
peroxide exists in its protonated form. A quantitative me-
thod for hydroperoxide determination has been developed
by O’Gara et al. [Morisco et al., 2004], based on the oxida-
tion of glutathione (GSH) by hydroperoxide and formation
of oxidized glutathione (GSSG). This reaction is catalyzed
by glutathione peroxidase. GSH and GSSG were separated
on reversed phase column at pH 3 and their concentrations
were estimated using electrochemical detection at a glassy
carbon electrode. The method was applied for the analysis
of picomolar levels of many hydroperoxides in human plas-
ma. This method and its modifications have been recently
reviewed [Hensley et al., 1999]. The next reaction product in
Figure 1 is hydrogen peroxide, which can be determined by

o'2p

a range of methods, e.g. a detection limit of 6 ng can be
obtained with fluorescence detection [Wang & Glaze, 1998].

Hydrogen peroxide, H,O,

Hydrogen peroxide is generated during dismutation
reaction. It is also generated by L-amino acid and glycolan
oxidases which carry 2 electrons. In all other cases reaction
goes in two steps. In the presence of transition metal ions
(iron, copper) hydrogen peroxide dissociated with the pro-
duction of very reactive hydroxyl radical, according to
Fenton’s reaction described in 1884:

Fe?*+H,0,=Fe**+OH +OH" (1)

Already oxidized metal can be reduced, it means that it
plays the role of catalyst:

Fe3++02.-=F€2++02 (2)

The both reactions give the Haber-Weiss one (year
1934):

02._+H202=02+OH-+OH. (3)
Hydroxyl radical, OH"

Reduction of hydrogen peroxide gives the very reactive
hydroxyl radical, OH". This radical interacts with a number
of organic compounds by the addition, free radical substitu-
tion and electron transfer reactions. It does not penetrate
the cell and interacts only with molecules that are in close
proximity. Its concentration in biological systems is of the
order of 10" mol/L. Because of their extreme reactivity,
hydroxyl radicals are primarily analyzed using radical trap-
ping agents followed by electron spin resonance (ESR) or
HPLC determinations. The ESR is highly sensitive but is
difficult to be applied directly to biological systems. Free
radicals may be investigated using this technique by trans-
forming them into more stable species using the so-called
“spin trapping” method. When this method is used for bio-
logical analyses the radical trap agent should be selected
extremely carefully to avoid toxicity problems. Examples of
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FIGURE 1. Electrons distributions in oxygen and products of its reduction. [J— molecular orbital, * — anti-bond orbital, 1 | — electron spines.
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suitable compounds are phenylalanine (with which hydroxyl
free radicals react to produce tyrosines [Halliwell & Kaur,
1991]) or derivatives of aspirin (o-acetylsalicylic acid). In
living organisms, aspirin is hydrolyzed rapidly to salicylic
acid, which under physiological conditions at pH 7.4 reacts
with hydroxyl radicals to give three main products: 2,3-dihy-
droxybenzoate (49%) and 2,5-dihydroxybenzoate acid
(40%) (collectively referred to as DHBA) and o-catechol
(11%) (Figure 2). These derivatives can be separated using
reversed phase HPLC [Diez et al, 2001] (Figure 3) and
detected photometrically or more sensitively by electro-
chemical detection using a glassy carbon electrode at 0.8 V
vs Ag/AgCl (detection limits of 1 pg for DHBA and 100 pg
for salicylic acid) [Floyd et al., 1986]. DHBA compounds are

COOH
{ 0COCH,4
aspirin
l hydrolysis
COOH
OH
0CgHq0g COOH
OH OH
salicylic acid
salicylacy! 23-DHBA
glucuronide
COOH 002 COOH
0CgHq04
CONHCH 002
OH HO
salicylphenyl 2,5-DHBA
glucuronide

salicyluric acid o-catechol

FIGURE 2. Metabolites and products of the reaction of hydroxyl radi-
cal with salicylic acid.
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FIGURE 3. HPLC chromatogram of 1 mmol/L standards of acids (1)
- 2,5+, (2) - 2,3-dihydroxybenzoicand (3) — salicylic acid. Chromatogra-
phic conditions: column — 250x4 mm L.D. Zorbax ODS 5mm (Knau-
er); mobile phase — acetate-citrate buffer pH 4.3, 1 mmol/L KCI,
0.25 mmol/L EDTA, 5% MeOH, 3 mmol/L TBAP; temp. — 20°C; flow
rate — 0.9 mL/min; detector — UV-205 nm [Gtod & Grieb, 2002].

eluted near the column dead volume, together with other
species such as catecholamines. For this reason, the use of
ion-pairing chromatography [G16d ef al., 2000] is the pre-
ferred separation mechanism. The use of salicylic acid as
the radical trap agent has some disadvantages [Ste-Marie
et al., 1996], especially the determination of 2,5-dihydroxy-
benzoic acid due to endogenous production of this species
by, for example cytochrome P-450 [Halliwell & Kaur, 1991],
and the sensitivity of this system is reduced because there
are two products of the reaction.

To avoid these problems Ste-Marie et al. [1996] have
proposed the use of p-hydroxybenzoic acid as the radical
trap agent, and this species has recently been applied using
ion-exclusion chromatography to measure the product of
reaction (3,4-dihydroxybenzoate) [Floyd et al., 1986]. This
method has a number of advantages, in that only one isomer
is formed by hydroxylation, so the detection signal is not
split between two compounds, and the separation is rela-
tively simpler.

Nitric oxide

Recently, there has been intense investigation of the
free radical, nitric oxide [Murad, 1996]. This species is
a neurotransmitter (in the central as well as peripheral neu-
ronal systems) and a free radical scavenger, but being a free
radical it is also neurotoxic and generates other free radi-
cals. The effects of NO are probably dependent on concen-
tration, with NO acting as free radicals at high concentra-
tions, and being protective at low concentrations. In the
biological cells, nitric oxide is generated during oxidation of
arginine to citrulline (in the presence of NADPH as an elec-
tron donor) by nitric oxide synthase (NOS) [Moncada &
Higgs, 1993]. In some tissues the only source of citrulline is
NOS, thus the determination of citrulline provides the pos-
sibility to measure NOS activity and indirectly, the nitric
oxide concentration. The standard method HPLC method
for this determination is based on derivatisation with
o-phthalaldehyde, followed by separation on a C18 station-
ary phase and fluorometric detection at the excitation/emis-
sion wavelengths of 338/425 nm [Carlber, 1994]. This
method provides a detection limit of 0.1 pmole.

Nitric oxide is quickly degenerated due to interaction
with oxygen, nitric dioxide and the superoxide anion-radi-
cal. It scavenges the superoxide anion-radical, generating
peroxynitrite anion, as follows [Llorens et al., 2002]:

NO*+0,"=0ONOO 4)

After protonation peroxynitrite decomposes into two
radicals, hydroxide and nitric dioxide, and under physiolog-
ical conditions it rearranges to nitrate in about 1 s [Groves,
1999]. The neurotoxicity of nitric oxide arises from peroxy-
nitrite and its decomposition products, which interact with
lipids, DNA, and the protein tyrosine. In the latter case, the
product (nitrotyrosine) may be determined relatively easily
by reversed-phase HPLC with photometric (274 nm)
[Rehman et al., 1997] or electrochemical [Hensley et al.,
1998] detection, or by ion-exclusion chromatography [Gtod
et al., 2000] together with dihydroxybenzoic acids. The
determination of NO, and NOj can also be used as an indi-
rect method for the measurement of nitric oxide. These
species are determined using ion-exchange and ion-pair
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chromatography [Everett ef al., 1997; Ellis et al., 1998], with
conductometric, photometric (214 nm), and electrochemi-
cal detection (for nitrite) [Everett et al., 1997; Di Matteo &
Esposito, 1997]. The high concentration of chloride (103
higher then nitrite [Monaghan et al., 1997]) present in bio-
logical samples can be removed using a cation-exchange
resin in the Ag* form [Stratford et al., 1997], or by using
chloride as a mobile phase [Monaghan et al., 1997; Raessler
et al., 2004]. Good separation was also obtained using capil-
lary electrophoresis [Haddad, 1997].

Lipidic radicals

Free radicals interact with lipids producing other radi-
cals and stable lipid peroxides [Michelson et al., 1977],
which usually are more reactive and toxic then the original
substrate radicals. Non-metal enzymes (such as lipooxy-
dase) also generate lipid radicals. These species do not con-
tain strong chromophores and are electroinactive in the
accessible potential range, but can be determined chro-
matographically after derivatisation. A sensitive analysis (at
the ng level) uses derivatisation to p-hydroxyanilides, fol-
lowed by separation on reversed-phase column and electro-
chemical detection at 0.7 V [Ikenoya et al., 1980]. Hydro-
xyperoxides of phospholipids may be determined after
derivatisation with 2,2’-azobis(2-amidynopropan)dihy-
drochloride, followed by separation on a propylamine sta-
tionary phase and chemiluminescence detection [Gou et al.,
1995].

Degradation of cell membranes is observed during the
reaction of free radicals with polyunsaturated fatty acids,
PUFA, to yield lipid hydroperoxides, aldehydes and
ketones. These compounds are relatively stable and cyto-
toxic [G1od et al., 2000]. They interact with the cell and
membrane components, showing strong chemical affinity.
Generated in blood (endothelium, fibroblasts, hearth mus-
cle etc.) they are responsible for arteriosclerosis.
Additionally they influence the change of electric charge,
hydrophobicity and “liquidity” of membranes, thus decreas-
ing their mobility. New electric charges on the membrane
surface indicate new carboxylic groups generated during
peroxidation. It makes them more hydrophilic, which
changes the membrane structure (transport, receptors).

The estimation of oxygen radical damage in a biological
system is usually carried out by determination of malondi-
aldehyde (MDA) [Onorato et al., 1998; Debouzy et al.,
1992]. The most frequently used method is the thiobarbi-
turic acid (TBA) test. It has been found a reliable assay
because of its simple handling and sensitivity [Halliwell &
Chirico, 1993]. This is true despite the fact that the TBA
assay is intrinsically non-specific and is generally poor when
applied to biological samples. A positive response is
obtained with sugars, some amino and bile acids, alkenals,
alkadienals, etc. Certain improvement can be obtained
using RP-HPLC separation followed by fluorometric [ Volpi
& Tarugi, 1988; Bergamo et al., 1998] or photometric detec-
tion at 535 nm [Wong et al., 1987; Bagenholm et al., 1997;
Suttnar et al., 2001; Khoschsorur et al., 2000; Hong et al.,
2000]. In this case thiobarbituric acid influences both the
retention (separation) as well as detection conditions. This
method still requires a derivatization step. Additionally its
results are questionable because identical adducts are yield-
ed from different substances. A similar method is based on

the derivatization with 2,4-dinitrophenylhydrazine [Pilz
et al., 2000; Bakalova et al., 2000; Fenaille ef al., 2001] or
diaminonaphthalene [Steghens er al, 2001] followed by
photometric detection at 310 nm. Simplification of this
method (no derivatization is required and sample prepara-
tion is minimal) was shown by the application of reversed
phase ion pair chromatography [Waterfall ef al., 1995; Bull
& Marnett, 1985]. Detection accomplished by monitoring
absorbance at 267 nm, enabled analysis of MDA together
with two antioxidants, namely ascorbic and uric acids.
Unfortunately, the described method produces very broad
and small peak of MDA.

Recently it was shown that ion exclusion chromatogra-
phy can be applied for the analysis of malondialdehyde
[Gl6d & Kowalski, 2004]. Two methods were compared.
The first one was based on its derivatisation with thiobarbi-
turic acid, the second one on its direct separation with ion
interaction reagent added to the mobile phase. Better sepa-
ration was obtained using the second method although
lower detection limit offered the first one. Peak broadening
was strongly affected by column temperature, which is prob-
ably caused by kinetic effects (Figure 4).
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FIGURE 4. IEC chromatograms of ascorbic acid (AA), uric acid (UA)
and malonyldialdehyde (MDA) obtained at different column tempera-
tures. Chromatographic conditions: column — 300X 7.8 mm I.D. TSK-
GEL SCH(H*) (TosoHaas); mobile phase — 3 mN H,SO4, 3 mmol/L
TBABT, 5% ACN; detector UV-267 nm; temp. -20°C+40°C.

CONCLUSIONS

In the paper firstly the role of free radicals in biological
systems was briefly presented. Its main idea is to describe
HPLC methods of their analysis. It includes three main
groups of biologically-active radicals, nitric oxide, oxygen
(including hydroxyl) and lipid (including their marker —
malonyldialdehyde) radicals. Some free radical scavengers
were also shortly mentioned. Reversed phase still remains
the main technique widely used for their determination. Ion
Exclusion Chromatography finds application in the separa-
tion of a wide range of small, neutral or partially-ionized
molecules. Relatively simple retention models, based on
analytical equations and computer simulation of column
performance, enable one to predict the retention and to
optimize the separation. The major advantage of IEC lies in
the ability to analyze samples having a complex composi-
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tion. We would like to show the possibility of its application
also for determination of free radicals in biological mate-
rial. The new idea in this technique, namely applications of
weak cation exchangers for the separation of strong acids,
like nitrates (they indirectly inform us about the concentra-
tion of nitric oxide), is also shortly discussed.
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