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g. DNA repair disruption : [...]
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24(8): 465-467. [Not included ; unavailable in English]
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iv.  Surcel, D., D. Dabala, et al. (2009). "Free Radicals, Lipid Peroxidation and
Immune Response in Experimental Exposure to Electromagnetic Fields."
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Lipid Peroxidation and Change of Plasma
Lipids in Acute Ischémic Stroke

M. G. SERBAN, VIORICA NITA

(. Davillu” Universily of Medicine and ‘Pharmacy Deparlment of Phyﬂopa!holow, 8 ~10, .Sos
Berceni 75622 Ducharest, Romania

An estimation was made of the changes of the plasma lipid components and of ihe level of
lipid peroxidation in acute ischemic stroke either as a transient accident (T1. A) o0r. a4s 4 cere-
bral vascular accident (CVA).-.

The level of serum triglycerides was found significanily increased in the pfxtmntfs with CVA,
in correlation with a decrease of the total FIDI values due to thé decrease of the HMDL sub-
fraction. As compared with the control group the LDL/HIDIL rafio presented ircreaserd values
due to the decrease of the serum HDI. concentration-'(respcctit'ely of the HDi,).

The lipid peroxidation presented a miore marked increase in patients with transient ischemice
accident. :

The studies carried out in the last decade have approached 1ipid

peroxidation as an important molecular event in the alteration of the
vascular structure and the initiation of the atherogenetic process [1] {7]
9] [11]. The mechanism of low density lipoprotein (LDL) oxidation is
not fully known but it is known that the free radical in a polynon saturated
fatty acid forms, — in a quick reaction with the molecular oxygen — the
peroxide radical [15]. This oxidation Process nor mally maintained within
certain limits by the internal ‘mtloﬂdatn e svstems, may, under unfavou-
rable physiologic conditions, eueed the antlo\ldant p‘*otectmn capacity
of the organism thus becoming an important risk factor in the develop-

ment of the vascular lesions encountered in the ischemic Process.

One of the controversial factors in the evolution of this process has

" been the high serum level of 11‘1013 cerides but recent ep1 demiologic studies
lm\’e ghown a positive correlation between this high level of triglycerides
(TG) and the increase of vascular accidents [1] [2] [8]. These lipid com-
Ponents, as independent causative factors, cannot be ignored from several
oints of view of which one is that in the impact of the high TG lebel
n the atherogenic risk one should take into consideration the negative
rrelation between these lipid particles and the high denﬂts lipoproteins
2 [1] [5] [12] [14]
In this paper we followed up the serum level of TG, of lipuproteins
f lipid peroxides as well as the eventual correlation between these
”rgleters in the transient ischemic attack (T1A) and in the cerebral
lar accident (CVA).

HOUM. MED. INT., 1894, 22, 7, 51—56
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MATERIAL AND METHODS

The study was carried ont in a group of 110 patients with acute
- ischemic stroke ranging in age between 41 and 82 years. The patients
- were divided into two subgrups : 80 patients with TTA (42 males and 38§
females, and 30 patients with CVA (16 males and 14 females). Blood was
collected on admission to hospital. A control group of 50 subjects selected
to present the same ratio between sexes and the same range of age as
the group of patients, was studied in parallel.

Total serum cholesterol (TC) and TG were determined using the
enzymatic methods (Merck kit and respectively the Kinz kit). The separa-
tion of HDL into subelasses was made by double precipitation with tungs-
tate — MgCl, — Dextran [4] and cholesterol determination in HDL
and HDL,; by the enzymatic method mentioned above. The LDL—C were
assayed using Friedewald’s method. The LDL/HDL ratio considered as
a useful indicator of atherogenic risk, was also caleulated. The serum
level of lipid peroxides (LPO) was determined by the Satoch method
[10]. ' '

RESULTS AND DISCUSSION

Table I gives the mean values obtained for the lipid components
investigated. :

As ean be seen, the mean value of serum cholesterol, in the patients
studied, was very close to that in the control group. Higher values we-e
obhserved only in 22.39, of the patients investigated. This is why the change
of LDL values did not seem significant and should be correlated with the
advanced age of the patients, at which cholesterol synthesis usually de-
creases. ' '

Tt is considered that the changes which generate the ischemie acei-
dent start long before. To those are probably added the changes of LDL
structure, their oxidation creating a greater atherogenic potential than
the native LDL [7] [9]. Moreover, the fact that ischemic CVA can in
itself influence the lipid serum level should not be overlooked.

The TG presented a greater increase in the group of patients with
VA both in males and in females (38.49. and respectively 35.29%) a
vesult also reflected in the VILDL—C values. Numerous studies on the
pathophysiology of TG rvich particles have shown both the direct and
indirect contribution of these particles to the evolution of the atherogenic
process due to their effect on the LDL and HDL metabolism and function
(6] '

The serum concentration of HDL—C in the patients studied
decreased by less than 209, both in males and females in the two group
if total HDL was estimated. But when its subfractions were taken into
consideration {HDL, and HDL,), the decrease was greater i.e. between
30 and 429, for the HDL, subfraction (Fig. 1},

Recent studies suggest that the decreased level of HDI, might be
due to the increaged catabolic rate of this component. A geries of studies
both epidemiologic and experimental have demonstrated a correlation
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between the high level of very low density lipoproteing (determined by

the TG value) anf the decreased serum concentration of HDL,. The asso-.

ciation between HDL and the TG transport may appear as an important
factor in the pathogenesis of atherosclerosis.

g
. L™ )
<f
« =
$
L}
80- | .
44
40+
2- ,
TC HOL-C HDLyC  HOLy-C 16

Fig. 1. — Per cent changes of TC, HDI-C and its sub-
fraction as well as of TG in Lhe vari ous forms of strock inves-
tigated. TIA = transient ischemic accident ; CVA = cere-
bral vascular accident :
[0 male m female

Table 1f

Concentration of serum lipid peroxides and the LDL/HDIL ratio in acule ischemic stroke

Type of ischemie Teat o Lipid peroxidés LDI. ; R
siroke’ Sex Mean age ‘(umol/ml) (g %) LDL/HDL
Transient B 681.7 6.2713 13 153.3+435.7 3.9311.03
ischemic (41 —81)
attack 70.5 6.19--2.67 1681.84+56.0 3.33+1.12
{32 —84) .
Cerehral 3} 65.3 5.901=2.02 134.65+-38.0 3.31:0.81
vascular (43 —80)
accident F 66.2 6.07+4.57 173.8.L47.23 3.70+0.93
54 —79)
B 60.2 3.724-06.42 132.8:4:28.7 2.764-0.85
Control (43 —80) ‘
66.4 4.05+0.57 163+48.6 2.8540.902
(55 —82)

The level of lipid peroxides as a marker of the vascular
increased by 56.79 in males and 54.7 %
with TIA while in the group w
males and 51.79 in females (T

These data ar
demonstrated that incomplete ischemia is more severe than
It should be also noted that with ine

ischemia.

ith CVA the increases wer
abie II).
e In agreement with those in the literature whic

accident,
in females in the group of patients
e of 47.539 in

h have
complet
reasing age there occurs
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on the one hand an increased supply of active forms of oxygen and on
the other hand a decreased activity of the internal antioxidant defence
systems. The alteration of the oxidant-antioxidant balance represents
therefore an important factor in the development of the vascular lesions
hich oceur in the course of the ischemic process.

- Table IT also shows that the LD, /HDL ratio in the group of patients
presents increased values as compared with the values in the control
group, due to the decreased serum concentration of HDL, in the patients.

Of course all the changes of the parameters investigated represent
only a partial and incomplete cause of the atherogenic process. The diffi-
culties encountered in such a study are due to the lack of a precise know-
ledge of the limit between normal and pathologic values of plasma lipids
function of age, sex, food, circadian rhythms, stress factors, ete. :

Therefore an attempt to explain the appearance and development
of the atherosclerotic disease as a vascular degenerative disease, only
from a unilateral point of view should be avoided. In approaching the
pathogeny of atherosclerosis one should take into consideration the various
pathogenic lines which all express a distrubance of the relationship be-
tween two tissues : blood and thie vascular wall.

CONCLUSIONS

1. In the patients with cerebral vascular accident the level of serum
TG is significant increased.

2. In correlation with this change there also occurs a decrease of
the HDL value due to the decreased serum concentration of its HDL,
fraction. - |

3. In comparison with the control group the LDL/HDL ratio in
the patients presents increased values due to the decreased serum con-
centration of HDL ramely of HDL,.

4. The lipid peroxides present higher values in transient ischemic
accidents.

:

S-aw urmdrit modificdrile componentelor lipidice plasmatice si nivelul
peroxiddrii lipidice in inschemia cerebrald acutd, apreciaid ca accident
tranzitoriw (AIT ) gi ca accident vascular cerebral instalat (AVC ).
Nivelul trigliceridelor serice a fost semnificativ crescut la pacientii ¢cu AVC.
Corelatd cu aceastd modificare, apare sciderea valorilor de HDL, determinati
de scdderea subfractiei sale HDL,. In comparafie cu lotul de referinid, ra-
portul LDLIHDL prezinid valori crescute, prin scdderea comcentraties HDL
(respectiv a HDL, ). Peroxidarea lipidicd marcheazd cregleri mai ¢mportante
in accrdentul tschemic tranzitoriu.
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Among the cellular molecules, lipids that contain unsaturated fatty acids with more than one double bond are
particularly susceptible to action of free radicals. The resulting reaction, known as lipid peroxidation, disrupts biological
membranes and is thereby highly deleterious to their structure and function. Lipid peroxidation is being studied extensively
in relation to disease, modulation by antioxidants and other contexts. A large number of by-products are formed during this
process. These can be measured by different assays. The most common method used is the estimation of aldehydic products
by their ability to react with thiobarbituric acid (TBA) that yield ‘thiobarbituric acid reactive substances’ (TBARS), which
can be easily measured by spectrophotometry. Though this assay is sensitive and widely used, it is not specific and TBA
reacts with a number of components present in biological samples. Hence caution should be used while employing this
method. Wherever possible this assay should be combined with other assays for lipid peroxidation. Such methods are
measurement of conjugated dienes, lipid hydroperoxides, individual aldehydes, exhaled gases like pentane, isoprostanes, etc,
The modern methods also involve newer techniques involving HPLC, spectrofluorimetry, mass spectrometry,
chemiluminescence etc. These and other modern methods are more specific and can be applied to measure lipid
peroxidation. There are certain restraints, in terms of high cost and certain artifacts, and these should be considered while
selecting the method for estimation. This review analyses the merits and demerits of various assays to measure lipid
peroxidation.

Keywords: Lipid peroxidation, thiobarbituric acid reactive substances, malondialdehyde, polyunsaturated fatty acid,
conjugated dienes, lipid hydroperoxides, estimation

Introduction

Lipid peroxidation (LP) can be defined as the
oxidative deterioration of lipids containing a number
of carbon-carbon double bonds'. A large number of
toxic by-products are formed during LP. These have
effects at a site away from area of their generation.
Hence they behave as toxic ‘second messengers’.
Membrane lipids are particularly susceptible to LP.
Since membranes form the basis of many cellular

*Author for correspondence

E mail: trs@biochem.iisc.ernet.in

Abbreviations used: 0-TOH, o-tocopherol; "OH, hydroxyl
radical; 4-HNE, 4-hydroxynonenal; AAPH, 2,2’-azobis
(amidinopropane) hydrochloride; BHT, butylated hydroxytoluene;
ELISA, Enzyme-linked sorbent assay; FID, flame ionization
detector; GC-MS, gas chromatography-mass spectrometry; GSH,
glutathione; HCFA, hydrocarbon free air; HPLC, high
performance (pressure) liquid chromatography; L, lipid radical;
LDL, low density lipoprotein; LH, unsaturated lipid; LO", lipoxy
radical; LOO", lipid peroxyl radical; LOOH, lipid hydroperoxide;
LP, lipid peroxidation; MDA, malondialdehyde; PUFA,
polyunsaturated fatty acid; ROS, reactive oxygen species; TBA,
thiobarbituric acid; TBARS, thiobarbituric acid reactive
substances; TPP, triphenylphosphine

organelles like mitochondria, plasma membranes,
endoplasmic reticulum, lysosomes, peroxisomes etc.
the damage caused by LP is highly detrimental to the
functioning of the cell and its survival®.

Presence of polyunsaturated fatty acids (PUFASs) in
the phospholipids of the bilayer of biological
membranes is the basis of their critical feature of
fluidity. Since LP attacks the components that impart
these properties, it affects the biophysical properties
of membranes. LP decreases the membrane fluidity,
changes the phase properties of the membranes and
decreases electrical resistance. Also, cross-linking of
membrane components restricts mobility of
membrane proteins'”. Peroxidative attack on PUFAs
of a biological membrane will compromise one of its
most important functions: its ability to act as barrier.
Hence, LP causes lysosomes to have a decreased
‘latency’ i.e., they become fragile or simply ‘leaky’.
Similarly, the leakage of cytosolic enzymes from
whole cells e.g. peroxidative attack on the plasma
membrane of hepatocytes causes extensive damage
such that molecules as large as enzymes are able to
leak out’.
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Peroxidation is well known to decrease activities of
enzymes associated with membranes. The most
extensively studied examples are enzymes of the
endoplasmic reticulum, glucose-6-phosphatase and
cytochrome P450'*5, Mitochondrion and Golgi
apparatus are also susceptible to LP. Membrane LP
can result in inactivation of membrane pumps
responsible for maintaining ionic homeostasis. Some
enzyme activities can also be stimulated by LP e.g.,
increase in activity of phospholipase A, in membranes
subjected to oxidative stress, to remove and replace
toxic LP products in the membrane®®*.

Lipid peroxidation has been implicated in the
pathogenesis of a number of diseases and clinical
conditions. These include premature birth disorders,
diabetes, adult respiratory distress syndrome, aspects
of shock, Parkinson disease, Alzheimer disease,
various chronic inflammatory conditions, ischemia-
reperfusion mediated injury to organs including heart,
brain, and intestine, atherosclerosis, organ injury
associated with shock and inflammation, fibrosis and
cancer, preeclampsia and eclampsia, inflammatory
liver injury, type 1 diabetes, anthracycline-induced
cardiotoxicity, silicosis and pneumoconiasis®’ !,
Experimental and clinical evidence suggests that
aldehyde products of LP can also act as bioactive
molecules in physiological and pathological
conditions. These compounds can effect and
modulate, at very low and non-toxic concentrations,
several cell functions including signal transduction,
gene expression, cell proliferation and more generally
the response of target cells'%.

Many of the products of LP are not overtly toxic or
are minor products. Of major toxicological interest
are malondialdehyde (MDA), 4-hydroxynonenal (4-
HNE) and various 2-alkenals. A range of alterations is
known to occur upon exposure of DNA to lipid
hydroperoxide (LOOH). Incubation of plasmid DNA
with auto-oxidized unsaturated fatty acids (linoleic or
arachidonic), results in extensive single and double
strand breaks. Such strand breaks have also been
detected in human lymphocytes and fibroblasts after
treatment with LOOH. Exposure of calf thymus to
LOOH damaged its DNA (C-8 hydroxylation of
guanine residues). A spectrum of SupF mutations was
produced upon error prone replication of p2189
plasmids, following treatment with autoxidized rat

microsomal lipids"™.

Products of lipid peroxidation
Oxygen-dependent deterioration of lipids, known
as rancidity, has been noticed since antiquity as a

major problem in the storage of oils. It was also found
useful as far back as the 15th century in preparing oil
paints and printing inks. The same oxidation process
also occurs in the case of natural products such as
fats, oils, dressings or margarines and also chemical
and industrial products, such as inks, paints, resins,
varnishes or lacquers. Much information concerning
the mechanism of the auto-xidation of lipid
compounds has been obtained by the study of the
oxidation of simple non-fatty products such as
cyclohexene. Since the early 1960's, our
understanding of the oxidation of unsaturated lipids
has advanced considerably as a result of the
application of new analytical tools. Several research
groups initiated detailed studies on the products of
polyunsaturated fatty acids in the 70's to reveal more
complex aspects of LP. With the help of HPLC,
several hydroperoxide products could be separated
after auto-xidation of arachidonic acid'.

The first demonstration of free radical oxidation of
membrane phospholipids was given in 1980".
LOOHs are non-radical intermediates derived from
unsaturated fatty acids, phospholipids, glycolipids,
esters and cholesterol. Their formation occurs in
enzymatic or non-enzymatic reactions involving
activated chemical species known as reactive oxygen
species (ROS) that are responsible for toxic effects in
the body via various types of tissue damage.

The major products, LOOHs, are fairly stable
molecules at physiological temperatures. Transition
metal complexes catalyzed their decomposition. A
reduced iron compound can react with LOOH in a
way similar to H,O, (Fenton reaction) causing fission
of an O-O bond to form an alkoxyl radical. This
radical also promotes the chain reaction of LP. MDA
can be formed as the result of the fission of cyclic
endoperoxides. With thiobarbituric acid (TBA), MDA
readily forms an adduct. It can be measured
spectrophotometrically by its characteristic pink
colour1'*®,

Process of lipid peroxidation

The steps involved in iron-induced LP are
described below and shown schematically in Fig. 1.
1. LH+X"® - L'+XH
la. LH + active-Fe?* — L’ + inactive-Fe**
2. L'+0, - LOO’
3. LOO"+LH — L'+LOOH
4. LOOH+Fe®  — LO'+Fe™
5. LOO’ — MDA and nonenal
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Fig. 1—Mechanisms involved in iron-induced lipid peroxidation

6. LOO°+a-TOH — LOOH + a-TOH’
6a. LO'+a-TOH — LOH+o-TOH'
7. Inactive-Fe** —  active-Fe***
+ NADPH (ascorbate)+ NADP” (ascorbate-ox)

A peroxidative sequence is initiated by the attack of
an unsaturated lipid (LH) by any species ("X or
active-Fe®*) that abstracts hydrogen atom from a
methylene group (-CH,). This leaves behind an
unpaired electron on the carbon atom (reaction 1).
Methylene groups adjacent to double bonds are
particularly susceptible to attack, since their presence
weakens the adjacent carbon-hydrogen bond'. The
resultant carbon radical ('CH) is stabilized by
molecular rearrangement to produce a conjugated
diene. It can readily react with an oxygen molecule
forming lipid peroxyl radical (LOO®) (reaction 2).
These radicals can abstract hydrogen atoms from
other lipid molecules (LH) to become LOOH. When
L’ is formed from second LH (reaction 3), LP is
propagated. LOOH can further be degraded by a
Fenton-type reaction in presence of Fe** to another
radical LO® (reaction 4). LOO" is unstable and breaks
down to form various products including aldehydes,
such as malondialdehyde (MDA) and 4-hydroxy-
nonenal (reaction 5). MDA and related aldehydcs are
the most commonly estimated products of lipid
peroxidation,

Peroxidation can be terminated by a number of
reactions. The major one involves the reaction of
(reaction 6) or LO’ (reaction 6a) with antioxidants.
Most effective of these is membrane-based «-
tocopherol (a-TOH, vitamin E) forming more stable

tocopherol phenoxyl radical that can be ‘recycled’ by
other cellular antioxidants, such as ascorbate (vitamin
C) or glutathione (GSH)'. Oxidation of NADPH in
enzyme systems, and of ascorbate in non-enzymic
reaction regenerates the active-Fe?* (reaction 7).

Problems faced in
peroxidation process

The reactions in lipid peroxidation process are
complicated and are not completely understood. One
must know the roles of the many players. Some are
listed below.

1. What are the reduced iron and a reducing agent,
ascorbate, doing in an oxidation process?
Certainly an active form of iron, some kind of an
oxidant needed in the next step, is being
produced. The primary oxidation relates to
ascorbate oxidation, instinctively by oxygen. No
one checked whether ascorbate is consumed, and
if so stoichiometric with what other component.

2. Where are the electrons of NADPH needed? In
the enzymic equivalent, NADPH replaces
ascorbate and the microsomal membranes supply
both the lipid substrate and the enzyme that uses
the P450 system. In this case a ratio of 1: 4: 16 for
MDA: NADPH: O, is reported". Indeed NADPH
.nd oxygen are consumed far in excess of MDA.
‘This implies that MDA is not the only product.
I'wo electrons per mole of NADPH are available
‘or reduction. It appears these are used for
reducing iron to later become the suggested
oxidant perferryl species. In that case Fe:NADPH
ratio will be 2:1,

3. Specificity of TBA reagent. It is good to
understand that the TBARS reaction is not that
specific to MDA. Under the conditions employed
~ny sugar can yield a pink colored product.
“licrosomes prepared in sucrose should not be
used without giving them a wash in saline.
“Normally blanks should be checked.

4. Wl is the primary oxidant of fatty acid? 1t is the
‘tun oxidant species that extracts the proton and
clectron. Some other metals are capable of
~ubslituting iron salts. Those interested must read
itic classic paper of Wills published a long time
¢20 Lo get the right picture®. The critical step is
the removal of one proton and one electron from a
carbon in the middle of the fatty acid chain, This
icuves behind a carbon radical. The most
nisleading of all is that "OH initiates lipid
peruxidation, which some authors use with little

understanding  lipid



DEVASAGAYAM et al: METHODS FOR ESTIMATING LIPID PEROXIDATION 303

thought given to its veracity. A radical produced,
then what better than a “OH to do this job of
electron withdrawal. But, the best-known "OH
generator, a mixture of ferrous salt and H,O,,
does not promote lipid peroxidation, nor do the
many hydroxyl radical quenching agents stop it.
Repeatedly many workers who know the field
state this. Yet statements continue to appear in
papers carrying this mistaken notion,
unbelievably from some peers.

5. What happens to the fatty acid? After the iron
oxidant steals the electron, what is left behind is a
"hole" on a carbon of the fatty acid chain. This
reactive carbon radical is immediately attacked by
molecular oxygen to form a hydroperoxy radical
(LOO"), with the oxygen atom becoming the
radical species. Any number of reducing and
phenolic compounds can reduce this to LOOH or
to LOH after breakdown to LO". In either case,
the chain is terminated. Many oxidized
derivatives are the products of lipid peroxidation.
Indeed this is why the process has come to be
known as lipid peroxidation. Lipid oxidation is a
more comprehensive name, but confuses with -
oxidation. These B reactions are not possible with
the saturated or monounsaturated fatty acids. So
they are stable and oils containing these become
preferred cooking medium, albeit devoid of
essential fatty acids. Introducing the second
double bond enhances the rate of lipid
peroxidation by 30-fold, and the third one by 100-
fold”!. These rate enhancements are achieved
because of the ability of the chain to conjugate
after peroxidation. The conjugated dienes are
detected by absorbance at 233 nm (molar
extinction for linoleate: 27,400 M cm™). The
values of peroxide and conjugated diene of the
oxidized lipid correlate with that of oxygen
consumed”. Then where is the much-touted chain
reaction initiated by free radicals? This is based
on paper chemistry, accepted without scrutiny. A
good experiment on the chain reaction is yet to
appear. If that was so, oxygen consumption
should go on even after NADPH (or ascorbate?)
was exhausted. But, why does it stop?

Many recent studies use simpler systems for
inducing lipid peroxidation. In one such system the
free radicals originate from the action of the 2,2-
azobis (amidinopropane) hydrochloride (AAPH),
which has been successfully introduced as an initiator

of lipid peroxidation independently by Niki and
Ingold®?. The widely accepted mechanism for the
thermal decomposition of AAPH provides carbon-
and oxygen-centred radicals®®. A recent study by
Stocker et al. show that AAPH degradation induced
erythrocytes lysis in oxygenated blood, but not in
nitrogen saturated blood. In oxygenated blood,
additional nitrones induced the formation of
CI(NH,),C-(Me),CO" alkoxyl radical adducts.

Methods for estimating lipid peroxidation

In recent years, a large number of assays have been
developed for measuring MDA and other products of
lipid peroxidation (Table 1). However, for the ease of
operation and ‘quick results’ TBARS assay is still
being followed in many laboratories, without realizing
the artifacts and the limitations of the assay. One of
the major objectives of this review is to cover these
lacunae in the study of lipid peroxidation and its
application to the studies in relation to human health.

The products of LP that can be measured include
conjugated dienes, lipid hydroperoxides, aldehydes
e.g. 4-hydroxynonenal and MDA that react with TBA
to form TBARS, isoprostanes, isofurans, exhaled
gases such as pentane, lipid-protein adducts, lipid-
DNA adducts etc?’.

The progression of lipid peroxidation can be
monitored by measuring products of LP such as
conjugated dienes, lipid hydroperoxides, aldehydes,
aldehyde-protein adducts, alkanes or the depletion of
substrates like PUFAs or antioxidants, besides
chemiluminescence. The measurement of several
oxidation products enables assessment at different
stages of the oxidative pathway, providing detailed
information of this dynamic process. Until recently,
TBARS test was probably the most utilised assay for
measuring lipid peroxidation. Although this approach
is still used in some parts of the food industry, for
instance, in testing the oxidative susceptibility of
cooking oils and can provide a valuable laboratory

Table 1—Some methodologies used for studying lipid

peroxidation
Component Method References
TBARS Spectrophotometric, 28-30
Spectrofluorimetric
Lipid hydroperoxides  Spectrophotometric 31,32
Conjugated dienes Spectrophotometric 31,33
4-Hydroxynonenal HPLC 34
Isoprostanes HPLC, ELISA 3
Exhaled gases GC 35
Lipid-DNA adducts Fluorescence 36
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measure of lipid peroxidation in simple in vitro
systems, its application to complex biological fluids
such as human plasma and subcellular systems has
been limited. This is mainly because of its non-
specificity and the potential confounding influence of

various factors 63,

TBARS assay

TBARS assay can be performed by standard
methods using MDA equivalents derived from
tetraethoxypropane. MDA and other aldehydes have
been identified as products of LP that react with TBA
to give a pink coloured species that absorbs at 532
nm. The method involved heating of biological
samples with TBA reagent for 20 min in a boiling
water bath. TBA reagent contains 20% TCA, 0.5%
TBA and 2.5 N HCI. After cooling, the solution was
centrifuged at 2,000 rpm for 10 min and the
precipitate obtained was removed. The absorbance of
the supernatant was determined at 532 nm against a
blank that contained all the reagents minus the
biological sample. The MDA equivalents of the
sample were calculated using an extinction coefficient
of 1.56x10°M™' cm™, To reduce interference from iron
released during homogenisation, it is advisable to
include antioxidant/ iron-chelator like butylated
hydroxytoluene (BHT) or EDTA®?. The TBARS
assay is simple and requires the reagent TBA, and
dilute HCI. This was originally developed in 1958 for
testing rancidity due to oxidized lipids in food
material®’. There are also several minor variations to
the main components used for the TBARS assay.

Interference in TBARS assay and remedies
Monitoring lipid peroxidation in complex
conditions such as clinical or in vivo systems, calls for
the use of methods that are sensitive, precise, and
accurate, and are based on techniques that are robust
and have proven inter-laboratory reproducibility. The
TBARS assay was proposed over 40 years ago and is
now the most commonly used method for measuring
LP. However, as mentioned earlier, the assay is not
specific for LP products. Besides aldehydic products
that arise from LP, many other substances, including
alkanals, protein, sucrose and urea may react with
TBA to yield coloured species and thus contribute to
overestimation of the extent of LP*®. In plasma, it can
react with sialic acid present in glycoproteins. In food
materials, ketones, ketosteroids, acids, esters, sugars,
proteins, pyridines, pyrimidines and vitamins can
react with TBA and interfere with the assay. In the in

vitro experiments using subcellular fractions, blood
components or tissue homogenates, sucrose, fructose,
glucose, substituted pyrimidines, 2-deoxyribose, N-
acetyl neuraminic acid, bilirubin, biliverdin, icteric
serum and serum containing hemolysed erythrocytes
can interfere with the colour development.

To correct for interference from sucrose,
appropriate amounts can be added in the blank or test
samples and the boiled samples with TBA can be
extracted with butanol-pyridine solution®. Buffers
made from Tris-maleate (up to 40 mM), imidazole (up
to 20 mM), inorganic phosphate (up to 10 mM) and 4-
morpholine propanesulfonic acid (up to 20 mM) did
not affect the colour development. In plasma, the
interference from sialic acid can be removed by
carrying out the TBA reaction in phosphoric acid or
TCA-HCI and correcting for absorption of sialic acid
at 572 nm*,

There are potential artifacts in TBARS
measurement in tissues from animals treated with
antioxidants. There appears to be an initial (probably
iron-induced) burst of peroxidation during
homogenization, which is antioxidant susceptible. In
addition, added TBARS products are formed during
final heating stage in methods which retain membrane
bound reactants throughout the assay, and this step is
also susceptible to the presence of antioxidants*'.

Estimation of conjugated dienes

For estimating conjugated dienes test samples
(tissue/membrane fractions) subjected to oxidative
stress were treated with chloroform:methanol mixture
(2:1) followed by vigorous vortexing and
centrifugation at 2,000 rpm for 10 min. The upper
layer obtained was discarded along with the proteins,
while the lower chloroform layer was dried under a
stream of nitrogen at 45°C. The residue obtained was
dissolved in cyclohexane and absorbance was taken at
233 nm against a cyclohexane (standard 1 O.D. = 37.5
nmoles). The sensitivity of this assay is up to a few
nanomoles (2 to 3 nmoles). This assay has to be
carried out under inert atmosphere, in the presence of
nitrogen or argon”'.

Estimation of lipid hydroperoxides

For LOOH estimation tissue samples exposed to
damage by free radicals were treated with chloroform:
methanol (2:1) mixture, followed by vigorous
vortexing. The samples were centrifuged at 2,000 rpm
for 10 min. The upper aqueous layer obtained was
discarded along with the protein layer. The lower
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chloroform layer was dried under a stream of nitrogen
at 45°C. The residue obtained was treated with
potassium iodide and incubated in the dark for 6-8
min. After incubation, acetic acid: chloroform mixture
(3:2) was added followed by 0.25% cadmium acetate.
After each step vortexing was done. The mixture was
centrifuged at 2,000 rpm for 10 min. The upper layer
was transferred into fresh tubes. Absorbance was read
at 373 nm*' (standard 1 O.D. = 86.89 nmoles). LOOH
can also be estimated by a relatively simpler method
using ‘Fox reagent’*>. This method can also be
utilized for estimating oxidation of low-density
lipoprotein (LDL). The FOX reagent consists of 250
UM ammonium sulphate, 100 pM xylenol orange, 25
mM H,SO, and 4 mM BHT in 90% (v/v) methanol.
The working reagent should be routinely calibrated
against solutions of H,O, of known concentrations.
Samples under study (90 pl each) were mixed with 10
pl of methanol (in case of blank) or 10 pl of TPP
(triphenyl phosphine) in methanol (in case of test
samples). The samples were then incubated for 30
min at room temperature, followed by addition of 900
ul of FOX reagent. Once again the samples were
incubated for 30 min, followed by centrifugation at
12,000 g for 10 min, prior to determination of
absorbance at 560 nm. The level of lipid peroxide in
the samples was determined by calculating the
difference between the blank and test sample
readings. Hydroperoxide content was determined by
using a molar absorption co-efficient of 4.3 x 10* M™!
cm’ in reference to H,0, standard curve. The
sensitivity of LOOH assay is in the range of few
nanomoles (2-5 nmoles). The assay has to be carried
out under inert atmosphere and sometimes there will
be interference, if there is excess iron present in the
sample.

Estimation of 4-hydroxynonenal

Considered a toxic second messenger, 4-hydroxy-
2-nonenal (4-HNE) is one of the series of 4-hydroxy-
2-alkenals formed during LP. These have diverse
biological properties and varying ability to damage
biological macromolecules, e.g., ~50-fold less
concentrations of 4-HNE are required to produce a
given level of protein adducts to those produced by
MDA. Under conditions of neutral pH, 4-HNE is a
significant an endogenous toxicant due to its greater
electrophilicity.

To measure this physiologically important
aldehyde, test samples were suspended in 2.5 ml 5
mM phosphate buffer and centrifuged at 10,000 rpm

for 15 min. The pellet was incubated in 8 ml and
supernatant in 2 ml 2.5 N dinitrophenylhydrazine
(DNPH) (prepared in 1 N HCI) for 2 hr at 37°C. Then
kept in ice for 1 hr (in dark). After incubation the
lower layer was extracted in 2 ml dichloromethane by
vortexing and centrifuged at 2,000 rpm for 10 min.
The extracted layer was evaporated to dryness under
nitrogen at 45°C. The residue thus obtained was
dissolved in 0.5 m! dichloromethane. Of this sample,
0.15 ml was loaded onto a TLC plate. The TLC was
carried out for the first 5 cm in dichloromethane and
next 15 cm in benzene. The plates were dried in fume
hood for 15 min. The bands were detected under U.V.
light and marked at a resolution factor of 0.15. The
marked bands were then scrapped off and transferred
into fresh tubes followed by two extractions in 5 ml
methanol with continuous vortexing and centrifuging
at 2,000 rpm for 5 min. The methanol layer was
evaporated to dryness under nitrogen at 45°C. The
residue obtained was dissolved in 0.5 ml methanol
and filtered using 0.5 pm filter, following which it
was loaded onto HPLC. The wavelength of the
detector was set at 478 nm. The column used was C18
bondapack, with methanol:water (0.8:0.2) and the
flow rate were set at 1 ml/min“. Authentic 4-HNE
from Sigma Chemicals was used as standard. The
detection limit for the assay is 1 nmole. The assay is
time-consuming and requires sophisticated and
expensive instrumentation.

Malondialdehyde

All unsaturated aldehydes may undergo further
changes by autoxidation producing other volatile
compounds. Thus, hydroperoxy aldehydes may
undergo cleavage to give shorter chain aldehydes,
sometimes with other chemical groups. Among these,
MDA is of interest. Various precursors of MDA have
been proposed, but the most probable and the most
biochemically important seem to be the monocyclic
peroxides formed from fatty acids with 3 or more
double bonds. Other efficient sources have been
described: hydroperoxy bis-epidioxides, hydroperoxy
bis-cycloendoperoxides and dihydroperoxides. Diene
fatty acids (linoleic acid) were also shown to be good
precursors in some defined oxidative conditions
(singlet oxygen, acid pH). As an example, 12-
hydroperoxy linolenate may undergo a cyclization,
followed by an oxidation forming a S5-membered
hydroperoxy epidioxide as major product. The
cleavage on each side of the endoperoxide ring was
proposed as the main source of MDA. MDA may also
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be formed in some tissues by enzymatic processes
with prostaglandin precursors as substrates. Thus,
thromboxane synthetase generates MDA, with
thromboxane A,, from prostaglandin endoperoxides
during human platelet activation®,
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Estimation of isoprostanes

Monitoring lipid peroxidation in clinical situations
calls for the use of methods that are sensitive, precise
and accurate, and are based on techniques, which are
robust and have proven inter-laboratory
reproducibility. In this context, the measurement of
isoprostanes, which are specific peroxidation products
of PUFAs, is now recognized as the most reliable
index for the assessment of LP in humans and has
been used to evaluate the clinical efficiency of
antioxidant treatment in several diseases. Analysis of
isoprostanes has been directed mostly towards
measurement of the major Fr-isoprostane,
8-epi-PGF,q, which is derived from arachidonic acid
peroxidation. In humans, this can be measured in
several biological fluids (plasma, urine, synovial
fluid), using gas chromatography-mass spectrometrjy
or commercially available enzyme immunoassay kits".
The detection limit for GC-MS estimation of
isoprostanes is 50-100 pmoles per ml sample. The
disadvantage of this assay is that it is expensive
requiring expensive instrumentation. Estimation by
Elisa kits is easier, but very expensive.

Measurement of lipid-DNA adduct formation
Lipid-MDA adducts are important indicators of
secondary damage formed due to by-products of LP.
To measure these, DNA was isolated from whole
hepatocytes or nuclei according to the method
described by Marmur®. The isolated DNA was
treated with proteinase K and RNase to remove the
protein and RNA. The radioactivity associated with

DNA was determined by liquid scintillator.
Fluorescence intensities at 410 and 460 nm excitation
at 315 and 390 nm, respectively were used to quantify
the amount of lipid-DNA adducts. Purified lipid-DNA
adducts from experimental groups showed a
fluorescence peak at 410 nm when excited with 315
nm*, Similar results have been obtained by Reiss in
the reaction of calf thymus DNA with arachidonate®.
Another product or products with excitation and
emission maxima at 390 nm and 460 nm, respectively
were also observed, but the yield was very low,
similar to the observation in the reaction of DNA and
MDA. The observed fluorescent products could be
Schiff's base complexes formed by the reaction
between amino groups of the DNA bases and the
carbonyl end-products (including MDA and other
carbonyls) of peroxidizing arachidonic acid and other
polyunsaturated fatty acids. This assay though
sensitive (detection limit 5 nmoles) is also quite
expensive to perform.

Measurement of exhaled gases

Breath alkanes were measured as an index of
oxidative stress in human subjects*’. Subjects
breathed for 4.0 min through a cardboard mouthpiece
connected to a Rudolph valve from a Tedlar bag
(Aerovironment, Monrovia, CA, USA) containing
hydrocarbon-free air (HCFA) (0.1 ppm total
hydrocarbons expressed as methane, Ultra-Zero Air,
Prax Air, Canada). The exhaled air was discarded.
Thus, the initial atmospheric air with its hydrocarbon
contents was flushed from the lungs. During the
succeeding 2.0 min, while the HCFA was inspired,
breath was collected into a second Tedlar bag for
alkane measurements. The volume of air collected
was recorded by a Medishield spirometer attached to
the output portion of the Rudolph valve. Throughout
the 6 min period, the nose was closed by a clip.

The analysis of breath for alkanes was performed
according to the method described by Lemoyne ez
al.** on a Shimadzu GC 14A gas-solid chromatograph
(Mandel Scientific Company Limited, Guelph,
Ontario) set at range 4 and sensitivity 104 and
equipped with a flame ionization detector (FID).
Hydrocarbon-free nitrogen gas was used as a carrier
at a flow of 20 ml/min. Pentane and ethane gases were
analyzed in a column filled with Porasil-D
(Chromatographic Specialties Inc, Brockville, ON,
Canada) in a stainless steel coil held isothermally at
60°C with a calibration curve derived from known
concentrations of pentane and ethane standard (1 ppm
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ethane; 1 ppm pentane, Prax Air). One flame of
double FID was used, at 200°C, with hydrogen at a
flow rate of 30 ml/min (0.5 kg/cmxcm) and medical
compressed air at a flow rate of 0.8 L/min for
maximum sensitivity. Finally, the output of the FID
was led to a recorder (Shimadzu CR 501
Chromatopac, Mandel Scientific Company, Ltd.). The
peak areas under the curve for ethane and pentane
were measured using 50 ml of the breath sample. The
concentrations of ethane and pentane production were
then calculated and expressed in pmol/kg/min. The
assay of volatile hydrocarbons is mainly applicable to
in vivo conditions on large amount of samples. The
assay is also cumbersome and requires specialist
equipment and is also subject to artifacts®.

Estimation of other products of lipid peroxidation

Lipid-protein adducts, lipofuscin pigments etc. can
also be monitored by specific methods™. Free fatty
acids and their oxidation products can be measured by
HPLC®'. Exhaled gases such as pentane, ethane etc.
can be measured by gas chromatography. This can be
used as an ‘in vivo’ indicator of lipid peroxidation in
man and laboratory animals. The technique is now
available for study conditions, such as cystic fibrosis,
in which oxidative stress component in tissue injury is
being implicated™.

Other methods for lipid peroxidation products

The following parameters also can be used as a
measure of lipid peroxidation: oxygen uptake, as
assayed by oxygraph or oxystat. Membrane alteration
can be measured by electrophoresis using various
markers or supports®. Chemiluminescence of
materials generated during LP, such as triplet
carbonyls and other excited states can be monitored
by special equipments that monitor such products at
specific wavelengths™, Fluorescent products that are
formed by adduct formation can also be assessed. An
indirect way of measuring LP is by monitoring the
consumption of antioxidants, such as vitamin E"*.

To measure products of LP, a large number of
approaches can be used. These include spectrophoto-
metry, spectrofluorimetry, HPLC, GC-MS combined
with selective ion monitoring, gas chromatography,
chemiluminescence, ELISA, electrospray combined
with mass spectrometry, oxygraph-oxystat, photoioni-
zation gas chromatography, UV-IR spectroscopy, GC-
ECM-MS, single photon counting, fast atom
bombardment and tandem MS, fourier transform
infrared spectroscopy and electrophoresis.

Among the modern techniques, the one that is
gaining popularity is electrospray-MS, a soft
ionization technique, which does not result in
fragmentation of biomolecules, thus allowing the
study of phospholipids keeping the structures intact.
This method also is used for detection of isoprostanes
and oxidized free fatty acids®. GC-MS is a very
sensitive method for the analysis of aldehydes, fatty
acids and their hydroperoxides, lipid hydroperoxides
and isoprostanes®.

Concluding remarks

Lipid peroxidation is a fascinating field. It forms
the basis of reactions of essential fatty acids. There is
much more to be done than TBARS reaction and its
inhibition. Many questions and pervading myths
remain to be tackled. The story of lipid peroxidation
along with PUFA will have many surprises and
benefits in a number of conditions and modern
diseases that unfolded with adapting to franchised
food chain.
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Abstract:

Although the physical techniques for measuring electromagnetic fields (EMF) are
well developed, adequate characterization of the biological effects induced by EMF is
still subject to discussion. Data from recent experiments suggests that EMF is associated
with the iron-mediated free radical generation, that can cause damage in biologic
molecules. The aim of this study was to show the effects of chronic exposure to EMF on
the oxidative and immune response.

In vivo experiment was carried out on Wistar rats, divided in to 4 groups as follows:
1. Control-group, without exposure, sacrificed at 1 month; 2. Control-group, without
exposure sacrificed at 6 months; 3. EMF-exposed group, sacrificed at 1 month; 4. EMF -
exposed group, sacrificed at 6 months. The rats were exposed to EMF that covered a

range of frequencies between 160-170 MHz, with S = 8 W/mz, for 2 hours/ day, 1 month
and 6 months.

The following parameters were assessed: a) 3HTdR incorporation test, b) IL-1 assay,
c) TNF-assay, d) Chemiluminiscence assay, and e) Lipid peroxides.

The 3HTdR incorporation was decreased in the EMF- exposed groups, as compared
with control groups, but with statistically significant difference (ssd) only in the third
group. Increased values of the cytokines (IL-1 and TNF) were found in the groups 3 and
4, but with ssd only in group 4. Chemiluminescence assay and lipid peroxides were
increased in groups 3 and 4, but ssd were found only in the fourth group. In the forth
group, an important suppression of the immune response and increased activity of the
cytokines was demonstrated.

Our results indicate an association between EMF and immune and oxidative
response and suggest these reactions could have a key role as a mechanism leading to
irreversible injury in EMF prolonged exposure.
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