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R E V I E W  P A P E R

The intake of polyunsaturated fatty acids like n-3 
(PUFA n-3), with anti-infl ammatory characteris-
tics, has a favorable eff ect on the prevention of some 
medical conditions, such as cardiovascular diseases 
(Schacky and Harris, 2007) and some chronic illness-
es like cancer (Simopoulos, 2008). However, feeding 
habits are characterized by a low intake of polyunsatu-
rated fatty acids n-3 (especially those with short chain) 
and an excessive value of the report PUFA n-6/PUFA 
n-3 (Simopoulos, 2008).

Polyunsaturated fatty acids are indispensable and 
necessary for cellular functioning but they are not syn-
thesized by the human or animal organism and must 
be introduced into the body through alimentation. 

Most foods are richer in PUFA n-6 (dairy, eggs, beef 
and pork products) than PUFA n-3 (fi sh and other sea 
foods, nuts, leafy vegetables). PUFA are very sensitive 
to lipid peroxidation due to their structure. This reac-
tion is initiated by oxygen-free radicals action that at-
tack and degrade PUFAs determining the appearance 
of some toxic and very reactive molecules (peroxide 
products). An increase in the PUFA n-3 content of 
food products off ers protection against peroxidation 
until consumption and plays an important role in hu-
man health assurance, off ering economic benefi ts but 
requiring the use of antioxidants (Schacky and Harris, 
2007). Various antioxidants prevent or slow the cel-
lular peroxidation process. They can have industrial 
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origin, having been obtained through chemical synthe-
sis (vitamin E), or natural origin (vegetal extracts). Vi-
tamin E, the most utilized antioxidant, exhibits some 
disadvantages regarding the effi  ciency and a pro-ox-
idant risk in the case of some high doses. Research 
was done and a mixture of a vegetable extract (rich 
in natural polyphenols) and vitamin E was obtained. 
This mixture presented a high capacity for protection 
against lipid peroxidation on animals (mice), thus the 
alimentation being enriched in PUFA’s n-3 (Gladine, 
2006). 

LIPID PEROXIDATION PROCESS 

Oxidant stress is a type of aggression on the part of 
some cellular compounds that determines an imbal-
ance between the antioxidant defense system and the 
production of nitrates and oxygenated compounds. 
This imbalance may have diff erent origins, such as en-
dogenous overproduction of prooxidant agents of in-
fl ammatory origin, a nutritional defi cit in antioxidants 
or even exposure to prooxidant factors from the envi-
ronment. This imbalance between the defense system 
and the free radical generation one trains the appear-
ance of structural lesions at the level of organism cells. 
This determines, at molecular level, proteins and ADN 
degradation, sugar modifi cation, altering the integrity 
of cellular membranes by inducing lipid peroxidation 
(Favier, 1997).

Lipid peroxidation represents an oxidative degra-
dation of polyunsaturated fatty acids incorporated in 
cell membrane lipids or in lipoproteins, but also in 
vegetables and food oils rich in PUFA n-3 (Cillard and 
Cillard, 2006). 

In humans and animals, lipid peroxidation is con-
sidered physiological when its intensity is controlled 
through the action of prooxidant enzymes like pros-
taglandin synthetase, tromboxan synthetase and li-
poxygenase. This peroxidation induced by enzymes 
is indispensable to animal or human organisms favor-
ing the formation of prostaglandins and leukotrienes. 
It stimulates smooth muscle contractions and the bio-
synthesis of steroid hormones. It diff erentiates from 
non-enzymatic lipid or spontaneous peroxidation, 
which is often fatal for the eff ective functioning of the 
human organism, contributing to cellular aging and 
toxic metabolite production (Pré, 1991).

Spontaneous lipid peroxidation is infl uenced by 
reactive oxygen species (ROS) and PUFAs. Free radi-
cals are defi ned as atoms or molecules that contain an 
unpaired electron (free). This property explains their 
high reactivity and ability to react with some mole-
cules (lipids, proteins, DNA) and produce chain reac-
tions (Favier, 1997).

Free radical reactivity is very variable depend-
ing on the nature of the radical. Among the radicals 
formed in living beings, the superoxide anion radical 
(O2

–) and nitric oxide (NO–) are not particularly reac-
tive, but are precursors that can be activated by other 
species more reactive. On the other hand, weak re-
activity of these two radicals allows the organism to 
use them as mediators that regulate biological func-
tions like capillary vasodilatation. Peroxyl (ROO•) 
and hydroxyl (HO•) radicals are extremely reactive. 
There are other derivate species called “reactive oxy-
gen species” (ROS), like hydrogen peroxide (H2O2) 
or nitroperoxid (ONOOH), which are also reactive 
(Winterbourn, 2008).

Fatty acids with a long chain are made from a lin-
ear chain of carbon atoms (12–22 atoms) and a methyl 
group (CH3) at one extremity and a carboxyl group 
(–COOH) at the other. Fatty acids can have one or 
more ethylenic double bonds (up to 6) along the hy-
drocarbon chains and according to their number, we 
can talk about saturated fatty acids (they don’t have 
any double bonds), monounsaturated fatty acids (one 
double bond) or polyunsaturated fatty acids (they have 
more double bonds). Fatty acids that have two con-
jugated double bonds are present, in general, in fats 
resulted from industrial hydrogenation of vegetal oils 
(margarine) or in ruminant lipids (Chardigny and Mal-
puech-Brugere, 2007) and especially in the lipids of 
products obtained from them, such as milk (Chilliard 
et al., 2001) and meat (Bauchart et al., 2008).

LIPID PEROXIDATION REACTIONS

Polyunsaturated fatty acids are the preferred targets 
for the reactive oxygen species (ROS) due to the pres-
ence of numerous bis-allylic hydrogen atoms which 
are easily oxidized. Fatty acids rich in double bonds 
are peroxidizable, meaning that they are degradable 
by a non-enzymatic oxidant precursor harmful to the 
cell. The oxidation of polyunsaturated fatty acids takes 
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place in three stages: initiation, propagation and termi-
nation (Pré, 1991). 

Peroxidation mechanism is initiated when a reac-
tive species of oxygen bonds a hydrogen atom from 
a methylen group (–CH2–) to a polyunsaturated fatty 
acid. Hydroxyl radical HO• is one of the most effi  cient 
initiators. The result of this initiation phase is the for-
mation of an alkyl group (R•) or a fatty acid and this 
instability will rapidly induce the formation of a con-
jugated diene from the remaining electrons, character-
ized by the presence of two double bonds conjugated 
(Winterbourn, 2008). 

Propagation phase assumes the combination of di-
enil radical (•R) with oxygen forming peroxyl radical 
(ROO•). Peroxyl radicals can react with an adjacent 
lipid molecule (R•H), engaging the formation of a hy-
droperoxide (ROOH) and a new alkyl radical (R•), 
ensuring the propagation of the reaction. It is widely 
accepted that every alkyl radical can be at the origin 
of some hydroperoxide molecules before the termina-
tion phase begins. Hydroperoxides are very unstable 
and decompose spontaneously in the presence of ion-
ized forms of transition metals (Fe, Cu) with a hemin 
structure (hem, met hemoglobin, citocromos). This 
is a complex process that involves the formation of 
alkoxy radicals (RO•), peroxyl (ROO•) and diff erent 
species called “cut” (split) (aldehydes and acids) by 
breaking the covalent bonds. The terminal phase in-
volves the formation of compounds through the com-
bination of radicals. An R• radical reacts with another 
free radical (ROO•) or (R•), allowing the neutralization 
of free radicals, and determining the lipid peroxidation 
chain termination (Pré, 1991).

LIPID PEROXIDATION INTENSITY

Oxidant stress determines an imbalance between the 
antioxidant defense system and the production of oxy-
gen reactive species. Thus to assess the intensity of 
lipid peroxidation, it is more practical to track the re-
sults of this imbalance than to determine the lesions 
which occur and especially to evaluate lipid oxidation 
products (Favier, 1997).

Several biomarkers have been proposed to evaluate 
the intensity and the amplitude of lipid peroxidation, 
which diff er by their specifi city and sensitivity. None 
of these biomarkers are able to provide an exhaustive 

view with regard to the in vivo lipid peroxidation pro-
cess, determining the simultaneous involvement of 
several biomarkers. In the case of hydroxyalkane, due 
to its eff ective metabolism, the measurement is based 
only on the evaluation of free 4-HNE concentrations 
or of the adducts to the proteins or glutathione, esti-
mating in this way the real intensity of lipid peroxida-
tion in specifi c pathologic conditions. Thus, the free 
and conjugated forms must be measured in parallel to 
appreciate the intensity of PUFA n-3 and n-6 peroxida-
tion (Guichardant and Lagarde, 2009). Diff erent meas-
urement techniques have been developed (Table 1). 

The advantage of evaluating diff erent 4-HNE and 
4-HHE forms is given by the fact that these two mark-
ers are simultaneous determined in a single analysis. 
Regarding lipid peroxidation intensity evaluation in 
food products, MDA detection is largely used. 4-HNE 
assessment in this kind of matrix has been the objec-
tive of diff erent studies on fi sh, pig and beef meat 
(Munasinghe et al., 2003a; Munasinghe et al., 2003b; 
Munasinghe et al., 2005; Munasinghe et al., 2006; 
Sakai and Kawahara, 2009; Zanardi et al., 2002). It is 
conceivable that this marker can be used in food qual-
ity assessment (Zarkovic, 2003). 

Oxygen free radicals are the source and are im-
plicated in the control of a large variety of oxidation-
reduction reactions indispensable for life and growth. 
Any kind of stress increases their fl ow, depletes the 
body‘s reserves in protective compounds that neutral-
ize them (antioxidants like vitamin C and E and glu-
tathione) and thus increase the corresponding needs of 
the organism. This stress may lead to alterations in cell 
structures (Aurousseau, 2002). 

BIOLOGICAL EFFECTS OF LIPOPEROXIDATION

Most of the end products of lipid peroxidation react 
with proteins, lipids and DNA. Aldehyde compounds 
like 4-HNE, 4-HHE, MDA and acrolein are very re-
active and bond directly with thiol groups of residue 
proteins and peptides containing cysteine, histidine and 
lysine to form stable products (Esterbauer et al., 1991).

These products (considered pathological) are de-
termined in diff erent tissues and blood, causing oxida-
tive damage that causes diseases (Niki, 2009). 

The attack of the products resulting from lipid per-
oxidation on the protein residues can deactivate various 
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cell enzymes and may alter the conformation of struc-
tural proteins. The consequences are as follows: 
• An attack on the circulating lipids leads to oxidized 

lipoproteins with low density formation, whose fi -
nal consequences are strokes.

• The attack on the membrane phospholipids with 
infl uences on transporters, receptors and transmit-
ting signals. 

Aldehydes also have a mutagenic eff ect and form 
DNA-based compounds such as propanol or ethanol 
(Favier, 2003).

In the case of dairy animals, lipid peroxidation 
can lead to an increased susceptibility to infections 
or pathological infl ammations and also impaired liver 
function and reproductive performance. In meat ani-
mals performance may be reduced and animal growth 

Table 1. Methods for detecting and determining HNE (Poli et al., 2008)

Compound 
detected Method applied Material analyzed References

Free HNE – HPLC reverse phase
– ELISA
– MS way EI (DHNd11 intern standard)
– Micro extraction in solid phase, 

HPLC
– MS way EI
– Extraction in solid phase, 

HPLC-MS/MS
– Fluor immunoassay
– LC-MS/MS
– LC-APCI-MS

– LDL oxidized 
– Extracts of T human cells 
– Oxidized oils, pig liver
– Nuclei from sarcoma cells 
– Meat
– Serum and plasma from rats 
– Condensed from breath
– Oxidized linoleic acid 

Esterbauer and Cheeseman, 
1990
Uchida et al., 1995

Uchida et al., 2000
Calonghi et al., 2002
Zanardi et al., 2002
Kimura et al., 2005
Corradi et al., 2004
Lee et al., 2005

GSH-HNE 
Adducts

– HPLC
– HPLC
– HPLC-MS/MS way EI

– Rats in vivo
– Kidney cells and rat bile 

Ji et al., 2002

DHN-MA – MS – Human urine Gueraud et al., 2006

Carnosine 
adducts

– Characterization by MS/MS mode EI – Skeletal muscle Aldini et al., 2002

Adducts 
to protein 

– Anti-HNE-LDL acid polyclonal
– Polyclonal acid (Histidine adducts)
– Monoclonal acid (Histidine adducts)
– Polyclonal acid
– Immunoprecipitation 
– Immunoprecipitation 

– Western blotting
– Immunofl uorescence imaging
– Fluorometry
– MS/MS wayEI
– MS/MS way EI
– MS way EI after immunoaffi  nity 

enrichment-MALDI-MS
– MALDI-MS
– MALDI-MS
– Dimensional eletroforeze/Western 

blotting

– LDL oxidized with Cu2+

– Rats hepatocytes 
– Diff erent cell types
– Human brain
– Human cord
– Mitochondrial isocitrate 

dehydrogenase 
– Rat heart
– Sections of rat hearts
– Human plasma
– Chain B oxidized by insulin
– LDL oxidized 
– Apomyoglobin

– Peptides
– DNPH matrix
– Cytochrome c
– Lymphocytes

Chen et al., 1992
Uchida et al., 1993
Borovic et al., 2006
Montine et al., 1997
Pedersen et al., 1998
Benderdour et al., 2003

Eaton et al., 1998
Eaton et al., 1998
Massarenti et al., 2004
Fenaille et al., 2003
Sangvanich et al., 2003
Fenaille et al., 2003

Doorn and Petersen, 2003
Fenaille et al., 2004
Aldini et al., 2006
Poggioli et al., 2004
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and feed transformation effi  cacy may be aff ected 
(Aurousseau, 2002).

The role of antioxidants on health and immunity 
conservation has been studied in the case of ruminants 
(Spears and Weiss, 2008). The relation between oxi-
dative damage and vitamin E concentration in blood, 
liver and milk was evaluated in cows receiving or not 
receiving a supplement of vitamin E in their daily ra-
tions. A poor plasma MDA concentration in cows that 
had received a vitamin E supplement for two weeks 
after calving clearly showed that this vitamin plays 
a positive role in the subsequent recovery of an animal 
subjected to oxidative stress due to parturition. Vita-
min E is an antioxidant able to limit lipid peroxidation 
(Bouwstra et al., 2008).

There is a negative correlation between plasma an-
tioxidant potential and common pathologies, a daily 
intake of vitamin E for 4 weeks of gestation (1000 UI/
animal/day) is recommended to reduce the risk of pla-
centa retention (Miller et al., 1993). Vitamin E doses 
must be rationed because a high intake may have neg-
ative consequences, such as increased mortality. This 
has been demonstrated in people who have received 
a dietary supplement of vitamin E of to 400 UI/day or 
greater (Miller et al., 2005).

PRO- AND ANTIOXIDANT SYSTEMS

In the body at rest, the mitochondria are one of the sites 
of free oxygen radical production, in particular super-
oxide anion (O2

0-). This product is a natural source of 
free radicals likely to be stimulated by food and envi-
ronmental variations in the absence of pathologies or 
any other pronounced imbalance (Aurousseau, 2002).

Electrons are involved in carrying oxygen metabo-
lism in the mitochondrial respiratory chain and lead to 
the production of superoxide anions (O2

0–). About 2% 
of the oxygen consumed in the mitochondria is con-
verted to superoxide radical (Gladine, 2006).

Starting with the superoxide anion (O2
-), a large va-

riety of other oxygen free radicals are formed. These 
are known as “secondary”. Two molecules of superox-
ide can associate to form hydrogen peroxide (H2O2). 
Hydroxyl radical production (HO•) is initiated starting 
from the hydrogen peroxide reaction in the presence 
of metal cations (Fe2+ or Cu2+; Fenton reaction). Nitric 
oxide (NO•) can react with superoxide anion radical 

(O2
–) forming a highly toxic peroxynitrite (–OONO) 

(Halliwell and Gutteridge, 1984):
• reaction 1: O2

– + O2
– + 2H+ → H2O2 + O2

• reaction 2: H2O2 + Fe2+ → HO• + Fe3+ + HO• (Fen-
ton reaction)

• reaction 3: NO• + O2
– → –OONO.

An antioxidant can be defi ned as a substance that 
delays or inhibits oxidation of a substrate (Halliwell 
and Gutteridge, 1984).

To defend itself against attacks from radicals, the 
body has two great systems of protection: detoxifi -
cation enzymes and intra- and extracellular nonen-
zymatic antioxidants that occur at diff erent levels 
of the lipid peroxidation chain reactions. Endog-
enous antioxidants (enzymatic or non-enzymatic) 
and those from food (lipophilic or hydrophilic) are 
classifi ed into several categories depending on their 
mode of action. Antioxidants acting previous to lipid 
peroxidation prevent its initiation. Transition metal 
chelators are able, by forming complexes with met-
als (Cu, Fe), to initiate lipid peroxidation catalysis 
(Frankel, 2005). This mechanism of action still has 
a minor infl uence in terms of inhibition of lipid per-
oxidation in comparison with its anti-radical activity 
by capturing active oxygen compounds (Van Acker 
et al., 1998).

Transition metal chelators are mainly proteins 
(transferrin, ferritin, lactalbumins) able to seize Fe, 
ceruloplasmin and albumin able to form compounds 
with Cu. Polyphosphates, ethylene diamine tetraacet-
ic, citric and phenolic acids and fl avonoids are present 
in extracellular or intracellular aqueous environments 
and known for their ability to chelate transition metals 
(Laguerre et al., 2007). 

The sensors of reactive oxygen species are able to 
prevent oxidation. In this case, carotenoids, with li-
pophilic properties, are considered to be the most ef-
fi cient molecules for singlet oxygen capture (•O2) and 
ROO• and R• radicals. They are present in vegetable 
pigments, like carotene (lycopene, β-carotene) or xan-
thophylls (astaxanthin, lutein). Their conversion is 
possible in the liver and enterocytes in which the ob-
tained retinol (vitamin A) also possesses antioxidant 
properties. 

There are other compounds that capture the sin-
glet oxygen, tocopherols and tocotrienols namely, 
grouped under the common name of vitamin E. They 
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are present naturally in wheat germ and vegetable oils, 
but can be synthesized chemically as α-tocopherols 
to meet human needs in terms of antioxidants. Carot-
enoids and tocopherols contribute in the same way to 
the protection of tissues against the harmful eff ects of 
singlet oxygen, especially because in vivo tocopherols 
are around 30 times more abundant than β-carotene 
(Laguerre et al., 2007).

Superoxide anion present in the aqueous phase 
can be captured by vitamin C (hydrophilic), which is 
abundant in citrus fruits and vegetables, and also is 
able to capture peroxynitrite (–OONO). Polyphenols, 
mainly with hydrophilic properties, have an ideal 
chemical structure for the uptake of reactive oxygen 
species, easily releasing a hydrogen atom from a hy-
droxyl group (HO•). The antioxidant potential of cer-
tain polyphenols could easily exceed that of vitamin E 
(Vertuani et al., 2004). 

Numerous other molecules are able to directly neu-
tralize the ERO, such as glutathione (GS) and thiol, 
the latter being present mostly intracellular or only in 
a reduced form. Thiol is able to neutralize hydroxyl 
(HO•), peroxyl (ROO•) and alkoxy (RO•) radicals, 
releasing a hydrogen atom from its sulfhydryl group 
(–SH). Peroxyl radical (ROO•) is captured by biliru-
bin, uric acid and coenzyme Q10 localized at the level 
of mitochondria membrane and lipoic acid, cofactor 
involved in Krebs cycle. Hydroxyl radicals (HO•) are 
also captured by uric and lipoic acids. Albumin ac-
tion is important as long as the main supplier of thiol 
groups is plasma. Glutathione gives it the power of 
reduction (Gladine, 2006).

DETOXIFYING ERO

Detoxifi cation in ERO is an important enzymatic 
pathway in preventing lipid peroxidation. Superoxide 
dismutase (SOD) located in the cytoplasm, mitochon-
dria or in the extracellular environment is a metallo-
enzyme catalyst of superoxide radicals dismutation to 
hydrogen peroxide (H2O2) and oxygen:

2O2
– + 2H+ → H2O2 + O2

Catalase is a hemin enzyme, located in intracellular 
peroxisome that converts hydrogen peroxide into wa-
ter and molecular oxygen (Halliwell and Gutteridge, 
1984):

2H2O2 → H2O + O2

Glutathione peroxidase (GP), present at the cyto-
plasmic and mitochondrial level, is a metal-selenium 
enzyme which detoxifi es hydrogen peroxide and lipid 
hydroxy peroxides, linking hydroxy peroxide reduc-
tion with the glutathione oxidation (Halliwell and Gut-
teridge, 1984):

ROOH + 2GSH → ROH + H2O + GSSH
H2O2 + 2 GSH → 2H2O + GSSH

Antioxidants that act after the initiation of a lipid 
peroxidation chain limit its propagation. These oxides, 
called “chain terminators” lose the hydrogen radical 
benefi t to peroxy radicals (ROO•) formed during lipid 
peroxidation chain propagation (Halliwell and Gut-
teridge, 1984):

A-H + ROO• → A° + ROOH

The fi rst antioxidants involved are phenolic com-
pounds, mono- or polyhydric (tocopherols, tocotrie-
nols, fl avonoids, phenolic acids and alcohols) with 
diff erent substituents located in one or more aromatic 
cycles. These compounds are able to stabilize un-
paired electrons through relocation. As vitamin E has 
a hydrophilic and hydrophobic end, it easily releases 
the hydrogen atom located at the hydrophilic part. 
A tocoferoxyl radical thus formed possess the ability 
to stabilize a single electron by resonance. 

In vivo regeneration system allows the control of 
these types of radical reduction. Vitamin E is the an-
tioxidant that destroys lipid peroxidation chain. Vita-
min C is involved in tocoferoxyl radical regeneration. 
Polyphenols (fl avonoids) may have equally the same 
action in vitamin E regeneration (Leger, 2006). 

CONCLUSION

In living beings, lipid peroxidation mechanism and its 
regulation is related to the body. The use of antioxi-
dants reduces oxidative damage. Lipid peroxidation is 
a complex process that leads to the production of nu-
merous highly reactive metabolites. These compounds 
are involved in various human and animal diseases. 
Lipid peroxidation is a phenomenon that takes place in 
vivo and in vitro after the same mechanism. Molecular 
oxygen is not very reactive and it combines with fatty 
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acids only after the initiation phase induced by free 
radicals. The primary products resulting from fatty ac-
ids’ oxidation are peroxides that break down rapidly, 
giving numerous decomposition products that damage 
other molecules like proteins, nucleic acids and other 
lipids. The consequences of lipid peroxidation are 
a major problem in the food industry and because of 
this, the utilization of antioxidants is used for prevent-
ing aliments and preserving human health. 
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