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ABSTRACT
Lipid peroxidation, which is a natural and essential process, can occur in a non-enzymatic and/or enzymatic
way in plant cells. Some of its products have cytotoxic effects on cells, but others function as plant effectors. The
lipid peroxidation in plants exposed to heavy metal stress depends on the metal, plant organ, plant species and its

genotype.
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INTRODUCTION

In plant cells free fatty acids peroxidation can occur both
in a non-enzymatic and enzymatic way with lipidhydrope-
roxides (LOO) formed as by-products. Enzymatic lipid pe-
roxidation is catalysed by lipoxygenases (LOXs; EC
1.13.11.12). They are a large family of enzymes widely
spread in animal and plant kingdoms and in fungi. They
contain non-heme iron in the active center, but manganese
was also found in LOX from the fungus Gdumannomyces
graminis (Su and Oliw 1998). LOX strongly prefers free
fatty acids as substrates, but its activity in polyunsaturated
fatty acids (PUFAs) esterified to phospholipids and with
PUFAs esterified in neutral lipids such as triglycerides was
also found (Feussner and Wasternack 2002). The enzymes
catalyze the dioxygenation of the long chain of fatty acids
containing cis, cis-1,4-pentadiene structure such as linoleic
and oa-linolenic acids, and lipid hydroperoxides are for-
med, which are then converted to various secondary com-
pounds (Feussner and Wasternack 2002). In non-enzyma-
tic processes, reactive oxygen species (ROS) formed in
different cell compartments (especially superoxide radical
O,) and transition metal ions are engaged in the initiation
of lipid peroxidation (Kappus 1985). Non-enzymatic lipid
peroxidation starts after hydrogen abstraction from an
unsaturated fatty acid. A lipid radical is formed and after
addition of molecular oxygen a radical chain reaction can
occur (Kappus 1985). Peroxyl radicals (LOO®) generated
as intermediates in the course of an enzymatic lipid peroxi-
dation are transformed within the enzyme complex to cor-
responding anions (LOO") loosing their reactivity, while
peroxyl radicals generated in non-enzymatic reactions are

not deactivated (Spiteller 2003). They react with molecules
in their close vicinity causing changes in the molecular
structure of biological molecules, which finally may lead
to cell death.

The objective of this minireview is to discuss the role of
lipid peroxidation in the physiology of plants and its chan-
ges in plants under heavy metal stress.

LOX — occurrence and function

Localization of LOX has been carried out using immu-
nological techniques, DNA sequence or LOX expression
analyses. The latter allowed determination of the number
of genes for LOX and their localization in cells for some
plants. For example, at least four LOXs were found in Ara-
bidopsis thaliana genome and their sequence showed that
LOX1 was localized in cytoplasm, while LOX2 was in
chloroplasts (Bell et al. 1995; Creelman and Mullet 1997).
Recently, LOX occurrence in these compartments of Ara-
bidopsis thaliana leaves has been confirmed using immu-
nogold technique (Skoérzynska-Polit et al. 2006).

LOXs are present in all plant organs. Table 1 summari-
zes LOX occurrence and methods which were used to lo-
calize the enzyme.

In soybean leaves vegetative LOX such as VLXA, B,
C were immunolocalized in the cytosol of bundle sheath, pa-
raveinal mesophyll while VLXD in the vacuoles of these
cells (Fischer et al. 1999). The immunogold method also re-
vealed localizations of LOX in anther cells (Szczuka et al.
2006). LOX is differently expressed in individual parts of
plant; in Arabidopsis the maximum of LOX/ expression was
shown in roots and young seedlings, but the transcripts were
also found in leaves and inflorescences (Melan et al. 1993).
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TABLE 1. Some examples of LOX localization in the individual parts of plants.
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Part of plants

Methods of examination

References

— soybean pod
— soybean seeds

— immunolocalization
— primary structure of LOX,

— Dubbs and Grimes 2000
— Shibata et al. 1987

— barley grains

— changes in genetic material
— expression of LOX isoenzymes

— Lima de Carvalho et al. 1999
— Schmitt and van Mechelen 1997

tomato fruits
— isoforms of LOX

— the activity and localization of LOX

— Suurmeijer et al. 1998
— Smith et al. 1997

— flowers (rose petals)
— inflorescences of A. thaliana

— expression of cDNA
— expression of LOX/

— Fukuchi-Mizutani et al. 2000
— Melan et al. 1993

potato tubers

accumulation of LOX transcripts

Kolomiets et al. 2001

— potato roots

—roots of A. thaliana — expression of LOX/

— accumulation of LOX transcripts

— Kolomiets et al. 2001
— Melan et al. 1993

—leaves of A. thaliana — expression of LOX/

— Melan et al. 1993

young seedlings of A. thaliana expression of LOX/

Melan et al. 1993, 1994

Moreover, LOX can also differ in their spatial and temporal
expression (Melan et al. 1994; Schmitt and van Mechelen
1997). LOX occurs in the cytosol and vacuoles as vegetative
storage proteins termed VSPs (Porta and Rocha-Sosa 2002).
The enzyme was found in mitochondria (Braidot et al.
2004), chloroplasts (Schaffrath et al. 2000), associated with
microsomal membranes (Todd et al. 1990), plasma membra-
ne (Vianello et al. 1995; Braidot et al. 2003,) in inner exine
of pollen grain and in the places connecting exine layers of
the neighbouring pollen grain (Szczuka et al. 2006).

In plants multiple isoforms of lipoxygenases have been
detected, which can be distinguished by differences in their
properties, kinetic parameters, optimum pH for their activity,
substrate and product specificity, tissue-specific or subcel-
lular localization, and synthesis at the particular develop-
mental stages (Ferrie et al. 1994; Royo et al. 1996; Hughes
et al. 1998; Fuller et al. 2001). They can also fulfil various
functions in plants. Vegetative LOXs (VLXs) in soybean
are hypothesized to function in nitrogen storage and parti-
tioning. They may serve as vegetative storage proteins,
transiently storing nitrogen in the paraveinal mesophyll
cell layer prior to its redistribution to vegetative or repro-
ductive sink tissues. Although VLXD and VLXC have ro-
les in nitrogen storage they are enzymatically active (Fis-
cher et al. 1999). On the other hand LOX is found to be en-
gaged in the mobilization of storage lipids during germina-
tion (Feussner et al. 1997). The enzyme in dry soybean
seeds has a direct impact on the level of protease inhibitors
and their activity (Lima de Carvalho et al. 1999). LOX is
believed to mediate the formation of superoxide anion in
senescent plants (Lynch and Thompson 1984). Other func-
tions of LOX including stress responses and pathogen de-
fense were presented earlier by Rosahal (1996) or Porta
and Rocha-Sosa (2002).

Physiological significance of the lipid peroxidation

Nucleic acids analyses allow a preliminary localization
of LOX on subcellular level, but in order to confirm or
explain the physiological roles of individual isoforms of
LOX it is necessary to apply immunological techniques
and determine the enzyme activity.

Depending on oxygenation of hydrocarbon backbone at
carbon atom 9 or at C-13, plant LOXs are classified as 9-
-LOX or 13-LOX, respectively. Such oxygenation leads to
the 9(S)- and the 13(S)-hydroperoxy derivatives of PUFAs
(Gardner 1995). These compounds are subsequently meta-
bolized in the lipoxygenase pathway in which four major
metabolic routes and some other reactions for hydroperoxi-
de metabolism have been characterized (for details see
Feussner and Wasternack 2002). In the LOX pathway a lot
of compounds are formed which are engaged in plant meta-
bolism. Some of them were shown to function in plant de-
fense reaction such as pathogen infection (Gomi et al.
2002) or wounding (Kim et al. 2003). When plants are da-
maged by insects, the amount of volatiles normally relea-
sed by an intact plant increases significantly. These volati-
les are qualitatively and/or quantitatively different from
those emitted by undamaged or mechanically wounded
plants (for details see Porta and Rocha-Sosa 2002). Both
hydroperoxides (9S- and 13S-hydroperoxy fatty acids)
exhibit sporogenic effects on Aspergillus spp. and differen-
tially modulate aflatoxin pathway gene transcription in the
Aspergillus/seed interaction (Burow et al. 2000). Srinivas
Reddy et al. (2000) found that 9-hydroperoxy fatty acid de-
rived from linoleic acid is a major LOX product formed in
control plants, and 9-hydroperoxy fatty acid derived from
a-linolenic acid is the major product formed in potato tu-
bers in response to injury or infection with Rhizoctonia ba-
taticola. They proposed that lipoxygenase metabolites of
octadecadienoic acid (linoleic acid) may be involved in
physiological responses under control conditions, while
octadecatrienoic acid (a-linolenic acid) metabolites are
mediating the defense responses. Jasmonic acid and related
compounds are essential signals and they may also induce
phytoalexin synthesis (Feussner and Wasternack 2002).
LOX-dependent peroxidative pathway has also been shown
to regulate hypersensitive programmed cell death in plants
(Montillet et al. 2002).

Although LOXs play a role in senescence (Lynch and
Thompson 1984; He et al. 2002) in senescing leaves of
Arabidopsis thaliana a dominant role of non-enzymatic li-
pid peroxidation was shown (Berger et al. 2001). In the
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non-enzymatic reaction lipid peroxides are unstable and
decompose to form a complex series of breakdown pro-
ducts that display a wide variety of damaging actions. For
example, aldehydic molecules generated during lipid pero-
xidation have been implicated as causative agents in cyto-
toxic processes because they exhibit a direct reactivity with
biomolecules (Uchida 2003). Polyunsaturated fatty acid
peroxides generate malondialdehyde (MDA) and hydroxy-
alkenals (HAEs) (Kappus 1985; Uchida 2003). One of HAEs
is known to be the major aldehyde produced during peroxi-
dation of such fatty acids as linoleic acid and arachidonic
acid. Another important reactive aldehyde — MDA, formed
from linolenic acid, occurs in biological systems in various
covalently bound forms and forms a variety of adducts
with lysine residues of proteins or with amines containing
headgroups of phospholipids (Uchida 2003).

Phytoprostanes are also formed non-enzymatically from
linolenic acid. These compounds belong to a novel family
of plant effectors, and their levels increase in a variety of
conditions associated with enhanced free radicals genera-
tion (Thoma et al. 2003). B,-phytoprostanes (PPB,) are
structurally related to jasmonates and their biological ef-
fects appear to be qualitatively similar to jasmonic acid
(JA) or methyl jasmonate (JaMe). However, it has also been
shown that biological activities of JA/JaMe and PPB, dif-
fer in various bioassay systems (Thoma et al. 2003; Loef-
fler et al. 2005).

Barclay and McKersie (1994) showed that the presence
of free fatty acids in a model membrane increased lipid de-
gradation and altered the formation of peroxidation pro-
ducts. They suggested that accumulation of free fatty acids
under a stress had a number of deleterious consequences,
but the effect on the membrane was various depending on
the type of the free fatty acid that was accumulated. An in-
crease in the concentration of free palmitic acid reduced
the production of the aldehydes detected by the tiobarbitu-
ric acid, but enhanced the production of fluorescent pro-
ducts. Conversely, increased concentration of linolenic
acid increased aldehyde production and reduced the forma-
tion of fluorescent products.

Lipid peroxidation in plants under heavy metal stress

LOX activity may be changed under both abiotic and
biotic stresses (Hildebrand et al. 1988; Peever and Higgins
1989; Melan et al. 1993; Leone et al. 2001). In literature
there are a few data about the effect of heavy metals on
LOX occurrence and activity. In lupine roots lead stimula-
ted the activity of most lipoxygenase isoenzymes and indu-
ced one additional isoenzyme (Rucinska and Gwézdz
2005). The membrane-bound LOX activity was unchanged
in the roots of wheat growing under Cu deficiency (Quar-
tacci et al. 2001). The enzyme activity increased in the lea-
ves of plants exposed to Fe, Cd, Cu, Pb both in short-time
and long-time experiments (Somashekaraiah et al. 1992;
Gallego et al. 1996, Bhattacharjee 1997; Skérzynska-Polit
and Krupa 2003, 2005; Djebali et al. 2005). It was strongly
enhanced by transition metals such as Fe and Cu in compa-
rison with plants exposed to Cd (Gallego et al. 1996;
Skérzynska-Polit and Krupa 2003). In Arabidopsis thaliana
plants, an increase in the activity of two LOX isoforms de-
pended on the kind of metal as well as on the time of plants
exposure to Cd or Cu (Skorzynska-Polit and Krupa 2003).
Moreover, a low level of enzymatic protein was found in
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these plants and additional LOX protein band appeared
under high Cu excess (Skorzynska-Polit et al. 2005). LOX
activity increased depending on the metal concentration in
germinating seedlings of Phaseolus vulgaris treated with
Cd, and the enzyme activity was much higher on 6th than
on 4th day of germination, but it was not correlated with
the level of lipid peroxides in these leaves (Somashekara-
iah et al. 1992). Similar results were found by Skérzynska-
-Polit and Krupa (2005) in young plants of Phaseolus coc-
cineus exposed to Cd. In older P. coccineus plants exposed
to Cd, LOX activity was similar to control but non-enzy-
matic lipid peroxidation was higher than in control plants
(Skorzynska-Polit and Krupa 2005).

The amounts of conjugated dienes increased in Rapha-
nus sativus growing in Cu excess (Sgherri et al. 2003). In
A. thaliana plants under Cd or Cu stress, a high level of li-
pid hydroperoxides was found, especially at the highest
(100 pM) Cu excess (Skérzynska-Polit et al. 2004b). Ho-
wever, in Cd-treated A. thaliana plants their level depen-
dend on metal concentration (Skérzynska-Polit et al.
2004a). In A. thaliana and P. coccineus exposed to Cd or
Cu, an elevated level of jasmonic acid was found (Maksy-
miec et al. 2005). This means that linolenoic acid was
a main substrate for LOX and such a signal particle is for-
med in response to heavy metal stress.

Changes in LOX activity may be associated with losses
of tertiary and secondary structures of proteins. The con-
formational changes of soybean LOX1 were pH-dependent
(Sudharshan et al. 2000); the enzyme lost its activity irre-
versibly by dissociation of proteolytic domains. LOX acti-
vity may also be dependent on redox state of the cell. The
lack of enzyme activity may be also caused by liberation of
iron ions located in the active center of LOX. Such iron li-
beration occurred when polyunsaturated fatty acids libera-
ted from membranes exceeded a certain threshold (Spiteller
2003).

However, in most studies the level of non-enzymatic lipid
peroxidation, expressed as a level of MDA, was determi-
ned in plants treated with heavy metals. The increased ac-
cumulation of lipid peroxides was measured in different
plants under Cd, Cu, Zn, Fe, Pb, Hg stress (Gallego et al.
1996; Bhattacharjee 1997; Mazhoudi et al. 1997; Lozano-
Rodriguez et al. 1997; Verma and Dubey 2003; Cho and
Park 2000; Dixit et al. 2001; Metwally et al. 2005) as well
as in fern treated with arsenic (Srivastava et al. 2005).
Enhanced lipid peroxidation was found in roots, stems and
leaves in comparison with control (Chaoui et al. 1997; Ma-
zhoudi et al. 1997) and it was time- and Cd concentration-
dependent. It was also higher in roots than in leaves of pea
(Dixit et al. 2001). Transition metals exhibited stronger sti-
mulation of non-enzymatic lipid peroxidation than Cd
(Gallego et al. 1996; Chaoui et al. 1997; Skérzyniska-Polit
et al. 2004a, b) or than Ni (Gonnelli et al. 2001). Moreover,
the copper-tolerant ecotype of Silene paradoxa did not suf-
fer from both Cu and Ni toxicity in terms of MDA produc-
tion, whereas the same did not occur in the Ni-tolerant po-
pulation (Gonnelli et al. 2001). Enhanced levels of the non-
enzymatic lipid peroxidation products were found in Arabi-
dopsis thaliana plants under Cd and Cu stress (Skorzyn-
ska-Polit et al. 2004a, b). Especially, under Cu excess,
a metal concentration-dependent increase in MDA+HAE
content was observed (Skorzynska-Polit et al. 2004b) but
in Phaseolus coccineus plants treated with Cd this kind of
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lipid oxygenation was limited (Skoérzynska-Polit and Krupa
2005). Similarly, no peroxidation was noticed in Cd-expo-
sed plants and hairy roots of Daucus carota (Sanita di Toppi
et al. 1999) and in roots of Phragmites australis (Ederli et
al. 2004).

In plants exposed to transition metals non-enzymatic lipid
peroxidation may start parallelly with the LOX activation,
which results in a high level of lipid peroxides. These me-
tals participate in forming of reactive oxygen species,
which accelerate the free radical reactions and finally non-
enzymatic lipid peroxidation. In plants treated with Cd the
mechanism of lipid peroxidation seems to be different. Fir-
stly, LOX activity is enhanced and as a result non-enzyma-
tic peroxidation can begin.

Enhanced lipid peroxidation results in an alteration in
plasma membrane integrity (Somashekaraiah et al. 1992;
Bhattacharjee 1997; Verma and Dubey 2003; Rucifiska and
Gwo6zdz 2005). In non-enzymatic lipid peroxidation a frac-
tion of alkoxy radicals generated from linolenic acid is co-
nverted to 2,4-dienals which induce the programmed cell
death (Spiteller 2003). However, it seems to switch to ne-
crotic processes when the non-enzymatic antioxidants are
intensively consumed in plant cells (Spiteller 2003). To keep
lipid peroxidation under control and prevent a harmful ef-
fect of lipid peroxidation products, the antioxidative sys-
tem, and especially its non-enzymatic compounds such as
glutathione (GSH), ascorbate or flavonoids is responsible
for their scavenging in plant cells. As long as these redu-
cing agents are available, the amount of LOOHs is low
(Spiteller 2003). GSH can directly scavenge lipid peroxyl
radicals or it participates in the reaction of nucleophilic at-
tack of GSH on hydroperoxides catalysed by glutathione S-
-transferase (GST) (Edwards et al. 2000). The enzyme can
catalyze the reduction of lipid hydroperoxides to the less-
toxic monohydroxy alcohols (Alin et al. 1985; Edwards et
al. 2000). Anthocyanins are considered to be related to
GST activity (Alfenito et al. 1998). Tsuda et al. (1996)
found that some anthocyanins from Phaseolus vulgaris se-
ed coat had a strong antioxidative activity in the liposomal
system and reduced the formation of MDA by UVB irra-
diation.

Additionally, flavonoids have phenolic groups which
make them perfect scavengers and quenchers of ROS
and/or lipid radicals. On the other hand, flavonoids can
also chelate metals like Fe2*3* and Cu*?* (Rice-Evans et
al. 1997). In in vitro experiment Kondo et al. (1992) obtai-
ned Cd-commelinin in which the complexation metal Mg?*
was replaced with Cd?*. In Arabidopsis thaliana plants
exposed to Cd or Cu, the enhanced activity of antioxidative
system was measured and the antioxidative response of
plants was stronger under Cu- than Cd stress (Skérzynska-
-Polit et al. 2004a, b).

CONCLUSIONS

Both enzymatic and non-enzymatic lipid peroxidations
are natural and essential processes occurring in plant cells.
Some products of lipid peroxidation have cytotoxic effects
on the cells, but some others are plant effectors. The lipid
peroxidation in plants exposed to heavy metal stress de-
pends on the kind of metal, individual parts of plants, plant
species or genotype. When plants are exposed to transition
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metals the lipid peroxidation is especially intensive. This is
caused by enhanced LOX activity and/or parallel produc-
tion of reactive oxygen species (O°,) which results in free
radical reactions. Lipid peroxidation is controlled in plant
cells by antioxidative systems such as glutathione S-trans-
ferase, superoxide dismutase, anthocyanins and GSH.
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