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Polyunsaturated fatty acids present in plant membranes react with reactive oxygen species through so-called
lipid oxidation events. They generate great diversity of highly-reactive lipid-derived chemical species, which
Food may be further degraded enzymatically or non-enzymatically originating new components like Reactive
Lipid peroxides ) Carbonyl Species (RCS). Such RCS are able to selectively react with proteins frequently producing loss of
Ezzzzzz Zi;bg(;?ly:;:;zl:s function through lipoxidation reactions. Although a basal concentration of lipoxidation products exists in plants
Stress (likely involved in signaling), their concentration and variability growth exponentially when plants are subjected

to biotic/abiotic stresses. Such conditions typically increase the presence of ROS and the expression of anti-
oxidant enzymes, together with RCS and also metabolites resulting from their reaction with proteins (advanced
lipoxidation endproducts, ALE), in those plants susceptible to stress. On the contrary, plants designed as resistant
may or may not display enhanced levels of ROS and antioxidant enzymes, whereas levels of lipid oxidation
markers as malondialdehyde (MDA) are typically reduced. Great efforts have been made in order to develop
methods to identify and quantify RCS, ALE, and other adducts with high sensitivity. Many of these methods are
applied to the analysis of plant physiology and stress resistance, although their use has been extended to the
control of the processing and conservation parameters of foodstuffs derived from plants. These foods may ac-
cumulate either lipid oxidation/lipoxidation products, or antioxidants like polyphenols, which are sometimes
critical for their organoleptic properties, nutritional value, and health-promoting or detrimental characteristics.
Future directions of research on different topics involving these chemical changes are also discussed.

1. Lipid oxidation biochemistry. How does it affect plant
function?

1.1. Fatty acid peroxidation in plants

Reactive Oxygen Species (ROS) are inevitably generated in plants as
a consequence of aerobic metabolism. ROS levels in cells and tissues are
tightly regulated by the action of a plethora of antioxidant defenses
both of enzymatic and non-enzymatic type, which maintain ROS ba-
lanced within physiological conditions. Moreover, evidence is rising
regarding the paramount role of ROS in signaling events concerned in
plant functions like the response to stimuli, growth, reproduction, nu-
trition, photosynthesis, adaptation to changes in the temperature,
salinity and many others [29,62]. ROS may also regulate the activity of
numerous enzymes and key molecules through key PTMs, and even
modulate gene expression [90].

Antioxidant systems can be sometimes surpassed as the consequence
of events like the presence of adverse environmental conditions (intense
light, wounding, senescence, drought, heat and cold, presence of heavy
metals, salt, herbicides...) or biological attacks to the plant (by insects,
bacteria, viruses...), then occurring an imbalance in the levels of ROS,
named oxidative stress. Due to their sessile nature, plants are often
exposed to such stressing surroundings. Under these conditions, ROS
accumulate and their toxicity can be exerted through their interaction
with biomolecules like lipid, proteins and nucleic acids, resulting
sometimes in cell death, and in consequence, to a limitation in biomass
and yield production [20].

Polyunsaturated fatty acids (PUFAs) are lipid components com-
monly and easily oxidized by unbalanced ROS (mainly hydroxyl radical
due to its indiscriminative reactive character). As described by Vistoli
et al. [92], the reaction of PUFAs with ROS triggers sequential lipid
peroxidation reactions, starting with the extraction of an allylic
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Table 1
Examples of protein targets of lipoxidation identified in plants.
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PROTEIN Plant Effect

Reference

Potato tuber
Potato tuber

2-oxoglutarate dehydrogenase (OGDC)
Pyruvate dehydrogenase complex (PDC)

NAD-malic enzyme Potato tuber

Inhibition (80%)
Inhibition (80%)
Inhibition (50%)

Millar and Leaver [56]
Millar and Leaver [56]
Millar and Leaver [56]

Oxygen-evolving complex 33 kDa protein (OEC33)
Light-harvesting complex protein (LHCP)

Aldo-keto reductase family AKR4C
Germin-like protein subfamily 3 member 1

Luminal-binding protein 2

Nitrile-specifier protein 5

Peroxidase 34

Triosephosphate isomerase, cytosolic

Putative 2,3-bisphosphoglycerate-independent
phosphoglycerate mutase

Heat shock cognate 70 kDa protein 3

Isoform 2 of glycine-rich RNA-binding protein 7

Nitrilase 1

40 S ribosomal protein Sa- 1

Peptidyl-prolyl cis-trans isomerase (Cyclophilin 20-3)

4-Coumarate-CoA ligase-like protein

Nucleoside diphosphate kinase

Probable phosphoglucomutase, cytoplasmic 1

Putative leucine aminopeptidase

Spinach
Arabidopsis thaliana

Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana

Increased presence in stressed plants vs non-stressed controls.
No relevant change in photosynthetic activity

Inactivation at different degrees

Yamauchi and
Sugimoto [100]
Yamauchi and
Sugimoto [100]
Saito et al. [68]

Increased presence, modification with HNE and greater presence of ~ Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of ~ Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of ~ Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of =~ Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of =~ Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of ~ Mano et al. [46]
carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.
Increased presence, modification with HNE and greater presence of =~ Mano et al. [46]

carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.

Cysteine synthase Arabidopsis thaliana

Increased presence, modification with HNE and greater presence of

Mano et al. [46]

carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.

L-Ascorbate peroxidase Arabidopsis thaliana

Increased presence, modification with HNE and greater presence of

Mano et al. [46]

carbonyls in stressed plants (> 2.0 X) vs non-stressed controls.

hydrogen atom from PUFAs, which results in the formation of a lipid
radical. This lipid radical reacts with molecular oxygen to form lipid
peroxyl and lipid alkoxyl radicals, both causing radical chain oxidation
to lipid peroxidation by reacting with neighboring lipid molecules.
PUFAs are unevenly present in plant tissues, organelles and cell com-
partments. Cell plasma membranes and chloroplasts are exposed to the
generation of ROS [5,6], and are at the same time cell structures rich in
PUFA. Therefore, they are exposed to a high risk of lipid peroxidation.
As the result of the described chain modifications, lipids are degraded
and fluidity and integrity of membranes may be compromised, resulting
sometimes in cell damage and loss of the function. Lipid peroxidation
reactions in plants can be produced through three different pathways,
namely lipoxigenase activity, singlet oxygen generation and radical-
catalyzed mechanisms, which quantitatively diverge between green
tissues and underground tissues, as per differences in the nature of ROS
generated (reviewed by [26]).

Lipid-rich tissues as those of the seeds and fruits, particularly in
oleaginous plant species, are also particularly prone to lipid peroxida-
tion under stress situations. Moreover, many of these tissues are used in
the preparation of vegetal oils and foodstuffs, as it will be discussed
later on in this review.

1.2. Generation of Reactive Carbonyl Species (RCS) in plants

Lipid hydroperoxides (LOOH) are frequently the subject of

fragmentation either by enzymes or by non-enzymatic mechanisms, and
a wide variety of short-chain oxidation products are generated as the
result of these actions. Chemistry of these products is highly complex,
and include aldehydes, alkanes and alkenes (see review by [76]). From
these molecules, the reactive carbonyl species (RCS): malondialdehyde
(MDA), 4-hydroxy-(E)-2-nonenal (HNE) and acrolein are the players of
a large set of studies, some of which have been carried out in plant
species. This so-called “second phase of lipid peroxidation” has been
widely reviewed in plants by Farmer and Mueller [26], who describe
the structure of most electrophilic species resulting from lipid frag-
mentation in plants.

RCS production in plants is highly dependent on the degree of fatty
acid desaturation present among their lipids. Thus, pioneer analyses
carried out in Arabidopsis thaliana by Mano et al. [45] showed that
fad7fad8 mutants defective in fatty acid desaturases (able to convert
16:2 and 18:2 fatty acids into 16:3 and 18:3 fatty acids at the chlor-
oplast) showed a lower level of lipid-derived RCSs like acrolein, (E)-2-
pentenal and MDA in their leaves compared with wild-type plants [45].

RCSs are also detoxified in plants by different mechanisms including
the enzymatic reduction of the aldehyde groups to alcohol groups by
aldo-keto reductase (AKR) and aldose/aldehyde reductase (ALR),
through the use of NAD(P)H [68,102]. Other detoxifying enzymes (al-
dehyde dehydrogenase, ALDH) transform the aldehyde groups into
carboxylic acid groups using NAD(P)+ [39,63,68]. Finally, alkenal
reductase (AER), alkenal hydrogenase (ALH) (P1-ZCr) and alkenal/one



J.d.D. Alché

reductase (AOR) have been described to detoxify the highly toxic, lipid
peroxide-derived a,B-unsaturated carbonyls through NAD(P)H-depen-
dent reduction [48,102].

1.3. Plant protein modifications caused by RCS and lipoxidation

RCSs resulting from lipid oxidation can react with specific amino
acids on proteins and form adducts called “advanced lipoxidation
endproducts” (ALEP) [57]. Reactions can take place by reaction of the
carbonyl moieties with Lys to form Schiff bases. Moreover, addition of
carbonyls to protein may also occur after direct attack of oxidants like
HOCI to amino acid side chains, causing oxidative deamination, or by
Michael addition of a,3-unsaturated aldehydes to specific amino acids,
like amino groups of Lys and Arg, which are often target of this reac-
tion, and also histidyl or cysteinyl residues. Domingues et al. [24]
widely review the different pathways for the formation of protein
covalent adducts with electrophilic lipids including fatty-acid alde-
hydes, phospholipids, prostaglandins and other fatty-acid derivatives,
and analyze the occurrence and biological significance of both Schiff
and Michael adducts. They also compile and provide diverse examples
of the methods to detect both adduct types. Since Cys, His and Lys re-
sidues usually take part of the active center of many enzymes; the most
common effect of protein lipoxidation is enzyme inactivation [24,87].
Although some of these post-transcriptional modifications have been
described as irreversible in some instances [57], they can be reverted in
most cases. Therefore, RCS (and ROS) detoxification is vital in the
prevention of cell damage.

Numerous key plant enzymes have been described to become in-
activated as the consequence of protein lipoxidation (Table 1). Many of
these RCS-specifically targeted proteins have been identified and
characterized after the induction of different types of stress or direct
treatment with RCS of the plants assayed. Thus, Yamauchi et al. [99],
Yamauchi and Sugimoto [100] describe damages and dysfunctions of
photosystem II after MDA treatment, due to modifications of OEC33,
CP47 and CP43 components in spinach leaves. Mano et al. [45] iden-
tified 39 types of protein as sensitive ROS and RCS targets in Arabi-
dopsis plants subjected to salt stress. Such proteins included chlor-
oplast, cytosol, apoplast, mitochondrion, nucleus, plasma membrane
ribosome and peroxisome proteins (Table 1), confirming that lipid
peroxidation products can diffuse across membranes, allowing the re-
active aldehyde-containing lipids to covalently modify proteins loca-
lized throughout the cell and relatively far away from initial site of ROS
formation [87,88].

Protein lipoxidations do not occur randomly. Several studies carried
out preferentially in animal and human systems indicate the con-
currence of factors involving microenvironment around the potential
amino acids involved, which may include low pH in the vicinity of the
adduct, steric factors, surface accessibility, nucleophilicity... [3].
Therefore, protein lipoxidation may affect defined amino acids in cer-
tain proteins and not in others, and with different potency. This is the
case of differential selectivity of protein modification by cyclopente-
none prostaglandins described by Gayarre et al. [30] and reviewed by
Oeste and Pérez-Sala [64]. The presence of antioxidant molecules like
glutathione, glutathione S-transferases, catalase, etc., may additionally
modulate the extent of lipoxidation [30,64]. Also, the presence of
proteins highly susceptible to lipoxidation may restrain lipoxidation of
other proteins present in complex fluids like plasma, acting as carbonyl
scavengers (reviewed by [3]). Because the proteins affected, and par-
ticularly the Cys involved in lipoxidation frequently exert critical bio-
logical effects, differential sensitivity to lipoxidation may represent a
crucial event of signaling and enzyme regulation, also affecting gene
expression (review by [26]), sometimes via differential selectivity of
transcription factors, which might be exploited for example to the de-
sign of therapeutical agents. Additional examples of lipoxidation reg-
ulatory events include Ras proteins and the cytoskeletal protein vi-
mentin, which behave as sensors of electrophilic species [3].
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Although the list of plant proteins prone to lipoxidation is in-
creasing, additional proteins potentially targeted by lipoxidation have
yet to be identified in plants. For this purpose, the methods described
next in this review are proposed. Alternatively, some primary candi-
dates of lipoxidation can be identified as plant orthologous of well-
determined proteins present in animals, which have been previously
acknowledged as lipoxidation targets. As an example, methylglyoxal
was shown to inactivate in a time and dose dependent manner the
bovine glutathione peroxidase (GPX), a major antioxidant enzyme, by
irreversible modifying the arginine residues located in the glutathione
binding site of GPX (Park et al., 2003). Plant GPXs contain quite con-
served sequences, which could be also prone to lipoxidation ([65];
Patén, personal communication). Other proteins described as targets for
lipoxidation in animals like Cu, Zn-SOD, Mn-SOD, glutamine synthase,
enolase, peroxiredoxin 1... (review by [24]) are also present in plants in
a relatively well-conserved manner. Moreover, at least 67 different
proteins from yeast lisates were detected to contain amino acid sites of
HNE modification. They include stress proteins, pyruvate kinase, en-
olase, 3-phosphoglycerate kinase, fructose 1,6-biphosphate aldolase,
ribosomal proteins, translational elongation factor, etc. Roe et al. [66],
which likely merit for lipoxidation assessment in their plants ortholo-
gous, as per the high conservation between plant and yeast proteins.

2. Detection and analysis of RCS, lipid oxidation and lipoxidation
products in plants

Detection and analysis of RCS is extremely challenging, due to the
high reactivity of these compounds, which are in many cases present in
the form of covalent adducts with DNA, proteins or other biomolecules.

As a general assessment of the extent of oxidative lipid damage in
plants, the widely used thiobarbituric acid-reactive substances (TBARS)
assay, based on the use of thiobarbituric acid as a reagent, is able to
collectively measure the presence of aldehydes, alkenals and hydro-
xyalkenals including the cytotoxic compounds MDA and HNE
[56,79,99]. The accuracy and tendency to overestimate MDA content of
TBARS was improved by Hodges et al. [36] for use in plant material
containing anthocyanins and/or other interfering compounds. TBARS
assay is also commonly used to assess lipid oxidation rate and the ef-
fects of processing on foodstuff like almond-based products [84]. An
alternative method of high simplicity is the use of luminol/EuT-sensi-
tized chemiluminescence (CL) [72,105], which is also used to assess the
presence or early products of lipid oxidation in vivo and in vitro, and
that has been also used for the evaluation of almonds and almond-based
products during processing and storage [84,85].

Advanced analytical methods to identify HNE and other prominent
carbonyl-containing lipid oxidation compounds have been thoroughly
described by Yan and Forster [104], and Sousa et al. [76]. Many of
them have been developed and assayed to identify a broad range of
aldehydes and carbonyls on proteins of biomedical interest in human
samples. As they include complex mixtures, chromatographic separa-
tion is required, with either pre-column or post-column derivatization,
as well as combination to specific probes. Numerous new methods to
detect and quantify MDA and HNE and other compounds by means of
GC-MS, LC-MS/LC-MSMS are arising [1,76]. In many cases, set up of
these procedures is performed by using well-known model recombinant
or purified proteins like bovine serum albumin (BSA), Rubisco, (3-lac-
toglobulin, cytochrome c, RNase A, ubiquitin, lysozyme or human
serum albumin (HSA), which are treated with also model RCS like
MDA, acrolein, pentanal and others [1,99,107].

In plants, comprehensive descriptions of the presence of carbonyl-
containing lipid oxidation compounds are not widespread. Methods
have been developed to identify most common carbonyl species. As an
example, Matsui et al. [52] described two methods based in HPLC
analyses of short-chain aldehydes after derivatization with 2,4-dini-
trophenyl-hydrazine (DNPH), and solid phase microextraction fiber to
collect volatile compounds, desorption with dichloromethane and
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subsequent GC-MS analysis. Mano et al. [47,46] describe diverse ob-
servations through a metabolomic approach the spectrum of carbonyls
present in A. thaliana after extraction, derivatization with 2,4-dini-
trophenylhydrazine and separation with a reverse-phase HPLC
equipped with a photodiode array detector and a Fourier transform ion
cyclotron resonance mass spectrometer. Thus, they first describe [47]
changes in the levels of the 2-alkenals: (E)-2-pentenal, acrolein and (E)-
2-hexenal, in leaves of transgenic tobacco overexpressing 2-alkenal
reductase (AER) under photoinhibitory illumination, as a part of 40
carbonyl species detected by this method. Further, Mano et al. [45]
describe through a metabolomic approach the spectrum of carbonyls
present in A. thaliana rosette leaves obtained after extraction, deriva-
tization with 2,4-dinitrophenylhydrazine and separation with a reverse-
phase HPLC equipped with a photodiode array detector and a Fourier
transform ion cyclotron resonance mass spectrometer. After using these
methods, they managed to detect 33 distinct carbonyl-containing
compounds, which were compared between lines of Arabidopsis dis-
playing differential fatty acid composition (wild type and the fad7fad8
double mutant lacking trienoic fatty acids in the plastid). Main differ-
ences were centered in the concentration of MDA, acrolein, (E)-2-pen-
tenal, acetone, 3-pentanone, and n-hexanal.

The adducts formed by MDA, HNE and other aldehydes with pro-
teins have been used as immunogens to raise a number of highly va-
luable antibodies, which can be used in a broad panel of methods, in-
cluding ~ Western  blotting,  ELISA,  immunocytochemistry/
immunohistochemistry, immunoprecipitation and other immunoassays,
leading to the identification of oxidized lipid adducts with proteins.
Many of these antibodies have medical and clinical interest [25,89].
Production of these antibodies is frequently mediated by using keyhole
limpet hemocyanin as a carrier, and multiple types of antibodies have
been generated, including polyclonal and monoclonal, some of the
commercially available [76,77].

In plants, immunological detection methods to detect RCS have
been used as well. Monoclonal antibodies that recognize MDA binding
to proteins were used by Yamauchi et al. [99] as tools to detect the
formation of adducts between MDA and model proteins like BSA and
Rubisco. Also, spinach protein extracts obtained from control and heat-
stressed plants were scrutinized for MDA-modified proteins by using the
same antibody in Western blotting experiments. Mano et al. [45] used
commercial polyclonal antibodies to acrolein, monoclonal antibodies to
crotonaldehyde and HHE, and antisera to HNE and MDA to reveal and
quantify RCS-modified proteins accumulated in leaves of Arabidopsis
with the progress of salt treatment by means of Western blotting ap-
proaches. Moreover, these authors used a highly sophisticated strategy
to increase the specificity of the identified lipoxidation targets. Such
strategy included the use of a affinity-purified polyclonal antibody
(anti-HNE, previously assessed in their consistency to detect RCS-sen-
sitive proteins). After affinity-trapping and then elution of the proteins
of the stressed and non-stressed plants, the authors used quantitative
proteomics to compare both eluates, by means of isobaric tag for re-
lative and absolute quantitation (iTRAQ method) [108]. This method is
based in applying reduction, alkalization, trypsin digestion of both
protein populations to be analyzed, followed by N-terminus labeling
with two distinct but isobaric compounds (a pair of commercial iTRAQ
tags). The labeled proteins from both populations are mixed, and then
peptides are separated by using chromatographic methods and sub-
jected to subsequent MS/MS analysis. According to the authors, the
basis of the analysis consists in that “one type of protein fragment la-
beled with two isobaric tags (corresponding to two different samples) is
cleaved to different masses to give a heavier fragment and a lighter
fragment, so that the fragments of the same type from the two protein
populations are determined separately”. The difference in the signal
intensity of a given peptide in the two different populations represents
the difference in the affinity-trapped amounts of the same type of
protein in both samples. After using this method, Mano et al. [46]
managed to identify 34 types of HNE-modified proteins. Further assays
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were performed in this case to identify “oxidized” proteins by using the
same iTRAQ protocol; however in this case, the eluates of the two
samples used (stressed and non-stressed plants) were trapped in a
streptavidin affinity column after biotin labeling of the protein carbo-
nyls with a aldehyde-reactive probe (ARP; [15]). This further analysis
resulted in 23 types of oxidized target proteins. Comparison of HNE-
labeled and oxidized proteins resulted in 17 selected types of proteins,
representing lipoxidation targets with a high probability (see Table 1).

Plant cell localization of RCS has been described in the literature in
a very limited manner. Méne-Saffrané et al. [55] depict the fluorescence
detection of aldehyde-TBA adducts by fluorescence microscopy using
specifically-constructed filters. Farmer and Mueller [26] describe pu-
tative MDA pools in zones of cell proliferation in Arabidopsis also by
means of fluorescence microscopy, based in thermoluminescence and
autoluminiscence detection to image events like spontaneous decom-
position of lipid peroxides.

3. Contribution of RCS, lipid oxidation and lipoxidation to plant
growth and development

Enhanced RCS and lipoxidation adduct levels have been detected in
samples corresponding to human diseases and in response to stress
conditions, therefore contributing to their overall consideration as de-
leterious substances for cell physiology. However, recent evidence is
showing that lipid oxidation products are present in minute con-
centrations in cells under physiological conditions. In plants, Méne-
Saffrané et al. [55] and Mano et al. [45,47] have described that several
types of RCS as well as saturated carbonyls are contained in leaves and
roots at micromolar levels under non-stressed, relaxed conditions. It is
under environmental stresses (i.e. high light conditions or excessive
aluminum concentrations - Yin et al. [111]) when RCS levels highly rise
as the result of the environmental change.

Farmer and Mueller [26] review ROS-mediated lipid peroxidation
and Reactive Electrophile Species (RES) signaling in plants under an
innovative point of view consisting in to consider that the machinery
designed to detoxify non-enzymatically modified lipids, has evolved in
plants to manage other different chemicals like herbicides and xeno-
biotics. Also, interesting considerations of these authors include the
suggestion of oxidation-prone fatty acids and carotenoids acting as
protective scavengers to 'O,. Thus, they propose for example that
PUFAs present in the thylakoid membranes might be considered as
structural, supramolecular antioxidants.

Some recent physiological analyses also support the beneficial
contribution of RCS metabolism on growth. Thus, Takagi et al. [83]
evaluated the physiological importance of a chloroplast-localized al-
kenal/one oxidoreductase (AtAOR) for the detoxification of lipid-de-
rived RCS in Arabidopsis thaliana. The aor mutants showed smaller
plant sizes than wild-type plants when they were grown under day/
night cycle conditions, which was attributable to the decrease in carbon
utilization during the night. Therefore, they conclude that detoxifica-
tion by AtAOR in chloroplasts contributes to the protection of dark
respiration and supports plant growth during the night.

Lipid-derived RCS have been shown also to be able of reprogram-
ming transcriptional patterns in plants, affecting important cellular
processes, including detoxification, heat stress, cell division, auxin
signaling, and programmed cell death [12,26,83]. Therefore, they play
an important role in signaling processes, and the production of lipid-
derived RCS should be strictly regulated in plants cells. A detailed ex-
ample of such effects was described by Yamauchi et al. [103], who
reported that exposure to lipid-derived RCS of the RSLV type (reactive
short-chain leaf volatiles) modifies the expression of transcriptional
factors in plant cells, with the modification of gene expression networks
providing tolerance to heat stress. Such RSLV signaling is transmitted
via both HSFA1-dependent and-independent pathways (HSFA1 is a heat
stress response master regulator), and the chemical signaling is ac-
companied by oxidative stress. Whether transcriptional reprogramming
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brought about by RCS is also mediated by protein lipoxidation, is pre-
sently unknown. At this regard, Farmer and Mueller [26] hypothesized
that RCS-induced expression of chaperones could insulate proteins from
modifications by oxidized lipids, which might result in changes in their
function or even lead them to degradation. Therefore, the potential and
mutual relationships between lipoxidation and transcription repro-
gramming should be further investigated.

4. RCS, lipid oxidation and lipoxidation in a context of plant biotic
stress

Fatty acid-based signaling systems in plants have focused mainly on
the hormonally active compound, jasmonic acid (JA) [37]. Its synthesis
and subsequent action coordinates plant defense responses against in-
sect herbivores and other pathogens [14,19,37,69]. Jasmonic acid (JA)
is a final product of octadecanoid pathway, initiated by lipoxigenase by
adding molecular oxygen to linoleic acid (reviewed by [28]). The jas-
monate family of compounds is composed of biologically active cyclo-
pentenones and cyclopentanones (like JA), with related structure and
biosynthetic origin [37], which fulfill important aspects of plant de-
fense. Thus, plant treatments with JA upregulate defense-related genes,
whereas infected/infested plants usually display enhanced levels of JA.
Also, mutants involved in JA generation or perception are substantively
susceptible to pathogen attacks. Candidate molecules to these effects
other than JA are cyclopentenones like OPDA (12-oxo-phytodienoic
acid) [37,80] and other oxylipins [53]. The panel of these compounds
has been identified as part of the sensing and signaling systems of
higher plants, termed oxylipin signature [37,98] and represents a
complex mix of signals supporting the defense system of plants. Among
the functions of cyclopentenone-based compounds in plant cells, they
have been described to regulate the expression of genes related to de-
toxification processes, like those involved in the cytochrome-P450
system and heat shock proteins like HSP70 [44,59]. Moreover, they are
able to induce the expression of glutathione-S-transferase 1, involved in
the detoxification of lipid peroxidation products, therefore contributing
to protection against lipid oxidation and lipoxidation ([86], review by
[26]).

In the case of bacterial infections, a good example of the changes in
lipid profiles was provided by Zoeller et al. [109], who performed
systematic lipidomic analysis of Arabidopsis after Pseudomonas syringae
infection. Lipid peroxidation was in this case predominantly confined to
plastid lipids comprising galactolipid and triacylglyceride species and
preceded programmed cell death. Parallel analysis of lox2 mutants
carried out by the authors, revealed that LOX2 is essential for enzymatic
membrane peroxidation but not for the pathogen-induced free jasmo-
nate production. These authors also described an accumulation of
fragmented lipids, and therefore provided direct evidence of the rea-
sons of radical amplification and formation of electrophile signals such
as phytoprostanes, MDA, and hexenal in plastids.

Plant infections by fungi also elicit major changes in lipid perox-
idation products, as repeatedly reported by different authors, who de-
scribe infections by numerous species of fungi in different host species,
many of them of paramount agronomic interest. Some examples include
the infection by Blast, a major disease of wheat caused by the fungus
Pyricularia oryzae. At this respect, Debona et al. [21,22] described the
occurring changes in a broad panel of antioxidant enzymes like su-
peroxide dismutase, catalase, peroxidase glutathione-S-transferase, as-
corbate peroxidase, glutathione reductase, and glutathione peroxidase,
and the concentrations of superoxide, hydrogen peroxide and MDA in
both a susceptible and resistant plants and between inoculated and non-
inoculated plants, and made a model of the involvement of the re-
sistance character on the observed changes. Higher MDA content and
lower cell membrane integrity were also the results of infection of po-
tato tubers with differently virulent strains of Fusarium sulphureum and
Fusarium sambucinum. These changes were also accompanied by dif-
ferences in the activity of many antioxidant enzymes [7]. Fusarium
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(Fusarium proliferatum, F. subglutinans) and Aspergillus flavus are the
infectious agents studied by Lanubile et al. [41] in the developing
kernels of resistant and susceptible maize genotypes. These authors
investigated the expression of pathogenesis-related genes, and protec-
tive genes against oxidative stress (peroxidase, catalase, superoxide
dismutase and ascorbate peroxidase) after inoculation. Also, they ana-
lyzed the hydrogen peroxide and MDA content, to evaluate the oxida-
tion level. Another disease: mango wilt, caused by Ceratocystis fimbriata
is one of the most important diseases affecting mango production. The
activities of a range of enzymes, metabolites and some markers for
oxidative stress (e.g. hydrogen peroxide and MDA equivalents), were
comparatively evaluated in different cultivars of mango after inocula-
tion with C. fimbriata. Noticeable differences were also described for
this disease [11]. Necrotic lesions developed in tomato plants due to
treatment with toxins from Alternaria alternate (almost similar as those
produced by the pathogen and by the pathogen itself), produced oxi-
dative burst reaction, increased MDA content and reduced chlorophyll.
The activities of antioxidative defense enzymes increased in both the
plants infected with the pathogen and in the toxin-treated samples [54].
In an opposite manner, experimental Infection of leaves of Arabidopsis
thaliana with conidial suspensions of the necrotrophic pathogen Botrytis
cinerea [58], resulted in a large decrease in the level of ascorbic acid.
The aldehydic product of lipid peroxidation, 4-hydroxy-2-nonenal (4-
HNE) was not observed, and in the case of MDA, the levels observed in
the infected plants were appreciably lower than in the healthy controls.
As stated by these authors, these findings are surprising and demon-
strate a difference in the response of A. thaliana to infection with B.
cinerea compared with tissues from other plant families studied pre-
viously.

Virus infections like Mal de Rio Cuarto virus (MRCV) produce a
wheat disease, which is physiologically characterized by a remarkable
increase in soluble sugar, starch and soluble protein contents, decrease
in chlorophyll content, and increase in MDA, which could indicate
oxidative damage associated to biotic stress in these plants [23]. The
effects of another viral disease, leaf curl disease, caused by Cotton Leaf
Curl Burewala virus (CLCuBuV), were studied in leaves of two suscep-
tible and resistant cotton genotypes [74], who analyzed phenolic
compounds, total soluble proteins, MDA and the activities of phenyla-
lanine ammonia-lyase, peroxidase, catalase, proteases, superoxide dis-
mutase, and polyphenol oxidase.

Viruses infections are frequently resulting from the combined action
of the virus and their corresponding vectors. Viruses and insects cause
severe symptomatology in different genotypes. An example of this in-
teraction is Delphacodes kuscheli, an insect acting as the vector for the
already mentioned Mal de Rio Cuarto virus (MRCV) infection [23].

War et al. [94-97] analyzed the effects of infestation with different
vectors like Helicoverpa armigera (a leaf defoliator), Aphis craccivora (a
sap-sucking insect), Spodoptera litura, and leafhoppers (Empoasca kerri)
in groundnut genotypes distinctly resistant to the infestation, by ana-
lyzing the activity of oxidative enzymes, the amounts of other host
plant defense components (including MDA as a marker of lipid oxida-
tion). Moreover, the effects of spraying jasmonic acid (JA) (a signal
molecule to induce resistance in plants against herbivores/insect da-
mage) followed or jointly by/with the infestation were assessed.

Wang et al. [93] investigated the population dynamics of the soy-
bean aphid Aphis glycines, an important pest, using field surveying, as
well as the physiological responses of soybean plants to its feeding.
Biochemical assays indicated that the amount of MDA and the activities
of four defense-related enzymes in soybean leaves significantly changed
between O0day and 7 days of aphid infestation. Activities of defense-
related enzymes, and concentrations of MDA and soluble protein in
leaves were measured in rice plants with or without leaf folder in-
festation (Cnaphalocrocis medinalis) and with or without Silicon
amendment (which can confer enhanced resistance to herbivores). In
this study, carried out by Han et al. [34], Silicon addition alone did not
change activities of defense-related enzymes and MDA concentration in
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rice leaves, whereas with leaf folder infestation, activities of the de-
fense-related enzymes increased and MDA concentration decreased in
plants amended with Si. MDA content and activity of five antioxidant
enzymes change in cucumber plants as a response to biotic stress due to
infestation with the aphid Aphis gossypii Glover in a resistant and a
susceptible cucumber line [43]. The results indicated that MDA content
in seedlings infected by aphid were always higher than in control plants
of both lines. MDA content increased initially after aphid infestation
and then declined in both two lines. Therefore, these results indicated
that the MDA content is likely to be involved in aphid-resistance in
cucumber. In all these analyses involving infestation by different types
of insects, it is also common the assessment of insect survival as an
additional parameter.

5. Lipid oxidation and lipoxidation in a context of plant abiotic
stress

As stated in Section 3, the contributions of MDA and other RCS on
healthy, non-stressed plant functions are not yet fully understood. What
we clearly know is that RCS cause adverse effects in plants, due to their
chemical attachment to biomolecules, especially proteins. Thus, free
MDA, HNE and other RCS have been determined in various sources as
oxidative stress markers in stressed plants [48]. Therefore, research
carried out in order to understand the plant responses and mechanisms
to cope with abiotic stress has been frequently designed by experi-
mentally inducing abiotic stress conditions, and then assessing plant
and enzymatic functions with the intermediate analysis of both ROS,
and RCS as markers of potential damage, with related and sequential,
yet different acting forms.

As some examples, mulberry leaves have been found to accumulate
three different phytoalexins: moracin C, moracin N, as well as chalco-
moracin and MDA when treated with UV-C. The three were capable of
scavenge the superoxide anion generated by a xanthine-xanthine oxi-
dase system, and also lipid peroxidation [71]. Yamauchi et al. [99] used
heat-stressed spinach plants and detected modification of OEC33
(oxygen-evolving complex 33 kDa protein) by MDA. Mano et al. [46]
investigated the protein carbonyls formed by ROS or by the lipid per-
oxide-derived a,B-unsaturated aldehydes and ketones (i.e. reactive
carbonyl species, or RCS) in the leaves of Arabidopsis thaliana under salt
stress. Also, the effect of varying salicylic acid supply on growth, mi-
neral uptake, membrane permeability, lipid peroxidation, H,O, con-
centration, UV-absorbing substances, chlorophyll and carotenoid con-
centrations of salt stressed NaCl maize plants was investigated by Gunes
et al. [32]. Salicylic acid has been proposed as a signal molecule re-
sponsible for inducing abiotic stress tolerance in plants. The effect of
toxic concentrations of aluminum was investigated on contents of
protein-thiols, non-protein and total thiols, protein carbonyl formation
and protease activity in the seedlings of Al-sensitive and Al-tolerant
cultivars of rice by Bhoomika et al. [10]. The effects of cultivation of
rice seedlings with high concentration of Cd in the medium consisted in
elevated levels of lipid peroxides, increase in superoxide anion gen-
eration and a concomitant rise in the activities of guaiacol peroxidase
and superoxide dismutase [70].

6. Health and alimentary engagements of lipid oxidation and
lipoxidation in plants

Both lipid oxidation and lipoxidation occur in plant derived dietary
products, particularly in lipid-rich foodstuffs (nuts, oilseeds, purified
oils, fruits...), sometimes in a similar way as described above. However,
its effects are sometimes enhanced by the use of “extreme” treatments
when compared with more “natural” environments of plants, like the
use of high temperatures during cooking procedures, or low tempera-
tures associated with conservation and storage of foods. In addition,
food processing involves sometimes other factors like presence of
oxygen, changes of pH, addition of antioxidants and other additives,
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light treatments, drying, supplementation of lipids, and even enzyme
treatments. As the result of mainly lipid oxidation, changes in orga-
noleptic properties, the appearance and even the nutritional value of
food may occur. Therefore, monitorization of these chemical events by
means of analytical methods is a requirement for the food processing
industry. Methods to analyze lipid oxidation have been widely devel-
oped and optimized for particular food materials of high production
and multiple uses like almond [84,85] and walnut [42]. They include
measurements of peroxides, spectrophotometry, detection of TBARS,
measurement of enzyme-related activities (i.e. lipoxygenase, lysosomal
enzyme...) and chemiluminescence, among others.

Hidalgo and Zamora [35] have recently reviewed the chemical
changes produced in foods during processing, describing the carbonyl-
amine reactions initiated by carbohydrates (the Maillard reaction), the
carbonyl-amine reactions initiated by lipids, the technological problems
of lipid oxidation and its control by antioxidants, the formation of
carbonyl-amine adducts (AGEs and ALEs), the antioxidant properties of
carbonyl-amine adducts, and their production as an additional benefit
of food processing. However, carbonyl-amine adducts are usually de-
termined “in whole” in food, and targets of lipoxidation are not usually
analyzed in specific manner.

AGE and ALE affect the physiology and development of chronic
diseases, while continuous intake of both types of chemicals contributes
to the excessive accumulation of these products into body tissues, which
in turn negatively influences the innate immune system, inflammatory
responses, and resistance to diseases [4,8,31]. The formation of AGE
and ALE can be counteracted and their degradation can be promoted by
using pharmaceuticals and natural compounds, as reviewed by Aldini
et al. [4]. These authors describe inhibitors of their formation, cross-
link breakers, ALE/AGE elimination by enzymes and proteolytic sys-
tems, receptors for advanced glycation products (RAGEs), and blockade
of the ligand-RAGE axis. RAGE have a key role as master switches
regulating the development of diseases like allergic and autoimmune
diseases, Alzheimer disease and other degenerative disorders, cataracts,
atherosclerosis, cancer, and diabetes mellitus type 2, as well as a
number of endocrine, gastrointestinal, skeleton-muscle, and urogenital
alterations. (reviewed by [31]).

Plant tissues and plant-derived foodstuffs also contain protective
components with beneficial effects, which may counteract deleterious
effects of AGE and ALE, or even prevent their formation. Numerous
examples are constantly provided in the literature [9,75,81]. Some
classical examples include polyphenols present in vegetable, fruits,
olive oil and wine, which constitute the basis of the Mediterranean diet.

As mentioned above, fatty acids-derived compounds through at
least one step of oxidation (oxylipins) are volatile compounds formed in
plants usually from C18 and C16 fatty acids, through the action of fatty
acid hydroperoxide lyase (HPL), and further modification of several
hydroperoxides generated from linoleic and linolenic acids into alde-
hydes, which can be further reduced to short-chain alcohols or their
acetates [51,52]. These arrays of oxylipins are important flavor com-
pounds in many food materials of plant origin (i.e. vegetable oils, nuts
and seeds, wines, macroalgae and foodstuffs) [52,53], providing
properties like green leaf-like and other flavors. Moreover, their struc-
tural similarities with prostanoids and isoprostanes is causing a high
expectation, related with their bioavailability and their biological ac-
tivity, related in humans with anti-inflammatory, anti-tumor, im-
munomodulatory and other capacities [53].

7. Future perspectives

One of the main conclusions extracted from the literature, is that
MDA (and other increasing amount of RCS) are becoming useful mar-
kers, widely used to assess plant stresses of both biotic and abiotic type.
They are also widely used in medicine uses as diagnosis tools. These
markers are normally included among the panel of antioxidant enzymes
and metabolites used to assess the use of different treatments, and the
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effects of physiological conditions in plants (including critical mutants).

In spite of the growing number of methods available to identify and
analyze carbonyl-containing and reactive lipid oxidation and lipoxida-
tion products, many of these components are still underinvestigated in
plants [76], particularly the later. As an example, whereas markers for
lipid oxidation are widely used, evidence and specific data regarding
protein lipoxidation is scarce in several of the conditions described here
(i.e. during infections by fungi and viruses and through plant infesta-
tions), and it is even more limited in the case of foods. The identifica-
tion and assessment of potential targets for lipoxidation, particularly
under plant pathophysiological conditions will surely increase our
knowledge on these topics and will provide tools for diagnosis and
stress and pathology relief, in a parallel manner with human and animal
models [3], and furthermore, to increase food quality. New methods
(also new antibodies to aldehyde-protein adducts) have yet to be de-
veloped. Sousa et al. [76] also focus the attention of researchers to the
fact that reactions of RCS and proteins are selective, and some proteins
are differentially prone to react with a particular RCS, thus depending
from numerous factors. This is highly connected with the signaling role
of these chemicals. The analysis of the diversity of RCS and lipid oxi-
dation products should be fostered not only in plants, but also in plant-
derived foods, as they may take active part in the prevention and also
the development of different diseases.

Also, increasing awareness is arising as regard to the potential of
lipid oxidation, lipoxidation, protein carbonyl formation, and formation
of ALE and AGE inhibitors in the progress of plant stress situations, as
well as the potential of the overexpression of antioxidant and carbonyl
scavenging systems and the definition of their action mechanisms.
Thus, even new in vitro high-resolution mass spectrometry methods are
being set-up specifically to test the ability of compounds, mixtures and
extracts to inhibit protein lipoxidation induced by reactive carbonyl
species [16].

Different transgenic plants have been successfully constructed in
order to overexpress key enzymes for the detoxification of lipid-derived
RCS (reviewed by [83]). Alternatively, some of these key enzymes have
been disrupted in their action for comparison purposes by means of the
construction of DNA-tagged knockout, or RNA interference mutants.
Some of these key enzymes include aldehyde dehydrogenases
[40,67,73,78,101,110], Alkenal Oxidoreductase (AOR) [83], aldo-keto-
reductase [87,88,91] and myo-inositol-O-methyltransferase (Imtl)
[106], among others. Although most of these studies have been per-
formed in Arabidopsis thaliana, these assays are being extended to plants
of further agronomical interest, as initially performed in groundnut
[60] by the creation of transgenic plants co-expressing aldo-keto re-
ductase (AKR1) and protein L-isoaspartyl methyltransferase (PIMT2),
or in rice and tobacco plants overexpressing AKR1 [61]. Such promising
constructs enhance seed viability, seedling vigor and/or overall abiotic
stress tolerance in the modified plants.

Studies of lipoxidation and lipid oxidation parameters in the context
of biotic stress will be beneficial in determining the seasonal occurrence
of the pests involved, and selecting insect-resistant varieties, and thus in
developing a theoretical framework for appropriate management stra-
tegies [93]. All these strategies will also be helpful in breeding pro-
grams focused on resistance to pathogens and grain safety and in the
generation and selection of plant of high resistance to biotic stresses.
Evidence obtained after gas chromatography analysis of volatiles ex-
tracted from leaves and flowers of plant species coupled to electro-
antennograme recordings show that some chemical products (including
lipoxidation products) attracted tsetse flies in the wind tunnel [82].
This information could help to design strategies of biological fight in
the case of biotic stress due to insects.

Still many topics involved in plant lipid oxidation and lipoxidation
are understudied. This is the case of the cellular and subcellular loca-
lization of lipoxidation, accumulation of RCS, ALE and AGE, and the use
of cell localization methods to better understand these processes.
Different fluorophores, currently used for chromatography and MS
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identification of these products could be adapted to the cellular analysis
by microscopy techniques, thus helping to identify and even quantify
their production. Moreover, the recently developed antibodies to RCS-
protein adducts could be extender in their use to immunocytochemical
localizations.

Also, no much information is available as regard to the involvement
of RCS in physiological events like programmed cell death (PCD), with
a few exceptions [12,13].

Likewise, and as discussed by Farmer and Mueller [26], peroxyni-
trite radical (one of the most highly reactive nitrogen species or
RNS [17]), may become a relevant source of other secondary radicals,
which have been described to be able of generating lipid peroxidation.
Thus, hydroxyl radical can be generated through peroxynitrite lysis
(either spontaneously or by acid-catalyzed lysis), and carbonate radi-
cals can be generated through the reaction of peroxynitrite with carbon
dioxide. Nitro fatty acids have been recognized as new signaling mo-
lecules, playing important biological roles as anti-inflammatory and
anti-hypertensive reagents in mammalian tissues (reviewed by [24]), in
spite of their micromolar concentrations. They are responsible for post-
transcriptional modifications sharing some of the protein targets with
other electrophilic lipids already described here. In plants, the presence
of free and protein-adducted nitro-fatty acids (NO,-FAs) has been re-
ported in Arabidopsis and in fresh olive fruits and extra-virgin olive oil
(EVOO) [27,49,50]. NO,-FAs have been proposed by these authors to
be involved in plant-defense response against different abiotic stress
and also in the beneficial effects of EVOO on human health. Their ca-
pacity to release NO in vivo and in vitro, also accounts for their sig-
naling potential, with important implications in plant physiology.

The assessment of these lipid modifications caused by RNS in plants
would be an interesting field of study, particularly in those plant tissues
and organelles where intense generation of NO has been described, also
with signaling functions, as it is the case of pollen grains and pollen
tubes [38], photosynthetic tissues and fruits over ripening [18]. Reg-
ulatory character of NO could even act in a differential way, by miti-
gating salt stress by regulating levels of osmolytes and antioxidant en-
zymes, as described in chickpea [2].

8. Concluding remarks

Lipid (per)oxidation widely occurs in plants, as consequence of high
PUFA content, ROS generation through metabolism (including photo-
synthesis), sessile nature and susceptibility to stresses. Markers for lipid
oxidation are becoming extensively used to assess plant physiology and
plant adaptations to biotic and abiotic stresses. For this purpose,
methods for detection, analysis and quantification of electrophilic
mediators have been developed and/or adapted to plant materials. As it
happens for ROS and RNS, not only deleterious, but signaling/reg-
ulatory effects are exerted by electrophilic mediators resulting from
lipid oxidation. Lipoxidation processes in plants are just beginning to be
revealed, and nalysis of protein lipoxidation adducts is still a devel-
oping field in plants. Only few protein lipoxidation targets have been
identified in plants to date, which have been related with stress con-
ditions. Lipoxidation often produces significant effects on these iden-
tified plant enzyme activities and even in gene expression. Both lipid
oxidation and lipoxidation also occur in foodstuffs derived from plants,
in a highly depending manner from their plant origin and processing
procedures. Lipoxidation targets in foods are little studied, however
lipid oxidation markers are commonly used to control food quality.
Lipid oxidation and lipoxidation products (i,e carbonyl-amine adducts),
as well as antioxidants like polyphenols, are key components present in
food which may generate positive or detrimental effects on human
health, including pathologies encompassing oxidative unbalances.
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Foreword

Oxidative processes inevitably occur in plants as a consequence of
aerobic breakdown [33], and are enhanced by stress situations because
of plant sessile nature. This short review focuses on the occurrence of
oxidation phenomena in plant lipid molecules (lipid oxidation), which
are frequently followed by modifications in proteins (protein lipoxida-
tion), caused by the highly-reactive oxidized lipids generated through
lipid oxidation. Both types of chemical reactions are frequent in plants,
although have been much more documented in the former. The present
review investigates the biochemistry of both processes in plants, with
particular emphasis in the generation of derived carbonyl-containing
fragments of fatty acids and their effects on proteins. The methods to
chemically analyze these oxidized compounds are also reviewed here,
together with their contribution to plant growth and development, as
they may play important roles in signaling, gene regulation, generation
of stress resistance, etc. Because lipid oxidation and protein lipoxida-
tion are concomitantly enhanced with biotic and abiotic stresses, these
topics have been specifically addressed in specific sections of this ar-
ticle. Finally, since plants are primarily used as raw material by food
industry, one section was devoted to analyze the involvements of lipid
oxidation and protein lipoxidation in food quality, as well as in health
benefits and drawbacks (Fig. 1 and graphical abstract).
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