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Dear Editor,
The measurement of malondialdehyde (MDA) con-

tent has long been used as a lipid peroxidation marker
in studies related to oxidative stress and redox signal-
ing, particularly in those studies focused on plant re-
sponses to abiotic and biotic stresses. A search for
“malondialdehyde” and “plant*” in Scopus retrieves
9,000 publications from the last decade, with 1,221 of
these published in 2018 (Scopus database, 2019). Un-
fortunately, however, there are major pitfalls in some of
the current applications of this lipid peroxidation
marker, including both (1) methodological aspects (a
significant part of the scientific community still mea-
sures this compound using inadequate methodology),
and (2) misinterpretation of results (mainly related to a
misconception of oxidative stress, oxidative damage,
and redox regulation).

Life on our planet changed completely with the de-
velopment of oxygenic photosynthesis by cyanobacte-
ria ;2.4 billion years ago (Harel et al., 2015). Higher
oxygen tensions in the atmosphere brought about new
opportunities for the diversification of complex life
forms based on aerobic metabolism. Aerobic life im-
plicitly afforded reactive oxygen species (ROS) a key
role in the sophistication of acclimation mechanisms to
a number of stresses, both of abiotic and biotic origin.
Although ROS are part of aerobic life and play an es-
sential role in stress acclimation and the regulation of
plant development from germination to senescence,
they are still today considered harmful molecules be-
cause of their high reactivity. Although ROS are indeed
highly reactive and rapidly oxidize other target mole-
cules leading to lipid peroxidation among many other
biochemical reactions, it is important to keep in mind
that both ROS production and lipid peroxidation are an

intrinsic part of aerobic life and essential features of
plant life. It is also important to bear in mind that lipid
peroxidation not only is triggered by ROS, but can also
result from increased lipoxygenase activity (e.g. as a
result of a pathogen invasion or wounding attack).
Therefore, both enzymatic and nonenzymatic lipid
peroxidation processes may lead to the formation of
MDA and other lipid peroxidation products in plants,
such as jasmonates, which are an essential component
of stress tolerance (Weber et al., 2004; Farmer and
Mueller, 2013; Fig. 1A).

Chemically, MDA is a small and reactive organic
molecule that occurs ubiquitously among eukaryotes,
formed by three carbon molecules with two aldehyde
groups at the carbon 1 and carbon 3 positions. MDA
exists in different forms in aqueous solutions due to its
pH-dependent tautomeric chemical property. At higher
pH than its pKa of 4.46, the dominate form is the enolic
anion, which displays low chemical reactivity. How-
ever, at lower pH (expected under oxidative stress
conditions), MDA appears in equilibrium between its
protonated enol (a-b-unsaturated carbonyl) aldehyde
and the dialdehyde form (Fig. 1B). These tautomers
produced in acidic pH are chemically reactive, and
MDA and other molecules with a-b-unsaturated car-
bonyl groups are known, including reactive electro-
phile species and reactive carbonyl species. Reactive
electrophile species are known for the electrophilic
character of the b-carbon that reacts with an electron-
donor (nucleophilic) atom, whereas reactive carbonyl
species are known for the high reactivity of the
⍺-b-unsaturated carbonyl groups resulting from the
peroxidation of triunsaturated fatty acids, mostly lino-
leic acid, which is the in vivo source of up to 75% of
MDA in Arabidopsis (Arabidopsis thaliana) leaves
(Weber et al., 2004; Farmer and Mueller, 2013). For-
mation of MDA can be induced nonenzymatically by
ROS or enzymatically by the activity of lipoxygenase
(Farmer and Mueller, 2013). In both cases, the quanti-
fication of primary lipid hydroperoxide products is
difficult due to their instability and reactivity. For this
reason, quantification of lipid peroxidation is usually
estimated by measuring the concentration of secondary
oxidation products derived from these initial hydro-
peroxides (Davey et al., 2005), which are mostly
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aldehydes, such as MDA (Fig. 1C). Interestingly, both
free and bound MDA are found in plant samples and a
significant increase in free MDA was observed in Ara-
bidopsis leaves under oxidative stress conditions
(Weber et al., 2004).
Several methods have been developed to assess

MDA content using derivatization coupled with vari-
ous separation and/or detection methods, which all
take advantage of the electrophilic character of the
MDA molecule. These methods include gas chroma-
tography (GC), liquid chromatography (LC; with either
UV or fluorescence detection) and mass spectrometry
(MS; Fig. 1C). The thiobarbituric acid-reactive sub-
stances (TBARS) assay, first described five decades ago,
is still the most commonly used method worldwide for
both plant and animal samples. Heath and Packer
(1968) described a very easy and quick method to esti-
mateMDA generated by the polyunsaturated fatty acid
(PUFA)-photoperoxidation process in isolated chloro-
plasts. This method is based on the electrophilic char-
acter of MDA, which binds readily at low pH and
elevated temperature to the nucleophilic site of thio-
barbituric acid (TBA). After extraction, plant extracts
containing MDA are incubated with TBA at high tem-
peratures, yielding an MDA(TBA)2 adduct of reddish

color and green fluorescence with an absorbance max-
imum at 532 nm (Fig. 1). However, this rapid approach
is particularly problematic when applied to plant
samples that contain carbohydrates and anthocyanins
(or other molecules rich in carbonyl groups), which are
also susceptible to nucleophilic attack by TBA. These
“artifacts” interfere with the absorbance measurements
at 532 nm, resulting in an overestimation of MDA
content (Taulavuori et al., 2001).
Various approaches have been proposed to solve the

problems with the Heath and Packer (1968) method,
mainly (1) subtraction of the nonspecific absorbance by
spectrophotometry in the TBARS assay (Hodges et al.,
1999) and (2) the resolution of the resulting derivati-
zation complex using HPLC or GC coupled or not with
MS detection (Weber et al., 2004; Davey et al., 2005;
Mendonça et al., 2017). Due to its simplicity and low
cost, the Hodges et al. (1999) spectrophotometric
method has since been extensively used. It provides an
improved estimate of endogenous MDA in plant sam-
ples containing sugars, anthocyanins, and other inter-
fering compounds, since it corrects a limitation of the
Heath and Packer (1968) method by including a control
assay solution without TBA and subtracting the ab-
sorbance of this at 532 nm from that of assay samples

Figure 1. Advantages and limitations of currently available methods for the measurement of MDA in plants. The most common
extraction and analytical procedures for the analysis of MDA in plant samples are shown, indicating their advantages and lim-
itations. (A) MDA is a secondary product of lipid peroxidation. (B) MDA exists in several different forms in aqueous solutions due
to its pH-dependent tautometric chemical property. At higher pH than its pKa of 4.46, the enolic anion dominates, displaying a
low chemical reactivity, whereas at lower pH (stress conditions), MDA appears in equilibrium between its protonated enol
(⍺-b-unsaturated carbonyl) aldehyde form and the dialdehyde form: the high-reactive forms. (C) This chemical reactivity rep-
resents the basis for manyMDAdeterminationmethods, which derivatizeMDAprior to analysis andmeasure the complex formed
by spectrophotometry, HPLC, or GC (in the latter two cases usually coupled to MS). LOOH, lipid hydroperoxide; OPDA, 12-oxo-
phytodienoic acid; UHPLC, ultrahigh-performance liquid chromatography.
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with TBA. Indeed, in addition to Hodges et al. (1999),
Taulavuori et al. (2001) also compared the available
spectrophotometric methods and clearly showed that
MDA content is overestimated as a result of the absence
of this correction in several plant tissues. However,
because even such improved spectrophotometric mea-
surements are not completely free of artifacts, alterna-
tive HPLC and GC techniques were introduced to
specifically measure the MDA adducts formed, either
with TBA or phenylhydrazines. The influence of
possible interfering compounds in the spectrophoto-
metric TBARS assay, such as high concentrations of
stress-inducible compounds, was improved using
reversed-phase HPLC coupled with UV detection,
thus enhancing the specificity of MDA detection
(Davey et al., 2005). However, specificity problems
might still occur using this method, since other ad-
ducts formed could have the same retention time and
be indistinguishable from MDA(TBA)2. One way to
overcome this limitation is through the use of MS to
identify peaks generated by GC after derivatization
with pentafluorophenylhydrazine (Weber et al., 2004).
Moreover, additional specific methods using other
derivatizing chemicals to overcome the limitations of
the TBA assay are currently available, amongwhich the
most sophisticated method (not yet applied to plant
samples) comprises the sensitive and selective mea-
surement of free and total plasmatic MDA using
derivatization with 2,4-dinitrophenylhydrazine in
ultra-HPLC (UHPLC) coupled to MS (Mendonça et al.,
2017). This method solves the types of interference
present in the aforementionedmethods and can be used
with any type of sample. Therefore, from a methodo-
logical point of view, two key aspects are essential
considerations in MDA determination: (1) what type of
sample will be analyzed and (2) what resources are
available. The first method described by Heath and
Packer (1968) is valid as a proxy of lipid peroxidation
if isolated chloroplasts are used, inwhich neither sugars
nor other interferingmolecules are present. However, if
the evaluation is of MDA in leaves or other plant tis-
sues, the Heath and Packer (1968) method will overes-
timate MDA content, which will result not only from
MDA-TBA adducts but also from the binding of TBA
with other interfering compounds. This can be im-
proved by the use of the Hodges et al. (1999) method to
analyze MDA in leaves and other plant samples by
spectrophotometry, although this method also has
some limitations. Therefore, if the resources are avail-
able, it is better to use more specific and selective
methods such as HPLC, UHPLC-MS, or GC-MS (Weber
et al., 2004; Mendonça et al., 2017).

Last but not least is the question of how we interpret
MDA results. Since the bulk of MDA derives from the
lipid peroxidation of PUFAs in plant membranes in
response to oxidative stress (via ROS and/or lipoxy-
genase), MDA content is widely used as an indicator of
damage in plant membranes. This holds true if MDA
levels remain high, irreparably modifying proteins and
nucleic acids. However, if the elimination of MDA and

redox signaling regulation work correctly, MDA in-
creases may represent acclimation processes rather
than damage, since MDA can exert a positive role by
activating regulatory genes involved in plant defense
and development (defense and reproduction) and
granting cell protection under oxidative stress condi-
tions. In this respect, it has been suggested that MDA
may act as a protectionmechanism rather than being an
indicator of damage. For instance, in observations of
salt-stressed rosemary plants, MDA increased tran-
siently in leaves, an antioxidant system to dissipate
ROS was efficiently activated, and no signs of oxidative
damage were observed (Tounekti et al., 2011). Figure 2
illustrates how MDA can trigger damage or protection
depending on its cellular concentration and dynamics.
Genetic evidence suggests that membranes rich in
PUFAs act as supramolecular antioxidants that capture
ROS, thereby limiting damage to proteins. This process
constantly generates lipid fragmentation products in-
cluding MDA (Schmid-Siegert et al., 2016). Other ben-
efits of MDA relating to the signaling and regulation of
essential biological functions (e.g. meristem activity
and flower opening) have recently been proposed
(Schmid-Siegert et al., 2012; Muñoz et al., 2018). Alde-
hyde compounds, such as MDA, have indeed been
described as both toxic molecules and gene activators
(Tagnon and Simeon, 2017). Therefore, the role of these
compounds as damagers or protectors depends upon
production, scavenging, and signaling modulation and
thus relies on the enzymatic activity of aldehyde de-
hydrogenases (ALDHs; Fig. 2). Under environmental
stress or developmental signals, MDA is produced
from the lipid peroxidation of PUFAs by ROS attack or
the activation of lipoxygenases. When aldehyde levels
increase, protein carbonylation occurs, and this may
either result in defense signaling if MDA accumulates
transiently, or trigger cell death if there is sustained
accumulation of MDA and carbonylated proteins ac-
cumulate in the cells. ALDH expression is induced to
control the level of aldehyde compounds (such as
MDA) by oxidizing them to their corresponding car-
boxylic acids, reestablishing low cellular levels so that
they may serve as signals rather than cause harm to the
cell (Tagnon and Simeon, 2017). Indeed, ALDHs are
also major contributors to cellular redox homeostasis
(Missihoun et al., 2018), providing the reducing agent
NADPH essential for both the antioxidant activity of
the ascorbate-glutathione cycle and photosynthesis
(Yalcinkaya et al., 2019). Interestingly, ALDH activity is
induced byH2O2 and abscisic acid, and its expression is
regulated by the transcription factorArabidopsis thaliana
activating factor 1; hence, ALDH expression is induced
by H2O2 (Zhao et al., 2018). Transient increases in MDA
can induce abiotic and biotic stress-related genes, as has
been specifically shown in Arabidopsis (Weber et al.,
2004). However, in heat-stressed plants, sustained in-
creases in MDA accumulation can also modify and in-
activate PSII core proteins and Rubisco (Yamauchi
et al., 2008; Yamauchi and Sugimoto, 2010). A nega-
tive correlation between MDA content and electron
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transport was described, implying that the function of
PSII might be damaged by MDA modification of PSII
proteins in heat-stressed plants (Yamauchi et al.,
2008;Yamauchhi and Sugimoto, 2010). MDA genera-
tion is clearly implicated in the symptoms of environ-
mentally stressed plants, and therefore further studies
of MDA accumulation are necessary to better under-
stand the physiological functions of MDA for plant
survival under stress.
In conclusion, there is an urgent need in the scientific

community to reduce common methodological pitfalls
in the measurement of MDA content in plants and to
improve the interpretation of results. It is essential that
the scientific community as a whole operate at a level of
precision far beyond that of the Heath and Packer
(1968) method, evidence of whose inadequate use can
be found in several recent examples in the literature,
and carefully consider the optimal methodological ap-
proach for every scientific aim. Furthermore, it is very
important that the MDA content in studies related to
stress acclimation is correctly interpreted as a marker of
lipid peroxidation, and that its limitations are consid-
ered alongside its advantages. In summary, to accu-
rately estimate MDA content in plant samples and
correctly interpret the results, we recommend that re-
searchers do the following:

Run a pilot experiment on a reduced sample size to
test for the most accurate method to estimate MDA
in line with your research goals. For example, the
basic method by Heath and Packer (1968) can be a
proxy for estimating MDA in isolated chloroplasts,
but not for measuring MDA in complex plant
samples.

Choose the optimal methodology for your samples. Do
not simply run the same protocol, as not all methods
are appropriate for all sample types. Chromatogra-
phy methods are especially recommended using ad-
equate extraction processes, whereby the amount of

material and solvent volume are adjusted in order to
detect low MDA concentrations.

Whenever possible, quantify free and bound MDA if
your experimental design needs it by using sensitive
and selective methods beyond the TBARS assay.

Always keep in mind that whatever method is used,
the determination of MDA will be an estimation of
what the plant organ really contains and additional
parameters must be used to confirm your results.

Interpret your results with caution, taking into account
that spectrophotometric methods have some limita-
tions, whereas if you need a very precise determina-
tion it is better to use more specific and sensitive
techniques (in particular chromatography coupled
with MS).
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