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Sensitivity of plant mitochondrial terminal oxidases to the lipid
peroxidation product 4-hydroxy-2-nonenal (HNE)
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We have investigated the effect of the lipid peroxidation pro-
duct, HNE (4-hydroxy-2-nonenal), on plant mitochondrial elec-
tron transport. In mitochondria isolated from Arabidopsis thaliana
cell cultures, HNE inhibited succinate-dependent oxygen con-
sumption via the Aox (alternative oxidase), but had minimal effect
on respirationviaCox(cytochromecoxidase).MaximalCoxactiv-
ity, measured with reduced cytochrome c as substrate, was only
slightly inhibited by high concentrations of HNE, at which
Aox was completely inhibited. Incubation with HNE prevented
dimerization of the Aox protein, suggesting that one site of modifi-
cation was the conserved cysteine residue involved in dimerization
and activation of this enzyme (CysI). However, a naturally occur-
ring isoform of Aox lacking CysI and unable to be dimerized,
LeAox1b from tomato (Lycopersicon esculentum), was equally
sensitive to HNE inhibition, showing that other amino acid

residues in Aox also interact with HNE. The presence of HNE
in vivo in Arabidopsis cell cultures was also investigated. Induc-
tion of oxidative stress in the cell cultures by the addition of hy-
drogen peroxide, antimycin A or menadione, caused a significant
increase in hydroxyalkenals (of which HNE is the most promi-
nent). Western blotting of mitochondrial proteins with anti-
bodies against HNE adducts, demonstrated significant modifi-
cation of proteins during these treatments. The implications of
these results for the response of plants to reactive oxygen species
are discussed.
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INTRODUCTION

A range of biotic and abiotic stresses increase levels of ROS
(reactive oxygen species) in plants by perturbing chloroplast and
mitochondrial metabolism. These ROS include H2O2 (hydrogen
peroxide), O2

− (superoxide) and the OH•− (hydroxyl radical). In
plants, ROS have a dual action whereby high levels exacerbate cel-
lular damage (to proteins, DNA and lipids), yet low concentrations
can act as signalling molecules to activate defence responses
[1,2]. The polyunsaturated fatty acids of membrane phospholipids
are highly susceptible to peroxidation by ROS and a self-pro-
pagating chain of free radical reactions can produce various
aldehydes, alkenals and HAEs (hydroxyalkenals), including MDA
(malondialdehyde) and HNE (4-hydroxy-2-nonenal) [3]. These
aldehydes are cytotoxic and generally more stable than ROS and
can cause extensive damage to proteins and other cellular consti-
tuents. HNE has been directly measured in plant tissues [4], and
indirect evidence for its increased synthesis during oxidative stress
in plants has been reported [5].

The reactivity of HNE resides at its highly electrophilic C3
atom, which can form Michael adducts with the thiol group of
cysteine residues, the imidazole group of histidine residues and
the α-amino group of lysine residues on a myriad of proteins
(reviewed in [6]). HNE also forms Schiff bases via its C1 atom and
can react with the thiol groups of lipoic acid moieties on proteins.
A number of lipoic acid-containing mitochondrial proteins have
already been identified that are inactivated by HNE, including the
acyltransferase subunits of the TCA (tricarboxylic acid) cycle,
i.e., 2-oxo-glutarate and pyruvate dehydrogenase complexes [7–
9], and the H protein of the mitochondrial glycine decarboxylase

[5]. Investigations of the effect of HNE on animal mitochondrial
respiratory electron transport chain components suggests that it
inhibits Cox (cytochrome c oxidase) activity in a dose-dependent
manner [10], predominantly by binding to subunit VIII of the
complex [11]. However, we had previously reported little if any
effect of HNE on the respiratory chain in plant mitochondria,
based on assays of succinate-dependent oxygen consumption,
Cox and NADH-FeCN reductase in isolated potato mitochon-
dria [9].

Unlike its animal counterpart, the plant mitochondrial res-
piratory electron transport chain contains two terminal oxidases,
Cox and Aox (alternative oxidase). Electron transport through
the two pathways is regulated by the redox state of the ubiquin-
one pool and the activation status of the Aox protein, with the cyto-
chrome pathway being the ‘default’ more active pathway [12].
Aox in its reduced dimeric form, accepts electrons from the
ubiquinol pool, with the concomitant reduction of molecular oxy-
gen to water. Unlike the cytochrome pathway, the alternative path-
way is non-phosphorylating and, therefore, does not contribute
directly to oxidative phosphorylation. As this alternative pathway
has the potential to decrease the efficiency of respiration, Aox
is tightly regulated by two mechanisms. It is active as a non-
covalently linked dimer, and inactive when covalently linked via
disulphide bonds [13], but requires 2-oxo-acids such as pyru-
vate to be fully active [14]. It is generally assumed that the Aox
pathway can serve to protect the plant during periods of stress
[15,16]. A number of studies have shown an induction of Aox
synthesis following various stress treatments of plants or cell cul-
tures (for example, [17–19]), and studies utilizing Aox antisense
tobacco cell cultures have shown higher levels of ROS present
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in the mitochondria while Aox over-expression resulted in lower
levels of ROS [20]. However, the response of Aox protein itself
to ROS and their oxidation products has not been examined.

The purpose of this study was to re-investigate the effect
of HNE on the respiratory capacity of plant mitochondria, to
characterize any sites of action and to further explore the presence
and production of HNE in plant cells.

EXPERIMENTAL

Biological material

Arabidopsis thaliana cv. cell cultures were grown in a controlled
environment incubator in the light, as described previously [19].
Saccharomyces cerevisiae strain R757, transformed with the two
tomato (Lycopersicon esculentum) Aox isoforms LeAox1a and
LeAox1b, was grown in 50 ml of SD (synthetic drop-out) glucose
medium [6.7 g/l yeast nitrogen base, 20 g/l glucose, 10 ml/l amino
acids (tryptophan, histidine, leucine, methionine, lysine and
adenine)] at 30 ◦C for 2 days. The cells were then re-suspended in
800 ml of SD galactose medium [6.7 g/l yeast nitrogen base, 20 g/l
galactose, 10 ml/l amino acids (tryptophan, histidine, leucine,
methionine, lysine and adenine)] and grown at 30 ◦C at 200 rev./
min, until they reached a D600 of between 7 and 9 (after approx.
5–6 days).

Isolation and purification of mitochondria

Mitochondria were purified from seven-day old Arabidopsis cell
cultures, essentially as described previously [21]. Isolated mito-
chondria were incubated with 10 mM DTT (dithiothreitol) for
10 min at 4 ◦C to allow maximal Aox activity and finally resus-
pended in a small volume (approx. 0.5 ml) of wash buffer from
which the BSA was omitted. S. cerevisiae mitochondria were
isolated according to the method of Holtzapffel et al. [22]

Respiratory measurements

Oxygen uptake by isolated mitochondria or cell cultures was mea-
sured using a O2 electrode (Rank Brothers) in 1 ml of reaction
medium [0.3 M sucrose, 5 mM KH2PO4, 10 mM Tes, 10 mM
NaCl, 2 mM MgSO4, 0.1% (w/v) BSA, pH 7.2] at 25 ◦C. Succi-
nate, ATP, myxothiazol, pyruvate, n-PG (n-propyl gallate), KCN,
NADH and ADP were added as indicated. Protein concentrations
were determined by the method of Lowry et al. [23].

Immunoanalysis

Isolated mitochondria were incubated with 200 mM diamide or
20 mM DTT for 30 min at room temperature prior to separation
by SDS/PAGE (12% gel) [24]. Following separation, proteins
were transferred on to nitrocellulose membranes (Amersham) and
probed with 1:50 dilution of the monoclonal anti-Aox antibody
[25] or 1:500 of polyclonal anti-HNE-adduct antibodies (Alpha
Diagnostic International, San Antonio, TX, U.S.A.). Detection
was by chemiluminescence of horseradish-peroxidase-conjugated
secondary antibodies.

Oxidative stress measurements

Arabidopsis cells from 7-day-old cultures grown in the dark
were treated with 88 mM H2O2, 25 µM antimycin A or 400 µM
menadione. Samples for respiratory, TBARS (thiobarbituric acid-
reacting substances) and HAE analysis were taken at the specified
times following addition of the effector. Cells (300 µl) were sus-
pended in reaction medium (0.3 M sucrose, 5 mM KH2PO4,
10 mM Tes, 10 mM NaCl, 2 mM MgSO4, 0.1% (w/v) BSA,

pH 7.2) to give a final volume of 1 ml in the oxygen electrode
chamber. Total respiration was measured following the addition
of 4 mM CCCP (carbonyl cyanide m-chlorophenylhydrazone).
Respiration through the alternative pathway or the cytochrome
pathway was measured following the addition of 1 mM KCN or
1 mM n-PG respectively. Levels of lipid peroxidation in cells was
measured using a modified TBARS assay [26]. Free HAEs in
samples were analysed by a method modified from the Bioxytech
HAE-586 assay kit (OXIS Research, Portland, OR, U.S.A.).
Samples were ground in liquid N2, and 5 ml of dichloromethane,
5 ml of water and 50 µl of BHT were added. Tubes were vortexed
rapidly for 3 × 30 s, and centrifuged at 3000 g for 15 min at
4 ◦C to separate phases. Aliquots (400 µl) of the dichloromethane
(lower) phase were placed into clean glass tubes, dried at room
temperature under a stream of nitrogen gas, and re-suspended in
200 µl of water. To each tube, reagents 1 and 2 were added as
described in the manufacturer’s instructions. Samples were mixed
well and incubated at 45 ◦C for 60 min and absorbances measured
at 586 nm (300 spectrophotometer, Varian Carey, Melbourne,
Australia).

RESULTS

Effect of HNE on respiration of isolated Arabidopsis mitochondria

In order to determine the effects of HNE on the plant terminal
oxidases, we added exogenous HNE to mitochondria purified
from Arabidopsis cell cultures and measured activities of both
the Aox and Cox pathways of respiration. Mitochondria were
incubated for 20 min with increasing concentrations of HNE (0–
700 µM), prior to measuring oxygen consumption with succinate
as substrate in the presence of ADP, to maximize electron donation
to the respiratory chain. The Aox inhibitor n-PG (500 µM) was
added to measure whole chain respiration via Cox. Aox capacity
was measured in the presence of myxothiazol (5 µM), to inhibit
the cytochrome pathway, and DTT plus pyruvate to activate Aox.
Uninhibited respiration and respiration via Cox was not sig-
nificantly affected by HNE treatment, but electron transport
through Aox was severely inhibited (Figure 1A), with 50% in-
hibition seen at approx. 150 µM HNE. Total inhibition of Aox-
mediated respiration was observed at 400 µM HNE (Figure 1A).
Since Cox activity was unlikely to be rate limiting with succi-
nate as single substrate (adding another substrate stimulates
oxygen uptake; results not shown), maximum Cox activity was
measured using exogenous cytochrome c and the electron
donors TMPD (N,N,N ′,N ′-tetramethyl-p-phenylenediamine) and
ascorbate. Under these conditions, some inhibition by HNE did
occur, but higher concentrations were needed than those used
to inhibit Aox; 700 µM HNE caused only a 25% inhibition of
electron transport through Cox (Figure 1B).

Aox dimerization in HNE-treated mitochondria

Aox is active as a reduced dimer [13] and is inactivated when a
highly conserved cysteine residue (termed CysI [27]) is oxidized
to covalently link the enzyme [28–30]. To determine whether
modification of this cysteine residue was involved in inhibition of
Aox by HNE, proteins from mitochondria incubated with HNE
(0, 50, 200 or 700 µM) were separated by SDS/PAGE and Aox
proteins detected via Western blotting with the anti-Aox mono-
clonal antibody ([25]; Figure 2), either without further treatment
or after treatment with the reducing agent DTT or the oxidant
diamide. Two bands were evident on the immunoblots: a 35-kDa
band representing the Aox monomer in the DTT-treated mito-
chondria and a 70-kDa band representing the Aox dimer in the
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Figure 1 Effect of HNE on respiration of isolated mitochondria from
Arabidopsis cell culture

Mitochondria were isolated from 7-day-old cultures, suspended in 250 µl of reaction medium
and incubated with various concentrations of HNE (0–700 µM) for 20 min. (A) Oxygen uptake
with succinate as substrate: uninhibited respiration (�); respiration through the alternative
oxidase (�); respiration through the cytochrome pathway (�). (B) Cox activity (�), measured
in the presence of myxothiazol, ascorbate and exogenously added cytochrome c. The control
rate (100 %) was 350 nmol · min−1 · mg−1 of protein.

Figure 2 Immunodetection of Aox proteins from HNE-treated mitochondria
of Arabidopsis cell cultures

Isolated mitochondria (100 µl) were suspended in 1.25 of ml of reaction medium and treated with
0–700 µM HNE as indicated, for 20 min at 25◦C. Mitochondria were pelleted and re-suspended
in 100 µl of wash buffer (without BSA). Samples (50 µg) were separated by SDS/PAGE,
transferred on to a nitrocellulose membrane and probed with an anti-Aox antibody. (A) No
further treatment; (B) treated with either 200 mM diamide or 20 mM DTT for 30 min at room
temperature immediately prior to separation, as indicated. The positions of the 70- and 35-kDa
molecular-mass markers are indicated on the left. Numbers under the bands represent the
percentage of Aox as a dimer or monomer at each concentration of HNE.

diamide-treated mitochondria. In mitochondria isolated from
Arabidopsis cell cultures, Aox typically exists as a mixture of
the oxidized and reduced protein (Figure 2A). Prior incubation
of mitochondria with HNE had no effect on the distribution of
Aox protein between the oxidized and reduced forms, nor on the
ability of added DTT to fully reduce the enzyme (Figures 2A
and 2B). However, HNE treatment partially blocked the ability of

Figure 3 Effect of HNE on the tomato Aox isoforms LeAox1a and LeAox1b

Mitochondria were isolated from yeast expressing either LeAox1a (�) or LeAox1b (�),
suspended in reaction medium and incubated with various concentrations of HNE (0–200 µM)
for 10 min. Respiration was initiated by the addition of 2 mM NADH and 1 mM ADP. Electron
transport via Aox was measured in the presence of 2.5 µM myxothiazol to inhibit the cytochrome
pathway, 2.5 mM DTT, and either 10 mM pyruvate (LeAox1a) or 10 mM succinate (LeAox1b), to
ensure activation of Aox. Addition of 0.5 mM n-PG inhibited respiration completely. The control
rate of oxygen uptake via Aox was 70 nmol · min−1 · mg−1 of protein in both cases.

diamide to dimerize the Aox protein (Figure 2B), indicating that
HNE does interact with CysI and raising the question of whether
CysI is required for HNE inhibition of Aox.

Effect of HNE on an Aox isoform lacking CysI

We have shown previously that cold-treated tomato fruit contain
two isoforms of Aox: LeAox1a, which contains the highly con-
served CysI, and LeAox1b, in which CysI is replaced by a serine
residue [22]. When expressed in S. cerevisiae, LeAox1b dimers
cannot be covalently linked, nor inactivated by oxidants [22].
We utilized this yeast system to test the effect of HNE on the
activity of the two Aox isoforms. Isolated yeast mitochondria
containing either LeAox1a or LeAox1b, were incubated for
10 min with increasing concentrations of HNE (0–200 µM) and
respiration measured with succinate as substrate in the presence of
myxothiazol. Oxygen uptake via both LeAox1a and LeAox1b was
inhibited by HNE, with 50 % inhibition of electron transport seen
at 70 µM and 15 µM respectively (Figure 3). This suggests that
there are other sites of modification of Aox by HNE, in addition
to the regulatory CysI, that inhibit Aox function in the <100 µM
concentration range.

Lipid peroxidation products in cells exposed to oxidative stress

Having established that HNE is a powerful inhibitor of Aox, we
investigated the production of lipid peroxidation in vivo. Arabi-
dopsis cell cultures were incubated with 400 µM menadione,
25 µM antimycin A or 88 mM H2O2, treatments previously shown
to cause detectable oxidative stress without dramatic cell death in
these cell cultures [19]. These treatments inhibit cell respiration
dramatically at first, but over the subsequent 24 h respiration rates
slowly recover (Figure 4). In the antimycin-treated cells, the
recovered respiration was entirely due to a dramatic increase in
Aox activity over the time course of the experiment (Figure 4A),
whereas in the H2O2-treated cells, both Aox and Cox contri-
buted to the recovered respiration (Figure 4B). The presence of
menadione prevented accurate measurements of oxygen consum-
ption (therefore these results are not shown).

Overall lipid peroxidation was estimated by following pro-
duction of MDA equivalents using the TBARS assay, at 0.5, 1, 2, 8
and 24 h following addition of each effector. Cell content of MDA
equivalents increased after addition of all three effectors, reaching
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Figure 4 Respiration of Arabidopsis cells

Cell cultures were incubated with either 25 µM antimycin (A) or 88 mM H2O2 (B), as described in
the Experimental section. At the times shown, aliquots were withdrawn and oxygen consumption
measured either in the absence of inhibitors (white bars), or in the presence of 1 mM KCN
(to give an estimate of Aox capacity; grey bars) or 0.5 mM n-PG (to give an estimate of Cox
capacity; black bars). DW, dry weight.

Figure 5 Measurement of lipid peroxidation products as (A) MDA
equivalents or (B) HAE in Arabidopsis cell cultures

Cells were treated with 400 µM menadione (black), 25 µM antimycin A (grey) or 88 mM H2O2

(white). MDA equivalents and HAE in 5-ml samples of cells were determined using the TBARS
and HAE assay at specified times after treatment. Each time point represents the mean +− S.E.M.
for three separate cultures. FW, fresh weight.

a maximum 1 h after addition (Figure 5A). Thereafter, MDA
content began to decrease, with control levels being reached after
24 h for all treatments. HNE production in cells was estimated
by measuring total HAEs, of which HNE is the most prominent.

Figure 6 Immunodetection of mitochondrial proteins modified by HNE in
oxidative stress-treated cells

Proteins from mitochondria isolated from cell cultures, treated for 16 h with either 88 mM
H2O2 (lane 3), 25 µM antimycin A (lane 4) or 400 µM menadione (lane 5), were separated by
SDS/PAGE, transferred on to nylon membranes and probed with polyclonal anti-HNE-adduct
antibodies. Control mitochondria from untreated cells (lane 1) and mitochondria treated directly
with 700 µM HNE (lane 2) are also shown. The positions of molecular-mass markers are
indicated on the left in kDa.

Base levels of HAEs could be detected in control (untreated)
cells, and this increased substantially upon treatment with the
three effectors. With antimycin and H2O2, the increase in HAE
levels was transitory, peaking at 2–8 h and then declining; with
menadione treatment, the increase in HAE was more sustained
(Figure 5B).

The modification of mitochondrial proteins by endogenous
HNE was measured by detecting HNE-modified proteins on
Western blots using polyclonal antibodies raised against the HNE
adduct (Figure 6). Some reactivity was observed in the control
mitochondria, but a dramatic increase in immunoreactive protein
bands was seen when isolated mitochondria were treated directly
with HNE (Figure 6, lane 1 and lane 2). Mitochondria isolated
from cells treated with antimycin A, menadione and H2O2 also
showed stronger reactivity than mitochondria from untreated
cells (Figure 6, lanes 3–5 versus lane 1), although the effect
of antimycin and menadione was more pronounced than that of
H2O2. These results suggest that sufficient HNE accumu-
lates in vivo, under the stresses imposed, to modify proteins, and
this is consistent with the observed increases in HAE and MDA
levels during periods of oxidative stress (Figure 5). Clearly, such
stresses can cause direct modification of mitochondrial proteins.

DISCUSSION

We have provided direct evidence that Arabidopsis cells produce
HAEs upon exposure to oxidative stress in the form of H2O2 and
the respiratory poison antimycin A, and that antibodies raised to
HNE adducts show increased reaction with mitochondrial pro-
teins following these treatments. This supports previous studies
showing likely HNE modification of lipoic acid moieties in
Arabidopsis mitochondria following these treatments [19], and
HNE interaction with the H-subunit of glycine decarboxylase
during exposure of pea leaves to herbicide, cold and drought
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[5]. We also show that the respiratory terminal oxidase Aox is
severely inhibited by HNE. Aox is largely absent from potato tuber
mitochondria, which explains why this effect was not identified
in previous studies [9]. Together with the inhibition of glycine
decarboxylase and other lipoic acid-containing enzymes in the
mitochondrial matrix [5,9], this Aox sensitivity could substanti-
ally impair respiratory metabolism under environmental stress in
plants. It should be noted that Aox activity is a major point of
control of ROS formation in isolated plant mitochondria [31] and
its inhibition will, therefore, lead to further oxidative damage.

Respiration via the cytochrome pathway is clearly much less
sensitive to HNE inhibition (Figure 1 and [9]). This appears to be
in contrast with the reported inhibitory effect HNE has on mam-
malian Cox activity [10,11]. This discrepancy may lie with the
difference in the experiments performed and/or the observed
site of inhibition in mammalian Cox. Lengthy incubations of
purified Cox were required for HNE inhibition of Cox at lower
HNE concentrations in mammalian studies. Chen et al. [10] in-
cubated purified Cox with HNE overnight to observe half-
maximal inhibition at approx. 100 µM, whereas Musatov et al.
[11] observed 30–50% inhibition of the purified enzyme after 2 h
with 300–500 µM HNE. The shorter inhibition times here, with
whole plant mitochondrial samples containing many other HNE
targets, may thus miss this comparatively low level inhibition.
Furthermore, MS analysis has suggested that HNE modification
of His36 of subunit VIII in the Cox complex from bovine heart
is probably the cause of Cox inhibition by this effector molecule
[11]. The likely plant orthologue of subunit VIII is known as
Cox subunit Vc [32]. The Arabidopsis Cox Vc subunit has a di-
vergent C-terminal region compared with the mammalian Cox
VIII, but does contain a histidine residue at approximately the
same location (results not shown). Sequence divergence around
this inhibition site, and/or access of this histidine for modification
in the plant Cox structure may also be a factor in the resistance of
plant Cox to HNE-induced inhibition.

Aox is generally thought to play a protective role against
oxidative stress in plants by minimizing ROS formation from
the electron transport chain, and direct evidence for this has
been obtained in transgenic tobacco cells with varying levels of
Aox expression [20]. The susceptibility of Aox to inhibition by
HNE confuses this role, since ROS formation in the electron
transport chain is likely to lead to HNE production (shown here
in the antimycin-treated cells). Interestingly, in environmentally
stressed pea leaves, a dramatic increase in Aox protein was ob-
served, concomitant with an increase in MDA levels [5], yet this
did not prevent inhibition of HNE-sensitive enzymes, such as
glycine decarboxylase. Mitochondria isolated from these leaves
showed increased Aox activity, but less than was expected from
the increase in Aox protein [5], perhaps because of interaction
between Aox and HNE. Increases seen in Aox protein and tran-
script levels in plants in response to a variety of treatments that
induce oxidative stress [12] may be, in part, an attempt to main-
tain an active Aox pool in the mitochondria and not necessarily
reflective of an increase in respiratory capacity. That is, the plants
keep making more Aox, because the oxidase becomes inactiv-
ated during the stress. This certainly seems to be the case in the
antimycin-treated cells in the present study, where Aox activity
increased dramatically over 24 h to rescue respiratory rates (Fig-
ure 4). Although respiration via Aox was inhibited severely
immediately after antimycin addition (Figure 4), sufficient Aox
activity remained to allow cell survival and subsequent synthesis
of further Aox. Similar results have been observed with tobacco
cell cultures [33]. It is also interesting in this context that un-
coupling protein, another protein of the inner mitochondrial
membrane that is thought to play an antioxidant role by preventing

over-reduction of the electron transport chain, is activated by HNE
[34]. Thus, depending on whether or not HNE is produced at high
levels, Aox and uncoupling protein may play complementary roles
during severe oxidative stress in plants.

Under periods of oxidative stress, plant cells have a variety of
mechanisms in place to scavenge free radicals, generally convert-
ing them into non-toxic products [35]. Our data show an initial
burst of lipid peroxidation, seen as increases in MDA equivalents
and HAE concentration, following induction of oxidative stress
in Arabidopsis cells. This burst occurred over the initial 2–8 h,
after which MDA and HAE levels declined, reaching steady-state
levels after 24 h in the case of antimycin and H2O2 treatments. Cell
respiration rates showed corresponding changes over this period,
being severely inhibited initially and then recovering over 24 h.
This decline in lipid peroxidation over time is presumably due
to activation of defence and detoxification mechanisms, which
will remove ROS, thereby limiting further lipid peroxidation,
and breakdown lipid aldehydes. Nonetheless, the initial burst of
lipid peroxidation does cause protein modification and potentially
inactivation of mitochondrial respiratory proteins, especially Aox.
Although the amounts of HAE measured in these cells were rather
low compared with those added in vitro (Figure 5), it should
be remembered that HAEs may be concentrated at their site of
generation within the cell and exposure times in vivo were greater
than those imposed in vitro. Partial inhibition of electron transport
has been observed in mitochondria isolated from Arabidopsis cells
after 16 h treatment with H2O2 [19].

The results with the anti-HNE-adduct antibody show that many
proteins in the mitochondria react with HNE, whether it is applied
directly to isolated organelles or produced endogenously during
stress, and that some protein modification occurs even in untreated
cells (Figure 6). Long-term exposure to more moderate oxidative
stress than that imposed in short-term experiments used in the
present study, is also likely to lead to HNE-induced damage to
proteins in mitochondria. These results raise the question of how
these damaged proteins are repaired or removed in mitochondria.
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