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Oxidative stress caused by hydrogen peroxide (H2O2) triggers the hypersensitive response of plants to pathogens.

Here, short pulses of H2O2 are shown to cause death of lentil (Lens culinaris) root protoplasts. Dead cells showed

DNA fragmentation and ladder formation, typical hallmarks of apoptosis (programmed cell death). DNA damage

was evident 12 h after the H2O2 pulse and reached a maximum 12 h later. The commitment of cells to apoptosis

caused by H2O2 was characterized by an early increase of lipoxygenase activity, of ultraweak luminescence and

of membrane lipid peroxidation, which reached 720, 350 and 300% of controls, respectively, at 6 h after H2O2

treatment. Increased lipoxygenase activity was paralleled by an increase of its protein and mRNA level.

Lipoxygenase inhibitors nordihydroguaiaretic acid, eicosatetraynoic acid and plamitoyl ascorbate prevented

H2O2-induced DNA fragmentation and ultraweak luminescence, only when added together with H2O2, but not

when added 8 h afterwards. Inhibitory anti-lipoxygenase monoclonal antibodies, introduced into the protoplasts

by electroporation, protected cells against H2O2-induced apoptosis. On the other hand, lentil lipoxygenase

products 9- and 13-hydroperoxy-octadecadienoic acids and their reduced alcohol derivatives were able to force

the protoplasts into apoptosis. Altogether, these findings suggest that early activation of lipoxygenase is a key

element in the execution of apoptosis induced by oxidative stress in plant cells, in a way surprisingly similar to

that observed in animal cells.
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Apoptosis (programmed cell death) is a ubiquitous active
process that occurs during development and in response to
environmental stimuli. Apoptosis has been described in animal
cells in great detail at the morphological, biochemical and
genetic levels [1±3]. In plants, apoptosis has been associated
with various phases of development and senescence [4,5],
germination [6], response to salt stress [7] or cold [8]. A
particularly interesting type of apoptosis has been observed
during the plant response to pathogen attack, and was termed
`hypersensitive response' (HR) [5,9]. Signal transduction
pathways are activated during HR, leading to biosynthesis or
release of potential anti-microbial effector molecules, which are
thought to contribute to both host and pathogen cell death [5,9].
The molecular mechanism of plant apoptosis and HR are
being disclosed, and involve small GTP-binding proteins [10],
arabinogalactan proteins [11], subcellular reorganization of
mitochondria [12], Rubisco proteases [13], mannose-inducible
endonucleases [14] and Bax [15]. Among other signals, rapid
generation of reactive oxygen species has been implicated in HR

of plants against pathogens [16±18]. In particular, hydrogen
peroxide (H2O2) has been shown to be a crucial component of
the HR control circuit, to such an extent that a short pulse of
exogenous H2O2 is sufficient to activate the hypersensitive cell
death programme [19,20]. Reactive oxygen species, H2O2 and
lipid peroxides have been long considered crucial elements of
apoptosis in animals [21,22]. More recently, the peroxides
produced by lipoxygenase activity have received attention as
mediators of apoptosis in animal cells [23±27]. Remarkably,
lipoxygenase-dependent pathways are implicated also in plant
response to abiotic stress [28] and development of HR [29].
Lentil (Lens culinaris), a member of the Fabaceae, is an annual
legume crop of nutritional quality higher than that of cereals,
meat and fish, and is severely affected by pathogens [30]. Lentil
seedlings contain different lipoxygenase (LOX) isozymes and
we have characterized [31], cloned [32] and expressed in
Escherichia coli [33] the isozyme most abundant in shoots.
Lentil roots contain a different LOX, which shares several
properties (e.g. molecular weight, pH optimum, substrate
specificity) with the shoot enzyme and is recognized by the
same monoclonal antibodies [34,35]. Therefore, lentil root cells
were chosen to investigate the possible role of the lipoxygenase
pathway in plant response to oxidative stress by exogenous
H2O2.

M A T E R I A L S A N D M E T H O D S

Materials

Chemicals were of the purest analytical grade. Media for
plant culture and protoplast isolation, nordihydroguaiaretic acid
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(NDGA), eicosatetraynoic acid (ETYA), palmitoyl ascorbate
(PA) and tert-butyl hydroperoxide (t-BuOOH) were from
Sigma. Inhibitory anti-LOX mAbs were produced at CIVO-
TNO (Zeist, the Netherlands) using soybean lipoxygenase-1
and a single hybridoma clone [31]. Anti-(lamin B) mAbs were
from Calbiochem. Nonimmune mouse serum was from Nordic
Immunology (Tilburg, the Netherlands). Alkaline-phosphatase-
conjugated goat anti-(mouse IgG) Ig was from Bio-Rad. Cell
death detection ELISA kit, digoxigenin (DIG) oligonucleotide
tailing kit, nylon membranes and DIG luminescent detection kit
were from Boehringer Mannheim. 9- and 13-Hydroperoxy-
octadecadienoic acids (9- and 13-HPOD), and their reduced
forms 9- and 13-hydroxyoctadecadienoic acids (9- and 13-HOD),
were biosynthesized and purified as reported [31].

Protoplast isolation and treatment

Lentil (Lens culinaris) seeds were sterilized and germinated as
described [31]. Protoplasts were isolated from the seedling
roots after the treatment with cellulase, pectinase and pecto-
lyase [31]. H2O2, 9-H(P)OD, 13-H(P)OD or t-BuOOH were
added to 2 mL lentil root protoplast (LRP) suspensions
(5 � 105´mL21) in Kao and Michayluk culture medium, at
the indicated concentrations and for the indicated periods of
time. H2O2 was used in the same concentration range as
reported previously [19]. After treatment, LRP were washed in
culture medium by centrifugation (70 g, 5 min) and were
cultured for up to 24 h, at 28 8C in the dark. Lipoxygenase
inhibitors NDGA, ETYA or PA were added to the culture
medium at the indicated concentrations, either with H2O2 (time
zero, t0) or 8 h after (t8). Cell viability was determined by
fluorescein diacetate staining [36].

Evaluation of DNA damage

DNA fragmentation in LRP (1 � 106 per test) was determined
by immunoassay of histone-associated DNA fragments (mono-
and oligonucleosomes) in the cell cytoplasm, quantitating the
extent of DNA fragmentation from the absorbance at 405 nm as
reported [37]. DNA ladder formation was evaluated by agarose
gel analysis. DNA was isolated from LRP (5 � 106 per test),
separated on 2% agarose gel by electrophoresis in the presence
of ethidium bromide, and photographed under UV illumination
as described [6].

Electrotransfer of mAbs

Protoplasts were resuspended in 10 mm Hepes, 50 mm NaCl,
5 mm CaCl2´2H2O and 0.4 m mannitol pH 7.2 (solution A),
counted in a Fuchs±Rosenthal chamber and brought to a final
concentration of 1.5 � 106 LRP´mL21. The protoplast suspen-
sion was aliquoted in 0.4 cm electroporation cuvettes (0.7 mL
per cuvette), mixed by gentle inversion and electroporated at a
resistance of 12 V, a capacitance of 125 mF and field strengths
of 400 V´cm21 or 800 V´cm21, in the presence of 250 mg anti-
lipoxygenase or anti-(lamin B) monoclonal antibodies [31]. A
Gene Pulser II apparatus (Bio-Rad) was used to generate and
deliver exponentially decaying pulses, with an average time
constant (t) value of 1.5 ^ 0.2 ms. After electroporation,
protoplasts were kept on ice for 10 min, washed twice in
solution A by centrifugation at 70 g for 5 min and incubated
with 1 mm H2O2 for 10 min. Protoplasts were washed again in
Kao and Michayluk culture medium and were kept in the same
medium for 24 h at 28 8C in the dark. Finally, LRP were

assayed for DNA fragmentation, lipoxygenase activity and
ultraweak luminescence.

Assay of LOX activity and expression

LOX activity of lentil protoplasts was determined as described
[31], using 100 mm octadecadienoic (linoleic) acid as substrate
and recording the absorbance of the HPOD product. LOX
products were quantified by using the molar absorption coef-
ficient 25 000 m21´cm21 at 234 nm and LOX activity was
expressed as pmol HPOD formed per min per mg protein
[pmol HPOD´min21´(mg protein)21].

The amount of LOX protein in LRP was estimated by ELISA
[38]. Anti-LOX mAbs, diluted 1000-fold, were used as primary
antibody. Anti-LOX mAbs were reacted with alkaline-phos-
phatase-conjugated goat anti-(mouse IgG) Ig diluted 2000-fold.
Colour development of the alkaline phosphatase reaction was
recorded at 405 nm. The A405 values of LRP homogenates were
within the linearity range of calibration curves drawn by
coating the ELISA plates with pure LOX [38].

Isolation of total RNA from LRP (5 � 106 per test),
purification of poly(A)1RNA by messenger affinity paper
chromatography and dot-hybridization analysis of LOX mRNA
were performed as described previously [38]. Poly(A)1RNA
(2 mg per dot) was hybridized with a 5 0-TCGGTAACCAA-
CTTGTGAGT-3 0 oligonucleotide, specific for lentil LOX
mRNA [32,35]. This probe was prepared with a Biosearch
8600 DNA Synthesizer and was labelled at the 3 0-end with
terminal transferase in the presence of DIG-dUTP [38]. The
amounts of LOX mRNA were quantified by laser densitometry,
comparing the peak areas of the samples (expressed in
AU´mm21) with those of the calibration curve [38].

Luminescence measurements

Ultraweak light emission from 1 � 106 LRP in 1 mL Kao and
Michayluk culture medium was measured, using a highly
sensitive LUMI-A luminometer (SEAS, Milan, Italy) [25].
After measurement, cells were lysed by three cycles of rapid
freezing (280 8C) and thawing (125 8C) and the protein
content was determined [39]. Sample luminescence was expres-
sed as counts per s per mg protein [c.p.s.´(mg protein)21].
The background emission from control cells was
1000 ^ 100 c.p.s.´(mg protein)21.

Analysis of membrane lipid spectra

Membrane lipids were isolated from 10 � 106 LRP as
described [37] and used to record absorption spectra in the
wavelength range 200±300 nm, and to calculate the oxidative
index, i.e. the A234 /205 ratio [40]. Differential spectra were
obtained by subtracting the absorption spectrum of controls
from those of the treated LRP. Spectra were recorded at room
temperature in a UV/VIS spectrometer Lambda 18 (Perkin
Elmer).

Statistical analysis

Data reported in this paper are the means (^ SD) of at least
three independent determinations, each performed in duplicate.
Statistical analysis was performed by Student's t-test, elaborat-
ing experimental data by means of the InStat programme
(graphpad Software for Science, San Diego, CA, USA).
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R E S U L T S

H2O2 induces apoptosis in LRP

Treatment of LRP with H2O2 for 10 min led to concentration-
dependent cell death (Fig. 1A). The number of dead protoplasts
also increased with culture time, becoming significantly higher
than in the control (P , 0.05) after 12 h and reaching a
maximum 12 h later. After 24 h, DNA fragmentation in dead

cells was proportional to H2O2concentration (Fig. 1B), with a
maximum at 1 mm (for 10 min treatment). Cell death (data not
shown) and DNA fragmentation (Fig. 1C) at 24 h depended
also on the duration of the H2O2 pulse; this was most effective
at 10 min. Agarose gel analysis of protoplast DNA showed
ladder formation 12 h after treatment with H2O2 (1 mm for
10 min), which became more pronounced 12 h later (Fig. 2).
Control cells under the same conditions showed no sign of
DNA damage (Fig. 2).

H2O2 enhances LOX activity and expression, ultraweak
luminescence and membrane lipid peroxidation

The induction of DNA fragmentation in LRP by H2O2 was
paralleled by increased LOX activity and ultraweak lumines-
cence, which reached values of 360% and 230% over the
control, respectively, in LRP pulsed with H2O2 (1 mm for
10 min) and kept in culture for 24 h (Fig. 3A). Time-course
experiments showed that LOX activity and cellular lumines-
cence increased soon after the H2O2 pulse and reached a
maximum after 6 h (720% and 350% over the untreated
control, respectively) and then declined towards the basal levels
(Fig. 3B). Interestingly, DNA fragmentation was negligible 6 h
after H2O2 treatment and became significant only 6 h later
(300% over the control), reaching a maximum (500%) after
further 12 h (Fig. 3B). The time-course of DNA fragmentation
was consistent with agarose gel electrophoresis of DNA
(Fig. 2).

The increase of LOX activity in LRP was paralleled by
increases in LOX protein and mRNA levels, which increased to
520% and 460% of the untreated control, respectively, in LRP
pulsed with H2O2 (1 mm for 10 min) and cultured for 6 h
(Fig. 3C). LOX protein and mRNA levels then declined
towards the control values (Fig. 3C).

Analysis of the absorption spectra of membrane lipids
extracted from LRP showed a remarkable increase in the
absorbance between 210 nm and 260 nm, with a maximum
around 230 nm, in protoplasts treated with H2O2 (1 mm for
10 min), compared with controls (Fig. 4). Consistently,
measurements of the oxidative index (i.e. the A234/205 ratio)
indicated that H2O2 increased lipid peroxidation of LRP
membranes, with a maximum in protoplasts cultured for 6 h
(from 0.112 ^ 0.01 to 0.343 ^ 0.04; P , 0.01). Afterwards,
the oxidative index declined towards the control value in a way
parallel with that of ultraweak luminescence (Fig. 3B).

Fig. 1. Effect of H2O2 on LRP viability and DNA fragmentation. (A)

Viability of LRP pulsed for 10 min with the indicated concentrations of

H2O2, washed and kept for 24 h in culture medium. (B) DNA fragmentation

of the same samples as in (A). (C) DNA fragmentation measured in

LRP treated with 1 mm H2O2 for the indicated periods of time,

washed and cultured for 24 h. In (B) and (C) 100% corresponds to

A405 � 0.228 ^ 0.023. Data are the means (^ SD) of three independent

experiments, each performed in duplicate.

Fig. 2. DNA ladder formation in H2O2-treated LRP. Agarose gel

electrophoresis was performed on DNA extracted from untreated LRP,

cultured for 12 h (lane 1) or 24 h (lane 3), or from LRP pulsed with 1 mm

H2O2 for 10 min, washed and cultured for 12 h (lane 2) or 24 h (lane 4). M,

123 bp DNA ladder marker.
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LOX inhibitors reduce H2O2-induced DNA fragmentation and
cellular luminescence

LOX inhibitors NDGA, ETYA or PA [41,42], used at a
concentration of 40 mm, were able to prevent DNA fragmenta-
tion induced after 24 h in LRP by H2O2 (1 mm for 10 min).
Interestingly, LOX inhibitors were effective when applied
together with H2O2, whereas they were ineffective when
applied 8 h later (Table 1). The effect of LOX inhibitors on
protoplast luminescence paralleled that on DNA fragmentation
(Table 1).

Electroporation of LRP in the presence of inhibitory anti-
LOX mAbs yielded a mAb incorporation proportional to the

Fig. 3. Effect of H2O2 on luminescence and LOX activity and

expression in LRP. (A) Ultraweak luminescence (shaded bars) and LOX

activity (hatched bars) were measured in LRP pulsed for 10 min with the

indicated concentrations of H2O2, washed and cultured for 24 h. (B)

Time-course of the effect of H2O2 (1 mm for 10 min) on DNA

fragmentation (X), ultraweak luminescence (O) and lipoxygenase activity

(B) of LRP, kept in culture medium for the indicated periods of time after

H2O2 pulse. In both panels, 100% corresponds to A405 � 0.228 ^ 0.023

for DNA fragmentation, to 1000 ^ 100 cps´(mg protein)21 for lumin-

escence, or to 400 ^ 40 pmol HPOD´min21´(mg protein)21 for LOX

activity, respectively. (C) LOX protein content (open bars) and mRNA level

(filled bars) were determined in LRP pulsed with 1 mm H2O2 for 10 min,

washed and kept in culture medium for the indicated periods of time. In (C)

100% corresponds to A405 � 0.200 ^ 0.020 for protein content, and to a

peak area of 1.80 ^ 0.20 AU´mm21 for mRNA level. Data are the means

(^ SD) of three independent experiments, each performed in duplicate.

Fig. 4. Effect of H2O2 on membrane lipid peroxidation of LRP.

Absorption spectra were recorded on membrane lipids extracted from

LRP, untreated (a) or pulsed with 1 mm H2O2 for 10 min, washed and kept

for 6 h in culture medium (b). The inset shows the difference spectrum,

obtained by subtracting a from b.

Table 1. Effect of LOX inhibitors on DNA fragmentation and ultra-

weak luminescence of LRP. LRP (1 � 106 per test) were treated with

1 mm H2O2 for 10 min, then washed and incubated in culture medium for

24 h. The inhibitors were added to the culture medium together with H2O2

(t0) or 8 h afterwards (t8). Values in parentheses represent percentage of the

controls. Data are the means (^ SD) of three independent experiments,

each performed in duplicate.

Sample

DNA fragmentation

(fold over control)

Ultraweak luminescence

[c.p.s.´(mg protein)21]

LRP control 4.9 �^ 0.5 (100%) 2260 �^ 220 (100%)

LRP 1 40 mm NDGA (t0) 3.4 �^ 0.3 (70%)* 1695 �^ 170 (75%)*

LRP 1 40 mm NDGA (t8) 4.9 �^ 0.5 (100%)** 2230 �^ 220 (99%)**

LRP 1 40 mm ETYA (t0) 3.0 �^ 0.3 (61%)* 1380 �^ 140 (61%)*

LRP 1 40 mm ETYA (t8) 4.7 �^ 0.5 (96%)** 2170 �^ 220 (96%)**

LRP 1 40 mm PA (t0) 3.2 �^ 0.3 (65%)* 1350 �^ 140 (60%)*

LRP 1 40 mm PA (t8) 4.8 �^ 0.5 (98%)** 2200 �^ 220 (97%)**

* P , 0.05 compared to control; **P . 0.05 compared to control.
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field strength (Table 2), in line with previous findings [31].
Remarkably, electrotransferred anti-LOX mAbs inhibited the
target enzyme in a concentration-dependent manner and this
was paralleled by reduction of DNA fragmentation and
ultraweak luminescence induced by H2O2 (1 mm for 10 min)
after 24 h of culture (Table 2). Anti-lamin B mAbs, used as a
control, were also electrotransferred into LRP, yielding a mAb
incorporation of 2.3 mg´mg protein21. However, electrotrans-
ferred anti-lamin B mAbs did not affect significantly LOX
activity, DNA fragmentation or ultraweak luminescence in
LRP, which remained $ 90% of the untreated control (Table 2).
In addition, electroporation of LRP in the absence of mAbs was
ineffective under the same experimental conditions (Table 2).

Lentil LOX products cause cell death and DNA fragmentation

Lentil LOX converts octadecadienoic (linoleic) acid into 9- and
13-HPOD [34]. Treatment of LRP with 10 mm 9- or 13-HPOD
resulted in cell death and DNA fragmentation after 24 h
(Table 3), to an extent comparable to that observed upon
treatment with 1 mm H2O2 for 10 min (Fig. 1A,B). Remark-
ably, both HPODs were effective at concentrations 100-fold
lower than those of H2O2. Moreover, 9- and 13-HOD, the
reduced forms of LOX products, were slightly less effective
than the corresponding peroxides in inducing cell death and
DNA fragmentation (Table 3). On the other hand, t-BuOOH

had no effect on LRP viability and DNA fragmentation, when
used at the same concentration as H2O2 (Table 3).

D I S C U S S I O N

Oxidative stress caused by H2O2 is shown to cause death
of lentil root protoplasts, which was characterized by DNA
fragmentation and ladder formation (Figs 1 and 2), typical
hallmarks of apoptosis [1]. DNA fragmentation in plants has
been observed also during germination [6], upon exposure to
salt stress [7] or cold [8] and upon treatment with Yariv reagent
[11] or d-mannose [14]. A short pulse of H2O2, at millimolar
concentrations [19], was able to induce apoptosis in lentil root
protoplasts, extending previous findings on hypersensitive
death of soybean cells [19]. Remarkably, the same concentra-
tions of hydroperoxide induced apoptosis in several human
cancer cells [25]. The results reported here show clearly that the
early phase of H2O2-induced apoptosis was characterized by
enhancement of LOX activity, attributable to upregulation of
gene expression at the transcriptional or post-transcriptional
level (Fig. 3). The increase of LOX was paralleled by enhanced
ultraweak luminescence (Fig. 3), a marker of membrane lipid
peroxidation [43]. Both lipoxygenase activity and cellular
luminescence reached a maximum 6 h after the H2O2 pulse,
and then declined towards control levels (Fig. 3). In addition,
absorption spectra of membrane lipids of H2O2-treated LRP
showed a remarkable increase in the absorbance at 230 nm
(Fig. 4), typical of conjugated hydroperoxides [40]. These
findings suggest that LOX activation might contribute to mem-
brane peroxidation during H2O2-induced apoptosis, as docu-
mented in animal cells [25]. As a matter of fact, LOX has been
shown to dioxygenate membrane lipid constituents and to
generate conjugated hydroperoxides in the lipid bilayer [44,45].
Alteration of membrane properties might be instrumental in the
execution of the death programme, in keeping with recent
reports on animal apoptosis [2,3,46]. In this context, it seems
noteworthy that the involvement of a LOX in membrane
damage has been suggested during hypersensitive response of
beans [47] and peppers [48].

To ascertain whether LOX activation was linked to apoptosis
of lentil protoplasts by a cause±effect relationship, the effect of
LOX inhibitors NDGA, ETYA or PA on DNA fragmentation
was investigated. LOX inhibitors protected LRP against
H2O2-induced DNA fragmentation, if added to the culture

Table 2. Effect of anti-LOX mAbs on LOX activity, DNA fragmentation and ultraweak luminescence of LRP. LRP (1 � 106 per test) were

electroporated in the presence of 250 mg mAb as described. They were then washed, treated with 1 mm H2O2 for 10 min, washed again and incubated in

culture medium for 24 h. DNA fragmentation was expressed as percentage of untreated LRP. Values in parentheses represent percentage of the controls. Data

are the means (^ SD) of three independent experiments, each performed in duplicate.

mAb incorporation

[mg´(mg protein21)]

LOX activity

[pmol´min21´(mg protein21)]

DNA fragmentation

(fold over control)

Ultraweak luminescence

[c.p.s.´(mg protein)21]

Anti-LOX

0 (at 0 V/cm) 1440 �^ 150 (100%) 4.9 �^ 0.5 (100%) 2260 �^ 220 (100%)

1�.5 (at 400 V/cm) 1100 �^ 110 (76%)** 3.7 �^ 0.4 (75%)** 1582 �^ 160 (70%)**

3�.0 (at 800 V/cm) 720 �^ 70 (50%)* 3.0 �^ 0.3 (61%)** 1017 �^ 100 (45%)*

Anti-lamin B

At 800 V/cm 1295 �^ 130 (90%)*** 4.5 �^ 0.5 (92%)*** 2030 �^ 200 (90%)***

None

At 800 V/cm 1680 �^ 170 (117%)*** 5.2 �^ 0.5 (106%)*** 2625 �^ 270 (116%)***

* P , 0.01 compared to control; **P , 0.05 compared to control; *** P . 0.05 compared to control.

Table 3. Effect of LOX products on viability and DNA fragmentation of

LRP. LRP (1 � 106 per test) were treated with each hydro(pero)xide for

10 min, washed and incubated in culture medium for 24 h. Data are the

means (^ SD) of three independent experiments, each performed in

duplicate.

Sample

Dead protoplasts

(%)

DNA fragmentation

(fold over control)

LRP control 20 �^ 2 1

LRP 1 10 mm 13-HPOD 60 �^ 6* 4.2 �^ 0.4*

LRP 1 10 mm 9-HPOD 55 �^ 6* 4.0 �^ 0.4*

LRP 1 10 mm 13-HOD 56 �^ 6* 3.8 �^ 0.4*

LRP 1 10 mm 9-HOD 52 �^ 5* 3.5 �^ 0.3*

LRP 1 1 mm t-BuOOH 25 �^ 3** 1.2 �^ 0.1**

*P , 0.01 compared to control; **P . 0.05 compared to control.

5082 M. Maccarrone et al. (Eur. J. Biochem. 267) q FEBS 2000



medium before LOX activation; but they were ineffective
when added later (Table 1). The same held true for ultraweak
luminescence, strengthening the link between LOX activity and
light emission in cells. The protection by LOX inhibitors
against apoptosis has been reported in animal cells [25,26,49].
However, in these cells they can also induce apoptosis
[24,50,51]. Surprisingly, LOX inhibitors are able to protect
against apoptosis even cells totally devoid of LOX activity [51].
Such effects might well be due to the antioxidant and radical
trapping properties of these compounds [41]. To shed light on
the role of LOX in apoptosis, we took advantage of anti-LOX
mAbs, which reduce the activity of the enzyme without
affecting the redox state of the cell [31]. The anti-apoptotic
effect of anti-LOX mAbs, which was not observed with
LOX-unrelated anti-lamin B mAbs, suggests that LOX activa-
tion is indeed involved in the execution of H2O2-induced
apoptosis, ruling out LOX-independent pathways. Consistently,
the products of lentil LOX activity, namely 9- and 13-HPOD
[34], were able per se to induce LRP death and DNA
fragmentation. The effect of LOX products was specific,
because a LOX-unrelated peroxide, t-BuOOH, was ineffective,
even when used at a 100-fold higher concentration than
HPODs. It also seems noteworthy that 9- and 13-HOD, the
reduced forms of the LOX products, were able to induce cell
death and DNA fragmentation to almost the same extent as the
HPODs (Table 3). In mammals, the hydroperoxy lipids formed
in vivo by LOX can be readily reduced to the correspond-
ing alcohols by glutathione peroxidase [52,53], which is
up-regulated by H2O2 [19]. However, it is still a matter of
debate if a similar role can be attributed to the plant enzyme or
if other reductases are involved. Nonetheless, in plant cells the
reduction of LOX products does not prevent triggering of
apoptosis once lipoxygenase is activated.

Overall, the results reported in this paper clearly show
that the activation of LOX with the consequent membrane
peroxidation is a critical step in the initiation of apoptosis in
plants. Similar findings were reported in H2O2-induced
apoptosis of human cells, suggesting that animals and plants
share a common signal transduction pathway(s) triggering
apoptosis after oxidative stress. Taking into account that H2O2

is instrumental in the plant hypersensitive response to patho-
gens [19], and that LOX has recently been shown to be involved
in the mechanism of HR [29,48], this study suggests that
protoplasts challenged with H2O2 might be a convenient model
to dissect the molecular events responsible for plant resistance
to biotic stress.

A C K N O W L E D G E M E N T S

The authors thank M. Bari and R. Agostinetto for their skilful assistance.

This investigation was supported by Centro Nazionale delle Ricerche

(Target Project on Biotechnology), Rome, and by Ministero dell'UniversitaÁ

e della Ricerca Scientifica e Tecnologica (MURST-PRIN 1997), Rome.

R E F E R E N C E S

1. Hale, A.J., Smith, C.A., Sutherland, L.C., Stoneman, V.E.A., Long-

thorne, V.L., Culhane, A.C. & Williams, G.T. (1996) Apoptosis:

molecular regulation of cell death. Eur. J. Biochem. 236, 1±26.

2. Ren, Y. & Savill, J. (1998) Apoptosis: The importance of being eaten.

Cell Death Differ. 5, 563±568.

3. Fadok, V.A., Bratton, D.L., Frasch, S.C., Warner, M.L. & Henson, P.M.

(1998) The role of phosphatidylserine in recognition of apoptotic

cells by phagocytes. Cell Death Differ. 5, 551±562.

4. Greenberg, J.T. (1996) Programmed cell death: a way of life for plants.

Proc. Natl Acad. Sci. USA 93, 12094±12097.

5. Jones, A.M. & Dangl, J.L. (1996) Logjam at the Styx: programmed cell

death in plants. Trends Plant Sci. 1, 114±119.

6. Wang, M., Oppedijk, B.J., Lu, X., Van Duijn, B. & Schilperoort, R.A.

(1996) Apoptosis in barley aleurone during germination and its

inhibition by abscisic acid. Plant Mol. Biol. 32, 1125±1134.

7. Katsuhara, M. & Kawasaki, T. (1996) Salt stress induced nuclear and

DNA degradation in meristematic cells of barley roots. Plant Cell

Physiol. 37, 169±173.

8. KoukalovaÂ, B., Kovarik, A., Fajkus, J. & Siroky, J. (1997) Chromatin

fragmentation associated with apoptotic changes in tobacco cells

exposed to cold stress. FEBS Lett. 414, 289±292.

9. Wang, H., Li, J., Bostock, R.M. & Gilchrist, D.G. (1996) Apoptosis: a

funtional paradigm for programmed plant cell death induced by host-

selective phytotoxin and invoked during development. Plant Cell 8,

375±391.

10. Kawasaki, T., Henmi, K., Ono, E., Hatakeyama, S., Iwano, M., Satoh,

H. & Shimamoto, K. (1999) The small GTP-binding protein rac is a

regulator of cell death in plants. Proc. Natl Acad. Sci. USA 96,

10922±10926.

11. Gao, M. & Showalter, A.M. (1999) Yariv reagent treatment induces

programmed cell death in Arabidopsis cell cultures and implicates

arabinogalactan protein involvement. Plant J. 19, 321±331.

12. Bakeeva, L.E., Kirnos, M.D., Aleksandrushkina, N.I., Kazimirchyuk,

S.B., Shorning, B., Yu., Zamyatnina, V.A., Yaguzhinsky, L.S. &

Vanyushin, B.F. (1999) Subcellular reorganization of mitochondria

producing heavy DNA in aging wheat coleoptiles. FEBS Lett. 457,

122±125.

13. Navarre, D.A. & Wolpert, T.J. (1999) Victorin induction of an

apoptotic/senescence-like response in oats. Plant Cell 11, 237±249.

14. Stein, J.C. & Hansen, G. (1999) Mannose induces an endonuclease

responsible for DNA laddering in plant cells. Plant Physiol. 121,

71±80.

15. Lacomme, C. & Santa Cruz, S. (1999) Bax-induced cell death in

tobacco is similar to the hypersensitive response. Proc. Natl Acad.

Sci. USA 96, 7956±7961.

16. Jabs, T., Dietrich, R.A. & Dangl, J.L. (1996) Initiation of a runaway

cell death in an Arabidopsis mutant by extracellular superoxide.

Science 273, 1853±1856.

17. Delledonne, M., Xia, Y., Dixon, R.A. & Lamb, C. (1998) Nitric oxide

functions as a signal in plant disease resistance. Nature 394,

585±588.

18. DeaÂk, M., HorvaÂth, G.V., Davletova, S., ToÈroÈk, K., Sass, L., Vass, I.,

Barna, B., KiraÂly, Z. & Dudits, D. (1999) Plant ectopically expressing

the iron-binding protein, ferritin, are tolerant to oxidative damage and

pathogens. Nat. Biotechnol. 17, 192±196.

19. Levine, A., Tenhaken, R., Dixon, R. & Lamb, C. (1994) H2O2 from the

oxidative burst orchestrates the plant hypersensitive disease resis-

tance response. Cell 79, 583±593.

20. Van Camp, W., Van Montagu, M. & InzeÁ, D. (1998) H2O2 and NO:

redox signals in disease resistance. Trends Plant Sci. 3, 330±334.

21. Hockenbery, D.M., Oltvai, Z.N., Yin, X.-M., Milliman, C.L. &

Korsmeyer, S.J. (1993) Bcl-2 functions in an antioxidant pathway

to prevent apoptosis. Cell 75, 241±251.

22. Torres-Roca, J.F., Lecoeur, H., Amatore, C. & Gougeon, M.L. (1995)

The early intracellular production of reactive oxygen intermediate

mediates apoptosis in dexamethasone-treated thymocytes. Cell Death

Differ. 2, 309±319.

23. HeÂbert, M.-J., Takano, T., HolthoÈfer, H. & Brady, H.R. (1996)

Sequential morphologic events during apoptosis of human neutro-

phils. Modulation by lipoxygenase-derived eicosanoids. J. Immunol.

157, 3105±3115.

24. Tang, D.G., Chen, Y.Q. & Honn, K.V. (1996) Arachidonate

lipoxygenases as essential regulators of cell survival and apoptosis.

Proc. Natl Acad. Sci. USA 93, 5241±5246.

25. Maccarrone, M., Catani, M.V., Finazzi-AgroÁ, A. & Melino, G. (1997)

Involvement of 5-lipoxygenase in programmed cell death of cancer

cells. Cell Death Differ. 4, 396±402.

q FEBS 2000 Lipoxygenase and apoptosis in plants (Eur. J. Biochem. 267) 5083



26. Wagenknecht, B., Gulbins, E., Lang, F., Dichgans, J. & Weller, M.

(1997) Lipoxygenase inhibitors block CD95 ligand-mediated apop-

tosis of human malignant glioma cells. FEBS Lett. 409, 17±23.

27. Maccarrone, M., Lorenzon, T., Guerrieri, P. & Finazzi-AgroÁ, A. (1999)

Resveratrol prevents apoptosis in K562 cells by inhibiting lipoxy-

genase and cyclooxygenase activity. Eur. J. Biochem. 265, 27±34.

28. Conconi, A., Smerdon, M.J., Howe, G.A. & Ryan, C.A. (1996) The

octadecanoid signalling pathway in plants mediates a response to

ultraviolet radiation. Nature 383, 826±829.

29. Rusterucci, C., Montillet, J.L., Agnel, J.P., Battesti, C., Alonso, B.,

Knoll, A., Bessoule, J.J., Etienne, P., Suty, L., Blein, J.P. &

Triantaphylides, C. (1999) Involvement of lipoxygenase-dependent

production of fatty acid hydroperoxides in the development of the

hypersensitive cell death induced by cryptogein on tobacco leaves.

J. Biol. Chem. 274, 36446±36455.

30. Maccarrone, M., Rossi, A. & Finazzi-AgroÁ, A. (2000) Genetic

transformation of lentil (Lens culinaris). In Biotechnology in

Agriculture and Forestry, Vol. 46 (Bajaj, Y.P.S., ed.), pp. 325±337.

Springer-Verlag, Berlin, Germany.

31. Maccarrone, M., Veldink, G.A. & Vliegenthart, J.F.G. (1992) Inhibition

of lipoxygenase activity in lentil protoplasts by monoclonal anti-

bodies introduced into the cells via electroporation. Eur. J. Biochem.

205, 995±1001.

32. Hilbers, M.P., Rossi, A., Finazzi-AgroÁ, A., Veldink, G.A. &

Vliegenthart, J.F.G. (1994) The primary structure of a lipoxygenase

from the shoots of etiolated lentil seedlings derived from its cDNA.

Biochim. Biophys. Acta 1211, 239±242.

33. Hilbers, M.P., Finazzi-AgroÁ, A., Veldink, G.A. & Vliegenthart, J.F.G.

(1996) Purification and characterization of a lentil seedling lipoxy-

genase expressed in E. coli. Int. J. Biochem. Cell Biol. 28, 751±760.

34. Hilbers, M.P., Kerkhoff, B., Finazzi-AgroÁ, A., Veldink, G.A. &

Vliegenthart, J.F.G. (1995) Heterogeneity and developmental changes

of lipoxygenase in etiolated lentil seedlings. Plant Sci. 111, 169±180.

35. Maccarrone, M., Hilbers, M.P., Veldink, G.A., Vliegenthart, J.F.G. &

Finazzi-AgroÁ, A. (1995) Inhibition of lipoxygenase in lentil proto-

plasts by expression of antisense RNA. Biochim. Biophys. Acta 1259,

1±3.

36. Widholm, J.M. (1972) The use of fluorescein diacetate and pheno-

safranine for determining viability of cultured plant cells. Stain

Technol. 47, 189±194.

37. Maccarrone, M., Nieuwenhuizen, W.F., Dullens, H.F.J., Catani, M.V.,

Melino, G., Veldink, G.A., Vliegenthart, J.F.G. & Finazzi-AgroÁ, A.

(1996) Membrane modifications in human erythroleukemia K562

cells during induction of programmed cell death by transforming

growth factor b1 or cisplatin. Eur. J. Biochem. 241, 297±302.

38. Maccarrone, M., Veldink, G.A., Vliegenthart, J.F.G. & Finazzi-AgroÁ,

A. (1997) Ozone stress modulates amine oxidase and lipoxygenase

expression in lentil (Lens culinaris) seedlings. FEBS Lett. 408,

241±244.

39. Bradford, M.M. (1976) A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the principle

of protein-dye binding. Anal. Biochem. 72, 248±254.

40. KuÈhn, H., Belkner, J., Wiesner, R. & Brash, A.R. (1990) Oxygenation

of biological membranes by the pure reticulocyte lipoxygenase.

J. Biol. Chem. 265, 18351±18361.

41. Ford-Hutchinson, A.W., Gresser, M. & Young, R.N. (1994)

5-Lipoxygenase. Annu. Rev. Biochem. 63, 383±417.

42. Maccarrone, M., Veldink, G.A., Vliegenthart, J.F.G. & Finazzi-AgroÁ,

A. (1995) Inhibition of soybean lipoxygenase-1 by chain-breaking

antioxidants. Lipids 30, 51±54.

43. Nakano, M., Ito, T., Arimoto, T., Ushijima, Y. & Kamiya, K. (1994) A

simple luminescence method for detecting lipid peroxidation and

antioxidant activity in vitro. Biochem. Biophys. Res. Commun. 202,

940±946.

44. Schnurr, K., Hellwing, M., Seidemann, B., Jungblut, P., KuÈhn, H.,

Rapoport, S.M. & Schewe, T. (1996) Oxygenation of biomembranes

by mammalian lipoxygenases: the role of ubiquinone. Free Rad. Biol.

Med. 20, 11±21.

45. Feussner, I., Balkenhohl, T.J., Porzel, A., KuÈhn, H. & Wasternack, C.

(1997) Structural elucidation of oxygenated storage lipids in

cucumber cotyledons. J. Biol. Chem. 272, 21635±21641.

46. Maccarrone, M., Bellincampi, L., Melino, G. & Finazzi-AgroÁ, A.

(1998) Cholesterol, but not its esters, triggers programmed cell

death in human erythroleukemia K562 cells. Eur. J. Biochem. 253,

107±113.

47. Croft, K.P.C., Voisey, C.R. & Slusarenko, A.J. (1990) Mechanism of

hypersensitive cell collapse: correlation of increased lipoxygenase

with membrane damage in leaves of Phaseolus vulgaris (L.) cv. Red

Mexican inoculated with avirulent race 1 of Pseudomonas syringae

pv. phaseolicola. Physiol. Mol. Plant Pathol. 36, 49±62.

48. Buonaurio, R. & Servili, M. (1999) Involvement of lipoxygenase,

lipoxygenase pathway volatiles, and lipid peroxidation during the

hypersensitive reaction of pepper leaves to Xanthomonas campestris

pv. vesicatoria. Physiol. Mol. Plant Pathol. 54, 155±169.

49. O'Donnell, V.B., Spycher, S. & Azzi, A. (1995) Involvement of

oxidants and oxidant-generating enzyme(s) in tumour-necrosis-

factor-a-mediated apoptosis: role for lipoxy-genase pathway but

not mitochondrial respiratory chain. Biochem. J. 310, 133±141.

50. Mirzoeva, O.K., Yaqoob, P., Knox, K.A. & Calder, P.C. (1996)

Inhibition of ICE-family cysteine proteases rescues murine lympho-

cytes from lipoxygenase inhibitor-induced apoptosis. FEBS Lett. 396,

266±270.

51. Vanags, D.M., Larsson, P., Feltenmark, S., Jakobsson, P.-J., Orrenius,

S., Claesson, H.-E. & Aguilar-Santelises, M. (1997) Inhibitors of

arachidonic acid metabolism reduce DNA and nuclear fragmentation

induced by TNF plus cycloheximide in U937 cells. Cell Death Differ.

4, 479±486.

52. Sandstrom, P.A., Tebbey, P.W., Van Cleave, S. & Buttke, T.M. (1994)

Lipid hydroperoxides induce apoptosis in T cells displaying a

HIV-associated glutathione peroxidase deficiency. J. Biol. Chem. 269,

798±801.

53. Schnurr, K., Belkner, J., Ursini, F., Schewe, T. & KuÈhn, H. (1996) The

selenoenzyme phospholipid hydroperoxide glutathione peroxidase

controls the activity of the 15-lipoxygenase with complex substrates

and preserves the specificity of the oxygenation products. J. Biol.

Chem. 271, 4653±4658.

5084 M. Maccarrone et al. (Eur. J. Biochem. 267) q FEBS 2000


