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Abstract—A prominent feature of cell damage caused by oxidative stress is morphological and functional changes
in the mitochondria. The present study looked at the effect of free radical exposure on intestinal mitochondrial lipids.
Free radical exposure did not alter neutral lipids, but among the phospholipids, phosphatidylethanolamine (PE)
content was decreased on exposure to superoxide anion, generated by xanthine–xanthine oxidase or menadione with
a concomitant increase in the level of phosphatidic acid (PA), suggesting activation of phospholipase D (PLD).
This enzyme did not show transphosphatidylation activity in the presence of ethanol or butanol, and the product
formed was phosphatidic acid (PA). This was confirmed by separation of reaction products by HPLC. This alteration
in mitochondrial phospholipid was abolished by the presence of superoxide dismutase. Exposure to H2O2 did not
have any significant effect. Activation of PLD by free radicals was further confirmed by quantitation of ethanolamine
released from PE. Absence of any change in the content of lysophospholipid or diglyceride following exposure of
mitochondria to superoxide ruled out the involvement of phospholipase A2 or C in the altered lipid composition.
Moreover, inclusion of phospholipase A2 inhibitors, chlorpromazine, or p-bromophenacyl bromide did not prevent
the generation of PA on exposure to free radicals. These findings suggest that superoxide anion stimulates intestinal
mitochondrial PLD resulting in PE degradation and PA formation. These alterations in mitochondrial lipids may
play a role in causing the functional alteration seen in oxidative stress. q 1997 Elsevier Science Inc.
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INTRODUCTION

Oxygen-derived free radicals have been implicated in
the pathophysiology of tissue injury. Although various
cellular components are damaged during this process,
the exact mechanism of damage is still not fully un-
derstood. One of the prominent features of oxidative
stress at the cellular level is damage to mitochondria.1,2

Studies have demonstrated that oxidative stress leads
to diminished activity of mitochondrial enzymes, alter-
ation in membrane permeability and mitochondrial
Ca2/ homeostasis. Although in normal situation, mi-
tochondria stores little Ca2/ , in certain pathological
conditions such as oxidative stress, when the cytosolic
Ca2/ level increases, mitochondrial influx and efflux of
Ca2/ is accelerated leading to Ca2/ cycling.3,4
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The gastrointestinal mucosa is a potential site of
damage by oxygen free radicals because these active
species can be generated both in the mucosa and in the
lumen.5,6 Lipid peroxidation, which is one of the mech-
anisms of cellular damage, does not occur in the intes-
tinal epithelial cells, yet damage due to oxidative stress
can be observed in these cells.7–9 It is likely that dam-
age to intestinal epithelial cells by free radicals may be
brought about by functional alteration to mitochondria.
Because mitochondrial lipids play an important role in
the functional integrity of this organelle, the present
study searched for alterations of mitochondrial lipids
on exposure to oxidative stress.

MATERIALS AND METHODS

Various lipid standards, HEPES, fluorescamine, p-
bromophenacyl bromide (pBPB), chlorpromazine
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(CHLP), xanthine, xanthine oxidase (XO), superoxide
dismutase, menadione, reduced glutathione, amino ac-
ids, spermine, ethanolamine, EGTA, and bovine serum
albumin (BSA) were all obtained from Sigma Chem-
ical Co. Standard phosphatidylethanol and phosphati-
dylbutanol were prepared using egg phosphatidylcho-
line and cabbage phospholipase D in presence of
ethanol or butanol as described.10 All other chemicals
used were of analytical grade.

Preparation of mitochondria

Rats weighing 150–200 g, fasted overnight, were
decapitated and the small intestine removed and
washed with ice-cold saline. Mitochondria were iso-
lated from enterocytes as described by Masola and Ev-
ered.11 Briefly, suspended isolated enterocytes were ho-
mogenized in ice-cold medium containing 250 mM
sucrose, HEPES (5 mM)/1 mM EGTA, and 0.2 mg/
ml BSA adjusted to pH 7.4 with dilute KOH and sub-
jected to differential centrifugation. After pelleting and
washing, the brown mitochondrial fraction was sus-
pended in EGTA-free medium containing 250 mM su-
crose, HEPES (5 mM) pH 7.4 and stored on ice at 8–
10 mg protein/ml and used within 2–3 h of prepara-
tion. The method used has been shown to yield rela-
tively pure and viable mitochondria.11 Protein was mea-
sured using BSA as standard.12

Oxidant exposure of mitochondria

Isolated mitochondria (2 mg protein/ml) in suspen-
sion medium were incubated for 30 min at 377C with
each of the following free radical-generating systems:
1 mM xanthine / 100 m units XO, H2O2 (100 mM),
or 50 mM menadione (all final concentration). Two
controls were used; one incubated in ice and the other
incubated at 377C for 30 min but without the addition
of oxidants. Controls containing only xanthine or XO
were also tested. In some experiments, superoxide dis-
mutase (1000 units) p-bromophenacyl bromide (100
mM), or chlorpromazine (100 mM) were also included
separately. At the end of incubation, lipids were ex-
tracted as described by Bligh and Dyer.13 In separate
experiments, mitochondria were exposed to various ox-
idants for 5–30 min and the lipids were extracted and
analyzed.

Lipid analysis

Extracted mitochondrial lipids were quantitated af-
ter separation on thin layer chromatography. Neutral
lipids were separated on TLC with silica gel G plates
using the solvent system hexane:diethylether:acetic

acid (80:20:1 V/V). Separated lipids were visualized
by exposure to iodine and individual spots scraped,
eluted with chloroform:methanol (2:1 V/V) and dried
using nitrogen. Total phospholipids were quantitated
by phosphate estimation after acid digestion,14 and cho-
lesterol was estimated as described.15 Nonesterified
fatty acids (NEFA) were methylated and quantitated
after separation on a 5% EGSS-X column using the Pye
Unicam PU 4550 gas chromatograph equipped with
flame ionization detector. Heptadecanoic acid was used
as internal standard. Di and triglycerides were quanti-
tated colorimetrically.16 Individual phospholipids were
separated on TLC with silica gel H plates using the
solvent system chloroform:methanol:acetic acid:H2O
(25:15:4:2 V/V).17 Separated phospholipids were
eluted after identification with iodine exposure and
quantitated after phosphate estimation. Individual ami-
nophospholipids were also quantitated after separation
on silica gel H plates impregnated with 3% magnesium
acetate after derivatization with fluorescamine using
the solvent system chloroform:methanol:NH4OH:H2O
(60:40:5:2 V/V) as described.18 Eluted individual
spots were quantitated using Shimadzu SF 5000 spec-
troflurometer with excitation at 395 nm and emission
at 468 nm. Phosphatidic acid was separated on silica
gel G plates impregnated with 0.5 M oxalic acid using
the solvent system chloroform:methanol:Conc.HCl
(85:13:0.5 V/V).19 For the separation of phosphatidic
acid and phosphatidylethanol or phosphatidylbutanol
silica gel G plates were developed with the upper phase
of a mixture of ethyl acetate:iso-octane:acetic acid:H2O
(13:2:3:10 V/V).20 Formation of PA was further con-
firmed by separation of isolated products by HPLC. A
normal phase silica 5 mm column was used with the
solvent gradient of 1–9% water in hexane:2-propanol
(3:4 v/v) at a flow rate of 1 ml/min and the eluent was
monitored at 220 nm with a UV detector.21

Separation and analysis of ethanolamine

Following incubation, PLD activity was also deter-
mined by measuring the ethanolamine formed using
fluorescamine derivatization. PLD activity was termi-
nated with 10% trichloroacetic acid (TCA). The mix-
ture was shaken on a vortex mixer for a minute, left
for 15 min in ice, and then centrifuged. The sediment
was washed twice with 2 ml of 3% TCA and TCA from
the pooled supernatant was removed by repeated ex-
traction with diethyl ether and the solution dried using
nitrogen. The samples were dissolved in 150 ml of 0.2
M boric acid pH 9.0 and 50 ml of fluorescamine (2 mg
in 0.25 ml acetone) was added. The reaction with flu-
orescamine was allowed to proceed for at least 5 min
in the dark to hydrolyze the excess reagent. After de-
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Fig. 1. Effect of oxidant exposure on intestinal mitochondrial PE
degradation (A) and PA formation (B). Incubation conditions and
lipid analysis are described in the text. Each value represents mean
{ SEM of three separate estimations. *põ .05 compared to control.,
#p õ .05 compared to X-XO and menadione exposed mitochondria.
1. Unincubated mitochondria; 2. incubated mitochondria for 30 min
without oxidants; 3. with X-XO; 4. X-XO / superoxide dismutase;
5. menadione; 6. menadione / SOD. 7. H2O2.

rivatization, the samples were separated by thin-layer
chromatography on silica gel G plates (solvent system,
chloroform:methanol:conc.ammonia:water (60:40:5:
2.5 v/v) . Fluorescamine-labeled ethanolamine was
seen under ultraviolet light and compared with stan-
dard. This was scraped and eluted with 3.5 ml of meth-
anol:4% ammonia (95:5 v/v) and quantitated using
spectrofluorimeter with an excitation at 395 nm and
emission at 468 nm. Standard ethanolamine derivatized
with fluorescamine gave fluorescence response linear
in the concentration range of 25 to 1000 mM. For com-
parison, other low molecular weight amino groups con-
taining compounds were also derivatized and separated
on TLC as described above.

Statistical analysis

At least three separate experiments were carried out
and results are presented giving the mean { SEM.
Mann–Whitney U-test was done to compare the
changes.

RESULTS

Intestinal mitochondria were exposed to free radi-
cals generated by X / XO, menadione, or H2O2 and
composition of lipids were compared with the control
mitochondria incubated for the same duration without
exposure to free radicals. There was no significant
change in various neutral lipids including free fatty ac-
ids in oxidant-exposed mitochondria as compared to
control. Among the phospholipids, a small decrease in
phosphatidyl-ethanolamine (PE) was observed in in-
cubated control mitochondria as compared to unincu-
bated mitochondria and oxidant exposure further de-
creased the level of PE (Fig. 1A). PE level decreased
significantly on exposure to X / XO or menadione but
considerably less with H2O2 exposure. There was no
significant change in the level of lysoPE on exposure
to free radicals as compared to incubated control mi-
tochondria (data not shown). Decrease in PE level on
exposure to superoxide could be prevented by the pres-
ence superoxide dismutase (Fig. 1A). Incubation of
mitochondria in the presence of xanthine or xanthine
oxidase alone did not result in the degradation of PE
(data not shown).

Phospholipases present in the mitochondria may be
involved in the degradation of PE and phospholipase
A2 action will lead to the formation of lysoPE and free
fatty acids, but an increase in these lipids were not seen
after oxidant exposure. Phospholipase C can act on
phospholipids, resulting in the formation of diglycer-
ide, but no change in diglyceride level was seen after
free radical exposure. PE can also be degraded by phos-

pholipase D (PLD) leading to the formation of phos-
phatidic acid (PA). Quantitation of PA showed that
superoxide generated by X-XO or menadione increased
the formation of PA, whereas H2O2 exposure did not
alter the PA level (Fig. 1B). This increase in PA for-
mation by X-XO or menadione could also be prevented
by the presence of superoxide dismutase (Fig. 1B).
PLD is known to catalyze transphosphatidylation in
presence of alcohol, and an attempt was made to quan-
titate this product. Inclusion of either ethanol or butanol
up to 300 mM in the incubation medium did not result
in the formation of phosphatidylethanol or phosphati-
dylbutanol when stimulated by oxidants. Under these
conditions, all the product formed was recovered as
phosphatidic acid. Figure 2 shows the TLC separation
of phosphatidic acid and phosphatidylethanol after X
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Fig. 2. Thin layer chromatographic separation of phosphatidic acid
(PA) and phosphatidylethanol (PEt) . Silica gel G plate was devel-
oped using the upper phase of the solvent system ethylace-
tate:isoctane:acetic acid:water (13:2:3:10 v/v) . Lane 1. Standard PA
and PEt; 2. PA formation in the oxidant exposed mitochondria with-
out ethanol; 3. PA formation in the oxidant exposed mitochondria in
presence of 200 mM ethanol.

Fig. 3. HPLC separation of PA formed in mitochondria. (A) Standard
PA and PEt. (B) Mitochondria incubated with X-XO system. (C)
Incubated with X-XO plus 200 mM ethanol. (D) Mitochondria in-
cubated with menadione. (E) Incubated with menadione plus 200
mM ethanol. The details of the experimental procedures are given in
the text.

/ XO stimulation of mitochondrial PLD, which
showed the absence of phosphatidylethanol formation
in presence of ethanol. To further confirm this, PA
formed in the absence and presence of ethanol was sep-
arated and quantitated by HPLC. In the presence of
ethanol and X / XO or menadione, all the product was
recovered as PA (Fig. 3) . PA formed in the mitochon-
dria by oxidant exposure was further characterized by
its composition after isolation by TLC. The ratio of
phosphate to fatty acid in the isolated product was
1:1.97. PLD degradation of PE will result in the for-
mation of ethanolamine along with PA and ethanola-
mine formed was isolated and separated on TLC after
fluorescamine derivatization. The mobility of fluores-
camine derivatized ethanolamine in TLC was identical
to authentic standard as shown in Fig. 4, and was dif-
ferent from other amino groups containing biologically
important compounds, which were also derivatized
with fluorescamine and separated on TLC. Spectroflu-
rometric quantitation of fluorescamine derivatized
ethanolaine isolated from oxidant exposed mitochon-
dria is shown in Fig. 5. Ethanolamine content also in-
creased after exposure to X / XO or menadione,
whereas H2O2-exposed mitochondria showed the same

amount as the incubated control mitochondria. Inclu-
sion of 1 mM azide in the incubation medium to inhibit
catalase along with H2O2 or increasing the H2O2 con-
centration to 200 mM (final concentration) did not in-
crease the formation of PA (data not shown). Increased
PA formation in the mitochondria could be seen even
at 5 min exposure to X-Xo or menadione as compared
to control, but H2O2 exposure showed very little PA
formation. Increase in PA formation on exposure to
oxidants could be well correlated with the disappear-
ance of PE, as shown in Fig. 6. To rule out the possi-
bility of PA formation from diacylglycerol (DAG) by
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Fig. 4. TLC separation of ethanolamine formed in response to oxi-
dants by mitochondrial phospholipase D. Ethanolamine isolation, flu-
orescamine derivatization and separation are described in the text. 1.
fluorescamine derivatized mixture of standard amino acids (leucine,
tyrosine, threonine) , glutathione, spermine, and ethanolamine; 2.
Standard ethanolamine; 3. Unincubated mitochondria; 4. Incubated
for 30 min without oxidants; 5. Mitochondria incubated with mena-
dione; 6. Mitochondria incubated with X-XO; and 7. mitochondria
incubated with H2O2.

Fig. 6. Time-dependent decrease in mitochondrial PE and increase in
PA on exposure of mitochondria to various oxidants. (A) X-XO; (B)
menadione; (C) H2O2. Each value represents mean { SEM of three
separate experiments.

Fig. 5. Effect of oxidants on ethanolamine formation in intestinal
mitochondria. Ethanolamine was separated by TLC after fluoresca-
mine derivatization and quantitated using spectorfluorimeter. Each
value represents mean { SEM of three separate experiments. *p õ
.05 compared to control Co represents control unincubated mito-
chondria. C30 represents control incubated mitochondria for 30 min.

DAG kinase, isolated mitochondria were incubated
with 400 mM DAG (exogenous) and 1 mM ATP at
377C for 30 min with and without oxidants. Following
this, lipids were extracted and DAG and PA were quan-
titated. The addition of exogenous DAG did not have
any effect on PA formation in presence of oxidants

(data not shown). Level of DAG also remained same
in control and oxidant exposed samples. PLD activity
was also checked in presence of phospholipase A2 in-
hibitors, namely, chlorpromazine (CHLP) and p-
bromophenacyl bromide (pBPB). As shown in Fig. 7,
CHLP and pBPB as such stimulated PLD activity and
this activity was further enhanced by the presence of
oxidants.

DISCUSSION

Mitochondrial damage is one of the prominent fea-
tures of cell death caused by oxidative stress. Various
studies have shown that oxidative damage to mito-
chondria is associated with alteration in calcium ho-
meostasis and mitochondrial swelling.2,4,22,23 These
functional alterations may be brought about by changes
in the mitochondrial membrane components, especially
the membrane lipids. Lipid peroxidation of the
membrane leads to functional alteration, and earlier
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Fig. 7. PE and PA content of intestinal mitochondria after incubation
with phospholipase A2 inhibitors chlorpromazine (CHLP), and p-
bromophenacyl bromide (pBPB). Each value represents mean {
SEM of three separate estimations. Co represents unincubated mi-
tochondria and C30 represents mitochondria incubated for 30 min
without oxidants. *p õ .05 compared to control.

studies have shown that intestinal mucosal membranes
are resistant to iron-induced lipid peroxidation.7,8 Ac-
tivation of phospholipases can also bring about altera-
tion in membrane lipids. It was observed that exposure
of mitochondria to oxygen radicals result in alteration
in mitochondrial lipids, especially formation of PA
with a concomitant depletion of PE. This can occur by
activation of mitochondrial phospholipase D, and re-
cently it has been shown that endothelial cell PLD
could be activated by H2O2 and fatty acid hydroper-
oxides.24 In the present study, H2O2 could not activate
mitochondrial PLD, whereas superoxide generated by
X-XO or menadione could stimulate the formation of
PA. The inability of H2O2 to stimulate PA formation
may be because H2O2 as such is not a radical, and ear-
lier work has shown that oxygen radical formation from
H2O2 does not occur in the presence of intestinal mu-
cosal membranes.25 PLD in the presence of alcohol cat-
alyzes transphosphatidylation to form phosphatidyl al-
cohol. In the case of intestinal mitochondria, this

product could not be detected, suggesting that the in-
testinal mitochondrial PLD may not catalyze transphos-
phatidylation. The involvement of PLD in the genera-
tion of PA was confirmed by HPLC separation of the
PA formed along with authentic standard. It was further
confirmed by measuring the ratio of phosphate to fatty
acids in the PA isolated from mitochondria. In addition,
involvement of PLD in the degradation of PE was es-
tablished with quantitation of ethanolamine, the other
product of PLD action on PE. These results clearly es-
tablished that the intestinal mitochondria contain a
PLD, which can be activated by free radicals. Involve-
ment of superoxide in PLD activation was confirmed
by abolition of activation by the presence of superoxide
dismutase. Increased PA formation, even with a short-
time exposure to oxidants (5 min) suggest that the lipid
alteration may be a specific effect of oxidants. A good
correlation was seen between the appearance of PA and
disappearance of PE on exposure to oxidants, suggest-
ing that free radical-activated mitochondrial PLD pref-
erentially utilizes PE as substrate. PLD can act both on
phosphatidyl choline and PE to generate PA26,27 but
studies on PE preferring PLD activity have been de-
scribed.28–30 It is not known if the mitochondria contain
PE degrading PLD or superoxide specifically stimulate
PE degradation by PLD. Experiments using PLA2 in-
hibitors suggest that PLA2 is not responsible for alter-
ation in the mitochondrial lipids exposed to oxidants.
Moreover, two of the PLA2 inhibitors themselves stim-
ulated PE-degrading PLD activity. It was reported that
certain amphiphilic cations including chlorpromazine
stimulate PLD activity in the human neuroblastoma cell
line LA-N-2 and NIH 3T3 fibroblasts.31,32 Singh et al.
suggest that this is linked to G-protein and protein ki-
nase c-independent. Another report showed that CHLP
did not activate rat brain plasma membranes PLD.33

Decrease in mitochondrial PE and alteration in the PC/
PE ratio in mitochondrial lipids on exposure to oxi-
dants may have a role in causing the functional alter-
ation seen during oxidative stress.

The physiological significance of PA formation in
mitochondria during oxidative stress is not known.
Using artificial membranes, it was shown that acidic
phospholipids reduce the membrane detachment of
cytochrome c by ATP.34 PA has been shown to act
in signal transduction and various agonists are known
to activate PLD.35

Oxidative stress is known to alter the cellular Ca2/

homeostasis and exposure of mitochondria to oxidants
leads to Ca2/ efflux.36 PA has been shown to stimulate
influx of Ca2/ in various cell types through an iono-
phore effect.37–39 Thus, one of the mechanism by which
oxidative stress alters the cellular Ca2/ homeostasis
could involve a phosphatidic acid-related mechanism.
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