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to induce swelling (5, 6). The enzyme phospholipase
Mitochondrial damage is one of the prominent fea- A2 (PLA2)2 is of considerable interest because of its

tures of cell injury during oxidative stress and altered possible role in a number of biological phenomena and
mitochondrial lipids may contribute to this damage. its wide distribution (7). Its association with mitochon-
Lipid changes were observed when liver mitochondria drial inner and outer membrane has been established
were exposed to superoxide generating systems. Phos- (8–10). PLA2 appears to be important for repair of
phatidylcholine and phosphatidylethanolamine con- oxidatively damaged lipids (11, 12).
tents were decreased with simultaneous formation Phosopholipase A2 activity in the inner mitochon-
of lysophospholipids when exposed to superoxide. drial membrane is increased in response to conditions
Among the neutral lipids there was an increase in the associated with increased oxidant production, such as
level of free fatty acids. This alteration in lipid compo- bacterial endotoxin treatment (13). Increase in inner
sition could be prevented by the simultaneous pres- mitochondrial phospholipase A2 activity was also ob-
ence of superoxide dismutase or phospholipase A2 served in mitochondria isolated from rats fed fish oil(PLA2) inhibitors. H2O2 did not have any effect on liver (14) or given insufficient vitamin E (15). Malis et al.mitochondrial PLA2. This suggests that superoxide

reported that in rat renal tissue, Ca2/-induced potenti-anion stimulates phospholipase A2 which is prevented
ation of oxygen free radical injury is likely in part dueby superoxide scavenging agents and PLA2 inhibitors.
to activation of phospholipase A2 during postischemicThe products of phospholipase A2 are membrane-dam-
reperfusion (16). Goldman et al. suggested that the for-aging agents which may be responsible for mitochon-
mation of endogenous reactive oxygen species is im-drial damage seen during oxidative stress. q 1997
portant for PLA2 activation in mouse peritoneal macro-Academic Press

phages (17). In the present study we have carried outKey Words: phospholipase A2; liver mitochondria; su-
experiments using isolated rat liver mitochondria toperoxide.
show that PLA2 is activated by superoxide anion which
can be prevented by superoxide dismutase or PLA2
inhibitors.

Free radicals may play a role in the pathogenesis of
various tissue injuries. Mitochondrial damage is one of MATERIALS AND METHODS
the prominent features of cell injury. Mitochondria also

Lipid standards, GSH (reduced), Hepes, fluorescamine, p-bromo-form an important source of free radicals in the cell
phenacyl bromide (pBPB), chlorpromazine (CHLP), trifluoperazinesince a small percentage of the total oxygen utilized for (TFP), xanthine, xanthine oxidase (XO), menadione, EGTA, superox-

respiration is converted to free radicals (1, 2). Phospho- ide dismutase (SOD), catalase, H2O2, bovine serum albumin (BSA),
and succinate sodium salt were all obtained from Sigma Chemicallipids are important constituents of mitochondrial
Co. All other chemicals used were of analytical grade.membrane and are essential for activity of certain mito-

Preparation and incubation of liver mitochondria. Liver mito-chondrial enzymes (3, 4). Alteration in mitochondrial
chondria were prepared from overnight fasted rats weighing 150–function may be the result of changes in their phospho-

lipid composition since degradation products such as
free fatty acids and lysophospholipids have been shown 2 Abbreviations used: PLA2, phospholipase A2; GSH, reduced glu-

tathione; XO, xanthine oxidase; SOD, superoxide dismutase; BSA,
bovine serum albumin; MDA, malondialdehyde; PE, phosphatidyl
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200 g as described (18). EGTA (0.5 mM) and bovine serum albumin
(2 mg/ml) were present in the homogenizing buffer but were omitted
from the wash buffer which contained 230 mM mannitol, 70 mM

sucrose, and 3 mM Hepes, pH 7.4. The final pellet was suspended at
approximately 50 mg protein/ml in wash buffer and maintained on
ice until use. Protein was determined using BSA as standard (19).

Oxidant exposure of mitochondria. Isolated mitochondria (2 mg
protein/ml) in suspension buffer were incubated for 30 min at 377C
with each of the following free radical generating systems: (a) 1 mM

xanthine / 100 mUnits XO, (b) 50 mM menadione / 5 mM succinate,
and (c) 100 mM H2O2 or 100 mM H2O2/ 20 mM Fe2/ (all final concentra-
tions). Controls were 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 dismutase (100 units),
GSH (5 mM), p-bromophenacyl bromide, chlorpromazine, or trifluo-
perazine (100 mM final concentration) was also included separately.
At the end of incubation, lipids were extracted as described by Bligh
and Dyer (20).

Measurement of lipid peroxidation. The extent of lipid peroxida-
tion was assessed by malondialdehyde (MDA) and conjugated diene
formation. Malondialdehyde was measured by the TBA reaction as
described (21). The amount of malondialdehyde formed was calcu-
lated from the standard curve prepared using 1,1*,3,3 *-tetraethoxy
propane and expressed as nmol/mg protein. For calculation, the color
formed by sucrose buffer alone was subtracted from all other values.
For conjugated diene measurement, total lipid was extracted as de-
scribed (20) and evaporated using dry nitrogen. This was dissolved
in 1 ml heptane, and conjugated diene formed was measured at 233
nm and calculated using a molar extinction coefficient of 2.5 1 104.

Determination of free fatty acids and lysophospholipids. Aliquots
of the lipid extract were applied on silica gel G plates and developed
in hexane–diethyl ether–acetic acid (80:20:1 v/v/v). Separated neu-
tral lipids were visualized by exposure to iodine and individual spots
scraped, eluted with chloroform–methanol (2:1 v/v), and dried using
nitrogen. Nonesterified fatty acids were methylated and quantitated
after separation on a 5% EGSS-X column using the Pye Unicam PU

FIG. 1. Activation of liver mitochondrial phospholipase A2 by su-4550 gas chromatograph equipped with a flame ionization detector.
peroxide generated by X–XO and the effect of superoxide dismutase,Heptadecanoic acid was used as internal standard. Cholesterol was
glutathione, and phospholipase A2 inhibitors on this activation. De-estimated as described (22). Di- and triglycerides were quantitated
tails of the incubation system and the lipid analysis are given incolorimetrically (23). Individual phospholipids were separated on
the text. Each value represents the mean { SE of three separateTLC with silica gel H plates using the solvent system chloroform–
estimations. (A) depicts the level of PC and lysoPC and (B) depictsmethanol–acetic acid–water (25:15:4:2 v/v/v/v) (24). They were iden-
the level of PE and lysoPE. *P õ 0.05 compared to control. #P 0.05tified by exposure to iodine vapor, and the spots corresponding to
compared to X–XO system.the standard were scraped and quantitated after phosphate estima-

tion (25). To quantitate lysoPE and PE, a separate aliquot of the
lipid extract was reacted with fluorescamine to label amino lipids.
Labeled PE and lysoPE were then separated using silica gel H plates

thine oxidase alone could bring about this alterationimpregnated with 3% magnesium acetate and quantitated by fluo-
rescence spectroscopy as described (26). in mitochondrial lipids and there was no change in

other phospholipids following incubation of mitochon-Statistical analysis. Results are presented as means { SE of at
least three separate experiments. Statistical significance for the com- dria with X–XO (data not shown). A similar change
parison of two groups was evaluated using the Mann–Whitney U in phospholipids was observed following incubation of
test. In all cases, P 0.05 was considered significant. mitochondria with another superoxide generating sys-

tem, namely menadione, in the presence of succinate
RESULTS (Fig. 2) which also could be prevented by the presence

of SOD. Addition of GSH resulted in no appreciableFollowing incubation of mitochondria with free radi-
cal generating systems, mitochondrial lipids were ana- inhibition of lysophospholipid formation. We tested the

effect of GSH on superoxide generation by the X (1lyzed. Figure 1 shows changes in the level of phosphati-
dylcholine (PC) and lysoPC (A) and PE and lysoPE (B) mM) / XO (100 mUnits) system as measured by the

cytochrome c reduction method (27). It was observedafter exposure to superoxide generated by the X–XO
system. A decrease in PC and PE and an increase in that superoxide generation was not affected by GSH at

1 or 5 mM final concentration, whereas it was com-lysoPC and lysoPE were observed. This alteration can
be prevented by the presence of superoxide dismutase pletely scavenged by SOD (100 units) (superoxide gen-

erated as micromoles was X / XO, 13.75 { 0.45; X /in the incubation system. Neither xanthine nor xan-
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or phospholipase A2 inhibitors. No changes in other
neutral lipids were observed on exposure to superoxide
(data not shown). Table I shows the lipid peroxidation
of mitochondria initiated by superoxide and hydroxyl
radical generating sources and the effect of antioxi-
dants. Superoxide generated by X / XO or menadione
did not increase MDA formation, whereas conjugated
diene formed was increased significantly. Addition of
superoxide dismutase, in the X / XO and menadione
system, inhibited conjugated diene formation. The an-
tioxidant catalase, a potent H2O2 scavenger, did not
inhibit conjugated diene formation when exposed to X
/ XO or menadione. Interestingly, GSH also inhibited
conjugated diene formation by mitochondria when ex-
posed to superoxide generating sources. H2O2 alone did
not have any effect on liver mitochondrial lipid peroxi-
dation, whereas H2O2 / Fe2/ did initiate MDA forma-

FIG. 2. Activation of mitochondrial phospholipase A2 by superox-
ide generated by menadione and the effect of SOD, GSH, and PLA2
inhibitors on this activation. Details of the incubation system and
lipid analysis are described in the text. Each value represents the
mean { SE of three separate estimations. *P õ 0.05 compared to
control. #P õ 0.05 compared to menadione. (A) depicts the level of
PC and lysoPC and (B) depicts the level of PE and lysoPE.

XO / SOD, 0.42 { 0.06; X / XO / GSH (1 mM), 13.18
{ 0.33; and X / XO / GSH (5 mM), 12.78 { 0.30).
Formation of lysoPC and lysoPE indicated the activa-
tion of phospholipase A2 by superoxide. Hence, lipids
were analyzed following incubation of mitochondria
with the superoxide generating system along with
three phospholipase A2 inhibitors (Figs. 1 and 2). The
presence of PLA2 inhibitors prevented the degradation
of mitochondrial phospholipids in the presence of su-
peroxide generating systems. These phospholipase A2
inhibitors as such did not have any effect on the alter-
ation of the phospholipids or on the generation of free
radicals (data not shown). The other product of phos- FIG. 3. Formation of free fatty acids by superoxide activation of

PLA2 in liver mitochondria. Incubation conditions and free fattypholipase A2 action on PC and PE is free fatty acids
acid analysis are described in the text. Each value represents theand they were quantitated following exposure to super-
mean { SE of three separate estimations. *P õ 0.05 compared tooxide. As shown in Fig. 3, both X–XO and menadione control. #P õ 0.05 compared to X–XO and menadione system. (A)

increased the level of free fatty acids in the mitochon- depicts incubation with X–XO system; (B) depicts incubation with
menadione.dria which could be prevented by the presence of SOD
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TABLE I served with superoxide generating systems. These
small changes were prevented by the simultaneousEffect of Oxidants and Antioxidants on Lipid Peroxidation

of Liver Mitochondria presence of catalase in the incubation system.

MDA Conjugated
DISCUSSIONformed diene

nmol/mg mmol/mg Mitochondrial damage is one of the prominent fea-protein protein
tures of cell injury by oxidative stress. Generation of
free radicals in vivo during ischemia reperfusion injuryControl 0.15 1.10

X / XO 0.33 8.55* and alteration in mitochondrial function have been
X / XO / SOD 0.28 1.11** suggested. Functional changes to mitochondria can be
X / XO / catalase 0.60 7.93 brought about by alteration in the composition of mito-X / XO / GSH 0.07 0.55*

chondrial lipids. A significant decrease of phosphatidyl-Menadione (Men) 0.35 5.00*
inositol and cardiolipin occurred during brain ischemiaMen / SOD 0.90 0.86**

Men / catalase 1.48 4.60 which was associated with deterioration of mitochon-
Men / GSH 0.16 1.11 drial function (27). Alteration in rat renal mitochon-
H2O2 0.25 1.15 drial phospholipids due to Ca2/-activated PLA2 duringH2O2 / Fe2/ 9.43* 1.73

ischemia has been observed (28). Smith et al. reportedH2O2 / Fe2/ / SOD 9.57 1.78
H2O2 / Fe2/ / catalase 2.18* 1.29 a selective decrease in the content of cardiolipin, PC,
H2O2 / Fe2/ / GSH 8.40 1.09 and PE and altered fatty acid composition of phospho-

lipids in rat kidney ischemia suggesting the possible
Note. The incubation mixture consisted of liver mitochondria corre- involvement of mitochondrial PLA2 (28). Majewska etsponding to 1 mg protein along with the following oxidants in a total

al. (29, 30) showed a decrease in the level of PC andvolume of 1 ml of 0.25 M sucrose/Hepes, pH 7.4: xanthine (1 mM),
xanthine oxidase (100 mUnits), menadione (50 mM), succinate 5 mM), PE after 5 min ischemia with a simultaneous increase
H2O2 (100 mM), and H2O2 (100 mM) / Fe2/ (20 mM). Where indicated, in free fatty acid levels in guinea pig brain which they
antioxidants were added at the following concentrations: SOD (500 attributed to increased activity of mitochondrial PLA2
units), catalase (2500 units), and GSH (5 mM) (all final concentra- and fatty acid peroxidation by free radicals. Increasedtions). MDA and conjugated diene measurements are described in

lysoPC formation was evident following lipid peroxida-the text. Each value represents the mean { SE of three separate
estimations. tion of PLA2 containing liposomes and microsomes

* P õ 0.05 compared to control. which was inhibited by PLA2 inhibitors (31). Struc-
** P õ 0.05 compared to oxidants. tural alteration of inner mitochondrial membrane in

ischemic liver cell injury was associated with activation
of phospholipase resulting in increased formation of
lysophospholipids of PC, PE, and cardiolipin (32, 33).tion which was abolished by catalase but not by SOD

or GSH. Mitochondria were also exposed to H2O2 alone Brain mitochondria, when exposed to oxygen radicals
in vitro, showed inhibition of respiratory activity whichor along with Fe2/ which generates hydroxyl radicals

and lipids were analyzed. Table II shows the phospho- suggested that oxygen radicals may contribute to cell
damage (34). It has been suggested that oxygen radi-lipid alteration under these conditions. H2O2 exposure

alone did not show any significant change in the phos- cals may increase the susceptibility of cell membranes
to phospholipase A2 attack (31, 35). Enhanced activi-pholipid composition, but H2O2 in the presence of iron

did show a small decrease in PC and PE and increases ties of cytosolic, mitochondrial, and microsomal PLA2
after ischemia and reperfusion in gerbil brain havein LPC and LPE which were less than what was ob-

TABLE II

Effect of H2O2 Exposure on Liver Mitochondrial Phospholipids

PC LPC PE LPE FFA
nmol/mg protein

Control 94 { 5.50 8 { 1.00 87 { 5.00 11 { 1.50 10 { 1.50
H2O2 90 { 5.00 10 { 1.30 84 { 3.50 12 { 1.00 12 { 1.00
H2O2 / Fe2/ 83 { 4.00 18 { 1.50 80 { 3.00 18 { 1.70 13 { 1.30
H2O2 / Fe2/ / GSH 84 { 4.00 16 { 1.40 82 { 3.50 16 { 1.70 13 { 1.50
H2O2 / Fe2/ / catalase 93 { 4.30 9 { 1.10 85 { 3.70 11 { 1.20 12 { 1.70

Note. Incubation conditions are the same as those described for Table I. Each value represents the mean{ SE of three separate estimations.
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been observed (36). In an experimental model designed gated diene activated this enzyme which was pre-
vented by SOD. H2O2 in the presence of traces of ironto mimic postischemic reperfusion damage to renal mi-

tochondria, it was demonstrated that reactive oxygen did not significantly activate PLA2, but the little acti-
vation observed was inhibited by the presence of cata-species act synergistically with Ca2/ to activate mito-

chondrial PLA2, which mediates damage to site I of lase. The presence of H2O2 / Fe2/ led to lysophospho-
lipid formation without significant increase in freethe electron transport chain, F1 F0 ATPase, and the

adenosine nucleotide translocase (37). fatty acids and this may be due to the peroxidation
of released poly-unsaturated fatty acids. GSH did notAll these above-mentioned studies have indicated the

possible role of PLA2 activation in vivo during isch- inhibit PLA2 activation by superoxide, although perox-
idation was inhibited. Initiation of the peroxidationemia/reperfusion. The present study has looked at the

type of oxygen free radical which is involved in liver sequence in a membrane or poly-unsaturated fatty
acid is due to the attack of any species that has suffi-mitochondrial damage through activation of phospholi-

pase using an in vitro system. It has been shown that cient reactivity to abstract a hydrogen atom from a
methylene group. This may be inhibited by glutathi-liver mitochondria contain a phospholipase A2 activity

which can be activated by superoxide ion and this acti- one. Our results using the X / XO system indicated
that glutathione did not prevent the formation of O20vation can be prevented by the presence of SOD or

phospholipase A2 inhibitors. The products of PLA2 or scavenge superoxide significantly even at 5 mM con-
centrations and hence it did not prevent the activationactivation, namely lysophospholipids and free fatty

acids, are damaging to the mitochondrial membrane. of PLA2. It has also been shown that tertiary butyl-
hydroperoxide converts inactive PLA2 into an activeChanges in the composition of phospholipids are known

to have profound influence over mitochondrial function form (46). It is likely that glutathione inhibits only
lipid peroxidation and not PLA2 activation. These ob-(38). Free fatty acids and lysophospholipids released

by PLA2 can damage the cell membrane and increase servations suggest that superoxide is the active oxygen
species which is responsible for activation of liver mito-membrane permeability to Ca2/ (39), thereby increas-

ing cellular Ca2/ and altering mitochondrial function. chondrial PLA2. It has been suggested that activity of
membrane enzymes is dependent on the physicochemi-Lysophospholipids can reduce mitochondrial mem-

brane potential and can alter mitochondrial Ca2/ up- cal state of the membrane lipid phase (47) and lipid
peroxidation might induce alteration in membrane lip-take and release (40). In the mitochondrial and micro-

somal fractions, a single form (approximately 14 kDa) ids which may enhance the susceptibility of phospho-
lipids to phospholipase A2 (48, 49).of PLA2 is present which is active against both PC and

PE (36, 41). Altered mitochondrial Ca2/ homeostasis is one of the
features of cellular damage during oxidative stress.It is well established that induction of lipid peroxida-

tion regardless of the nature of prooxidants causes the Pretreatment of mice with the PLA2 inhibitor chlor-
promazine prevented the loss of mitochondrial Ca2/time-dependent fall of mitochondrial membrane poten-

tial and efflux of Ca2/ and other cations from mitochon- homeostasis (50). The development of mitochondrial
membrane permeability triggered by Ca2/ stimulationdria (42, 43). It has also been shown that PLA2 activity

is increased when mitochondrial peroxidation is in- of PLA2 and based on swelling, poly-unsaturated fatty
acid release and calcium influx, and activation of succi-duced by iron and ascorbate (44). We have looked at

the mitochondrial peroxidation as judged by MDA and nate dehydrogenase occurs without damaging the mito-
chondrial structure (51).conjugated diene formation when exposed to different

oxidants. It was observed that when mitochondria In conclusion, the present study further supports a
primary role for PLA2 in liver mitochondrial damagewere exposed to superoxide generated by X / XO or

menadione, only conjugated diene was increased with- during oxidative stress which may be brought about by
alteration in the composition of mitochondrial lipidsout much change in MDA formation and this could

be completely blocked by SOD. GSH inhibited lipid and generation of membrane lytic lipids.
peroxidation as judged by formation of conjugated
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