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Because the ability of cells to replace oxidized fatty acids in membrane phospholipids via deacylation and
reacylation in situ may be an important determinant of the ability of cells to tolerate oxidative stress,
incorporation of exogenous fatty acid into phospholipid by human erythrocytes has been examined following
exposure of the cells to z-butyl hydroperoxide. Exposure of human erythrocytes to ¢-butyl hydroperoxide
(0.5-1.0 mM) results in oxidation of glutathione, formation of malonyldialdehyde, and oxidation of
hemoglobin to methemoglobin. Under these conditions, incorporation of exogenous [9,10-3H]Joleic acid into
phosphatidylethanolamine is enhanced while incorporation of [9,10-3H]oleic acid into phosphatidylcholine is
decreased. These effects of t-butyl hydroperoxide on [9,10->Hjoleic acid incorporation are not affected by
dissipating transmembrane gradients for calcium and potassium. When malonyldialdehyde production is
inhibited by addition of ascorbic acid, 7-butyl hydroperoxide still decreases [9,10-*Hjoleic acid incorporation
into phosphatidylcholine but no stimulation of [9,10->HJoleic acid incorporation into phosphatidylethanola-
mine occurs. In cells pre-treated with NaNQO, to convert hemoglobin to methemoglobin, ¢-butyl hydroper-
oxide reduces [9,10->H]oleic acid incorporation into phosphatidylcholine by erythrocytes but does not
stimulate [9,10->H]oleic acid incorporation into phosphatidylethanolamine. Under these conditions oxidation
of erythrocyte glutathione and formation of malonyldialdehyde still occur. These results indicate that
membrane phospholipid fatty acid turnover is altered under conditions where peroxidation of membrane
phospholipid fatty acids occurs and suggest that the oxidation state of hemoglobin influences this response.

Introduction

Peroxidation of the polyunsaturated fatty acids
of membrane phospholipids alters membrane
physical properties and disrupts the function of
membrane proteins by (1) causing the release of
acyl chain fragments such as malonyldialdehyde
which can react with and crosslink amino groups
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m membrane phospholipids and proteins [1-6],
and (u) generating phospholipids containing
carbonyl, epoxy, peroxy- and hydroxyl fatty acids
[7,8] These altered fatty acids differ in physical
properties from native fatty acids and could dis-
rupt hpid-hpid and hipid-protein interactions 1n
the cell membrane Imtiation of these free
radical-mediated processes occurs under both
physiological conditions and during exposure of
cells to elevated p,, mitrogen oxides, aromatic
xenobiotics and radiation [1,2] Free radicals are
also involved in cellular injury occurring as a
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consequence of inflammation and 1schema {1,9]

The ability of cells to remove oxidized fatty
acids from membrane phospholipids and to re-
store normal phospholipid fatty acid composition
via deacylation and reacylation m situ may be one
determinant of the ability of cells to tolerate
oxidative stress The role of phospholipid fatty
acid turnover 1n situ 1n the response of cells to
oxidative stress has not been thoroughly studied
Alteration 1n the turnover of membrane phos-
pholipid fatty acids may be one of earhiest changes
in cellular function occurring after oxidant ex-
posure and precede significant accumulation of
hpid peroxides [10] Recent studies in 1solated
membrane systems have suggested that phos-
pholipases have greater activity toward phos-
pholipids contamning peroxidized fatty acids than
intact fatty acids and that removal of peroxidized
fatty acids from phospholipids by phospholipase
A, precedes reduction of these compounds by
glutathione peroxidase [11,12]

In this study the human erythrocyte has been
employed as a model system to assess the effects
of oxidative stress induced by treatment with ¢-
butyl hydroperoxide (:BuOOH) on the pathway
for 1n situ phospholipid fatty acid turnover Use
of the erythrocyte as a model system 1s physiolog:-
cally relevant because the erythrocyte 1s normally
exposed to high intracellular and extracellular pO,
in vivo The erythrocyte 1s also directly exposed to
ingested drugs, mhaled gases and activated neu-
trophils which are capable of generating free radi-
cals m the circulation [2,9] Because the erythro-
cyte lacks the enzymes for synthesis of phos-
pholipid and fatty acid de novo, renewal of mem-
brane phosphohipid fatty acids 1s limited to the
pathway for deacylation and reacylation in situ
utilizing exogenous fatty acid [13-16]

Exposure of human erythrocytes to tBuOOH
has been shown to cause oxidation of hemoglobin
(Hb) and peroxidation of membrane hpid by a
heme-catalyzed free radical-mediated process in-
volving t-butoxy radicals [17-21] Formation of
these oxidation products has been shown to result
in 1ncreased crosshnking of membrane proteins
and reduced membrane deformability {21,22] In
this study treatment of human erythrocytes with
tBuOOH has been shown to stimulate incorpora-
tion of exogenous fatty acids into phosphatidyl-

ethanolamine (PE) and to inhubit incorporation of
exogenous fatty acids nto phosphatidylcholine
(PC) The relationship between these alterations n
fatty acid incorporation, rBuOOH-induced per-
oxidation of membrane lipid and the oxidation
state of Hb are examuned In addition, since alter-
ations 1n cellular calcrum and potassitum homeos-
tasis have been implicated 1 the pathogenesis of
cell myury following lipid peroxidation 1n erythro-
cytes and other systems [23-26] and have been
shown to influence erythrocyte phospholipid fatty
acid turnover directly [27-29], the effects of al-
tered transmembrane gradients for both potas-
stum and calcium on the activity of the acylation-
deacylation pathway following tBuOOH exposure
have been examined

Experimental procedures

Erythrocyte preparation Heparimized venous
blood was obtained from normal human donors
Erythrocytes were separated from plasma and
leukocytes by centrifugation at 800 X g for 7 mun
at room temperature and washed four times with
five volumes of a standard buffer containing 140
mM NaCl, 5 mM KCl, 1 mM MgSO,, 1 mM
CaCl,, 1 mM NaH,PO,, 5 mM glucose, 10 mM
Trnis (pH 74) Methemoglobin (MetHb) contain-
ing erythrocytes were prepared as described
[18-20] by suspending washed erythrocytes (20%
v/v) 1n a solution composed of equal volumes of
29 mM NaNO, and standard buffer for 10 min at
room temperature The cells were then washed five
times with 10 volumes of standard buffer and
resuspended (5% v/v) 1n that buffer

Incorporation of [9,10-'H]oleic acid by erythro-
cytes Erythrocytes (5% v/v) were mcubated at
37°C under air with [9.10-*HJoleic acid (10 pM, 1
C1/mol) (Amersham) complexed to fatty acid-free
bovine serum albumin (1 65 mg/ml) (Sigma) [16]
m the presence or absence of tBuOOH (Aldrich)
After incubation duplicate aliquots of the cell
suspenstons were washed three times with five
volumes of buffer contaiming 1% bovine serum
albumn and lysed by treating the cell pellet with
an equal volume of water Lipids were then im-
mediately extracted three times with five volumes
of methanol and chloroform as descnbed [16]

Following removal of ahquots for determina-



tion of hipid phosphorus and total radioactivity
(16], extracts were concentrated under nitrogen
and applied to a thin layer of Silica H prepared
with 1 mM Na,CO; Thin-layer plates were devel-
oped first in CH,COOC,H,/CH;COOH (98 2,
v /V) to separate neutral lipids and phospholipids,
dried in arr and then developed in CHCl,/
CH,0OH,/CH,COOH/H,0 (50 20 5 2, v/v) to
separate individual phospholipid classes Lipids
were visualized by brief exposure to 1, vapor and
identified by co-chromatography with standards
Radioactivity was determined by hquid scintil-
lation counting after scraping gel fractions into
scintillation vials and adding scintillation flud
consisting of toluene/ethylene glycol monomethyl
ether (5 3, v/v) with PPO (5 mg/1) and POPOP
(62 5 mg/1) [16] All measurements were corrected
for quenching using an external standard (Beck-
man LS§2800) Calculations were based on the
specific activity of exogenous fatty acid Isolation
of [9.10-*H]oleic acid 1ncorporated nto phos-
phohipids in the presence or absence of tBuOOH
by acidic methanolysis and gas chromatography
[30] showed that its radiopurity was unaltered
tBuOOH did not affect the recovery of phos-
pholipid from erythrocytes

Malonyldialdehyde release from erythrocytes
Lipid peroxadation was assessed by measuring the
appearance of malonyldialdehyde in erythrocyte
suspensions incubated with unlabeled oleic acid
complexed to bovine serum albumin Aliquots of
erythrocyte suspension (5% v/v) were treated with
one-half volume of 28% w/v trchloroacetic
acid /0 1 M sodium arsenite to precipitate protein
One volume of 01 M thiobarbituric acid in 1 M
NaOH was added to four volumes of the acid
supernatant and the muxture heated in a boiling
water bath for 15 min Samples were then cooled
rapidly 1n an ice bath and absorbance measured at
532 nm with correction for a reagent blank [31]

Reduced glurathione content of erythrocytes Re-
duced glutathione (GSH) content of erythrocytes
was determined by measuring actd-soluble sulf-
hydryl groups i the same trichloroacetic acid
supernatant used for malonyldialdehyde de-
termunation Sulfhydryl content was determined
by adding one volume of acid supernatant to two
volumes 1 M Tnis (pH 8 0), adding 0 2 volume of
001 M 5.5’-dithiobis(2-nitrobenzoic acid) (pH 7 0)
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and measuring absorbance at 412 nm with correc-
tion for a reagent blank [32]

Hb content of erythrocyte suspensions Total Hb
content of erythrocyte suspensions was measured
by the cyanomethemoglobin method of Drabkin
and Austin [33]

Results

GSH following tBuOOH

Exposure of human erythrocytes to tBuOOH
(0 1-1 mM) m the presence of glucose induces a
transient depletion of GSH as tBuOOH 1s re-
duced via glutathione peroxidase to t-butyl al-
cohol (tBuOH) (Fig 1) The duration of the de-
pletion and the rate of restoration of GSH are
dependent on the concentration of ¢BuOOH
These results are similar to those obtained previ-
ously with human and mouse erythrocytes using
shghtly different incubation conditions [19,34,35]

Lipid peroxidation following tBuOOH

Treatment of human and mouse erythrocytes
with tBuOOH also results in the production of
malonyldialdehyde derived primanly from per-
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Fig 1 GSH content of human erythrocyte suspensions follow-
ing addition of tBuOOH Erythrocytes (5% v/v) in standard
buffer containing oleic acid (10 pM) complexed to fatty acid
free bovine serum albumun (1 65 mg,/ml) were treated with 0
(#),01 (v), 05 (@), or 1 0 mM (a) tBuOOH or tBuOH (10
mM) (0) at + =0 and then incubated at 37°C for the times
indicated GSH was measured 1n duphcate aliquots of each
suspension as described in Experimental Procedures
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oxidation of membrane phospholipid fatty acids
[17-19.35] Measurement of the release of free
malonyldialdehyde does not quantitatively reflect
total lipid peroxidation because the amount
formed 1s a function of the polyunsaturated fatty
acid composition of the membrane [36] and be-
cause some of the malonyldialdehyde formed re-
acts with other membrane components and 1s not
released [1,2] However, when comparisons of the
amount of hpid peroxidation induced by an oxi-
dant such as tBuOOH are made within the same
membrane system, as in this study, measurement
of malonyldialdehyde relase 1s a simple and widely
used method to assess the degree of lipid per-
oxidation [17-21,31] Under the conditions em-
ployed in this study, treatment of erythrocytes
with tBuOOH (0 5-1 0 mM) results 1n release of
malonyldialdehyde and depletion of GSH The
amount of malonyldialdehyde produced increases
with the extent and duration of GSH depletion,
suggesting that sustained depletion of GSH must
occur before sigmficant peroxidation of mem-
brane hipid occurs (Fig 2) [19] Incubation with
01 mM rBuOOH, which 1s rapidly reduced by
glutathione peroxidase 1n the presence of glucose,
does not result in detectable release of malonyl-
dialdehyde
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Fig 2 Formation of Malonyldialdehyde by human erythrocyte
suspensions following addition of tBuOOH Erythrocytes (5%
v/v) were incubated with tBuOOH or tBuOH as in Fig 1
Malonyldialdehyde production was measured in duphcate
ahquots of each suspension as described in Experimental Pro-
cedures Symbols are as in Fig 1

Effect of tBuOOH on [9,10-°H]oleic acid incorpo-
ration into phospholipid

Since the erythrocyte lacks the ability to syn-
thesize fatty acid or phospholipid de novo. repair
of oxidant injury to membrane phospholipid fatty
acids 1n erythrocytes 1s hmited to replacement of
oxidized fatty acids via deacylation and reacyla-
tion 1n situ using exogenous fatty acids {13-16] In
this study oleic acid has been employed as the
exogenous fatty acid substrate because 1t 1s less
susceptible to peroxidaton than polyunsaturated
fatty acids and 1s incorporated primarily nto the
2-position of phospholipids, the site at which
polyunsaturated fatty acids are esterified [14]
Thus, changes in the incorporation of exogenous
olerc acid into phospholipid could reflect changes
in turnover occurring primarily at the 2-position
of membrane phospholipids following oxidation
of the polyunsaturated fatty acids estenified there

Exposure of human erythrocytes to tBuOOH
increases the rate of incorporation of [9,10-
*HJoleic acid nto PE (Fig 3) Ths change in the
rate of [9.10->Hloleic acid incorporation begins
following a brief lag pertod similar to that for
malonyldialdehyde production The rate of [9,10-
*Hloleic acid incorporation mnto PE remains
elevated even though the concentration of
tBuOOH dechnes as 1t 1s reduced by GSH [18]
The stimulation of [9,10-*H]oleic acid incorpora-
tion mto PE and malonyldialdehyde production
show a parallel dependence on mtial tBuOOH
concentration (Fig 4) Thus, no stimulation of
[9.10-*H]oleic acid incorporation into PE 1s ob-
served following exposure to 01 mM tBuOOH
while progressively greater enhancement of incor-
poration occurs with 05 -10 mM tBuOOH Re-
lease of malonyldialdehyde shows a stmilar depen-
dence on tBuOOH concentration (Fig 4), but no
direct stoichiometric relationship between malon-
yldialdehyde production and [9,10-’HJoleic acid
incorporation 1s observed The ratio of malonyldi-
aldehyde released to [9,10-°HJolexc acid incorpo-
rated 1s approx 40 1 Thus, malonyldialdehyde
production greatly exceeds the amount by which
[9 10-*H]Joleic acid incorporation 1s increased fol-
lowing tBuOOH In contrast to the effect of
tBuOOH on [9,10-*H]Joleic acid incorporation into
PE, incorporation of [9.10-*H]oleic acid mto PC
decreases following treatment with tBuOOH (Fig



44 1

d incorporated
2 pmol P)

(nmo! x 10

[9 1073 H] Oleic aci

] 15 30 45 60
Time (min)

Fig 3 Incorporation of [9,10->Hjoleic acid mto PE by human
erythrocytes following addition of tBuOOH Erythrocytes (5%
v/v) 1n standard buffer containing [9,10-*H]oleic acid (10 pM)
complexed to fatty acid-free bovine serum albumun (165
mg,/ml) were incubated in the presence (a) or absence (®) of
tBuOOH (10 mM) or tBuOH (10 mM) (®) At the times
indicated, cells were 1solated from duplicate aliquots of each
suspension, washed with 1% bovine serum albumun 1n buffer,
extracted with CHCl; and CH;OH and phospholipids sep-
arated by thin-layer chromatography as described in Expern-
mental Procedures

5) with inlubition becoming greater as the initial
concentration of tBuOOH 1s increased (Table I)
tBuOOH exposure has similar effects on [9,10-
>H)palmitic acid and [5,6,8,9,11,12,14,15-
3HJarachidonic acid incorporation into PE and
PC Thus, tBuOOH (1 mM) increases [9,10-
3H]palmutic acid mcorporation mnto PE from 0 14
to 109 nmol/pumol P per h while incorporation
mnto PC decreases from 0 32 to 0 26 nmol /pmol P
per h [5,6,8,9,11,12.14.15-3H]Arach1domc acid -
corporation mto PE 1s increased from 0020 to
0026 nmol/pmol P per h by tBuOOH (1 mM)
while incorporation into PC decreases from 0 034
to 0 314 nmol/pmol P per h (means of duplicate
experiments) Exposure of erythrocytes to tBuOH
(1 mM), which accumulates in the cells and
medium as BuOOH 1s reduced by glutathione
peroxidase [17], did not alter the incorporation of
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Fig 4 The effect of [tBuOOH] on mcorporation of [9,10-
3HJoleic acid nto PE and malonyldialdehyde production by
human erythrocytes Erythrocytes (5% v/v) in standard buffer
containing [9,10-*H]oleic acid complexed to bovine serum
albumin as in Fig 3 were incubated with varying concentra-
tions of tBuOOH for 30 min at 37°C Malonyldialdehyde
production (a) and [9,10-*H)oleic acid incorporation into PE
(®) were determined as described 1n Experimental Procedures

(9,10-*H]oleic acid into phospholipid by erythro-
cytes nor lead to production of malonyldialdehyde
or a decrease 1n GSH (Figs 1-3, 5)

Role of hpid peroxidanion in tBuOOH-induced alter-
anons i [9,10-°H]oleic acid incorporation

The relationship of the tBuOOH-induced alter-
ations 1 [9,10-*HJoleic acid incorporation 1nto
phospholipid to the peroxidation of membrane
lipid was assessed by examuning the effect of
tBuOOH on [9,10-*H]oleic acid incorporation un-
der conditions where hipid peroxidation 1s 1n-
hibited Ascorbic acid has been shown to prevent
tBuOOH-induced hpid peroxidation in erythro-
cytes without preventing BuOOH-mduced oxida-
tion of Hb to MetHb [18] Addition of ascorbic
acid (05 mM) prevents both the rBuOOH-in-
duced formation of malonyldialdehyde and the
selective sttmulation of [9,10-*HJoleic acid incor-
poration 1nto PE without preventing the
tBuOOH-induced decrease in GSH or [9,10-
*Hloleic acid incorporation into PC (Table II)
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Fig 5 Incorporation of [9 10-*H]oleic acid into PC by human
erythrocytes following addition of tBuOOH Erythrocytes were
incubated with tBuOOH or tBuOH and phospholipids ex-
tracted and separated as described in Fig 3 Symbols are as mn
Fig 3

Addition of ascorbic acid (0 5 mM) alone does not
cause release of malonyldialdehyde nor alter the
rate of incorporation of [9,10-*HJoleic acid into
phospholipid

Effects of Hb oxidation on the tBuOOH-induced
alterations in [9,10-°H]oleic acid incorporation
The effect of alterating the oxidation state of

TABLE I

THE EFFECT OF [tBuOOH} ON INCORPORATION OF
[9 10-*HJOLEIC ACID INTO PHOSPHATIDYLCHOLINE
(PC) BY HUMAN ERYTHROCYTES

Erythrocytes were incubated as m Fig 4 with [9 10-*HJoleic
acid and varying concentrations of tBuOOH for 30 mun at
37°C Phospholipids were extracted and separated as in Fig 4

[¢BuOOH] PC

(mM) (nmol/pmol P)
0 039

01 039

05 036

10 024

Hb on the /BuOOH-induced perturbations of
phospholipid fatty acid turnover was assessed by
examining the effects of tBuOOH on erythrocytes
pretreated with NaNQO, to convert Hb to MetHb
[18] Treatment of MetHb containing erythrocytes
with tBuOOH results in release of malonyldialde-
hyde and a decrease in GSH simular to that ob-
served in Hb contaming cells (Table 111} How-
ever, no stimulation of [9,10- *H]oleic acid incor-
poration into PE occurs in MetHb containing cells
following ¢BuOOH exposure Incorporation of
[9,10- *H]oleic acid into PC, which 1s decreased by
tBuOOH 1n Hb contaming cells. 1s decreased even
further ;n MetHb containing cells following ex-
posure to t BuOOH

Effect of altered transmembrane gradients for
calcium and potassium on tBuOOH-induced alter-
ations in [9.10- "HJoleic acid incorporation
Changes n erythrocyte calcium and potassium
permeability induced by 1onophores are associated
with a selective stimulation of fatty acid incorpo-
ration into PE [27-29] Because changes in both
calcium and potassium permeability and the func-

TABLE 11

THE EFFECT OF ASCORBIC ACID ON MALONYLDIAL-
DEHYDE PRODUCTION, GSH CONTENT AND INCOR-
PORATION OF [9,10-*HJOLEIC ACID INTO PHOS-
PHATIDYLETHANOLAMINE (PE) AND PHOSPHATI-
DYLCHOLINE (PC) FOLLOWING ADDITION OF
tBuOOH

Erythrocytes suspended 1n standard buffer (5% v/v) m the
presence and absence of ascorbic acid (05 mM) were in-
cubated with [9,10->H]oleic acid complexed to bovine serum
albumun as in Fig 3 in the presence and absence of tBuOOH
(1 mM) Following incubation for 15 mun at 37°C, duphcate
aliquots were removed from each suspension for determination
of malonyldialdehyde production, GSH content and incorpora-
tion of [910-*Hloleic acid mmto PE and PC as described 1n
Experimental Procedures

Addition GSH Malonyldial- PE PC
(pmol/ dehyde (nmol / (nmol/
g Hb) (nmol/g Hb) pmol P) pmol P)

None 44 25 0035 0073
Ascorbate 38 40 0038 0069
tBuOOH 04 710 0087 0022
tBuOOH +

ascorbate 04 150 0039 0029
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TABLE III

THE EFFECT OF tBuOOH ON MALONYLDIALDEHYDE PRODUCTION, GSH CONTENT AND INCORPORATION OF
[9,10-*HJOLEIC ACID INTO PHOSPHATIDYLETHANOLAMINE (PE) AND PHOSPHATIDYLCHOLINE (PC) IN MetHb-
ERYTHROCYTES

Erythrocytes were pretreated with NaNO, as described in Experimental Procedures to convert Hb to metHb MetHb and Hb
containing erythrocytes (5%v,/v) were then incubated at 37°C 1n standard buffer containing {9 10-*Hjoleic acid- bovine serum
albumin as in Fig 3 and treated with tBuOOH(1 0 mM) After 15 min duphcate aliquots of each suspension were removed for
measurement of malonyldialdehyde production, glutathione content and mncorporation of [9,10-*Hloleic acid into PE and PC as
described 1n Expertmental Procedures

Pretreatment Addition GSH Malonyldialdehyde PE PC
(pmol/g Hb) (nmol/g Hb) (nmol/ (nmol/
wmol P) pmol P)
None None 51 0 0035 0085
NaNO, None 52 53 0032 0072
None tBuOOH 05 675 0106 0035
NaNO, tBuOOH 08 700 0029 0010

tion of the transport mechanisms for these ions
occur following exposure of erythrocytes to oxi-
dants [23.24], 1t 1s possible that the effect of
tBuOOH on [9,10-*H]oleic acid incorporation into
PE 15 a consequence of a tBuOOH-1nduced alter-
ation 1n cellular calctum or potassium content To
address this question the effects of tBuOOH on

TABLE IV

lipid peroxidation and {9,10-’HJoleic acid incor-
poration were examined under conditions where
no net transmembrane movement of calcium or
potassium can occur because the transmembrane
gradients for these 10ns are dissipated Incubation
of erythrocytes in a buffer contaiming 125 mM
K™, which would prevent net efflux of K* from

EFFECT OF ALTERED TRANSMEMBRANE GRADIENTS FOR POTASSIUM AND CALCIUM ON MALONYLDIALDE-
HYDE PRODUCTION AND INCORPORATION OF [9,10-*HJOLEIC ACID INTO PHOSPHATIDYLETHANOLAMINE (PE)
BY HUMAN ERYTHROCYTES FOLLOWING ADDITION OF tBuOOH

Erythrocytes (5% v/v) were incubated 1n either standard buffer or a modified buffer In Experiment 1, the standard buffer was
modified by raising [KCl] from 5 mM to 125 mM and reducing {NaCl] from 145 mM to 25 mM In Experiment 2 11 mM EGTA was
added to completely chelate extracellular Ca’* Malonyldialdehyde production and [9.10-*Hjoleic acid incorporation were de-
termined on duplicate aliquots of each suspension after incubation for 30 mun in the presence and absence of tBuOOH (1 mM)
[9.10-3H]Oleic acid incorporation mto PE 1s expressed as the ratio of (incorporation 1 the modified buffer) /(incorporation 1in the
standard buffer in the absence of tBuOOH) % 100

Buffer tBuOQOH Malonyldialdehyde [9,10-*H]Oleic aud mncorporation
Modification (1 mM) (nmol /g Hb) into PE (% of control)
Experiment 1
None - 3 100
+ 57 490
125 mM K(l - 3 103
+ 53 467
Experiment 2
None - 0 100
+ 101 650
11 mM EGTA - 1 96
+ 95 714
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the cell following any rBuOOH-induced increase
in K7 permeability [28], had no effect on
tBuOOH-1nduced malonyldialdehyde production
or the ¢-BuOOH-induced stimulation of [9,10-
*Hjoleic acid incorporation mto PE (Table IV)
Addition of 11 mM ethylene glycol bis(B-
aminoethyl ether)-N, N, N’ N'-tetracetic acid
(EGTA) which 1s sufficient to chelate all ex-
traceliular calctum and would thus prevent caleium
influx nto the cells following any rBuOOH-in-
duced increase n calcium permeability [28], also
had no effect on the tBuOOH-1nduced increase n
malonyldialdehyde production or [9,10-*Hjoleic
acid incorporation mto PE

Discussion

The importance of the in situ acylation-deacyl-
ation pathway in the response of normal erythro-
cytes to oxidant stress has not been fully evaluated
Earlier studies showed that fatty acid incorpora-
tion into PE increased following exposure of
vitamin E deficient erythrocytes to H,O, 1n vitro
(371 More recently, alterations in cell volume,
filterability and cation permeability have been de-
tected in vitamun E deficient erythrocytes exposed
to H,O, under 1dentical conditions [38] In the
present study the effects of oxidant stress on the
pathway for deacylation and reacylation of mem-
brane phospholipid 1n situ have been studied by
examining the effects of tBuOOH on the incorpo-
ration of exogenous [9,10->HJoleic acid into phos-
pholipid by human erythrocytes

Exposure of normal human erythrocytes to
tBuOOH results 1n depletion of GSH [18,34] (Fig
1) oxidation of Hb to MetHb (18] and release of
malonyldialdehyde, a lipid peroxidation product
[18] (Fig 2) Exposure of erythrocytes to tBuOOH
also simultaneously increases incorporation of ex-
ogenous [9,10°-H]oleic acid mto PE (Fig 3) In-
creased incorporation of [9,10-*Hloleic acid mto
PE continues even after reduction of :BuOOH to
tBuOH 1s completed (Figs 1 and 3) [18] This
increase 1 the rate of {9,10-?HJoleic acid incorpo-
ration into PE shows a dependence on initial
tBuOOH concentration which parallels that for
malonyldialdehyde formation (Fig 4), suggesting
that the stimulation of phospholipid fatty acid
turnover 1s associated with the peroxidation of

membrane phospholipid fatty acids However, no
stoichiometric relationship between these two
tBuOOH i1nduced processes has been demon-
strated The amount of malonyidialdehyde formed
exceeds the amount of [9,10*-H]oleic actd mcorpo-
rated by a ratio of 40 1 (Fig 4) The lack of a
direct stoichiometrnic relationship suggests that the
capactty of the acylation-deacylation pathway to
replace all of the fatty acid oxidized with oleic
acid 15 hmited by either the incomplete removal of
oxtdized fatty acids from their glycerol ester link-
ages or the mability of oleic acid to substitute for
all of the oxidized fatty acids hydrolyzed It may
also reflect the contribution of oxidation products
derived from other hipid and non-iprd cellular
components to malonyldialdehyde formation

Addition of rBuOOH to cells suspended in
buffer containing ascorbic acid prevents the re-
lease of malonyldialdehyde and the stimulation of
[9.10°-H]oleic acid incorporation into PE (Table
IT) Since ascorbic acid scavenges r-butoxyl radi-
cals and prevents tBuOOH-mediated lipid per-
oxidation but not tBuOOH-mediated-Hb oxida-
tion n erythrocytes {19], these observations sug-
gest that the stimulation of [9,10-’Hjoleic acid
mcorporation mto PE following (BuOOH ex-
posure 1s related to the degree of lipid peroxida-
tion (Figs 3 and 4) However when erythrocytes
are pre-treated with NaNO, to convert Hb to
MetHb [19], BuOOH Sull causes release of
malonyldialdehyde but there 1s no enhancement of
[9.10- *Hjoleic acid incorporation into PE (Table
1I1) Thus, the simulation of [9,10-*Hjoleic acid
incorporation mto PE occurs only under condi-
tions where lipid peroxidation can occur but 1s not
directly related to the formation and release of
malonyldialdehyde These results suggest that this
stimulation may be triggered by the presence ot
lipid peroxides or decomposition products within
the membrane whose formaton 1s mhibited when
Hb 1s completely converted to MetHb

The mechamisms by which tBuOOH alters the
activity of the pathway for fatty acid incorpora-
uon into PE have not yet been elucidated Since
availability of lysophospholipid has been shown to
be the rate-hmiting step for acyl-CoA-lysophos-
pholipid acyltransferase activity 1n a variety of
systems [39] the rBuOOH-1nduced stimulation of
[9.10-*Hjoleic acid incorporation nto PE may re-



flect increased availability of lyso-PE formed by
either direct oxidation of unsaturated fatty acids
or the action of an endogenous phospholipase A ,
In vitro studies have shown that oxidized phos-
pholipids are better substrates for phospholipase
A, than native phospholipids [11.12], In the
erythrocyte. phospholipase A, activity cannot be
assayed directly because reacylation cannot be
completely inhibited so that accumulation of de-
tectable levels of lysophospholipid does not occur
Use of phospholipase mnhibitors such as mepacrine
1s also not feasible in the erythrocyte since 1t has
been shown previously that mepacrine interacts
directly with membrane PE [40] Thus, 1t 1s not yet
possible to determune whether the increase in -
corporation of exogenous [9,10-*H]oleic acid 1into
PE following tBuOOH exposure 1s due to activa-
tion of an endogenous phospholipase or to direct
stimulation of acyl-CoA-lysophosphatidylethanol-
amine acyltransferase

Alterations 1n both the potassium and calcrum
permeability of erythrocyte membranes have been
observed following exposure to oxidants [23,24]
Since similar alterations 1n calcium and potassium
permeability induced by exposure of erythrocytes
to 1onophores have been associated with stimula-
tion of the incorporation of exogenous fatty acids
into PE [27--29], the possibility that the effects of
tBuOOH on [9.10-*HJoleic acid incorporation mto
PE are due to alterations 1n potassium or calcium
pemeability was examined The lack of effect of
alterations 1n the transmembrane gradients for
potasstum or calcium on the rBuOOH-induced
alterations 1 [9.10-°HJoleic acid incorporation or
malonyldialdehyde production (Table IV) indicate
that rtBuOOH exposure influences the pathway
for acylation and deacylation of PE directly rather
than by merely causing net transmembrane move-
ment of calcium or potassium

In contrast to the effect of szBuOOH on [9,10-
*Hloleic acid incorporation nto PE, incorporation
of exogenous [9,10-*Hloleic acid mnto PC decreases
following rBuOOH exposure (Fig 5) This de-
crease 1n [9,10-*H]oleic acid incorporation 1s not
prevented by addition of ascorbic acid (Table II)
and 1s greater in MetHb containing erythrocytes
(Table III) The inhibition of [9,10-*H]olerc acid
incorporation mto PC thus does not require the
peroxidation of membrane lipid but rather 1s asso-

77

ciated with the formation of MetHb and oxidation
of GSH These results suggest that the inhibition
of [9,10-°H]oleic acid mncorporation into PC re-
flects oxidation of a sensitive sulfhydryl group on
one of the enzymes 1n the pathway Such a mecha-
nism has been proposed to account for altered
phospholipid fatty acid turnover in 1solated liver
mitochondna following exposure to t BuOOH [41]
These results also indicate that tBuOOH affects
the turnover of [9,10-*H]oleic acid in PC and PE
by different mechanisms and that there are sep-
arate pathways for acylation and deacylation of
these two phospholipid classes in the erythrocyte
The step(s) in the pathway for acylation and
deacylation of PC at which mhibition occurs has
not yet been eluctdated The inhibition of [9.10-
‘Hjoleic acid turnover within membrane PC
pool(s) would permit oxidized fatty acids to accu-
mulate 1n the membrane following exposure to
tBuOOH and could interfere with membrane
function by either perturbing the hydrophobic lipid
bilayer or by reacting covalently with membrane
protemns and/or hpids [1.2,7.8] Recent studies
have shown that inhibition of fatty acid incorpora-
tion 1mnto PC 1s associated with cellular injury 1n
1schemic myocardium [42] and also occurs 1n
erythrocytes obtained from sheep after exposure
of the animals to normobaric hyperoxia [43] Thus,
it 1s possible that the mhibition of [9,10-*H]oleic
acid 1ncorporation mto PC observed i human
erythrocytes following exposure to tBuOOH re-
flects an early step 1 the pathogenesis of
oxidant-induced cellular injury
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