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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 t-butyl hydroperoxide. Exposure of human erythrocytes to t-butyl hydroperoxide 
(0.5-1.0 raM) results in oxidation of glutathione, formation of malonyldialdehyde, and oxidation of 
hemoglobin to methemogiobin. Under these conditions, incorporation of exogenous [9,10-3H]oleic acid into 
phosphatidylethanolamine is enhanced while incorporation of [9,10-aH]oleic acid into phosphatidylcholine is 
decreased. These effects of t-butyl hydroperoxide on 19,10-3H]oleic acid incorporation are not affected by 
dissipating transmembrane gradients for calcium and potassium. When malonyldialdehyde production is 
inhibited by addition of ascorbic acid, t-butyl hydroperoxide still decreases [9,10-3H]oleic acid incorporation 
into phosphatidylcholine but no stimulation of [9,10-3H]oleic acid incorporation into phosphatidylethanola- 
mine occurs. In cells pre-treated with NaNO 2 to convert hemoglobin to methemoglobin, t-butyl hydroper- 
oxide reduces [9,10-3H]oleic acid incorporation into phosphatidylcholine by erythrocytes but does not 
stimulate [9,10-3H]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 

Peroxldatlon of the polyunsaturated fatty acids 
of membrane phosphohpids alters membrane 
physical properties and disrupts the function of 
membrane proteins by (i) causing the release of 
acyl chain fragments such as malonyldlaldehyde 
which can react with and crosshnk armno groups 
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in membrane phosphohplds and proteins [1-6], 
and (n) generatmg phosphohplds containing 
carbonyl, epoxy, peroxy- and hydroxyl fatty aods 
[7,8] These altered fatty aods differ in physical 
properties from native fatty acids and could dis- 
rupt lipid-lipid and lipid-protein interactions in 
the cell membrane Imtlation of these free 
radical-mediated processes occurs under both 
physiological condmons and dunng exposure of 
cells to elevated Po2, mtrogen oxades, aromatic 
xenoblotics and radiation [1,2] Free radicals are 
also involved in cellular injury occurring as a 
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consequence of inflammation and lschemm [1,9] 
The ability of cells to remove oxidized fatty 

acids from membrane phosphohplds and to re- 
store normal phosphollpld fatty acid composmon 
wa deacylat~on and reacylaUon m s~tu may be one 
deternunant of the ability of cells to tolerate 
ox~datwe stress The role of phosphohpld fatty 
acid turnover m sxtu m the response of cells to 
oxldatwe stress has not been thoroughly stu&ed 
Alteration m the turnover of membrane phos- 
phohpid fatty acids may be one of earhest changes 
m cellular function occurring after oxidant ex- 
posure and precede s~gmficant accumulation of 
hpld peroxides [10] Recent stu&es m isolated 
membrane systems have suggested that phos- 
phohpases have greater activity toward phos- 
phollp~ds containing peroxldtzed fatty acids than 
intact fatty acids and that removal of peroxadlzed 
fatty acids from phosphohplds by phosphohpase 
A~ precedes reduction of these compounds by 
glutathlone peroxxdase [11,12] 

In thts study the human erythrocyte has been 
employed as a model system to assess the effects 
of ox~datwe stress reduced by treatment w~th t- 
butyl hydroperoxlde ( tBuOOH) on the pathway 
for m sttu phosphollpad fatty acid turnover Use 
of the erythrocyte as a model system ~s physiologi- 
cally relevant because the erythrocyte is normally 
exposed to lugh mtracellular and extracellular p 02 
xn wvo The erythrocyte is also &rectly exposed to 
ingested drugs, inhaled gases and activated neu- 
trophfls which are capable of generating free radi- 
cals in the clrculauon [2,9] Because the erythro- 
cyte lacks the enzymes for synthesis of phos- 
phohp~d and fatty acid de novo, renewal of mem- 
brane phosphohp~d fatty acids is hmated to the 
pathway for deacylat~on and reacylaUon m s~tu 
uuhzang exogenous fatty acid [13-16] 

Exposure of human erythrocytes to tBuOOH 
has been shown to cause oxidation of hemoglobin 
(Hb) and perox~dat~on of membrane lipid by a 
heme-catalyzed free radical-medmted process re- 
volving t-butoxy ra&cals [17-21] FormaUon of 
these oxidation products has been shown to result 
in mcreased crosshnkmg of membrane proteins 
and reduced membrane deformability [21,22] In 
tlus study treatment of human erythrocytes w~th 
tBuOOH has been shown to sumulate incorpora- 
tion of exogenous fatty acids into phosphandyl- 

ethanolanune (PE) and to inhibit mcorporauon of 
exogenous fatty acids into phosphatldylchohne 
(PC) The relationship between these alterations m 
fatty acid mcorporauon, tBuOOH-mduced per- 
oxidation of membrane lipid and the ox~datlon 
state of Hb are examined In addlt~on, since alter- 
at~ons in cellular calcmm and potassium homeos- 
tasts have been ~mphcated in the pathogenesls of 
cell injury following hp~d peroxldat~on in erythro- 
cytes and other systems [23-26] and have been 
shown to influence erythrocyte phosphohp~d fatty 
acid turnover &rectly [27-29], the effects of al- 
tered transmembrane gradients for both potas- 
smm and calcium on the activity of the acylauon- 
deacylat~on pathway following tBuOOH exposure 
have been examined 

Experimental procedures 

Erythrocyte preparation Heparmlzed venous 
blood was obtained from normal human donors 
Erythrocytes were separated from plasma and 
leukocytes by centrffugaUon at 800 x g for 7 nun 
at room temperature and washed four t~mes w~th 
five volumes of a standard buffer containing 140 
mM NaC1, 5 mM KC1, 1 mM MgSO 4, 1 mM 
CaC12, 1 mM NaH2PO 4, 5 mM glucose, 10 mM 
Tns  (pH 7 4) Methemoglobm (MetHb) contain- 
mg erythrocytes were prepared as described 
[18-20] by suspending washed erythrocytes (20% 
v /v )  m a solution composed of equal volumes of 
29 mM NaNO 2 and standard buffer for 10 man at 
room temperature The cells were then washed five 
times with 10 volumes of standard buffer and 
resuspended (5% v /v)  m that buffer 

Incorporation of [9,10- ~H]oletc actd bs' erythro- 
cvte~ Erythrocytes (5% v /v)  were incubated at 
37°C under air with [9,10-3H]olelc acid (10 pM, 1 
C1/mol) (Amersham) complexed to fatty acid-free 
bovine serum albumin (1 65 mg/ml)  (Sigma) [16] 
in the presence or absence of tBuOOH (Aldrich) 
After incubation duphcate ahquots of the cell 
suspensions were washed three times w~th five 
volumes of buffer containing 1% bovine serum 
albumin and lysed by treating the cell pellet with 
an equal volume of water Ltplds were then lm- 
medmtely extracted three times w~th five volumes 
of methanol and chloroform as described [16] 

Following removal of ahquots for determana- 



tion of hpld phosphorus and total radioactivity 
[161. extracts were concentrated under nitrogen 
and applied to a thin layer of Sthca H prepared 
wtth 1 mM NaECO 3 Thin-layer plates were devel- 
oped first m CH3COOC:Hs/CH3COOH (98 2, 
v /v )  to separate neutral hplds and phosphohpids, 
dried in air and then developed m CHC13/ 
CH3OH/CH3COOH/H20 (50 20 5 2, v /v )  to 
separate mdivldual phosphohpid classes Llplds 
were visualized by brief exposure to 12 vapor and 
identified by co-chromatography with standards 
Radioactivity was determined by liquid sclntil- 
latton counting after scraping gel fractions into 
scintillation vials and adding scintillation fluid 
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 LS2800) Calculations were based on the 
specific activity of exogenous fatty acid Isolation 
of [9A0-3H]olelc acid incorporated into phos- 
phohpids in the presence or absence of tBuOOH 
by acidic methanolysls and gas chromatography 
[30] showed that its radiopurity was unaltered 
tBuOOH dtd not affect the recovery of phos- 
phohptd from erythrocytes 

Malonyldmldehyde release from erythrocytes 
Lipid peroxadatlon was assessed by measuring the 
appearance of malonyldialdehyde in erythrocyte 
suspensions incubated with unlabeled oletc acid 
complexed to bovine serum alburmn Ahquots of 
erythrocyte suspension (5% v /v)  were treated wtth 
one-half volume of 28% w / v  trlchloroacetic 
ac id /0  1 M sodium arsenlte to precipitate protean 
One volume of 0 1 M thmbarblturic acid m 1 M 
NaOH was added to four volumes of the acid 
supernatant and the mixture heated in a bothng 
water bath for 15 min Samples were then cooled 
rapidly m an ice bath and absorbance measured at 
532 nm with correction for a reagent blank [31] 

Reduced glutathlone content of erythrocytes Re- 
duced glutatIuone (GSH) content of erythrocytes 
was determined by measunng acid-soluble sulf- 
hydryl groups zn the same trtchloroacetic acid 
supernatant used for malonyldlaldehyde de- 
termination Sulfhydryl content was determined 
by adding one volume of acid supernatant to two 
volumes 1 M Trls (pH 8 0), addmg 0 2 volume of 
0 01 M 5,5'-dithlobls(2-nitrobenzoic acid) (pH 7 0) 
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and measuring absorbance at 412 nm with correc- 
tton for a reagent blank [32] 

Hb content of erythrocyte suspenswns Total Hb 
content of erythrocyte suspensions was measured 
by the cyanomethemoglobm method of Drabkln 
and Austin [33] 

Results 

GSH following tBuOOH 
Exposure of human erythrocytes to tBuOOH 

(0 1-1 raM) in the presence of glucose reduces a 
transient depletion of GSH as tBuOOH is re- 
duced via glutattuone peroxldase to t-butyl al- 
cohol ( tBuOH) (Fig 1) The durauon of the de- 
pletion and the rate of restorauon of GSH are 
dependent on the concentrauon of tBuOOH 
These results are simdar to those obtamed previ- 
ously wtth human and mouse erythrocytes using 
slightly different incubation conditions [19,34,35] 

Llptd peroxtdanon followmg tBuOOH 
Treatment of human and mouse erythrocytes 

with tBuOOH also results in the production of 
malonyldlaldehyde derived pnmarily from per- 
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F~g 1 GSH content of human erythrocyte suspenszons follow- 
mg addmon of tBuOOH Erythrocytes (5% v/v)  m standard 
buffer contmnmg olelc aod  (10 pM) complexed to fatty acid 
free bovine serum albunun (1 65 mg/ml)  were treated with 0 
(O), 0 1 (v), 0 5 (I) ,  or 1 0 m M ( * )  tBuOOH or tBuOH (1 0 
raM) (0) at t = 0 and then incubated at 37°C for the throes 

indicated GSH was measured nn duphcate ahquots of each 
suspension as described in Experimental Procedures 
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oxidation of membrane phosphollpld fatty acids 
[17-19,35] Measurement of the release of free 
malonyldlaldehyde does not quantitatively reflect 
total lipid peroxldatlon because the amount 
formed is a functmn of the polyunsaturated fatty 
acid composition of the membrane [36] and be- 
cause some of the malonyldmldehyde formed re- 
acts with other membrane components and ~s not 
released [1,2] However, when comparisons of the 
amount of lipid peroxldatlon Induced by an oxi- 
dant such as tBuOOH are made w~thin the same 
membrane system, as In tins study, measurement 
of malonyldmldehyde relase is a simple and widely 
used method to assess the degree of hp~d per- 
oxidation [17-21,31] Under the conditions em- 
ployed in this study, treatment of erythrocytes 
with tBuOOH (0 5-1 0 mM) results in release of 
malonyldialdehyde and depletion of GSH The 
amount of malonyldxaldehyde produced increases 
with the extent and duration of GSH depletmn, 
suggesting that sustained depleuon of GSH must 
occur before s~gmflcant peroxldatlon of mem- 
brane hpid occurs (Fig 2) [19] Incubation with 
0 1 mM tBuOOH, which IS rapidly reduced by 
glutathione perox~dase in the presence of glucose, 
does not result in detectable release of malonyl- 
dlaldehyde 
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Fig 2 Formation of Malonyldtaldehyde by human er3throcyte 
suspensions following addition of tBuOOH Erythrocytes (5% 
v/v) were incubated with tBuOOH or tBuOH as m Fig 1 
Malonyldialdehyde production was measured in duphcate 
ahquots of each suspension as described m Experimental Pro- 
cedures Symbols are as in Fig 1 

Effect of tBuOOH on [9,10-3H]olew acid mcorpo- 
ratlon mto phosphohpzd 

Since the erythrocyte lacks the ability to syn- 
thesize fatty acid or phosphohpld de novo, repair 
of oxidant injury to membrane phospholipld fatty 
acids in erythrocytes is hmlted to replacement of 
oxidized fatty acids via deacylatlon and reacyla- 
tlon m SltU using exogenous fatty acids [13-16] In 
tins study oleic acid has been employed as the 
exogenous fatty acid substrate because It IS less 
susceptible to peroxldaton than polyunsaturated 
fatty acids and ~s incorporated primarily into the 
2-posmon of phosphohplds, the site at winch 
polyunsaturated fatty acids are estenfied [14] 
Thus, changes In the incorporation of exogenous 
olelc acid into phosphohpld could reflect changes 
m turnover occurring primarily at the 2-position 
of membrane phosphohplds foUowmg oxidation 
of the polyunsaturated fatty acids esterffled there 

Exposure of human erythrocytes to tBuOOH 
increases the rate of incorporatmn of [9,10- 
3H]oleac acid into PE (Fig 3) This change in the 
rate of [9,10-3H]olelc acid incorporation begins 
following a brief lag period similar to that for 
malonyldmldehyde production The rate of [9,10- 
~H]oleic acid incorporatmn into PE remains 
elevated even though the concentration of 
tBuOOH declines as It is reduced by GSH [18] 
The stimulation of [9,10-3H]olexc acid incorpora- 
tion into PE and malonyldlaldehyde production 
show a parallel dependence on lmtxal tBuOOH 
concentration (Fig 4) Thus, no stimulauon of 
[9,10-3H]olelc acid Incorporation Into PE is ob- 
served following exposure to 0 1 mM tBuOOH 
winle progressively greater enhancement of incor- 
poration occurs with 0 5 -1 0 mM tBuOOH Re- 
lease of malonyldIaldehyde shows a similar depen- 
dence on tBuOOH concentratmn (Fig 4), but no 
direct sto~chIometnc relauonsinp between malon- 
yldlaldehyde production and [9,10-3H]olelc acid 
incorporation is observed The ratm of malonyldi- 
aldehyde released to [9,10-3H]olelc acid incorpo- 
rated is approx 40 1 Thus, malonyldtaldehyde 
production greatly exceeds the amount by winch 
[9 10-3H]olelc acid incorporaUon xs increased fol- 
lowing tBuOOH In contrast to the effect of 
tBuOOH on [9,10-3H]olelc acid incorporation into 
PE, incorporation of [9,10-3H]oleIc acid into PC 
decreases following treatment v~xth tBuOOH (Fig 
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Fag 3 lncorporatmn of [9,10-3H]olelc acid into PE by human 
erythrocytes following addmon of tBuOOH Erythrocytes (5% 
v /v )  an standard buffer contammg [9,10-3 H]oleac aod  (10 #M) 
complexed to fatty actd-free bovine serum albuman (1 65 
mg/ml )  were incubated an the presence (A) or absence (e)  of 
tBuOOH (1 0 raM) or tBuOH (1 0 mM) (II) At the tames 
mdacated, cells were asolated from duphcate ahquots of each 
suspensaon, washed wath 1% bovine serum albumin in buffer, 
extracted wath CHCI 3 and CHaOH and phosphohpads sep- 
arated by thin-layer chromatography as described in Experi- 
mental Procedures 
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Fag 4 The effect of [tBuOOH] on mcorporatmn of [9,10- 
3H]oleac acad into PE and malonyldmldehyde productmn by 
human erythrocytes Erythrocytes (5% v /v )  m standard buffer 
containing [9,10-3H]olelc acid complexed to bovine serum 
alburmn as m Fig 3 were incubated with varying concentra- 
taons of tBuOOH for 30 man at 37°C Malonyldmldehyde 
production (A) and [9,10-3H]olem aod  lncorporatmn into PE 
(O) were deternuned as described in Experimental Procedures 

[9,10-3H]olelc actd into phosphohpld by erythro- 
cytes nor lead to production of malonyldlaldehyde 
or a decrease m GSH (Figs 1-3,  5) 

5) wtth intubltlOn beconung greater as the lnltml 
concentration of tBuOOH is increased (Table I) 
tBuOOH exposure has similar effects on [9,10- 
3H]palmtttc acM and [5 ,6 ,8 ,9 ,11,12,14,15-  
3H]aracludonic acid incorporation into PE and 
PC Thus, tBuOOH (1 mM) increases [9,10- 
3H]palrmtlc acid incorporation into PE from 0 14 
to 1 09 n m o l / # m o l  P per h whde mcorporation 
into PC decreases from 0 32 to 0 26 nmol/ f fmol  P 
per h [5,6,8,9,11,12,14,15-3H]Aracbadomc acid in- 
corporation into PE is mcreased from 0 020 to 
0 026 n m o l / # m o l  P per h by tBuOOH (1 mM) 
wtule incorporation into PC decreases from 0 034 
to 0 Q14 n m o l / # m o l  P per h (means of duphcate 
experiments) Exposure of erythrocytes to tBuOH 
(1 raM), wtuch accumulates m the cells and 
medium as tBuOOH is reduced by glutathlone 
peroxidase [17], dtd not alter the incorporation of 

Role of hpld peroxtdatton i n  tBuOOH-mduced alter- 
atlons m [9,10- 3H]olelc acid incorporation 

The relattonstup of the tBuOOH-induced alter- 
atlons in [9,10-3H]oleic acid incorporation into 
phosphohpid to the peroxidatton of membrane 
lipid was assessed by exarmning the effect of 
tBuOOH on [9,10-3H]olelc acid incorporation un- 
der conditions where lipid peroxldatlon ts in- 
hibited Ascorbtc acid has been shown to prevent 
tBuOOH-lnduced lipid peroxJdation in erythro- 
cytes without preventmg tBuOOH-induced oxida- 
tion of Hb to MetHb [18] Addition of ascorbm 
acid (0 5 raM) prevents both the tBuOOH-in- 
duced formation of malonyldlaldehyde and the 
selective stimulation of [9,10-3H]oletc acid incor- 
porat ion mto PE without  preventing the 
tBuOOH-induced decrease m GSH or [9,10- 
~H]oleic acid incorporation mto PC (Table II) 
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Fig 5 Incorporation of [9 10-3H]olelc acid into PC by human  
erythrocytes following addition of t BuOOH Erythrocytes were 
incubated with tBuOOH or tBuOH and phosphohplds  ex- 
tracted and separated as described in Fxg 3 Symbols are as m 
Fig 3 

Addmon  of ascorblc acid (0 5 mM) alone does not 
cause release of malonyldmldehyde nor alter the 
rate of incorporation of [9,10-3H]olelc a o d  into 
phosphohpld 

Effects of Hb oxtdatton on the tBuOOH-mduced 
alterattons m [9,1 O- 3H]olelc acid mcorporatton 

The effect of alteratmg the oxidation state of 

TABLE I 

THE EFFECT OF [ tBuOOH] ON I N C O R P O R A T I O N  OF 
[9 10-3H]OLEIC ACID INTO P H O S P H A T I D Y L C H O L I N E  
(PC) BY H U M A N  ERYTHR OC YT E S  

Erythrocytes were incubated as In Fig 4 w~th [9 10-3H]olelc 
acid and varying concentrations of tBuOOH for 30 m m  at 
37 ° C  Phosphohplds were extracted and separated as m Fig 4 

[ tBuOOH] PC 
(mM) (nmol/~tmol P) 

0 0 39 
01  039 
05  036  
1 0 024  

Hb on the tBuOOH-mduced perturbations of 
phosphohpld fatty acid turnover was assessed by 
examining the effects of tBuOOH on erythrocytes 
pretreated w~th N a N O  2 to convert Hb to MetHb 
[18] Treatment of MetHb containing erythrocytes 
with tBuOOH results m release of malonyldaalde- 
hyde and a decrease m GSH s~mxlar to that ob- 
served in Hb containing cells (Table III) How- 
ever, no stimulation of [9,10-~H]olelc actd incor- 
poration into PE occurs in MetHb containing cells 
following tBuOOH exposure Incorporatton ol 
[9,10-~H]olelc actd into PC, which xs decreased b~ 
tBuOOH m Hb containing cells, is decreased even 
further m MetHb containing cells following ex- 
posure to tBuOOH 

Effect o] altered transmembrane gradtent3 fol 
calctum and potasstum on tBuOOH-mduced altet- 
attons tn [9,10- ~H]olel~ actd mcotporatton 

Changes tn erythrocyte calcium and potassium 
permeabdlty reduced by lonophores are assooated 
w~th a selecuve stimulation of fatty a o d  mcorpo- 
rauon into PE [27-29] Because changes in both 
calcium and potassium permeabdlty and the func- 

TABLE I1 

THE E F F E ( T  OF ASCORBIC ACID ON MALONYLDIAL-  
D E H Y D E  PRODUCTION,  GSH CONTENT A N D  INCOR- 
PORATION OF [9,10-3H]OLEIC ACID INTO PHOS- 
P H A T I D Y L E T H A N O L A M I N E  (PE) AND PHOSPHATI-  
D Y L C H O L I N E  (PC) F O L L O W I N G  A D D I T I O N  OF 
t BuOOH 

Erythrocytes suspended m standard buffer (5% v /v)  m the 
presence and absence of ascorblc aod  (0 5 raM) were in- 
cubated with [9,10-3H]olelc aod  complexed to bovine serum 
albumin as m Fig 3 m the presence and absence of t BuOOH 
(1 mM) Following incubation for 15 m m  at 37°C, duphcate 
ahquots were removed from each suspension for deterrmnatxon 
of malonyldlaldehyde production, GSH content and incorpora- 
tion of [9 10-3H]olelc acid into PE and PC as described m 
Experimental Procedures 

Addition GSH Malonyldlal- PE P(  
(p, m o l /  dehyde (nmol / (nmol /  
g Hb) ( n m o l / g  Hb) ~mol P) /amol P) 

None 4 4 2 5 0 035 0 073 
Ascorbate 3 8 4 0 0 038 0 069 
t BuOOH 0 4 71 0 0 087 0 022 
t B u O O H  + 

ascorbate 0 4 15 0 0 039 0 029 
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TABLE II1 

THE EFFECT OF tBuOOH ON M A L O N Y L D I A L D E H Y D E  PRODUCTION,  GSH C O N T E N T  A N D  I N C O R P O R A T I O N  OF 
[9A0-3H]OLEIC ACID INTO P H O S P H A T I D Y L E T H A N O L A M I N E  (PE) A N D  P H O S P H A T I D Y L C H O L I N E  (PC) IN MetHb- 
ERYTHROCYTES 

Erythrocytes were pretreated with N a N O  2 as described m Experimental Procedures to convert Hb to metHb MetHb and Hb 
containing erytbrocytes (5%v/v) were then incubated at 37° C  m standard buffer containing [9 10-3H]olelc acid- bowne serum 
albumin as m Fig 3 and treated with tBuOOH(1 0 mM) After 15 mm duphcate ahquots of each suspension were removed for 
measurement  of  malonyldmldehyde production, glutathlone content and mcorporatzon of [9,10-3H]ole~c acid into PE and PC as 
described m Experimental Procedures 

Pretreatment Addition GSH Malonyldmldehyde PE PC 
( ~ m o l / g  Hb) ( n m o l / g  Hb) ( n m o l /  ( n m o l /  

/~mol P) /tmol P) 

None None 5 1 0 0 035 0 085 
N a N O  2 None 5 2 5 3 0 032 0 072 
None tBuOOH 0 5 67 5 0 106 0 035 
N a N O  2 t BuOOH 0 8 70 0 0 029 0 010 

uon of the transport mechamsms for these ions 
occur following exposure of erythrocytes to oxi- 
dants [23,24], tt is possible that the effect of 
tBuOOH on [9,10-3H]olelc acid mcorporaUon into 
PE is a consequence of a tBuOOH-mduced alter- 
at~on m cellular calcium or potassmm content To 
address thts question the effects of tBuOOH on 

hpld peroxldatlon and [9,10-3H]olelc acid incor- 
poration were examined under con&tlons where 
no net transmembrane movement of calcium or 
potassium can occur because the transmembrane 
gradients for these ions are &sslpated Incubauon 
of erythrocytes m a buffer contalmng 125 mM 
K +, whach would prevent net efflux of K + from 

TABLE IV 

EFFECT OF A L T E R E D  T R A N S M E M B R A N E  G R A D I E N T S  FOR POTASSIUM A N D  C A L C I U M  ON M A L O N Y L D I A L D E -  
H Y D E  P R O D U C T I O N  A N D  I N C O R P O R A T I O N  OF [9,10-3H]OLEIC ACID INTO P H O S P H A T I D Y L E T H A N O L A M I N E  (PE) 
BY H U M A N  ERYTHROCYT E S  F O L L O W I N G  A D D I T I O N  OF tBuOOH 

Erythrocytes (5% v /v )  were incubated in either standard buffer or a modified buffer In Experiment 1, the standard buffer was 
modified by raising [KC1] from 5 m M  to 125 mM  and reducing [NaC1] from 145 m M  to 25 m M  In Experiment 2 1 1 m M  EGTA was 
added to completely chelate extracellular Ca 2* Malonyldlaldehyde production and [9,10-3H]olelc acid incorporation were de- 
termined on duphcate allquots of each suspension after incubation for 30 rain m the presence and absence of tBuOOH (1 mM) 
[9,10-3H]Olelc acid incorporation into PE is expressed as the ratio of (incorporation m the mo&fled buffer ) / (mcorporauon m the 
s tandard buffer m the absence of t B u O O H ) ×  100 

Buffer tBuOOH Malonyldaaldehyde [9,10-3H]Olelc acid incorporation 
Mo&ficatlon (1 mM) ( n m o l / g  Hb) into PE (% of control) 

Experiment 1 
None  - 3 100 

+ 57 490 
125 m M  KC1 - 3 103 

+ 53 467 

Experiment 2 
None 

1 1 m M  EGTA 

- 0 100 
+ 101 650 
- 1 96 
+ 95 714 
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the cell following any tBuOOH-induced Increase 
m K + permeability [28], had no effect on 
t BuOOH-induced malonyldlaldehyde production 
or the t-BuOOH-mduced stimulation of [9.10- 
~H]olelc acid incorporation into PE (Table IV) 
Addition of 11 mM ethylene glycol bls(/~- 
ammoethyl  e the r ) -N ,N ,N ' ,N ' - t e t r ace t l c  acid 
(EGTA) which is sufficient to chelate all ex- 
tracellular calcium and would thus prevent calcium 
influx into the cells following any tBuOOH-ln- 
duced increase in calcium permeability [28], also 
had no effect on the tBuOOH-induced increase in 
malonyldialdehyde production or [9,10-~H]oleic 
acid incorporation into PE 

Discussion 

The importance of the in sltu acylatlon-deacyl- 
atlon 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 H20  z in vitro 
[37] More recently, alterations in cell volume, 
filterability and cation permeabihty have been de- 
tected in vitamin E deficient erythrocytes exposed 
to H202 under identical conditions [38] In the 
present study the effects of oxidant stress on the 
pathway for deacylation and reacylation of mem- 
brane phosphohpld m situ have been studied by 
examining the effects of tBuOOH on the incorpo- 
ration of exogenous [9,10-3H]olelc acid Into phos- 
pholipid by human erythrocytes 

Exposure of normal human erythrocytes to 
tBuOOH results m depletion of GSH [18,34] (Fig 
1) oxidation of Hb to MetHb [18] and release of 
malonyldlaldehyde, a lipid peroxidatxon product 
[18] (Fig 2) Exposure of erythrocytes to tBuOOH 
also simultaneously increases incorporation of ex- 
ogenous [9,103-H]oleIc acid into PE (Fig 3) In- 
creased Incorporation of [9,10-3H]oleic acid into 
PE continues even after reduction of tBuOOH to 
tBuOH xs completed (Figs 1 and 3) [18] This 
increase in the rate of [9,10-3H]oleic 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 phosphohpld fatty acid 
turnover is associated with the peroxldation of 

membrane phosphohpid fatty acids However, no 
stoichiometrlc relationship between these two 
tBuOOH induced processes has been demon- 
strated The amount of malonyldlaldehyde formed 
exceeds the amount of [9,103-H]olelc acid Incorpo- 
rated by a ratio of 40 1 (Fig 4) The lack of a 
direct stoichlometnc relationship suggests that the 
capaclt3 of the acylatlon-deacylation pathway to 
replace all of the fatty acid oxi&zed with olelc 
acid is limited by either the Incomplete removal of 
oxidized fatty acids from their glycerol ester link- 
ages or the inability 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 lipid and non-lipid cellular 
components to malonyldialdehyde formation 

Addition of tBuOOH to cells suspended m 
buffer containing ascorblc acid prevents the re- 
lease of malonyldlaldehyde and the stimulation of 
[9,10~-H]olelc acid incorporation into PE (Table 
II) Since ascorblc acid scavenges t-butoxyl radi- 
cals and prevents tBuOOH-medlated lipid per- 
oxidation but not tBuOOH-mediated-Hb oxida- 
tion m erythrocytes [19], these observations sug- 
gest that the stimulation of [9,10-3H]olelc acid 
incorporation into PE following tBuOOH ex- 
posure is related to the degree of hpld peroxida- 
tlon (Figs 3 and 4) However when erythrocytes 
are pre-treated with NaNO 2 to convert Hb to 
MetHb [19], tBuOOH Still causes release of 
malonyldialdehyde but there is no enhancement of 
[9,10-~H]olexc acid incorporation into PE (Table 
III) Thus, the stimulation of [9,10-~H]olelc acid 
incorporation into PE occurs only under con&- 
tlons where lipid peroxidatlon can occur but is not 
directly related to the formation and release of 
malonyldmldehyde These results suggest that this 
stimulation may be triggered by the presence ot 
hp~d peroxides or decomposition products w~thln 
the membrane whose formation is inhibited when 
Hb is completely converted to MetHb 

The mechanisms by which tBuOOH alters the 
activity of the pathway for fatty acid incorpora- 
tion into PE have not yet been elucidated Since 
availability of lysophosphohpid has been shown to 
be the rate-hmitmg step for acyl-CoA-lysophos- 
phohpM acyltransferase activity m a variety of 
systems [39] the tBuOOH-mduced stimulation of 
[9,10-3H]oleic acid incorporation into PE may re- 



flect increased availability of lyso-PE formed by 
either direct oxidation of unsaturated fatty acids 
or the action of an endogenous phosphohpase A 2 
In vitro studies have shown that oxidized phos- 
phohpIds are better substrates for phosphohpase 
A 2 than native phosphohplds [11,12], In the 
erythrocyte, phosphohpase A 2 actwlty cannot be 
assayed directly because reacylatlon cannot be 
completely inhibited so that accumulatton of de- 
tectable levels of lysophosphohpld does not occur 
Use of phosphohpase mhlbltors such as mepacrlne 
~s also not feasible in the erythrocyte since it has 
been shown previously that mepacrine interacts 
directly with membrane PE [40] Thus, it is not yet 
possible to determine whether the increase in m- 
corporation of exogenous [9,10-3H]oleIc acid into 
PE following tBuOOH exposure is due to activa- 
tion of an endogenous phosphohpase or to direct 
stimulation of acyl-CoA-lysophosphatldylethanol- 
amine acyltransferase 

Alterations in both the potassium and calcium 
permeabihty of erythrocyte membranes have been 
observed following exposure to oxidants [23,24] 
Since similar alterations in calcium and potassium 
permeabdtty induced by exposure of erythrocytes 
to ionophores have been associated with stimula- 
tion of the mcorporatlon of exogenous fatty acids 
into PE [27-29], the possiblhty that the effects of 
t BuOOH on [9,10-3 H]olelc acid incorporation into 
PE are due to alterations in potassium or calcium 
pemeabihty was examined The lack of effect of 
alterations in the transmembrane gradients for 
potassium or caloum on the tBuOOH-induced 
alterations In [9,10-3H]oleic acid mcorporatlon or 
malonyldmldehyde production (Table IV) indicate 
that tBuOOH exposure influences the pathway 
for acylatlon and deacylation of PE directly rather 
than by merely causing net transmembrane move- 
ment of calcium or potassium 

In contrast to the effect of tBuOOH on [9,10- 
aH]olelc acid incorporation into PE~ incorporation 
of exogenous [9,10-3 H]olelc aod  into PC decreases 
following tBuOOH exposure (Fig 5) This de- 
crease in [9,10-3H]olelc acid incorporation is not 
prevented by addition of ascorbic aod  (Table II) 
and is greater in MetHb containing erythrocytes 
(Table III) The inhibition of [9,10-3H]olelc acid 
incorporation into PC thus does not require the 
peroxldation of membrane lipid but rather is asso- 
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ciated with the formation of MetHb and ox~datton 
of GSH These results suggest that the inhabltion 
of [9,10-3H]olelc acid mcorporation into PC re- 
flects oxidation of a sensitive sulfhydryl group on 
one of the enzymes in the pathway Such a mecha- 
nism has been proposed to account for altered 
phosphohpld fatty acid turnover in isolated liver 
mltochondrla following exposure to tBuOOH [41] 
These results also indicate that tBuOOH affects 
the turnover of [9,10-3H]olelc acid in PC and PE 
by different mechanisms and that there are sep- 
arate pathways for acylation and deacylatlon of 
these two phosphohpid classes m the erythrocyte 
The step(s) in the pathway for acylatlon and 
deacylatlon of PC at winch inhibition occurs has 
not yet been elucidated The inhibition of [9.10- 
~H]olelc acid turnover within membrane PC 
pool(s) would permit oxidized fatty acids to accu- 
mulate m the membrane followmg exposure to 
tBuOOH and could interfere with membrane 
function by either perturbing the hydrophoblc hpld 
bllayer or by reacting covalently with membrane 
proteins a n d / o r  hptds [1.2,7,8] Recent studies 
have shown that inhibition of fatty acid incorpora- 
tion into PC is associated with cellular injury in 
lschemic myocardium [42] and also occurs in 
erythrocytes obtained from sheep after exposure 
of the animals to normobanc hyperoxla [43] Thus, 
it is possible that the minbmon of [9,10-3H]oleic 
acid incorporation into PC observed in human 
erythrocytes following exposure to tBuOOH re- 
flects an early step in the pathogenesis of 
oxldant-mduced cellular injury 
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