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The relationship between nitrate which is formed from inhaled nitrogen dioxide, a common air pollutant, and 
changes in fatty acid metabolism of phosphatidylserine in rat erythrocytes has been examined. When 
erythrocytes were incubated at 37°C for 60 min with fatty acid, the incorporation rate of [I-14 C]arachidonic 
acid and [9,10-3H]palmitic acid into phosphatidylserine was 15% (80 pmol/h per/ tmol lipid phosphorus) and 
20% (12 pmol/h per / tmol  lipid phosphorus) of those into phosphatidylethanolamine, respectively. By the 
addition of 1.0 mM sodium nitrate or 0.5 / tM ionophore A23187 to the incubation mixture, the rate of 
incorporation of both arachidonic acid and palmitic acid into phosphatidylethanolamine was stimulated 
1.45-fold. On the other hand, the incorporation of palmitic acid into phosphatidylserine was little affected, 
while that of arachidonic acid was stimulated 1.35-fold. An increase in arachidonic acid of phosphatidylserine 
was also found by the addition of nitrate or ionophore A23187. This increase was dependent on the 
concentration of extracellular calcium and observed by the addition of other chaotropic anions in the order 
SCN-  > CIO 4- > NO~-. It seems likely, therefore, that nitrate causes changes in erythrocyte membranes to 
facilitate calcium uptake. Increasing the concentration of intracellular calcium may cause stimulation of 
acyl-CoA:lysophospholipid acyltransferase and/or  endogenous phospholipase A ~. 

Introduction 

Nitrate and nitrite ions are possible products of 
inhaled nitrogen dioxide (NO2), which is present 
in cigarette smoke and is a common air pollutant. 
NO 2 has been known to induce pulmonary damage 
in mammals [1]. Entry of inhaled N O  2 into the 
bloodstream was first suggested by the estimation 
of the nitrate and nitrite levels in the blood and 
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urine following inhalation of N O  2 [2]. It was sub- 
sequently confirmed by the observation that dis- 
semination of inhaled 15NO 2 to extrapulmonary 
sites occurred via the bloodstream [3]. Recently, it 
has been reported that, in in vivo and in vitro 
experiments, nitrite was converted to nitrate by 
hemoglobin in erythrocytes and the nitrate level of 
the blood reached several-fold that of the control 
[4]. In the preceding papers [5,6], we have shown 
that N O  2 inhalation resulted in alterations of the 
compositions of phospholipid and its fatty acid in 
erythrocyte membranes. On these bases, we have 
focused our attention on the effect of an anion, 
nitrate, on fatty acid metabolism of erythrocyte 
phospholipid. 

The fatty acid composition of erythrocyte phos- 
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pholipid is known to be controlled by two 
processes, as follows: one is exchange of intact 
p h o s p h a t i d y l c h o l i n e ,  s p h i n g o m y e l i n  and  
lysophosphatidylcholine molecules with corre- 
sponding plasma phospholipids [7,8], and the other 
is acylation of endogenous lysophospholipids with 
exogenous fatty acids, because erythrocytes cannot 
alter fatty acid chain length or degree of unsatura- 
tion or synthesize phospholipid de novo [9,11]. 
Rasmussen and co-workers [11] have extensively 
investigated fatty acid turnover of membrane 
phospholipids using human erythrocytes. They 
have demonstrated that exogenous free fatty acids 
are incorporated into the membrane and then 
activated to acylcoenzyme A thioesters. The acyl 
group is transferred from acylcoenzyme A thioes- 
ter to lysophospholipid. This system has been con- 
firmed in the incorporation of exogenous fatty 
acid into PE and PC. However, little work has 
dealt with the mechanism of fatty acid turnover of 
PS in erythrocytes or with factors regulating such 
fatty acid turnover. 

In the present study, we have shown evidence 
that nitrate causes alteration in the fatty acid 
metabolism of erythrocyte phospholipid. An in- 
crease in the arachidonic acid (20 : 4) content of PS 
was noted when rat erythrocytes were treated with 
sodium nitrate. Incorporation of exogenous fatty 
acids into endogenous phosphatidylserine was also 
stimulated by sodium nitrate. This stimulation was 
specific for 20:4 but not for palmitic acid (16:0), 
while incorporation of 20:4 and 16:0 into PE 
were equally stimulated by sodium nitrate. 

Experimental procedures 

Erythrocyte preparation 
Heparin-treated blood was obtained from male 

Wistar rats by exsanguination via the carotid 
artery. Erythrocytes were separated from plasma 
and buffy coat by centrifugation (Tomy CD-100R, 
Tomy Seiko Co., Tokyo, Japan) at 1000 × g for 10 
min [12] and washed three times with the incuba- 
tion medium. The incubation medium was pre- 
pared according to Nakao et al. [13] as follows; 
100 mM trisodium citrate, 4 raM NaH2PO 4, 10 
mM glucose, 2 mM adenine and 20 mM inosine, 
pH 7.5. 

Incubation of erythrocytes and fatty acid incorpora- 
tion 

Erythrocytes were resuspended in 3 vol. of the 
incubation medium containing radioactive fatty 
acid, 4 mM CaCI 2 and sodium nitrate at the con- 
centration indicated. [1-14 C]Arachidonic acid (55.8 
mCi/mmol ,  New England Nuclear) or [9,10- 
3H]palmitic acid (11.8 Ci /mmol ,  New England 
Nuclear) complexed to bovine serum albumin 
(Sigma) in the incubation medium before use. In- 
cubation was performed at 37°C for 60 rain. 

Extraction of lipids from erythrocvtes 
After incubation, cells were washed with 10 vol. 

of 0.9% NaC1 and lysed with 15 vol. 10 mM Tris 
buffer (pH 7.4) at 2°C [14]. Erythrocyte mem- 
branes were isolated by centrifugation (28000 × g 
for 20 min) and washed twice with 30 vol. of the 
same buffer. Immediately after preparation, lipids 
were extracted from erythrocyte membranes 
according to a modified procedure of the method 
as described by Ways and Hanahan [15], in which 
7 vol. methanol were added to erythrocyte mem- 
branes followed after 20 min by 14 vol. chloro- 
form. 20 min after the addition of chloroform, the 
extract was filtered and the residue was washed 
twice with chloroform/methanol  (2: 1, v/v).  
Filtrates were washed with 0.2 vol. 0.9% NaC1 to 
form a two-phased system. The lower phase was 
concentrated under nitrogen and used for 
fractionation of phospholipids. 

Purification of PS 
Phospholipids were separated from con- 

centrated lower phase of lipid extracts by the 
thin-layer chromatography. HPTLC silica-gel 
plates (E. Merck) were developed in diethyl 
ether/acetic acid (100: 1, v /v)  to separate neutral 
lipids and phospholipids, dried in air for 10 min, 
and then developed in the same direction in chlo- 
roform/methanol /ace t ic  acid/water  (67 : 33 : 4 : 2, 
v /v )  to separate individual phospholipid fractions 
As a result four fractions, PE, PC, sphingomyelin 
and PS plus phosphatidylinositol (PI) were ob- 
tained. PS could not be separated from PI by this 
solvent system and was purified as follows: the 
fraction containing PS and PI was scraped from 
the plate and was extracted with chloroform/  
methanol (1:4, v/v) .  PS in the extracts was re- 



acted with 2,4,6-trinitrobenzene sulfonate in a 
solution containing chloroform/methanol/5% bi- 
carbonate (1:4:0.25, v/v) [16]. 20 min after in- 
cubation at room temperature, water and chloro- 
form were added to the reaction mixture to form a 
two-phased system. The lower phase was con- 
centrated under nitrogen and applied to an HPTLC 
silica-gel plate. The plate was developed in chloro- 
form/methanol /ammonium hydroxide/water 
(70 : 30 : 2.5 : 2.5, v/v) to separate 2,4,6-tri- 
nitrophenyl-PS from PI. The yield of 2,4,6-tri- 
nitrophenyl-PS was 85% of PS in the reaction 
mixture. When the authentic PS purified from 
bovine brain (P-L Biochemicals) was reacted with 
2,4,6-trinitrobenzene sulfonate, the fatty acid com- 
positions of reacted and unreacted PS were the 
same as that of the original PS. 

Hydrolysis of 2,4,6-trinitrophenyl-PS 
Aliquots of 2,4,6-trinitrophenyl-PS (approx. 0.6 

/~mol) were dissolved in 2 ml diethyl ether contain- 
ing 2.5 mg butylated hydroxytoluene [17]. To this 
solution were added 0.1 ml of snake venom phos- 
pholipase A z (1 mg/ml in 0.2 M Tris-HCl, pH 8.0) 
(P-L Biochemicals) and 0.05 ml 0.2 M CaC1 z con- 
taining 0.24 mg of cetyltrimethylammonium 
bromide [18]. 6 h after incubation, the reaction 
mixture was dried under nitrogen and was applied 
to an HPTLC silica-gel plate. The plate was devel- 
oped in chloroform/methanol/ammonium hy- 
droxide/water (67 : 33 : 2.5 : 2.5, v/v) for separa- 
tion of free fatty acid, 2,4,6-trinitrophenyl-PS and 
2,4,6-trinitrophenyl-lysoPS. 

Determination of fatty acid composition 
Fatty acid compositions of phospholipids were 

determined by gas-liquid chromatography after 
methylation of the isolated phospholipids. Each 
phospholipid was methylated using boron trifluo- 
ride/methanol by the method of Metcalfe and 
Schmitz [19] and resulting methyl esters were 
analyzed at 230°C in Shimadzu GC-7AG 
(Shimadzu Corp., Kyoto, Japan) using a flame 
ionization detector and a glass column (4.1 m x 0.5 
cm) packed with 5% Shinchrom E-71 on 80-100 
mesh Shimalite (AW) (Wako Pure Chemicals In- 
dustries Ltd., Osaka, Japan). Areas of the peaks 
and percentage composition of fatty acid methyl 
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esters were computed using a Shimadzu Chro- 
matopack R1-A Data System (Shimadzu Corp.). 

Measurement of exogenous fatty acid incorporation 
The radioactivity present in each phospholipid 

fractions was determined in a toluene scintillator 
containing 2,5-diphenyloxazole (3 mg/1) and 1,4- 
bis-[2-(5-phenyloxazolyl)]-benzene (5 g/l) by using 
liquid scintillation counter (Packard Model 2355) 
with a computer. Counting efficiency was de- 
termined with an external standard. Calculations 
were based on the specific activity of exogefious 
fatty acid. Phospholipids were determined as phos- 
phate after digestion with HC104 [20]. Ionophore 
A23187 was obtained from Calbiochem-Behring 
Corp. (La Jolla, CA, U.S.A.). The free calcium 
concentration in the medium was determined by 
calcium electrode (Orion Research Inc., Cam- 
bridge, MA, U.S.A.). 

Results 

Effect of nitrate on fatty acid composition of phos- 
pholipids in erythrocyte membranes 

In rat erythrocyte membranes, the major species 
of phospholipids are PC, PE, PS and sphingomye- 
lin [21], and 20:4 is the most abundant species of 
the fatty acids of PE and PS [22]. When rat 
erythrocytes were incubated with 1.0 mM nitrate, 
the fatty acid composition of PS in erythrocyte 
membranes altered significantly (Table I). Incuba- 
tion of erythrocytes without nitrate did not affect 
the fatty acid composition of PS, PE and PC. The 
most notable alteration was found in the per- 
centage of 20:4, which increased by 4.5% from 
control value of 52.6 ± 0.1%. Simultaneously, the 
percentages of 16:0 and stearic acid (18:0) of PS 
decreased by 2.6% and 2.5% from control values of 
6.0 ± 0.1% and 23.9 - 0.3%, respectively. Changes 
in other fatty acids of PS were much slighter and 
less significant. On the other hand, no appreciable 
alteration was found in fatty acid composition of 
PE and PC upon incubation with nitrate. This 
specific increase in the 20:4 of PS as well as 
decrease in the 16:0 plus 18:0 was dependent on 
the nitrate concentration added to the incubation 
medium. Fig. 1 shows the typical dependency on 
the concentration of sodium nitrate. Alterations 
in percentages of these fatty acids were observed 
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TABLE 1 

FATFY ACID COMPOSITIONS OF PHOSPHATIDYLSERINE, PHOSPHATIDYLETHANOLAMINE AND PHOSPHATI- 
DYLCHOLINE OF RAT ERYTHROCYTES INCUBATED WITH NITRATE 

Rat erythrocytes were incubated with 1.0 mM sodium nitrate in an incubation medium containing 4 mM CaCI~ at 37°C for 60 rain. 
Purification of phospholipids and determination of their fatty acid compositions were performed as described under Experimental 
procedures. Values were expressed as percentages (mean + S.D., n - 3 )  of the total fatty acid recovered. The significance of the 
difference between control and nitrate-treated values is shown: h p <0.01; ~ P <0.001. 

Phosphatidylserine Phosphatidylethanolamine Phosphatidylcholinc 

Control NaNOa Control NaNO~ (ontrol  NaNO~ 

16:0 6.0÷ 0.1 3.4+0.1 • 29.5 ~0.2 29.7 t0.3 
18:0 23.9±0.3 21.4+0.4 b 3.0 ~ 0.2 28 ~ 0.1 
18:t 5.1 ~ 0.2 5.6~0.3 8.0 + 0.1 7.9 • 0.1 
18:2 5.9*0.1 5.8 + 0.2 4.4 ÷0.1 4.3 : 0.1 
20:4 52.6+0.1 57.1 ~ 0 . 4 '  38.1 ÷0.2 38.0 : 0.2 
20:5 0.6+0.1 0.6 + 0.2 0.8 - 0.1 0.8 ' 0.1 
22:4 4.1 "0.1 4.2" 0.1 
22:5 - 6.8 - 0.1 6 .9 '  0.[ 
22:6 5.8+0.1 61~:().2 5.3 ~().2 5.4 0.2 

4 4 . 8  " 0 , 6  4 5 . 8  0 . 6  

16.3  t 0 . 2  16 .5  ' 0 . 2  

7 . 7  ~ O. 1 7 .9  ' O.l  

14 .6  t 0 .1  14 .2  " 0 . 2  

14 .5  ~ 0 . 2  14 .2  " 0 . 2  

58 

>.56 
) . -  
I - -  

"< 54 
. .J 

o 5 2 '  
LL o 
~50 
o 

00 & & & & 110% 
CONCENTRATION OF NI TRATE (ram) 

32 

£ 
26~ 

S 
24 ~6 

0 ~ 

Fig. 1. Effect of nitrate on fatty acid composition of phos- 
phatidylserine (PS) in erythrocyte membranes. The incubation 
media comprised 100 mM trisodium ci t ra te /4  mM 
NaHzPO4/2 mM adenine/20 mM inosine/10 mM glucose 
(pH 7.5). The media were supplemented with 4 mM CaCI= and 
sodium nitrate at the concentrations indicated. The incubation 
was performed at 37°C. 60 min after incubation, erythrocytes 
were washed with 0.9% NaC1 and erythrocyte membranes were 
prepared. Purification of PS and determination of fatty acid 
composition were performed as described in Experimental pro- 
cedures. • • ,  arachidonic acid (20:4): O C), 
pahnitic acid (16:0) plus stearic acid (18:0). Each point is the 
mean of three samples and error bars represent :+ S.D. 

c l e a r l y  a t  a c o n c e n t r a t i o n  of  0.1 r aM.  B o t h  the  

i n c r e a s e  in 2 0 : 4  a n d  the  d e c r e a s e  in  1 6 : 0  p lus  

18:0  r e a c h e d  a p l a t e a u  a t  a c o n c e n t r a t i o n  a r o u n d  

0.5 m M  f o l l o w e d  b y  a s l igh t  c h a n g e  u p  to  2.5 m M .  

S i m u l t a n e o u s l y  w i t h  c h a n g e s  in f a t t y  ac id  c o m -  

p o s i t i o n  o f  PS, t he  2 0 : 4  of  t he  f ree  f a t t y  ac id  

f r a c t i o n  o f  the  e r y t h r o c y t e  m e m b r a n e s  d e c r e a s e d  

a n d  the  1 6 : 0  p l u s  1 8 : 0  i n c r e a s e d  ( K a y a ,  K. a n d  

M i u r a ,  T., u n p u b l i s h e d  d a t a ) .  

Fatty acid composition of 1- and 2-positions of PS 
I n  o r d e r  to  c l a r i fy  t he  e f fec t  o f  n i t r a t e  o n  the  

f a t t y  ac id  m e t a b o l i s m  of  PS, c h a n g e s  in f a t ty  ac id  

c o m p o s i t i o n  of  t he  1- a n d  2 - p o s i t i o n s  of  PS were  

d e t e r m i n e d .  R a t  e r y t h r o c y t e s  w e r e  i n c u b a t e d  w i t h  

1.0 m M  n i t r a t e  a n d  the  PS o f  e r y t h r o c y t e  m e m -  

b r a n e s  we re  p u r i f i e d  as a f o r m  of  2 ,4 ,6- t r i -  

n i t r o p h e n y l - P S  as  d e s c r i b e d  in E x p e r i m e n t a l  p ro -  

c edu re s .  F a t t y  ac id s  at  the  2 - p o s i t i o n  of  2 ,4 ,6- t r i -  

n i t r o p h e n y l - P S  were  r e l ea sed  b y  s n a k e  v e n o m  

p h o s p h o l i p a s e  A z a n d  t h o s e  a t  the  1 - p o s i t i o n  we re  

o b t a i n e d  f r o m  2 , 4 , 6 - t r i n i t r o p h e n y l - l y s o P S .  T a b l e  

II  s h o w s  t he  f a t t y  ac id  c o m p o s i t i o n  o f  the  1- a n d  

2 - p o s i t i o n s  o f  PS p u r i f i e d  f r o m  c o n t r o l  a n d  

n i t r a t e - t r e a t e d  e r y t h r o c y t e s .  In  c o n t r o l  e r y t h r o -  

cy tes  the  p e r c e n t a g e s  of  18 : 0 a n d  o le ic  ac id  ( 18 : 1) 

a t  t he  1 - p o s i t i o n  were  4.9- a n d  3 .5 - fo ld  at  the  
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TABLE II 

FATTY ACID COMPOSITIONS OF 1- AND 2-POSITIONS OF PHOSPHATIDYLSERINE IN RAT ERYTHROCYTES 
INCUBATED WITH NITRATE 

Rat erythrocytes were incubated with 1.0 mM sodium nitrate. Incubation, purification of PS and fatty acid analyses were performed 
as described in Table I and under Experimental procedures. PS was purified as a form of 2,4,6-trinitrophenyl-PS and 2,4,6-tri- 
nitrophenyl-PS was treated with snake venom phospholipase A 2- The resulting products, 2,4,6-trinitrophenyl-lysoPS and free fatty 
acid, were separated by TLC. Fatty acid compositions of 2,4,6-trinitrophenyl-lysoPS and free fatty acid were expressed as those of the 
1- and 2-positions, respectively. 'Whole' refers to fatty acid composition of untreated trinitrophenyl-PS. Values were expressed as 
percentages (mean "-S.D., n = 3 )  of the total fatty acid recovered. The significance of the difference between control and 
nitrate-treated values is shown: a p <0.05; b p <0.01; c p <0.001. 

Control NaNO 3 

whole 1 -position 2-position whole 1 -position 2-position 

16:0 6.2+0.1 5.0± 1.2 7.3± 1.3 3.2+0.1 c 5.1 ± 1.5 2.2 + 1.7 a 
18 : 0 24.0 ± 0.3 41.0 ± 1.9 8.4 ± 1.7 20.9 + 0.4 c 38.7 ± 1.0 6.2 ± 1.7 
18 : 1 5.0-+0.2 8.0-+-0.4 2.3±0.2 5.3--+0.3 9.5±0.9 1.9±0.1 
18 : 2 5.9+0.1 3.8±0.2 7.9±0.3 5.8+0.2 4.8--+0.4 6.7--+0.5 
20:4 52.3 ±0.1 37.5± 1.7 65.9± 1.5 57.4-+0.4 c 36.2± 1.7 75.7±2.7 b 
20:5 0.6±0. I - 1.0+0.4 0.6±0.2 - 0.9+0.4 
22:6 6.0±0.1 4.6"-0.2 7.3±0.3 6.6+0.2 5.8±0.4 6.4-+0.5 

2-position, respectively. Other fatty acids were 
lower at the 1-position than at the 2-position. The 
percentage of 20:4 in the 2-position was 1.8-fold 
that in the 1-position. When erythrocytes were 
incubated with nitrate, notable changes in fatty 
acid composition were found in the 2-position. 
The percentage of 16:0 was decreased to 0.30-fold 
the control and that of 20:4 was increased to 
1.15-fold. The changes in fatty acid composition of 
the 1-position were slight, except for those of 16:0 
and 22:6, and the percentage of 20:4 in the 
1-position was somewhat decreased by incubation 
with nitrate. 

Effect of nitrate on fatty acid incorporation into 
phospholipids of erythrocyte membranes 

When rat erythrocytes were incubated with [1- 
14C]20:4 complexed to bovine serum albumin, this 
fatty acid was incorporated into PE, PC and PS at 
the rates of 530, 350 and 80 pmo l /h  per/~mol of 
corresponding phospholipid, respectively (Fig. 2). 
Addition of 1.0 mM nitrate to the incubation 
mixture reproducibly resulted in enhanced incor- 
poration of radioactive 20:4 into PE and PS, 
which were increased to 1.45- and 1.35-fold the 
control, respectively. On the other hand, 20:4 

incorporation into PC was not affected by incuba- 
tion with nitrate. Fig. 3 shows incorporation of 
[9,10-3H]16:0 complexed to bovine serum al- 
bumin into phospholipid of erythrocyte mem- 
branes. This fatty acid was incorporated into PE, 
PC and PS at the rates of 61, 58 and 12 p m o l / h  
per/~mol corresponding phospholipid. Addition of 
1.0 mM nitrate to the incubation mixture stimu- 
lated the incorporation into PE. The rate of 16:0 
incorporation into PS was almost the same as that 
of the control, while that into PE was raised to 
1.45-fold the control. The incorporation into PC 
did not show any appreciable change. These re- 
suits suggest that stimulation of fatty acid incorpo- 
ration into PS by nitrate may be preferential to 
20:4. In order to determine the position of 20:4 
incorporated into PS, rat erythrocytes were in- 
cubated with [ 1-14 C]20: 4 in the presence of nitrate. 
Incorporation of radioactive 20:4 into the 1- and 
2-positions of PS was examined using phospholi- 
pase A 2. 94% of 2,4,6-trinitrophenyl-PS was hy- 
drolyzed by phospholipase A 2 and almost 90% of 
the radioactivity incorporated into hydrolyzed 
2,4,6-trinitrophenyl-PS was recovered in the spot 
of free fatty acid. 8% of radioactivity was detected 
in 2,4,6-trinitrophenyMysoPS. 
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Fig. 2. Effect of nitrate on incorporation of [1-14C]arachidonic 
acid (20:4) into phosphatidylethanolamine (A), phosphati- 
dylserine (B) and phosphatidylcholine (C) of erythrocyte mem- 
branes. Erythrocytes were incubated with 1.0 mM sodium 
nitrate in an incubation medium supplemented with 4 mM 
CaC12 and [1-14C]20:4 (3.6 izM/2.7 ~Ci) complexed to bovine 
serum albumin. For the incubation conditions see the legend of 
Fig. 1. Purification of each phospholipid and determination of 
radioactivity incorporated into phospholipid were performed as 
described in Experimental procedures. O (3, -nitrate; 

O, +nitrate. Each point is the mean of three samples 
and error bars represent ± S.D. 

Effects of anions on increase in 20:4 of PS 
Ni t ra t e  ion is one of  the chao t rop ic  agents  

which d is turb  m e m b r a n e  s t ructure  [23,24]. En- 
hancemen t  of  fa t ty  acid i nco rpo ra t ion  into  PE and 
PS will lead  to the a s sumpt ion  that  chao t rop ic  
ac t ion  of  n i t ra te  causes s t imula ted  inco rpora t ion  
of  2 0 : 4  in to  PS. In o rder  to examine  this assump-  
t ion,  rat  e ry throcy tes  were incuba ted  with chao-  
t ropic  agents,  th iocyanate ,  pe rch lora te  and n i t ra te  
at  the concen t ra t ion  of  1.0 raM. Table  I I I  shows 
effects of var ious  species of an ions  on the increase 
in the percentage  of  2 0 : 4  of PS. The  effects of  
chao t rop ic  anions  were highly s ignif icant  com-  
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Fig. 3. Effect of nitrate on incorporation of [9,10-3H]palmitic 
acid (16:0) into phosphatidylethanolamine (A), phosphati- 
dylserine (B) and phosphatidylcholine (C) of erythrocyte mem- 
branes. The media were supplemented with 4 mM CaCI 2 and 
[9,10- 3H]16 : 0 (3.6 # M/27 ~Ci) complexed to bovine serum 
albumin. Other conditions were the same as in Fig. 2. Each 
point is the mean of three samples and error bars represent 
--+S.D. 

pa red  to that  of  the control ,  The  percentage  of 
2 0 : 4  of PS was increased to 1.13-, 1.11- and 
1.09-fold the  c o n t r o l  by  the  a d d i t i o n  of  
th iocyanate ,  perch lora te  and ni trate ,  respectively.  
The  magn i tude  of  increase in the percentage  of 
2 0 : 4  r ep roduc ib ly  fol lowed the series SCN > 

C104  > N O  3 .  On the o ther  hand,  o ther  anions,  
such as b i ca rbona t e  and  sulfate, resul ted in only 
slight change  in the percentage  of  2 0 : 4  of  PS. 

Factors influencing the increase in 20:4 of PS  and 
fatty acid incorporation into PS  

It  has been shown that  t r ea tment  of  human  
e ry throcy tes  with the d iva lent  ca t ion  ionophore ,  
A23187, results  in selective s t imula t ion  of  fat ty 
acid  incorpora t ion  into PE s imul taneous ly  with 



TABLE III 

EFFECT OF ANIONS ON INCREASE IN A R A C H I D O N I C  
A C I D  C O N T E N T  OF PHOSPHATIDYLSERINE 

Rat erythrocytes were incubated at 37°C for 60 min with 
sodium thiocyanate, sodium perchiorate, sodium nitrate, sodium 
acetate, sodium bicarbonate or sodium sulfate at a final con- 
centration of 1.0 mM in an incubation medium containing 4.0 
m M  CaC12. The 20 :4  content of PS in erythrocyte membranes  
was determined as described in Fig. 1. Values were expressed as 
percentage (mean _+S.D., n =3 )  of the total fatty acid re- 
covered. The significance of the difference between control and 
anion-treated values is shown: c p <0.001. 

Addition Arachidonic acid Percentage 
content of PS of control 
(~) 

None 52.4--+ 0.1 (100) 
Na2SO 4 52.8-+0.2 101 
N a H C O  3 53.1 --+0.3 101 
CH3COONa 53.8_+0.2 c 103 
N a N •  3 a 57.3-+0.4 c 109 
NaC104 d 58.1 --+0.4 c 111 
NaSCN d 59.2_+0.7 c 113 

a Chaotropic ions. 
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Fig. 4. Effects of calcium and magnesium on the increase in 
arachidonic acid (20:4) of phosphatidylserine of erythrocyte 
membranes.  The incubation media were supplemented with 1.0 
m M  sodium nitrate and CaCI 2 or MgCI 2 at the concentrations 
indicated. For other experimental conditions see the legend of 
Fig. 1. • • ,  +calcium; • A ,  + c a l c i u m + 9  mM 
EGTA; © ©, +magnes ium.  Each point is the mean of 
three samples and'error bars represent ±S.D.  

net uptake of calcium and a calcium-dependent 
decrease in cellular potassium content [25]. In 
order to clarify factors influencing fatty acid in- 
corporation into PS of rat erythrocytes, the fatty 
acid turnover of PS was examined in the presence 
of cations. Fig. 4 shows effects of calcium and 
magnesium ions on the percentage of 20:4 of PS. 
The percentage of 20:4 of PS was increased by 
raising the extracellular calcium concentration to 
8 mM. The free calcium concentrations in the 
citrate medium supplemented with 1, 4 and 8 mM 
CaCI 2 were 4.1, 16.5 and 33.0 ~M, respectively. 
This increment was inhibited completely by the 
addition of 9 mM EGTA. On the other hand, the 
extracellular magnesium concentration did not af- 
fect the percentage of 20:4 of PS. 

In order to examine the effect of extracellular 
potassium on the percentage of 20:4 of PS and 
20:4 incorporation into PE and PS, the trisodium 
citrate (sodium medium) in the incubation medium 
was replaced by tripotassium citrate (potassium 
medium), the rate of 20 : 4 incorporation into PS in 
the presence of nitrate was 1.34- and 1.35-fold the 

control in the sodium and' potassium media, re- 
spectively (Table IV). Simultaneously, the per- 
centage of 20 : 4 of PS was increased slightly by the 
addition of nitrate to the potassium medium to the 
same extent as to the sodium medium. By contrast, 
20:4 incorporation into PE was scarcely affected 
by the incubation with nitrate in the potassium 
medium, while that in the sodium medium was 
increased to 1.40-fold the control. 

When rat erythrocytes were incubated with 
ionophore A23187, an increase in the percentage 
of 20:4 of PS occurred in the sodium medium 
(Table V). 20:4 incorporation into PS was also 
stimulated to 1.30-fold the control, while 16:0 
incorporation into PS was little affected. Replace- 
ment of the sodium medium by a potassium one 
did not alter the magnitude of increases in the 
percentage and incorporation of 20:4. On the 
other hand, treatment with ionophore A23187 re- 
sulted in enhanced incorporation of both 20 : 4 and 
16:0 into PE in the sodium medium. Increasing 
extracellular potassium blocked the stimulative ef- 
fect of ionophore A23187 on the rate of incorpora- 
tion of 16:0 and 20:4 into PE. 
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TABLE IV 

EFFECTS OF EXTRACELLULAR POTASSIUM AND SODIUM ON INCREASE IN ARACHIDONIC ACID CONTENT OF 
PHOSPHATIDYLSERINE AND STIMULATION OF [I-14C]ARACHIDONIC ACID INCORPORATION INTO PHOS- 
PHATIDYLSERINE AND PHOSPHATIDYLETHANOLAMINE INDUCED BY INCUBATION WITH NITRATE 

Rat erythrocytes were incubated with 1.0 mM sodium nitrate in a potassium (100 mM tripotassium citrate) or sodium medium (100 
mM trisodium citrate) containing 4.0 mM CaCI 2 and the 20 : 4 content of PS was determined as described in Fig. 1. In experiments on 
[1-14C]20:4 incorporation into PE and PS, erythrocytes were incubated with [1-14C]20:4 complexed to bovine serum albmnin in the 
presence of 1.0 mM sodium nitrate. Purification of PE and PS and determination of radioactivity incorporated into PE and PS were 
performed as described under Experimental procedures and in Fig. 2. For arachidonic acid content, values are percentages of the total 
fatty acid. For incorporations, values are nmol 20:4 incorporated/p~mol lipid phosphorus per h ( ×  10 ~). The significance between 

control and nitrate-treated values is shown: a p < 0.05; c p <0.001 (mean + S.D., n : 3). 

Extracellular monovalent cation 

Sodium medium Potassium medium 

Arachidonic acid content in PS 

20 : 4 incorporation into PS 

20:4 incorporation into PE 

Control 53.0 +0.1 52.7 ~:0.1 
NaNO 3 57.1 +0.4 c 57.3 -0 .3  ~ 

NaNO 3/Control 1.08 1.09 

Control 0.82 ~ 0.09 0.83 :~ 0.08 
NaNO 3 1.10±0.10 1.12.0.10 a 

NaNO~/Control  1.34 1.35 

Control 5.3 ~0.4 5.1 ~ 0.3 
NaNO 3 7.4 +0.6 a 5.3 + 0.6 

NaNO3/Control  1.40 1.04 

Discussion 

The object of this study was to examine the 
relationship between exposure of rat erythrocytes 
to nitrate and changes in fatty acid metabolism of 
PS in erythrocyte membranes.  The results show 
that selective changes in fatty acid composition of 
PS were induced by incubation with nitrate; that 
is, an increase in the percentage of 20:4 and a 
decrease in that of 16:0 plus 18:0 (Table I). These 
changes in fatty acid composition were dependent 
on the concentration of nitrate added to the in- 
cubation mixture (Fig. 1). An increase in 20:4 of 
PS was also induced when rat erythrocytes were 
incubated with other species of chaotropic anions, 
such as thiocyanate and perchlorate (Table IV). 
The magnitude of this increase was in the order 
S C N -  > C104- ~> NO 3 , that is, in the order oppo- 
site to the Hofmeister series [23,24]. These results 
provide tentative evidence that selective changes in 
fatty acid composition of PS are induced by the 

chaotropic action of nitrate at a concentration 
greater than 0.1 mM. As cited in the Introduction, 
nitrate is one of possible products of inhaled NO 2 
in pulmonary systems [2,3]. Recently, Oda et al. [4] 
have shown that short-term exposure of mice to 
N O  2 at  the air-borne concentrations resulted in 
elevated level of nitrate ion in the blood. 30 min 
after exposure to 5 ppm N O  2 the level of nitrate 
ion reached almost 0.1 mM, which was 4-fold the 
control. It is therefore probable that changes in the 
fatty acid composition of PS in erythrocyte mem- 
branes will occur in daily life. 

The fatty acid metabolism of mammalian 
erythrocytes has been extensively investigated 
[7,8,11]. However, little work has dealt with fatty 
acid metabolism of PS. The incorporation rate of 
16:0 and 20:4 into PS was 15% and 20% of those 
into PE, respectively (Figs. 2 and 3). Incubation of 
erythrocytes with nitrate caused stimulated incor- 
poration of both 16:0 and 20:4 into PE with no 
change in the rate of their incorporation into PC 



(Figs. 2 and 3). The incorporation of 20: 4 into PS 
was also stimulated to 1.34-fold the control but 
that of 16:0 was little affected (Figs. 2 and 3). 
Thus, selective changes in the fatty acid composi- 
tion of PS seem to be interpreted by this selective 
stimulation of 20:4 incorporation into PE being 
the same as that of 16:0 into PE, and no change in 
fatty acid composition of PE was observed. 20:4 
was incorporated exclusively into the 2-position of 
PS. It seems, therefore, probable that 16:0 in the 
2-position of PS is replaced by 20:4 when rat 
erythrocytes are incubated with nitrate. Simulta- 
neously with these changes, 20:4 in free fatty acid 
fraction in erythrocyte membranes decreased and 
16:0 and 18:0 increased in the absence of exoge- 
nous free fatty acid. These results suggest that 
20:4 of the free fatty acid fraction in membranes 
may be selectively incorporated into PS when 
erythrocytes are incubated with nitrate without 
supplemented of exogenous fatty acid. 

Recent works on human erythrocytes have 
shown that fatty acid incorporation into mem- 
brane phospholipids occurred in the inner leaflet 
of membranes via acylation of lysophospholipids 
[26,27]. It seems, therefore, arguable that stimula- 
tion of 20:4 incorporation into PS occurring upon 
incubation with nitrate may be due to stimulation 
of acyltransferase and/or phospholipase. Cellular 
phospholipase has been indicated to require 
calcium for optimal activity [28] and play an im- 
portant role on regulation of fatty acid metabolism 
of membrane phospholipids in other systems [23]. 
A selective increase in 20 : 4 of PS required calcium 
(Fig. 4). When calcium incorporation was blocked 
by the addition of EGTA, this stimulation did not 
occur. In accord with this observation, incubation 
of rat erythrocytes with divalent cation ionophore, 
A23187, also resulted in stimulated incorporation 
of 20:4 into PS as well as an increase in the 20:4 
of PS (Table V). Ionophore A23187 induces a 
selective increase in the permeability of the mem- 
brane to calcium [29]. Paysant et al. [30] have 
demonstrated endogenous phospholipase activity 
in human erythrocytes. Subsequently, Dise et al. 
[11] have demonstrated possible involvement of 
endogenous phospholipase in fatty acid turnover 
of human erythrocytes. Waku and Lands [31] have 
suggested the activity of endogenous phospholi- 
pase in cell membranes of rat erythrocytes. It 
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seems therefore, likely that the calcium-dependent 
increase in 20:4 of PS which occurred upon in- 
cubation with nitrate is a response to increased 
availability of lysoPS resulting from activation of 
endogenous phospholipase by calcium. If this is 
the case, incubation with nitrate will cause activa- 
tion of phospholipase A 2 because 20:4 was exclu- 
sively incorporated into 2-position of PS. 

Dise et al. [25] have shown that treatment of 
human erythrocytes with ionophore A23187 and 
the monovalent cation ionophore, nigericin, re- 
suited in net loss of intracellular potassium 
stimultaneously with stimulated incorporation of 
fatty acids into PE. In addition, the stimulation of 
fatty acid incorporation was prevented by increas- 
ing the concentration of extracellular potassium. 
When rat erythrocytes were incubated with iono- 
phore A23187 in the sodium medium, incorpora- 
tion of 16:0 and 20:4 into PE was stimulated to 
1.44- and 1.45-fold the control (Figs. 2 and 3, and 
Table V). Increasing the concentration of extracell- 
ular potassium abolished this stimulation (Tables 
IV and V). These results are completely consistent 
with the observations on human erythrocytes. The 
effect of nitrate on the fatty acid turnover of PE 
appears to be similar to that of ionophore A23187. 
Likewise, ionophore A23187 and nitrate stimu- 
lated 20:4 incorporation into PS of rat erythro- 
cytes. It should, however, be noted that increasing 
the concentration of extracellular potassium did 
not abolish the stimulated incorporation of 20:4 
into PS (Table IV). Moreover, ionophore A23187 
and nitrate did not stimulate 16:0 incorporation 
into PS (Fig. 2 and Table V). These results seem to 
lead to the assumption that transacylation to 
lysoPS is mediated by an enzyme different from 
that in the case of lysoPE. 

The present observations have indicated that 
nitrate, one of the chaotropic ions, affects fatty 
acid turnover of PE and PS of rat erythrocytes. 
The effect of nitrate appears to be similar to that 
of ionophore A23187. Waisman et al. [32] have 
proposed that, in the human erythrocyte mem- 
brane, anions stimulate calcium uptake by neutral- 
izing the positive potential due to calcium pump- 
ing. It is also to consider at least two mechanisms 
for the effect of nitrate: (1) nitrate causes changes 
of erythrocyte membranes to facilitate calcium 
uptake into erythrocytes, and (2) it is incorporated 
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TABLE V 

EFFECT OF IONOPHORE  A23187 ON A R A C H I D O N I C  ACID C O N T E N T  OF PS A N D  RATES OF [ I - t4C]ARACHIDONIC 
ACID A N D  [9,10-3H]PALMITIC ACID INTO PE A N D  PS 

Rat erythrocytes were incubated at 37°C for 60 min with ionophore A23187 in potassium or sodium medium containing 4.0 mM 
CaCl 2. The 20 :4  content of PS in erythrocyte membranes  was determined as described in Fig. I. In order to examine fatty acid 
incorporation into PE and PS, incubation was performed in the presence of either [l-14C]arachidonic acid or [9,10-3H]palmitic acid 
complexed to bovine serum albumin. Incorporation of radioactive fatty aid into PE and PS was determined as described in Figs. 2 and 
3. The control incubation mixture received ethanol (0.5%). ' Ionophore A23187' comprises 0.5 ~tM A23187 in 0.5% ethanol. For 
arachidonic acid content, values are percentage of the total fatty acid in PS. For all incorporations, values are nmol fatty acid 
incorporated//~mol lipid phosphorus per h ( ×  l0 i). The significance between control and nitrate-treated values is shown: ~ P <0.05;  

P <0.001 (mean -+S.D., n =3).  

Control A23187 A23187/control  

Arachidonic acid content in PS 
Sodium medium 52.4 ±0.1 55.2 +0 .4  1.05 
Potassium medium 52.2 +0.1 55.4 +0.5 ~ 1.06 

Arachidonic acid incorporation into PS 
Sodium medium 0.82 + 0.08 1.07 ± 0.09 ~' 1.30 
Potassium medium 0.83 + 0.08 1.09 -~ 0.09 ~ 1.31 

Palmitic acid incorporation into PS 
Sodium medium 0.12 ± 0.01 0.13 + 0.01 1.08 
Potassium medium 0.12 ÷ 0.01 0.12 ± 0.01 1.00 

Arachidonic acid incorporation into PE 
Sodium medium 5.3 +0 .4  7.7 +0.6  a 1.45 
Potassium medium 5.1 ±0.3  5.2 +0.6 1.02 

Palmitic acid incorporation into PE 
Sodium medium 0.61 + 0.05 0.88 + 0.06 ~ 1.44 
Potassium medium 0.61 + 0.05 0.60 -~- 0.06 0.98 

into erythrocytes, coupling with the influx of ex- 
tracellular calcium by an electroneutralizing mech- 
anism. Increasing the concentration of intracellu- 
lar calcium may cause stimulation of acylcoen- 
zyme A:lysophospholipid acyltransferase and/or  
endogenous phospholipase A 2. 
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