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Summary. Previous studies indicate a particular sensitivity of red
blood cell Na*-Li* countertransport activity to small variations
in the fatty acid composition of membrane phospholipids. To
assess whether the interindividual variability of Na*-Li* counter-
transport is related to differences in the species pattern of erythro-
cyte phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) in vivo, the molecular species composition of PC and PE
as well as the kinetics of Na*-Li* countertransport were analyzed
in parallel in normo- and hyperlipidemic donors. Both in diacyl-
PC and in diacyl-PE the species 16:0/20:4 and 16:0/18 : 2 were,
respectively, positively and negatively related to the apparent
maximal velocity of Na*-Li* countertransport. The sum of all
species with 20: 4 at sn, of diacyl-PE exhibited a strong positive
(r = 0.82, 2p < 0.001), and those containing 18:2 a negative
correlation (r = —0.63, 2p < 0.01) to the transport activity. Essen-
tially similar connections were observed between these species
and the apparent affinity of the transport system for intracellular
Na™. To evaluate whether the associations between molecular
species of membrane phospholipids and Na*-Li* countertrans-
port activity were indicative of a causal relationship, the species
16:0/20:4-PC and 16:0/18:2-PC were selectively introduced
into the erythrocyte membrane by means of the PC-specific trans-
fer protein. Replacement of 11% of native PC by 16:0/18:2-PC
inhibited the transport rate by about 25%. Exchange of 6 and 9%
of PC with 16:0/20:4-PC, in contrast, accelerated the transport
rate by 30 and 60%, respectively. The accordance between the in
vivo relations and the results of the in vitro modification strongly
suggests that elevations and reductions in the arachidonic acid
and linoleic acid content of membrane PC and PE contribute to
the interindividual variability of red blood cell Na*-Li* counter-
transport activity and its acceleration in hyperlipidemias.
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Introduction

The activity of red blood cell Nat-Li* counter-
transport is elevated in patients with essential hyper-
tension [3], hyperlipidemias [5] and diabetic ne-
phropathy [15]. Recent studies indicate that a high
maximal velocity of countertransport may be associ-
ated with insulin resistance [6], a condition common
to part of the patients with each of the above named
cardiovascular risk factors [21]. A rise in Na*-Li*
countertransport has been proposed as a marker for
those at high risk for cardiorenal complications asso-
ciated with essential hypertension [19, 29].

The reasons for the pathological elevation and
interindividual variability of Na*-Li* countertrans-
port in healthy individuals are not known. The maxi-
mal velocity of Na*-Li* countertransport exhibits a
phenotypically stable genetic determination [12, 26].
This could be interpreted to indicate that the in-
creased activity observed in patients with cardiovas-
cular risk factors is due to the presence of a higher
number of transport molecules within the red blood
cell membrane. Studies of Levy and Livne sug-
gested, however, that the acceleration in Na*-Li*
countertransport may be caused by changes in the
lipid composition of the erythrocyte membrane [14].

Two recent investigations indicate that Na*-Li*
countertransport is particularly sensitive to changes
in the fatty acid composition of phosphatidylcholine
(PC), the quantitatively dominant phospholipid of
the human red blood cell membrane. Small varia-
tions in the molecular species' composition of PC

! Phospholipid molecules with defined fatty acid composi-
tion at the Ci- and C, atom (at sn; and sn,) of the glycerol
backbone.
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were found to cause considerable alterations in Na™-
Li* countertransport activity [8, 9]. Thus, in princi-
ple, limited changes in the fatty acid composition
could contribute to the acceleration of Na*-Li*
countertransport in red blood cells of patients with
cardiovascular risk factors.

To assess whether the activity of the transport
system was related to individual molecular species
of erythrocyte phospholipids in vivo, the present
study analyzed in parallel the molecular species
composition of membrane PC and phosphatidyleth-
anolamine (PE) as well as kinetic properties of
Na*-Li* countertransport (apparent maximal ve-
locity and cation binding affinities). In erythrocytes
from normolipidemic (control) and hyperlipidemic
donors, positive and negative relations of the V,,
values of Na*-Li* countertransport were observed
to molecular species of PC and PE containing,
respectively, arachidonic acid (20:4) and linoleic
acid (18:2) at sn,. These results prompted us to
investigate whether a selective replacement of the
endogenous PC with species containing 20:4 or
18:2 at sn, would affect the transport system in
a similar way as suggested by the above-mentioned
relations.

Materials and Methods

SUBJECTS

Red blood cells of 7 normolipidemic and 16 hyperlipidemic indi-
viduals were analyzed. Among the hyperlipidemic group there
were 9 individuals with familial hypertriglyceridemia (phenotype
IV), one with hyperchylomicronemia (phenotype V) and one with
familial dyslipoproteinemia (phenotype III), these 11 donors be-
ing referred to as patients with elevated levels of triglyceride-
rich lipoproteins; five patients had hypercholesterolemia (all with
familial hypercholesterolemia (phenotype Ila)). As compared to
normolipidemic donors, hyperlipidemic patients had higher levels
of the following plasma lipoprotein parameters (mean values +
sD of normolipidemic (values given first in the parentheses) and
hyperlipidemic donors (values given second in the parentheses))
(mmol/liter + spD): total cholesterol (4.71 = 0.66 vs. 7.49 + 1.40),
total triglycerides (0.75 = 0.27 vs. 6.38 * 6.23), LDL cholesterol
(2.76 = 0.54 vs. 3.72 = 1.56), VLDL cholesterol (0.33 + 0.16 vs.
2.63 £ 1.95) and lower levels for HDL cholesterol (1.53 = 0.21
vs. 0.99 = 0.31), all differences being statistically significant with
2p < 0.05 or less.

There were no indications for further complicating diseases
such as diabetes mellitus or thyroid dysfunctions. None of the
women was pregnant or taking contraceptives. All individuals
were normotensive with diastolic blood pressure below 90 mmHg
and systolic blood pressure below 140 mmHg. Seven patients
were on medical treatment at the time of the study. Blood was
drawn from an antecubital vein of fasting donors between 8:00
and 9:00 a.m. and anticoagulated by heparin.
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MOLECULAR SPECIES ANALYSIS OF RED BLooD
CeLL PC anp PE

The method used was essentially the same as the one described
by Takamura et al. [25]. The lipids from erythrocytes, washed
four times with an isotonic MgCl,-sucrose buffer, were extracted
according to Rose and Oklander [22]. PC and PE of 0.5-1 ml of
packed erythrocytes were separated by one-dimensional thin
layer chromatography (tlc) with the solvent CHCl,/CH,OH/NH,/
H,0 (90:54:5.5:5.5, v:v) and extracted from the silica accord-
ing to Arvidson [1]. The phospholipids were dispersed by sonica-
tion either in 2 ml of 50 mM tris-(hydroxymethyl)-aminomethane,
30 mMm boric acid and 5§ mM CaCl, (pH 7.4; PC) or in 2 ml of 30
mM K,;HPO,, 30 mMm boric acid (pH 7.0; PE), containing, in
addition, 200 IU of phospholipase C (PLC, from Chlostridium
welchii in the case of PC, from Bacillus cereus in the case of
PE). Diethylether (4 ml) was added and the mixtures were incu-
bated under argon for 8-12 hr at 37°C. One-dimensional tlc with
diethylether/hexane (3:2) was employed to check for the com-
pleteness of the PLC-mediated formation of diradylgiycerol.

For the derivatization of diradyglycerol, 25 mg of 3,5-dinitro-
benzoylchloride and 1 mg of dry pyridine were added to the lipids
which had been previously dried under vacuum. The mixture was
heated for 10 min at 65°C. After immersion into an ice bath for 15
sec, 1 ml of ice-cold H,0, 2 ml of ice-cold 0.1 M HCl and 2 ml of
hexane were added. The water phase was reextracted two times
with2 mlof hexane, the combined hexane phases evaporated under
N,, and the sediment redissolved in a small aliquot of hexane. The
sample was applied to high performance tlc plates (HPTLC, Merck
Darmstadt, FRG) and developed in hexane/diethylether (7:3) in
order to separate the different phospholipid subclasses (diacyl-PC,
alkenylacyl- and diacyl-PE). The Ry values for the subclasses were
0.23 (diacyl) and 0.33 (alkenylacyl). The spots corresponding to
the subclasses were extracted with diethylether. After evaporation
of the ether phase the sediment was dissolved in 100 ul of acetoni-
trile/iso-propanol (8 : 2) for injection into the HPLC.

The separation of the dinitrobenzoyldiradylglycerol deriva-
tives was performed by HPLC using a Knauer liquid chromato-
graph (HPLC pump 64, Knauer, Berlin) with detection at 254 nm
by the use of a variable wavelength UV detector (Gynkotek,
Germering, FRG). A Lichrosorb ODS column (10 pm, 4.6 X 250
mm, Gynkotek) served to separate the single molecular species
at room temperature with the solvent acetonitrile/iso-propanol
(8:2). The flow rate was 1 ml/min.

Identification of the molecular species was achieved by fatty
acid analysis of the peaks collected and by comparison with
retention time values published by Takamura et al. [25]. For
determination of fatty acids, the DNBC-derivatives were hydro-
lyzed with 14% borontrifluoride in methanol [16]. The fatty acid
methyl esters and dimethylacetals thus formed were analyzed by
gas chromatography.

The percentages of individual molecular species of two sam-
ples obtained from the same donor at the same day treated inde-
pendently from the start of the lipid extraction were found to
agree within <7% for molecular species with percentages of >5%
of total species composition.

IN VITRO MODIFICATION OF THE MOLECULAR
SpECIES COMPOSITION OF PC

A limited replacement of endogenous erythrocyte PC by the mo-
lecular species 1-palmitoyl, 2-linoleoyl-PC and 1-palmitoyl, 2-
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arachidonoyl-PC (16:0/18:2-PC and 16:0/20:4-PC, both ob-
tained from Sigma, Deisenhofen, FRG) was performed essentially
as described in ref. [8]. Briefly, donor vesicles containing the
respective molecular species of PC, cholesterol, phosphatidic
acid (45:45: 10, mol: mol) and, in addition, *H-labeled choles-
terol ether (as nonexchangeable marker) were incubated for
30-120 min with washed erythrocytes in the presence of the
phosphatidylcholine-specific transfer protein (PC-Tp, isolated
from bovine liver, see ref. [8]). The incorporation of the species
was assessed by gas chromatographic analysis of the fatty acid
composition of PC. Replacement of endogenous PC by the newly
introduced species was calculated according to [27].

DETERMINATION OF THE MAXIMAL VELOCITY OF
Na'-Li* COUNTERTRANSPORT

Na'-Li* countertransport was assessed as phloretin-sensitive Li*
uptake [7, 23]. Preincubation for three hours with four salicylate
media containing different proportions of Na* and K* at 0°C
(hematocrit 4-6%) [28] was used to modify the red blood cell
Na' content between 4 and 26 mmol/liter at the expense of K.
After two washings with isotonic NaCl and three further washings
with choline chloride (room temperature), the cells were incu-
bated for 90 min at 37°C (hematocrit about 5%) in isotonic choline
chloride media containing 1, 2, 5, and 10 mm LiCl (replaced by
choline), 0.1 mM ouabain, and either 0.25 mM phloretin (dissolved
in ethanol) or ethanol alone. All media contained, in addition, 5
mM glucose, 1 mM inorganic phosphate, and 10 mMm morpholino-
propane sulfonic acid, titrated to pH 7.40 at 37°C with tris-
(hydroxymethyl)-aminomethane (Tris-MOPS, 300-305 mosmol
(kg Hy0)™").

Aliquots of fresh, preincubated and incubated cells (40-110
ul) were washed three times with a 20-fold excess of ice-cold 150
mM choline chloride. The cells were hemolyzed by adding 1.2-1.6
ml 6% n-butanol in water (v : v) containing 0.1% cesium chloride
(w:v). In the hemolysates, hemoglobin was determined in dupli-
cate (cyanmethemoglobin method) and Li*, Na™ and K* concen-
trations were measured in duplicate or triplicate using an atomic
absorption spectrophotometer (Perkin Elmer 420). The standard
deviations in duplicate measurements were 0.8% for hemoglobin,
1.9% for Li*, 2.2% for Na* and 2.3% for K*. The red blood
cell cation contents and transport rates given refer to 5.2 mmol
hemoglobin tetramer (335.4 g), the mean hemoglobin content of
1 liter of human erythrocytes. Comparable results were obtained
when the incubation time of Li™ uptake was 60 min.

The apparent Kinetic parameters of Na*-Li* countertrans-
port (V. and K, values for intracellular Na* and extracellular
Li*) were calculated by means of Eadie-Hofstee plots with phlor-
etin-sensitive Li* uptake as a function of either the four cellular
Na* contents or of the four extracellular Li* concentrations.
Most of the Eadie-Hofstee plots exhibited correlation coefficients
with absolute values of > 0.98. Exclusion criterion in the kinetic
evaluation was an absolute r value <0.93. For estimation of
kinetic parameters pertaining to saturating concentrations of both
intracellular Na* and extracellular Li*, the four values of maximal
velocity obtained from plots of the experimental data as a function
of cell Na* (medium Li*) were plotted as a function of medium
Li* (cell Nat). The V,,, values given in Results represent the
means of the two V,, values thus obtained. The corresponding
affinities for extracellular Li* and intracellular Na* ranged (+sp)
between 4.03 + 0.86 — 9.11 = 0.61 mmM Li* and between 8.78 +
1.75 — 26.6 = 2.69 mmol Na*/liter cells among the different
donors, respectively.
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DETERMINATION OF THE ACTIVITY
oF Na*-Li* COUNTERTRANSPORT
AT 2 mM EXTRACELLULAR Li

The method used was essentially the same as described in {8].
Briefly, erythrocytes which had been preincubated either with
vesicles alone or, additionally, with the PC-Tp (see above), were
washed three times with 150 mM choline chloride and thereafter
incubated for 60 min at 37°C in media containing (mm) 75 MgCl,,
90 sucrose, 10 Tris-MOPS, 5 glucose, 2 LiCl, 0.2 ouabain and
either 0.25 phloretin (dissolved in ethanol) or ethanol alone (pH
7.4). The cellular L™ and Na* concentrations were measured in
butanol hemolysates and normalized to 5.2 mmol hemoglobin
tetramer as described above. The data of phloretin-sensitive Li*
uptake given in Results were corrected for a constant red blood
cell Na* content of 10 mmol/liter by assuming simple Michaelis-
Menten kinetics and an apparent K,, value of 10 mm cellular Na*,

Results

To assess whether the maximal velocity of Na*-Li™
countertransport was related to individual molecular
species of erythrocyte membrane phosphatidylcho-
line (PC) and phosphatidylethanolamine (PE) in
vivo, in normolipidemic and hyperlipidemic donors
PC and PE were isolated from red blood cell lipids
and analyzed for their molecular species composi-
tion by HPLC (see Materials and Methods). The
separation of different molecular species from dia-
cyl-PC and two subgroups of PE (diacyl- and alke-
nylacyl-PE) is illustrated in Fig. 1. In diacyl-PC the
quantitatively predominant species contain linoleic
acid (18:2) and oleic acid (18 ; 1) at sn,. Arachidonic
acid (20:4) is present in high amounts at the sn,
position of diacyl-PE and constitutes the major fatty
acid at sn, of alkenylacyl-PE.

The maximal velocity of Na*-Li* countertrans-
port was positively related to the species 16:0/20:4
in diacyl-PC (r = 0.53, 2p < 0.09), diacyl-PE (r =
0.55, 2p < 0.01) and in alkenylacyl-PE (r = 0.49, 2p
< 0.05). A negative connection was observed with
respect to the species 16:0/18: 2 in both diacyl-PC
(r = —0.48, 2p < 0.05) and diacyl-PE (r = —0.46,
2p < 0.05). The V_,, value of the transport system
was also positively associated with other species of
diacyl-PE containing 20:4 (18:0/20:4: r = 0.52,
2p < 0.05; 18:1/20:4: r = 0.52, 2p < 0.05). In
addition, a positive relation was observed to the
species 18:0/20:4 (r = 0.53, 2p < 0.05) in alkenyl-
acyl-PE.

The maximal velocity of Na*-Li" countertrans-
port showed a positive correlation to the apparent
affinity of the transport system for intracellular Na*
(K,,Na; r = 0.69, 2p < 0.01) while the relation to
the affinity for extracellular Li* was not significant.
The values for K,,Na; were positively related to
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Fig. 1. Separation of molecular species of diacyl-phosphatidyl-
choline (PC), diacyl-phosphatidylethanolamine (PE) and alke-
nylacyl-PE by HPLC. Representative example from a donor with
hypercholesterolemia. By means of gaschromatographic analysis
of the peaks and comparison with retention times published by
Takamura et al. [25] the following molecular species could be
identified (the number before and after the slash indicate the fatty
acids or fatty aldehydes at sn; and sn, of the glycerol backbone,
respectively; percentages of total species in parentheses): Diacyl-
PC: (1) 16:0/20:5 (0.6%). (2) 16:0/22:6 (5.5%). (3) 16:0/20: 4
(8.5%). (4) 18:1/18:2 (4.2%). (5) 16:0/18:2 (35.5%). (6) 18:0/
20:4(4.8%).(7) 16:0/18:1 + 18:0/18:2 (33.7%). (8) 18:0/18: 1
(4.6%). (9) 16:0/18:0 (2.5%). Diacyl-PE: (1) 16:0/22:6 (3.3%).
() 18:1/20:4 (12.1%). (3) 16:0/20:4 (15.6%). (4) 18:1/18:2
(12.5%).(5) 16 :0/18: 2 (15.4%). (6) 18:0/20: 4 (13.4%). (7) 18 : 1/
18:1 (7.0%). (8) 16:0/18:1 (19.2%). (9) 18:0/18:1 (3.7%). Al-
kenylacyl-PE: (1) 16:0/20:5 (1.8%). (2) 18:1/22:6 (3.7%). (3)
16:0/22:6+ 18:1/20:4(9.4%). (4) 16:0/20:4 (17.9%). (5) 18: 0/
22:6 (16.5%). (6) 16:0/22:4 (10.8%). (7) 18:0/20:4 (26.9%). (8)
18:0/22:4 (13.1%).

16:0/20:4 (r = 0.47, 2p < 0.05) and to 18:0/20: 4
in diacyl-PE (r = 0.68, 2p < 0.01). A negative associ-
ation was observed to 16:0/18:2 in diacyl-PE (r =
—0.54, 2p < 0.05).
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When Na*-Li* countertransport activity was as-
sessed as phloretin-sensitive Li™ uptake in media
with 2 mMm Li* in cells with Na* contents close to
the in vivo values, the connections to molecular
species of PC and PE were essentially similar as for
the V., values of the transport system (not shown).
In all donors investigated there was a strong positive
relation between the maximal velocity and the trans-
port rate of Na*-Li* countertransport determined
at 2 mm Li} (r = 0.79, 2p < 0.001).

The percentages of other molecular species
(apart from those mentioned above) did not exhibit
significant relations to the activity of Na*-Li* coun-
tertransport. Notably, there were no significant con-
nections between the percentages of species of dia-
cyl-PC and diacyl-PE and the V_,, values of two
other Na™ transport systems (Nat-K* cotransport
and Na®-K* pump, data not shown).

A strong positive relation of the V,, values of
Na*-Li* countertransport was found to the sum of
those molecular species of diacyl-PE with 20:4 at
sn, (Fig. 2, upper panel), while a negative relation
was observed to species with 18 : 2 at sn, of the same
phospholipid subgroup (Fig. 2, lower panel). The
correlations in Fig. 2 were also significant for the
hyperlipidemic group alone (see legend to Fig. 2).
The sum of species of diacyl-PE with arachidonic
acid and linoleic acid, respectively, exhibited also
positive and negative relations to the apparent K,
Na; values of Na*-Li* countertransport (r = 0.73,
2p < 0.001; r = —0.54, 2p < 0.01). In addition, there
were positive relations of the sum of those species
of diacyl-PE containing 18 : 0 (stearic acid) at sn, to
the apparent K,,Na;" value (r = 0.68, 2p < 0.001) as
well as to the maximal velocity of Na™-Li*™ counter-
transport (r = 0.49, 2p < 0.05).

To assess whether the positive and negative re-
lations of Na*-Li" countertransport to molecular
species of phospholipids containing arachidonate
and linoleate were indicative of a causal relationship,
part of the endogenous PC in the membrane of intact
erythrocytes from normolipidemic donors was re-
placed by either 16:0/18:2-PC or 16:0/20:4-PC.
Red cells were incubated for different time intervals
with vesicles containing the respective species in the
presence of the PC-specific transfer protein which
mediates a strict 1: 1 exchange of PC molecules lo-
cated in the outer monolayer of the erythrocyte
membrane with those present within the vesicles.

Replacement of 5% of endogenous red blood
cell PC by 16: 0/18 : 2-PC did not affect the transport
rate of Na*-Li* countertransport (Fig. 3, left panel).
Higher incorporation levels reduced Na™-Li* coun-
tertransport, the transport activity being decreased
by about 25% when 11% of native PC was ex-
changed. Enrichment with 16:0/20:4-PC acceler-
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Fig. 2. Relations between the sum of percentages of molecular
species with arachidonic acid (20:4) and linoleic acid (18:2) at
sn, of diacyl-PE and the maximal velocity of Na*-Li* counter-
transport in normolipidemic and hyperlipidemic donors. The mo-
lecular species containing 20 : 4 were: 16:0/20:4, 18:0/20: 4 and
18:1/20: 4, those with 18:2: 16:0/18:2 and 18:1/18:2. (O) Nor-
molipidemia; (@) Patients with elevated levels of triglyceride-
rich lipoproteins; (X) patients with hypercholesterolemia. When
the relations were analyzed for the group of patients with elevated
levels of triglyceride-rich lipoproteins alone, the correlation coef-
ficients were: » = 0.90, 2p < 0.01 (sum of species with 20: 4) and
r = —0.82, 2p < 0.01 (species with 18:2).

ated the transport rate by 32 and 60% at replacement
values of 6 and 9%, respectively (Fig. 3, right panel).
Accordingly, in vitro incorporation of the two mo-
lecular species exerted an effect on the rate of Na*-
Li* countertransport corresponding to the relations
observed in vivo.

Discussion

Previous studies indicated a particular sensitivity of
the activity of the Na™-Li* countertransport system

103

16:0/18:2-PC 16:0/20:4-PC

008 F (n=31 (n=2) (n=3) - (n=3) (n=4)
E3

Phloretin- sensitive Li uptake
(mmoles/lcells xh)
o
(o]
~

5% 9% 1% 6% 9%
Replacement of endogenous PC

Fig. 3. Effect of replacement of native red blood cell PC by,
respectively, 16:0/18:2-PC and 16:0/20: 4-PC on the transport
rate of Na®-Li* countertransport (determined as phloretin-sensi-
tive Li* uptake from media containing 2 mm Li*, see Materials
and Methods) in normolipidemic donors. Open bars: Erythro-
cytes treated with vesicles containing the respective molecular
species (absence of the PC-specific transfer protein (PC-Tp), con-
trol). Hatched bars: Red blood cells incubated additionally with
the PC-Tp. Replacement of 5-11% of native PC by 16:0/18:2-
PC did not affect phloretin-resistant Li* uptake (control cells:
0.049 = 0.014, modified cells: 0.048 = 0.014 mmol/liter cells X
hr, n = 8, * sp). Exchange of 6 and 9% of endogenous PC by
16:0/20: 4-PC slightly stimulated phloretin-resistant Li* uptake
(control cells: 0.042 = 0.008, modified cells: 0.046 + 0.008 mmol/
liter cells X hr, n = 7), the difference, however, not being signifi-
cant. The enhancement of phloretin-resistant Li* uptake was
small (+10%) compared to the 30-60% elevation of phloretin-
sensitive Li* uptake indicating that the incorporation of 16:0/
20:4-PC did not grossly perturb the determination of Na*-Li*
countertransport activity. Mean values = sp *P < 0.05, **P <
0.005 (us. control (without PC-Tp), Student’s paired t-test, n =
number of different donors).

to membrane lipids, in particular towards defined
molecular species of phosphatidylcholine (PC) [8,
9]. To analyze whether the interindividual variability
of the transport activity was in fact related to distinct
molecular species of red cell membrane phospholip-
ids in vivo, in the present study a detailed analysis
of the molecular species composition of erythrocyte
PC and phosphatidylethanolamine (PE) was per-
formed in normo- and hyperlipidemic individuals,
together with the determination of the kinetics of
Na*-Li* countertransport. PC and PE are the quan-
titatively most prominent phospholipids of the eryth-
rocyte membrane comprising about 60% of total red
blood cell phospholipids.

Molecular species from diacyl-PC (comprising
approximately 95% of total PC in human erythro-
cytes [17]) and two subgroups of PE, diacyl- and
alkenylacyl-PE, which constitute up to 95% of total
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PE in red blood cells [17] were separated by HPLC.
Previous analyses of the species composition of
erythrocyte PC and PE subgroups using different
derivatization procedures yielded comparable re-
sults with respect to both the nature and the percent-
ages of the species analyzed [13, 17].

Positive correlations were observed in vivo be-
tween the percentages of the species 16:0/20:4 in
each of the three phospholipid subgroups and the
maximal activity of Na®-Li" countertransport (see
Results). Negative associations were found to 16 : 0/
18: 2 in diacyl-PC and diacyl-PE. The sum of species
with 20 : 4 at sn, of diacyl-PE and of those with 18:2
at the sn, position of this phospholipid exhibited,
respectively, strong positive and negative associa-
tions to the V., values and binding affinities for
intracellular Na™ of the transport system (Fig. 2 and
Results). The maximal activities of the Na*-K™ co-
transport and the Na*-K* pump were not related
to any of the species of diacyl-PC and -PE. Taken
together, these results indicate specific positive and
negative associations between the interindividually
differing activity of Na*-Li* countertransport and
the relative amounts of molecular species of PC and
PE containing 20:4 and 18: 2, respectively.

In addition, strong positive relations of the maxi-
mal velocity of Na*-Li* countertransport to per-
centages of certain phospholipid classes were ob-
served, i.e., to PC and the PC/sphingomyelin ratio
[10]. Multiple regression analysis revealed that the
association between the sum of species of diacyl-
PE with arachidonic acid at sn, and Na™-Li" coun-
tertransport activity was independent of the connec-
tion of the transport system to phospholipid classes.

To assess whether the changes in arachidonic
acid and linoleic acid content of membrane phospho-
lipids were causally related to the interindividual
activity of Na*-Li*-countertransport, the molecular
species composition of red blood cell membrane PC
was modified in vitro. By means of the PC-specific
transfer protein (PC-Tp) the species 16:0/20:4-PC
and 16:0/18:2-PC were selectively incorporated
into the erythrocyte membrane. Since, apart from
the modification of the species composition of PC,
no other lipid components of the membrane are al-
tered by this procedure, potential effects on the
transport rate can be specifically attributed to the
replacement of native species by the newly intro-
duced species. To avoid prolonged incubation of the
erythrocytes preincubated with PC-Tp and vesicles,
Na*-Li*-countertransport was directly assessed as
phloretin-sensitive Li* uptake in erythrocytes with
Na' contents close to the in vivo values (at 2 mm
extracellular Li*, see Materials and Methods). The
values thus obtained were highly significantly re-
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lated to the maximum velocities determined in the
kinetic assay (see Results).

Replacement of 6 and 9% of endogenous PC by
16:0/20 : 4-PC accelerated the transport rate of Na*-
Li* countertransport by up to 60% (Fig. 3). Thus,
a minute modification of less than 2% of total eryth-
rocyte membrane lipids (assuming that total phos-
pholipids make up approximately 50% of total mem-
brane lipids and that PC constitutes about 30% of
total phospholipids) led to a considerable increase
in transport activity.

When 11% of endogenous PC was exchanged
with 16:0/18:2-PC, the transport rate of Na™-Li*
countertransport was reduced by about 25% (Fig.
3). Again, a small experimental change in the species
composition of PC considerably influenced the
transport activity. It should be noted in this context
that replacement of 11% of endogenous PC by 16 : 0/
18:2-PC will increase the relative amount of this
species in the erythrocyte membrane from about
30% (see legend to Fig. 1 and ref. [17]) to approxi-
mately 38% since part of the PC transferred from
the cell membrane to the vesicles contains also 16 : 0/
18:2-PC. Together with the positive and negative
correlations between molecular species containing
20:4 and 18 : 2 and the maximal activity of Na*-Li*
countertransport observed in vivo (Fig. 2), these in
vitro results argue for a causal relationship between
the variations in molecular species composition of
membrane PC and PE and the individual activity of
Na*-Li* countertransport in the normo- and hyper-
lipidemic donors studied.

Alterations in membrane fluidity are unlikely to
account for the stimulatory and inhibitory effects of
16:0/20:4 and 16:0/18:2 on the activity of Na*-
Li* countertransport, since the transition tempera-
tures of 18:2 and 20:4 are nearly identical [24].
Data from previous studies [8, 9], together with the
present results, indicate that both a certain length
and a minimal number of double bonds of the fatty
acids in sn, position are required for activation of
the transport. Only fatty acids at sn, with more than
two double bonds and longer than 18 C atoms consid-
erably accelerate the transport rate (20 : 4 and 22 : 6);
shorter fatty acids are less effective or inhibitory
(16:0, 18: 1 and 18:2) ([8, 9] and this study). These
results could indicate that a certain bilayer thickness
is required for optimal activation of Na*-Li* coun-
tertransport.

The activity of Na*-Li* countertransport is ele-
vated under several pathological conditions, all be-
ing well established cardiovascular risk factors (es-
sential hypertension [3], hyperlipidemia [4, 5],
diabetes mellitus [15]). Interestingly, an elevation of
arachidonic acid, together with a reduction in lino-
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leic acid in total membrane lipids, has already been
observed in erythrocytes [20] and platelets [18] of
patients with essential hypertension. Accordingly,
these changes in the fatty acid composition could in
part account for the acceleration of Na*-Li* coun-
tertransport in essential hypertension.

Recent evidence indicates that the percentages
of molecular species with arachidonic acid at sn,
of PC and PE are increased in the red blood cell
membrane in hyperlipidemias [11]. Plasma VLDL
and total cholesterol levels correlated positively
with red blood cell membrane phospholipid species
containing arachidonic acid. Accordingly, the well-
known genetic control of the individual activity of
Na™-Li* countertransport could ultimately be deter-
mined by the level of plasma lipoproteins which are
known to be in part genetically regulated, e.g., by
means of changes in membrane phospholipid
species.

An association between an increase in Na*-Li*
countertransport activity and insulin resistance has
been suggested [6]. It is well known that insulin
resistance coupled with hyperinsulinemia is present
in subgroups of patients suffering from essential hy-
pertension, hyperlipidemia and diabetes mellitus
[21]. An increased insulin concentration in plasma
could lead to a rise in arachidonic acid content in
membrane phospholipids, since the hormone—at
least in diabetic animals—stimulates the formation
of arachidonic acid from linoleic acid [2}. This would
explain the association of a high percentage of ara-
chidonic acid with a low content in linoleic acid in
hyperlipidemia {11] as well as in essential hyperten-
sion [18, 20]. Thus, in view of the results of the
present study, the removal of the inhibitory effect
exerted by molecular species with linoleic acid at
sn,, as well as the activating influence of arachidonic
acid, should accelerate synergistically Na*-Li*
countertransport activity under the above-men-
tioned pathological conditions.

In conclusion, the results of the present study
indicate that an increase and a reduction of molecu-
lar species of membrane phospholipids containing
arachidonic acid and of linoleic acid, respectively,
contribute to the interindividual variability of red
biood cell Na*-Li* countertransport, its accelera-
tion in hyperlipidemias and, possibly, also in essen-
tial hypertension.
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