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Stabilization of red cells against hypotonic haemolysis by cis-trans isomeric free C 4 fatty acids occurs with
pronounced specificity which is strongly temperature-dependent, but in a distinctly different manner for the
two configurational isomers. Oleic acid (cis-18:1) stabilizes very efficiently at 0°C, even at the highest
concentrations. Elaidic acid (trans-18:1) causes neither stabilization nor haemolysis at this temperature. At
room temperature (23°C), elaidic acid acquires the ability to protect, without turning haemolytic at high
concentrations. At 37°C elaidic acid also becomes haemolytic. The protecting effect of oleic acid at 0°C is
the result of a rapid reaction. The characteristic, temperature-dependent specificity of cis-trans isomeric C g4
fatty acid interaction with the red cell membrane appears to be a general phenomenon, since it was observed

alike with erythrocytes of different species.

Introduction

The osmotic resistance of the erythrocyte mem-
brane is altered by a number of endogenous [1-5]
and exogenous [6-9] factors. Free fatty acids are
known to promote haemolysis at higher concentra-
tions, but in a certain lower concentration range
they stabilize the erythrocyte membrane against
osmotic stress [10,11]. The molecular mechanism
of stabilization is not known. The promotion of
haemolysis at higher concentrations is generally
attributed to the so-called detergent-like effect [12].
However, the exact mechanism of detergent-medi-
ated rupture of the erythrocyte membrane is not
elucidated.

In the present study we set out to investigate
the mechanism of these apparently paradoxical
effects. The exact nature of fatty acid interaction
with the plasma membrane is of considerable in-
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terest, since elevated levels of circulating free fatty
acids have been implicated in ischemic damage of
the myocardium [13]. Therefore, we investigated
the temperature-dependence of (a) protection
against osmotic rupture over a well-defined lower
concentration range and (b) haemolysis at higher
concentrations of fatty acids. The striking result of
the present study is that pronounced configura-
tion-dependent specificities are revealed by ex-
amining these fatty acid effects at different tem-
peratures. Furthermore, progress has been made in
elucidating the mechanism of stabilization, which
was found to be most efficient at 0°C, but only
with fatty acids of cis-configuration, while the
trans-isomer showed no effect whatsoever at this
temperature.

Unsaturated C,g cis-fatty acids exhibit espe-
cially strong effects of stabilization, but it should
be emphasized that the biphasic behaviour is en-
countered also with other fatty acids [12] and
certain detergents [14,15]. In a previous study,
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performed at room temperature with chicken and
sheep erythrocytes, we reported the structure-de-
pendence of stabilization and configuration-de-
pendence of haemeolysis promotion by free un-
saturated C,, fatty acids [11]. In another study
[10] similar effects were found with human
erythrocytes, but the question of configuration-de-
pendence was not investigated. All previous stud-
ies were carried out at room temperature. As we
observed that elaidic acid turns haemolytic with
increasing temperatures, we decided to investigate
the effects of free fatty acids on the osmotic resis-
tance of red cells at 0°C, room temperature (23°C)
and 37°C. In the present report we show that the
specific effects exerted by oleic acid (cis-18 : 1) and
elaidic acid (trans-18:1) on the erythrocyte mem-
brane change drastically as a function of tempera-
ture.

Materials and Methods

Erythrocyte preparations

Heparinized blood was drawn from an adult
female sheep, from female chickens of the White
Leghorn strain, human erythrocytes were from a
male volunteer (A. Cs.). After three washings with
Hanks’ solution and removal of the buffy coat the
suspensions were adjusted to a 50:50 (v/v) ratio
of pellet to isotonic buffer.

Isotonic and hypotonic buffer solutions

The isotonic buffer was 155 mM NaCl/50 mM
sodium phosphate (pH 7.4). In order to prepare
the hypotonic haemolysis buffer for sheep
erythrocytes, the isotonic buffer was mixed in a
ratio of 1:2 with the same sodium phosphate
which had no NaCl. Incubation of sheep, chicken
and human erythrocytes in 10 mM sodium phos-
phate (pH 7.4) without NaCl resulted in instant
and total lysis and was used as 100% haemolysis
control. Because of the higher osmotic resistance
of chicken [11] and human [10] erythrocytes, the
standard isotonic sodium phosphate saline buffer
(155 mM NaCl/50 mM sodium phosphate (pH
7.4)) was diluted with distilled water until the
degree of haemolysis was above 90% at 0°C. At
37°C, in this buffer solution, the degree of haemo-
lysis was below 10% but still accurately measura-
ble.
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Determination of osmotic resistance and treatment
with fatty acids

The effect of unsaturated free C,; fatty acids
on the osmotic fragility of erythrocytes was de-
termined as described previously [10,11]. The two
cis-trans isomeric Cg fatty acids, oleic acid (cis-
18:1) and elaidic acid (irans-18:1), were dis-
solved in methanol and the appropriate molar
amounts were applied to the buffered hypotonic
NaCl solution just prior to the addition of red
cells. Volumes of 5, 10 and 15 p1 of the methanolic
solution of fatty acids were added to 5 ml of the
haemolysis buffer. Addition of these volumes of
methanol did not affect the osmotic fragility of
erythrocytes. 50-p1 aliquots of the erythrocyte stock
suspension were then mixed with the 5 ml of the
hypotonic sodium phosphate/saline buffer (pH
7.4) (haemolysis buffer), containing various con-
centrations of fatty acids. The hypotonic buffer
solution was equilibrated at 0°C, room tempera-
ture (23°C) and at 37°C, respectively, before ad-
dition of the free fatty acids and the erythrocyte
suspension. The same results were obtained when
the fatty acids were added at room temperature to
the hypotonic buffer and then equilibrated at the
respective temperatures before addition of
erythrocytes. After an incubation time of 30 min,
the samples were centrifuged (5 min at 2000 rpm)
in a Hettich, Roto Silenta/K centrifuge and the
absorbance of the supernatant was determined at
540 nm. It is essential that the centrifugation step
follows without delay and at the proper tempera-
ture. The centrifuge was used at 0°C and at room
temperature, respectively.

Reagents

The fatty acids were obtained from Sigma; salts
used for buffer solutions were from Merck. All the
reagents were of the highest purity available.

Results

Temperature-dependence of cis-trans isomeric free
fatty acid effects on sheep erythrocytes

In the present study we compared the cis-trans
isomeric oleic (cis-18:1) and elaidic (zrans-18:1)
acid, as to their protecting effects against hypo-
tonic haemolysis at different temperatures, in order
to detect possible temperature-induced changes in
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the membrane at the level of configurational
specificity.

Fig. 1 shows the osmotic resistance of sheep
erythrocytes examined at 0°C, room temperature
(23°C) and 37°C, with different concentrations of
oleic and elaidic acid. The differences in the de-
gree of haemolysis observed at the lowest fatty
acid concentration (1107 M) mark the effect of
temperature on osmotic resistance and are identi-
cal with control values without addition of fatty
acids. The osmotic resistance of erythrocytes per
se, without exogenous fatty acids, being strongly
temperature-dependent, increases markedly from 0
to 37°C. For this reason, at 0°C, hypotonic buffers
were used to give a degree of haemolysis reaching
almost 100%. With these buffers at 37°C, haemo-
lysis was below 20%. Thus, with the same buffer,
measurable values of haemolysis were obtained at
0, 23 and 37°C. There are three striking results of
this experiment. First, at 0°C there is a complete
lack of protection against hypotonic haemolysis by
elaidic acid (trans-18:1). Second, the most effi-
cient stabilization is exhibited by oleic acid (cis-
18:1) at 0°C, even at the highest concentrations
tested. These higher concentrations of oleic acid
lead to rapid haemolysis at room temperature.
Therefore it is essential to use a cooled centrifuge
and put the samples from the ice-bath straight into
the cooled centrifuge. Otherwise, haemolysis oc-
curs instantly and the remarkable protection by
oleic acid at this temperature cannot be detected.
Third, elaidic acid (frans-18:1), which shows
neither protection nor haemolysis promotion at
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0°C, becomes strongly haemolytic at 37°C. At
room temperature, elaidic acid does stabilize
against hypotonic rupture, but, even at the highest
concentrations used, does not become haemolytic
beyond the degree caused by the hypotonic buffer.

Temperature-dependence of the C,, cis-trans iso-
meric free fatty acid interaction with chicken and
human erythrocytes

In order to test how general is the temperature-
dependence of specific effects exhibited by cis-trans
isomeric C,; fatty acids, human erythrocytes and
nucleated avian (chicken) erythrocytes were also
examined. As shown in Fig. 2, the lack of protec-
tion by the rtrans-isomeric elaidic acid at 0°C
appears to be a general property of the red-cell
membrane. This common property of sheep,
chicken and human red blood cells is demon-
strated by comparing the effects of oleic and elaidic
acid at 0°C and 37°C: (1) Elaidic acid causes
neither stabilization nor haemolysis at 0°C, while
oleic acid exhibits a remarkable stabilization at
this temperature (note the decrease of haemolysis
from 98% to 0% with human erythrocytes). (ii) The
haemolytic effect of oleic acid is not expressed at
0°C. Even the highest concentrations of oleic acid
lead to a strong stabilization at this temperature.
(iii) The haemolytic effect of elaidic acid, which is
not expressed at room temperature {11] and at
0°C, becomes very pronounced at 37°C. Thus, the
initial observations made with sheep erythrocytes
(Fig. 1) are fully confirmed by similar experiments
using human and nucleated chicken erythrocytes.
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Fig. 1. Temperature-dependent effects of oleic acid (cis-18:1) and elaidic acid (zrans-18:1) on the osmotic fragility of sheep
erythrocytes. Effects of the cis-trans isomeric C,g fatty acids in hypotonic buffer solution (0.30%) at different temperatures.
Stabilization against osmotic rupture over a certain concentration range and promotion of haemolysis at higher concentrations. The
degree of haemolysis was determined after incubation for 30 min at the respective temperatures in presence of the indicated
concentrations of fatty acids. v, 0°C; B, 23°C; @, 37°C.



The effects of oleic and elaidic acid and of
other unsaturated C,; fatty acids, at room temper-
ature, on the chicken and sheep erythrocyte mem-
brane were reported previously {11]. However, it
should be pointed out that, in the previous study,
the haemolysis buffer contained K™, while the
present experiments have been done with buffers
containing exclusively Na™ as a cation. As was
shown in our previous work, performed at room
temperature, elaidic acid does stabilize chicken
and sheep erythrocytes against hypotonic haemo-
lysis without causing haemolysis, even at the
highest concentrations, contrary to the cis-isomers.
This protection against hypotonic haemolysis by
elaidic acid was especially pronounced in the case
of chicken erythrocytes [11]. For all unsaturated
C,; fatty acids, the stabilizing effect was shown to
persist through several washings and centrifuga-
tions [11]. This shows that elaidic acid did interact
with the chicken and sheep erythrocyte mem-
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branes at room temperature, far below its melting
point (44.5°C). Since these basic observations, at
room temperature, were published already {10,11},
they have been omitted from Fig. 2. However, in
the present study, using the buffer without K* and
at pH 7.4, the previous observations, which were
made under slightly different conditions, are re-
producible (data shown only for sheep erythro-
cytes, Fig. 1).

Persistent interaction of elaidic acid with the
erythrocyte membrane at 0°C

The question arises as to whether the different
melting points of oleic acid (16.3°C) and elaidic
acid (44.5°C) are responsible for the lack of effects
at 0°C by elaidic acid (neither stabilization nor
haemolysis promotion) and the lack of haemolysis
promotion (but efficient stabilization) by oleic acid
at 0°C. Such a correlation appears unlikely, con-
sidering the strong effects exhibited by elaidic and
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Fig. 2. Temperature-dependent effects of oleic acid (cis-18:1) and elaidic acid (trans-18:1) on chicken (A) and human (B)
erythrocytes. These experiments are analogous to those described in Fig. 1 for sheep erythrocytes. Only two temperatures, 0°C and
37°C, are shown at the indicated concentrations. The degree of haemolysis at the lowest concentrations of fatty acids (10~7 M) is
identical with the degree of haemolysis without addition of exogenous fatty acids at the respective temperatures. After equilibration at
a certain temperature, first the methanolic solution of fatty acids and then 50 pul of the erythrocyte suspension were added to 5 ml of
the hypotonic buffer solution. After 30 min of incubation, the samples were centrifuged (5 min at 2000 rpm) and the absorbance of
the supernatant at 540 nm was determined. The reproducibility of haemolysis assays was within a range of +5% haemolysis with the

same freshly drawn blood samples on the same day. v, 0°C; ®, 37°C.
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oleic acid below their melting points. It should be
emphasized that elaidic acid stabilizes strongly at
room temperature (23°C) and turns into a potent
haemolytic agent at 37°C. Thus, the transition
points between (a) complete lack of effects, (b)
stabilization, and (c¢) haemolysis are all below the
melting point of elaidic acid and are more likely
correlated with transition points of the membrane.
Similarly, oleic acid is not haemolytic, but strongly
protects, below its melting point, at 0°C. Whether
the suspension of free fatty acids in the aqueous
haemolysis buffer can partition into the erythro-
cyte membrane does not seem to be a function of
melting points of the fatty acids, but rather to be
related to temperature-dependent properties of the
membrane.

The question of binding of elaidic acid to the
erythrocyte membrane was examined in the ex-
periment depicted in Fig. 3. As shown in this
figure, the indicated concentrations of elaidic acid
were added to human erythrocytes at 0°C and
subsequently incubated for 10 min at 0°C. After
three washings with the isotonic buffer (buffer and
centrifuge at 0°C), identical erythrocyte suspen-
sions, representing treatments with different con-
centrations of elaidic acid, were tested as to their
osmotic fragility at 0, 23 and 37°C with a hypo-
tonic haemolysis buffer and compared with con-
trol erythrocytes which went through the same
washing and centrifugation procedure at 0°C. As
can be seen in Fig. 3, aliquots of the same red cells
which exhibited no effect at 0°C showed a pro-
nounced concentration-dependent protection at
room temperature (23°C) and also haemolysis at
37°C (in those samples which were treated with
the highest concentrations of elaidic acid at the
beginning of the experiment). Thus, elaidic acid
must be bound to the membrane in a way that it
resists the subsequent washing procedure. The
treatment at 0°C with different concentrations of
elaidic acid led to a persistent change of the
erythrocyte membrane, the quality of this change
depending on the concentration of elaidic acid in
the initial treatment before the washing of cells.
This also is in agreement with the suggestion that
the temperature-dependent transitions of the
membrane are critical for the effects exhibited by
free fatty acids which are bound to the erythrocyte
membrane.

(trans,18: 1) ELAIDIC ACID
100+ .,.
» 80 vV T
= v
2 608=8: =i:::~.\
> E Ne.
T ] 401 \Q
=
3 201
.\ ><.
04+—— —— ,
0723 1623 g5 23 10-4 2 3 M

Fig. 3. Persistent protection of human erythrocytes by elaidic
acid (trans-18:1) against hypotonic lysis after preincubation at
0°C. The indicated concentrations of elaidic acid were added to
human erythrocytes at 0°C and subsequently incubated for 10
min at 0°C. After three washings and centrifugations of the
treated red cells and the untreated controls at 0°C, the osmotic
resistance of each sample was determined at three different
temperatures. Aliquots of the same washed erythrocyte samples
were incubated for 30 min at 0, 23 and 37°C. The isotonic
buffer solution was diluted appropriately for each temperature
to give comparable degrees of haemolysis for the controls at all
three temperatures. Haemolysis at the lowest fatty acid con-
centrations is identical with the degree of haemolysis of the
untreated controls. v, 0°C; W, 23°C; @, 37°C.

An important point regarding the mechanism
of stabilization concerns the rapid kinetics of this
phenomenon. The stabilization occurred instantly
at 0°C, when first a methanolic solution of free
fatty acids was admixed to the hypotonic buffer
solution, and then the erythrocytes were added.
Under these conditions, the presence of a cis-un-
saturated C,; acid determined a change from al-
most 100% haemolysis to virtually no lysis.

In the light of these observations, we would like
to postulate that the stabilization is a nonen-
zymatic process involving structural elements of
the membrane which can distinguish between the
molecular shape of the cis- and the trans-config-
urations of unsaturated C,g fatty acids at 0°C. At
higher temperatures, however, this specificity is
lost.

Discussion

The question of cis- and trans-configuration
dependence was studied previously with other cells
and also with liposomes [16,17]. Fatty acids have
been shown to be taken up into the cell membrane
and to cause major changes in the packing of lipid
molecules by intercalation [16]. As a consequence
of free fatty acid interaction with cells, a large



number of membrane-mediated cellular functions
were reported to be altered [17-22], including
surface receptor capping [17]. It was postulated
that, due to a non-linear molecular shape, cis-un-
saturated fatty acids partition into fluid domains,
while linearly shaped trans-unsaturated and
saturated fatty acids partition into gel-like do-
mains [16].

The question arises of whether the present find-
ings can be correlated with other studies on tem-
perature-dependence of membrane parameters and
of free fatty acid interactions with the cell mem-
brane.

In a study of temperature effects, a lack of
correlation was reported between anaesthetic ac-
tion and perturbation of the bilayer structure, such
as fluidity changes, phase separations and bilayer
thickness [23]. Based on these experiments, the
degenerate perturbation hypothesis was proposed,
according to which, sets of protein-binding sites
with different degrees of specificity were pos-
tulated. This hypothesis was substantiated by, for
example, the stereoselective activity encountered
with steroid anaesthetics [24].

Several distinct effects concerning the physical
properties of the membrane were found with
unsaturated free fatty acids, depending on the
number of double bonds and the configuration
[25]. Free fatty acids interact with the calmodulin-
binding part of the membrane-bound Ca®*-ATPase
[26]. Other effects on the (Na*+ K*)-ATPase by
long-chain fatty acids have been reported, but they
do not seem to be specific for unsaturated fatty
acids [22,27,28]. However, there is some degree of
specificity in the case of bovine brain microsomal
(Na*+ K*)-ATPase. Inhibition of this enzyme
with unsaturated C,; fatty acids was reported to
increase with the number of double bonds [28].
High K™ or low temperature reduced the sensitiv-
ity of the enzyme to this inhibition, and fatty acids
appeared to inhibit more effectively when the
membrane was in a more fluid state [28]. For
simplicity of interpretation, we used a buffer sys-
tem which contained exclusively sodium and had
no potassium as a cation. The present results
obtained with this buffer system therefore suggest
that the (Na*+ K*)-ATPase does not play a role
in the stabilization of red cells against osmotic
rupture by free fatty acids.
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Inhibition of synaptosomal Na*-dependent
amino-acid uptake by free fatty acids was shown
with pronounced specificity for cis-unsaturated
fatty acids, while trans-unsaturated and saturated
fatty acids showed negligible effects {21].

It remains to be shown whether the binding
sites for free fatty acids, responsible for the phe-
nomena investigated in this report, are identical
with already known structures of the cell mem-
brane, or whether they represent novel binding
sites so far neglected. It also remains to be seen
whether the behaviour of the erythrocyte mem-
brane can be considered as a model for other cell
types. The specificities of binding and changing of
membrane properties would appear especially
intriguing in examining proliferating or trans-
formed cells [29].
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