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The effect of endotoxin on fluidity and lipid composition of the ery-
throcyte membrane was studied in rats following the intraperitoneal
administration of endotoxin (30 mgkgT' body weight). Erythrocyte
membrane fluidity measured with 16-stearic acid spin label (16-SAL)
was significantly decreased in the endotoxin-treated rats as compared
with control. A decrease of lysophosphatidylcholine in the membrane
lipid was evident in the endotoxin-treated rats. The cholesterol to phos-
pholipid molar ratios and other phospholipid fractions did not differ
significantly in the two groups.

The levels of plasma B-glucuronidase activity and lipoperoxide
were significantly increased in the endotoxin-treated rats when com-
pared to controls. There were significant correlations between the pa-
rameter of 16-SAL in erythrocytes and plasma B-glucuronidase activ-
ities or lipoperoxide from both endotoxin-treated and control groups,
P< 0.005 or P< 0.02 respectively.

In conclusion endotoxin decreased rat erythrocyte membrane flu-
idity in vivo. Since membrane fluidity is closely related to the vital
functions of the membranes, the change described could be related to
the abnormality of cell membrane functions in endotoxin shock state.
(Key words: membrane fluidity, erythrocytes, endotoxin, lipoperoxide,
rat)
(Kadota Y, Kamada T, Yoshimura N, et al.: changes in erythrocyte

membrane fluidity by endotoxin in rats. J Anesth 6:145-152, 1992)

The effects of endotoxin on biolog-
ical membrane have gained increased
attention with respect to the initiation
of various pathophysiologic responses
at the cellular level in the endotoxin
shock.'<". Endotoxic lipopolysaccharide
is known to possess a high affinity
for the biological membrane, alter-
ing the lipid bilayer structure and
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its functions 1,2 ,4 - 7 . We reported pre-
viously that endotoxin decreased the
fluidity of erythrocyte membrane in
vitro8

, suggesting a direct interaction
of endotoxin with the lipid bilayer of
erythrocyte membrane. Fluidity is one
of the parameters which represent the
dynamic physical. state of the mem-
brane, especially that of the lipid bi-
layer, and it is closely related to main-
tain cell membrane functions such as
permeability to ions and metabolites,
membrane-bound enzyme activity, and
hormone-receptor behavior9 - 11 •
We now report the effects of endo-
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Fig. 1. Chemical formula and repre-
sentative ESR spectrum of 16-SAL embed-
ded in the lipid bilayer of the membrane.
Wo: mid-field peak width; ho: mid-field

peak height; h_ 1 : high-field peak height;
SAL: stearic acid spin label.

toxin on circulating erythrocyte mem-
brane in vivo by measuring its fluidity
and lipid composition in rats 6 hours
after the administration of endotoxin.
To evaluate the severity of shock

and the extent of damage produced
at the cellular level, we also measured
the levels of plasma ,6-glucuronidase
activity and lipoperoxide, since these
two factors are believed to increase
in the presence of damage to the cell
membranes'P'!".

Materials and Methods

A total of 17 male Wistar rats aged
10 weeks and weighing 290 to 390g
was maintained on a standard lab-
oratory chow and water ad libitum.
They were divided into two groups at
random. The average body weight of
the two groups was 338 ± 29g (n=8)
and 320 ± 18g (n=9) (mean ± SD)
each. After fasting for 24 hrs, en-
dotoxin (Escherichia coli, 0127 B-8,
Difco Laboratories) dissolved in 1.0
ml physiological saline was adminis-
tered intraperitoneally to the former
group of rats (endotoxin-treated) at
a dose of 30 mg-kg"! bw. The latter
group (control) was given 1.0 ml of
physiological saline. In the endotoxin-
treated rats, we observed piloerection,
reduced motion and hypothermia sev-
eral hours after endotoxin administra-
tion. Six hours after the administra-
tion, the animals were decapitated and
the blood collected. In the preliminary

experiment, we found the severe crena-
tion of erythrocytes after anesthetizing
the rats with barbiturate or ether.
Therefore, we decapitated the animals
without anesthetics in accordance with
Guide for Animal Experimentation,
Faculty of Medicine, Kagoshima Uni-
versity. After decapitation, the blood
from the carotid and jugular vein was
immediately collected and heparinized.
Erythrocytes were separated from

the plasma by centrifugation (1,200 X
g for 10 min), and washed three times
with phosphate-buffered saline (PBS,
pH 7.4, 310 mOsm) with elimination of
the buffy coat at each washing.

Erythrocyte membrane fluidity
A stearic acid spin label, 16-SAL

(16-doxylstearate spin label), was pur-
chased from the Aldrich Chemical Co.,
Inc. (Milwaukee, Wis), This agent is
a stearic acid analogue with a nitrox-
ide radical ring at the carbon position
16th (counted from the carboxyl group
of acyl-chain) (fig. 1). It is thought to
be incorporated into the lipid bilayer
perpendicularly; its motion reflects the
surrounding microenvironment of the
lipid bilayer referred to as the mem-
brane "fluidity" 14.
The incorporation of this spin label

into the erythrocyte membrane was ac-
complished by the method previously
described with a small modiflcation-".
Briefly, 2 J.LI of 16-SAL stock solu-
tion (5 J.Lg'J.L1-1 in ethanol) were diluted
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Table 1. Cholesterol/phospholipid molar ratios and phospholipid classes of erythrocyte membranes in
control and endotoxin treated rats

II C/PL lyso-PC S:-':l PC PS PE (mol%)

Control 9 0.74 ± 0.02 '1.l2 ± 0.69 11.93 ± 0.89 40.78 ± 2.23 18.12 -t H7 25.06 ± i.ss
Endotoxin 8 0.72 + 0.05 3.G2 .t; 0.38* 11.68 ± 0.94 40.37 ± 2.95 17.89 ± 1.35 26.55 ± 1.62

C/PL: cholesterol to phospholipid molar ratio, lyso-PC: lysophosphatidylcholine, 8M: sphingomyelin,
PC: phosphat.idyl-choline, PS: -scrine, PE: -ethanolamine. *: P < 0.05 vs control.
Data are expressed as mean ± SU.

with 400 MI of PBS and the same vol-
ume of erythrocyte suspension in PBS
(Ht = 50%) was added. After incuba-
t ion for 20 min at 35°C, erythrocytes
were washed three times and packed
by centrifugation at 1,200g for 20 min
and used immediately for measuring
electron spin resonance (ESR). ESR
spectra were obtained at 35°C con-
trolled by a variable temperature con-
troller (JES-VT-3A2) on a JEOL X-
band spectrometer, Model JES FE1X
(JEOL Ltd., Tokyo, Japan).
The motion parameter (TO) was cal-

culated as follows from the formula of
Henry and Keith!", where W o is the
mid-field peak width, ho the mid-field
peak height, h_ 1 the high-field peak
height (fig. 1) and the constant K = 6.5
X 10-10 (seconds):

TO = K . W o[(ho/h_d 1 / 2 - 1]

A greater value of membrane fluid-
ity, i.e., a greater freedom of motion
of spin labels in the double membrane,
is associated with smaller value for the
motion parameter.

Erythrocyte membrane lipids
Erythrocyte membrane lipids were

extracted with isopropanol : chloro-
form (11 : 7 by vol) followed by chlo-
roform : methanol (2 : 1 by vol},
according to a modification of the
method of Rose and Oklander' 7. The
antioxidant, butylated hydroxytoluene
(BHT), was added to the solvent used
for extraction at a concentration of
50 mg·Z- I • The total amount of phos-
pholipids in the extract was measured

by the method of Bart.lett.l". Phospho-
lipid classes were quantitatively sepa-
rated by thin-layer chromatography on
a HPTLC plate (silica gel 60 precoated
plate, Merck, Germany) activated at
200°C for 2 hI'S with a developing sol-
vent of chloroform : methanol : acetic
acid : water (25 : 14 : 4 : 1 by
vol), containing BHT at a concentra-
tion of 50 mg-j :". Individual phos-
pholipid classes were quantitated by
measuring their inorganic phosphate
after scraping each fraction!". Choles-
terol was measured by the method
of Zak19 • The cholesterol to phospho-
lipid (C/PL) molar ratios were calcu-
lated from a mixture containing known
amounts of the two lipids.

Plasma f3-glucuronidase activity
Plasma f3-g1ucuronidase activity was

measured by the method of Kato
et a1.20 with p-nitrophenyl f3-D-glu-
copyranosiduronate. One unit of glu-
curonidase represents the activity at
which 1 Mg of p-nitrophenol per 100 ml
per hour is released from p-nitrophenyl
f3-D-glucopyranosiduronate.

Plasma lipoperoxide level
The plasma level of lipoperoxide was

measured by the fluorometric method
of Yagi2 I and expressed as nmoles of
malondialdehyde per ml.

Statistical analysis
Data are presented as mean ± stan-

dard deviation. The significance of the
differences between groups was tested
by the Mann-Whitney test. The effi-
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Fig. 2. Changes in erythrocyte membrane fluidity (motion parameter of 16-SAL), plasma
,6-glucuronidase activity and lipoperoxide following endotoxin administration.
C: control rats (n=9); ET: endotoxin-treated rats (n=8); SAL: stearic acid spin label; MDA:

malondialdehyde; *: P < 0.01, **: P < 0.001 vs control rats.
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Fig. 3. The relationships among erythrocyte membrane fluiditiy (motion parameter of 16-
SAL), plasma ,6-glucuronidase activity and lipoperoxide in rats.

0: control rats (n=9); .: endotoxin-treated rats (n=8); SAL: stearic acid spin label; MDA:
malondialdehydc.

ciency of the correlation was tested
by Spearman's test. The criterion for
statistical significance was a P value
less than 0.05.

Results

1. Membrane fluidity
The values of the motion parame-
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ter of 16-SAL increased significantly in
the endotoxin-treated rats as compared
to controls (19.44 ± 0.23 vs, 18.96 ±
0.31, fig. 2), indicating that erythro-
cyte membrane fluidity was decreased
by endotoxin.

2. Cholesterol and phospholipid
classes of the erythrocyte mem-
branes

Lysophosphatidylcholine (lyso-PC)
was significantly decreased in the
endotoxin-treated rats (table 1). How-
ever, the change did not correlate with
the values of motion parameter. The
other phospholipid classes and CjPL
molar ratios did not differ significantly
between the groups.

3. Plasma f3-glucuronidase activity
The activities of plasma f3-glu-

curonidase were significantly increased
in the endotoxin-treated rats as com-
pared to the controls (1533 ± 810 vs
457 ± 93, fig. 2). This activity corre-
lated significantly with the values of
motion parameter of both endotoxin-
treated and control groups (r=O.743,
P < 0.005, fig. 3). But the correlation
was not statistically significant in each
group.

4. Plasma lipoperoxide level
The plasma levels of lipoperoxide

were significantly increased in the
endotoxin-treated rats as compared to
controls (7.47 ± 1.61 vs, 5.61 ± 0.91,
fig. 2). The levels were significantly
correlated with the values of motion
parameter of 16-SAL from both groups
(r=0.607, P < 0.02, fig. 3), but the
correlation did not show a statistical
significance in the individual groups.
There was also a significant correla-
tion between the level of lipoperoxide
and f3-glucuronidase activity from both
groups (r=0.712, P < 0.005, fig. 3) but
not in the individual groups.

Discussion

Our data showed that administra-
tion of endotoxin decreased membrane
fluidity and altered the lipid compo-
sition of erythrocyte membranes in
rats. The decrease in membrane flu-
idity was consistent with the results
reported by Liu et al. for liver cell
membranes after the administration of
endotoxin.'. Membrane fluidity repre-
sents physical property of lipid bi-
layer of the membr-anes, and is known
to be an important factor affecting
membrane functions such as perme-
ability of ions and metabolites, mem-
brane bound enzyme activity, and hor-
mone receptor behaviorf"!". Therefore,
the change in membrane fluidity ob-
served possibly affects these membrane
functions in erythrocytes. The differ-
ence in membrane fluidity between the
endotoxin-treated and control rats, al-
though statistically significant, was rel-
atively small. Nevertheless, this change
is worth considering, since it is re-
ported that even a slight alteration in
membrane fluidity can lead to def-
inite changes in membrane enzyme
activities22 •
Several studies have shown that en-

dotoxin administration produces di-
verse biologic effects such as activa-
tion of the immune system, hypoten-
sion, hypoglycemia and disseminated
intravascular coagulation/". The mech-
anism underlying these effects is un-
known, but it may be related to
the endotoxin-induced alteration of cell
membrane structure and functions1- S •
Changes in vital membrane functions,
such as a decrease in Na'"-K+ATPase
activity, the altered Na+-Ca++ ex-
change system-", and impaired func-
tions of glucocort.icoid-P'' and insulin-
receptor-s/", have reportedly been pro-
duced by endotoxin. The lipid bilayer
structure is common in any biologi-
cal membranes, it is therefore possi-
ble that membrane changes similar to
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erythrocytes occur in other cell mem-
branes, affecting the functions of the
cells. It is plausible that these alter-
ations are related to changes in mem-
brane fluidity9-u.
In this study, elevated levels of

plasma ;3-glucuronidase activity and
lipoperoxide were evident in the
endotoxin-treated rats. The former is
a lysosomal enzyme that is believed
to be released from damaged or rup-
tured lysosomes'P, and the latter is
formed through the peroxidation of
unsaturated fatty acids rich in cell
mernbranes-:'. Therefore, the increases
are suggestive of membrane damage
caused by the administration of en-
dotoxin. The significant correlations
between fluidity in erythrocyte mem-
branes and plasma ;3-glucuronidase ac-
tivity or lipoperoxide support this con-
cept.
As to the mechanism for the de-

crease in membrane fluidity in the
endotoxin-treated rats, a direct effect
of endotoxin on membrane fluidity can
be presented as one possibility. We
previously reported that endotoxin de-
creased erythrocyte membrane fluidity
in vitrc/': Endotoxin is suggested to
be incorporated into cell membranes,
inserting its lipid A portion into the
membrane lipid bilayer/", and disturb-
ing the flexibility of phospholipid acyl
chains5 ,6 ,8 . However, the concentration
of endotoxin which affected membrane
fluidity was much higher than that
expected in the present in vivo experi-
ment.
Another possibility is that the de-

creased membrane fluidity reflects sec-
ondary changes in membrane struc-
ture induced by endotoxin adminis-
tration. Membrane lipid composition
is an important factor in regulating
membrane fluidity". Lyso-PC has been
reported to increase membrane fluidity
in vitr028. Although our results failed
to demonstrate a correlation between
the contents of lyso-PC and the fluid-

Ity, the decrease in lyso-P'C content in
the endotoxin-treated rats might be re-
sponsible for the decreased membrane
fluidity in vivo. The mechanism of the
decrease in lyso-PC is unknown.
Lipid peroxidation is known to de-

crease fluidity by forming cross-links
with membrane components and/or by
consuming polyunsaturated acyl chains
in the membraneslO ,2 9 ,30 . Levels of
plasma lipoperoxide do not necessar-
ily reflect lipid peroxidation in ery-
throcyte membranes, but Koster et aI.
reported an increased lipoperoxide in
erythrocyte membranes following incu-
bation with peroxidized linoleic acid3 1 •
Therefore, it is possible that lipid
peroxidation also occurrs in the ery-
throcyte membranes from endotoxin-
treated rats, decreasing the membrane
fluidity.
Several other lipid-soluble mediators

in addition to lipoperoxide have been
found increased in plasma during endo-
toxin shock, among them prostaglandin
derivatives and platelet activating fac-
tor are import.antP. These lipid media-
tors may also affect erythrocyte mem-
brane fluidity, since they are known to
be incorporated into lipid bilayer33 ,34 ,
perturbing its structure.
In conclusion, a decrease in ery-

throcyte membrane fluidity was found
in endotoxin-treated rats. Since mem-
brane fluidity is intimately connected
with the vital functions of the cell
membranes, the changes described in
this study may impair the cell mem-
brane functions, contributing to the
pathogenesis of the endotoxin shock.
(Received Jun. 11, 1991, accepted for

publication Sep. 6, 1991)
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