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Summary  

In patients with liver disease there are usually increases in e ry throcy te  
cholesterol and phosphat idylcholine concentrat ions.  This increase in membrane 
lipid changes the shape of  the e ry th rocy te  and " spur"  or " ta rge t"  cells may be 
present. Sodium fluxes were measured in ery throcytes  from 17 patients with a 
variety of  liver diseases and from 17 normal subjects and the values related to 
the lipid con ten t  of  the membrane.  Ouabain-insensitive and ouabain-sensitive 
effluxes were lower in patients than in normal subjects and the reduct ion in 
ouabain-insensitive efflux was more marked. Sodium influx was also signifi- 
cantly lower in ery throcytes  from patients than controls.  Ouabain-sensitive and 
ouabain-insensitive effluxes and sodium influx did no t  correlate with the cho- 
lesterol con ten t  of  e ry throcytes  f rom patients. Significant negative correlations 
were noted  between ouabain-insensitive sodium efflux (r = - -0 .63 ,  P <  0.01), 
sodium influx (r = --0.61, P < 0.01) and intracellular sodium concentra t ion (r = 
- 0 . 6 6 ,  P ~ 0.01) and the cholesterol : phospholipid molar ratio of  the cell but  
there was no significant correlation between this ratio and the ouabain-sensitive 
sodium eff lux (r = 0.41, P > 0.05). These results support  the hypothesis  that  an 
altered lipid composi t ion may affect the permeabil i ty of  the e ry th rocy te  mem- 
brane in patients with liver disease. 

In t roduct ion  

In patients with liver disease there are usually characteristic changes in the 
shape of  the ery throcytes  and " ta rge t"  or " spur"  cells may be present in dried 
blood films [1].  The abnormal morphology is accompanied by an increase in 
e ry th rocy te  lipid content ;  spur cells have more  cholesterol, and target cells 
more cholesterol and phospholipid [2].  In both cases the cholesterol : phos- 
pholipid molar  ratio is raised. Transfusion experiments and studies in vitro have 
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demonstrated that  both the chemical and morphological changes are reversible 
and result from the abnormal plasma lipoproteins found in patients with liver 
disease [2,3].  

The cholesterol in plasma membranes appears to maintain the lipid bilayer 
in an intermediate fluid state by interacting with the phospholipid acyl chains 
[4]. Cholesterol-enriched erythrocytes,  including those from patients with liver 
disease, exhibit  a decrease in membrane fluidity when examined by a variety of 
physico-chemical techniques [5,6] but  there have been few studies of  their 
membrane permeabili ty [ 7]. 

The movement  of sodium out  of  the ery throcyte  is conveniently divided into 
two components  [8,9],  that  which is inhibited by cardiac glycosides such as 
ouabain and that which is not. Ouabain-sensitive sodium efflux represents 
active transport  against a concentrat ion gradient and is mediated by Mg 2÷ 
dependent  (Na ÷ + K÷)-ATPase (EC 3.6.1.3) [8,9].  Early reports [8,9] suggested 
that ouabain-insensitive sodium efflux and sodium influx had components  that 
could be regarded as simple diffusion bu t  there is now increasing evidence that  
they may be partly mediated by special transport  systems [10].  In the pre- 
sent s tudy we tested the hypothesis that sodium transport  in erythrocytes  
from patients with liver disease may be affected by change in their lipid compo- 
sition. Ouabain-sensitive and ouabain-insensitive sodium effluxes and sodium 
influx were determined in erythrocytes  from patients and compared to those of 
normal subjects; these fluxes were then related to the lipid content  of  the mem- 
brane. A brief report  of this work has already been made [11].  

Materials and Methods 

Patients 
Seventeen patients with either hepatocellular or cholestatic liver disease were 

used in this study. All were in-patients at the Department  of  Medicine, Royal  
Free Hospital and in each case the diagnosis was established by standard clinical 
tests including liver biopsy. The seventeen comparison subjects were drawn 
from medical and laboratory staff. Venous blood was obtained from subjects 
after an overnight fast and anti-coagulated with heparin (10 units/ml). 

Measu remen t o f  sodium fluxes 
Sodium fluxes were measured by a modification of  the method  of  Gardner 

et al. [12] using erythrocytes  from one patient and one normal subject on the 
particular experimental day. The incubation medium contained NaC1 140 
mmol/1, KC1 5 mmol/1, sodium phosphate buffer  3 mmol/1, MgSO4 1 mmol/1, 
CaC12 2 mmol/1, glucose 10 mmol/1 and albumin 100 mg/1 and the magnesium 
chloride washing solution MgC12 106 mmol/1, KC1 5 mmol/1 with 25 ml/1 of  an 
imidazole-HC1 buffer  242 mmol/1. Both solutions were prepared with distilled 
and doubly  de-ionised water and had a final osmolality of  290 + 5 mosM/kg 
water and pH 7.4. 

(a) Sodium efflux. Erythrocytes  were separated by centrifugation at 4°C and 
plasma and buffy  coat  removed. The cells were washed (by suspension, centri- 
fugation and aspiration) three times in incubation medium and then suspended 
in an equal volume of the medium containing 22Na (2 pCi/ml erythrocytes) .  
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The suspension was pre-incubated for 3 h in a 37°C water bath with gentle 
inversion of the tube every 30 min and the cells then separated by centrifuga- 
tion at 4°C and washed four times with ice-cold MgC12 solution. The 22Na- 
loaded erythrocytes were added to tubes containing pre-warmed (37°C) incu- 
bation medium at a haematocri t  of about 4%. The suspension was continuously 
rotated ("Rolamix" ,  Luckham Ltd.,  Sussex, U.K.) at a constant  temperature of 
37°C and after 5 min two 5--6 ml aliquots poured into ice-cold tubes. One was 
centrifuged immediately at 4°C and 4 ml of the supernatant removed for a 
"zero-t ime" sample while 4 ml of the suspension was taken from the other tube 
to determine total counts. After 1 h, a further 4 ml supernatant sample was 
obtained from the remaining incubation suspension. Radioactivity was deter- 
mined in a Wallac 1280 Ultragamma counter. 

Total sodium efflux rate constant  (eKNa) was calculated from the equation 
[12]: 

eKNa = log [1 -- (supernatant counts/suspension counts)] 

The ouabain-insensitive efflux rate constant  was determined by repeating the 
experiment with ouabain at a final concentration of 0.1 mmol/1 present in the 
incubation medium. All efflux measurements were carried out in duplicate and 
the ouabain-sensitive efflux rate constant  given by the difference between total 
and ouabain-insensitive efflux rate constants. Sodium efflux expressed as 
mmol /h  per 1 erythrocyte  was the product  of the rate constant  and intracellular 
sodium concentration. 

(b) Sodium influx. Erythrocytes  were treated in an identical manner as in 
efflux experiments except that  22Na was not  added during the 3 h pre-incuba- 
tion period. After washing, some cells were used for determination of sodium 
and lipid concentrations whilst others were added to pre-warmed incubation 
medium at a haematocrit  of about 4%. After a 5 min equilibration period 2:Na 
(2 pCi) was added and incubation continued for 1 h. The tubes were then cen- 
trifuged immediately at 4°C and the cells given three washes with ice-cold 
MgC12 solution containing ouabain (0.1 mmol/1). The cell but ton was haemol- 
used with 5 ml of water and duplicate 0.15 ml aliquots removed for haemo- 
globin measurements followed by 4 ml for radioactivity determination. The 
volume of cells counted for radioactivity was calculated from the haemo- 
globin content  of the lysate and that  determined earlier for a known volume of 
washed cells. 

Sodium influx (iMsa) expressed as mmol/1 per h was then calculated by the 
following equation, which corrected for the sodium lost during the incubation 
period due to efflux [12]: 

UK 
'MNa = i -- e -g  

where U is the amount  of labelled sodium taken up by the erythrocytes (calcu- 
lated from the radioactivity in the cells and the specific activity of the incuba- 
tion medium) and K the efflux rate constant.  

Ery throcy te sodium and lipid concentrations 
Washed erythrocytes obtained after the 3 h preincubation period were used 
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for these estimations. One port ion of  the cells was haemolysed and aliquots 
were used for estimation of  haemoglobin after its conversion to cyanmethae- 
moglobin and for determination of  sodium concentrat ion with an Instrumenta- 
tion Laboratory 343 flame photometer .  A second aliquot was taken for haema- 
tocrit  determination whilst the lipids were extracted [ 13 ] from a third portion. 
Aliquots of  the lipid extract  were taken for cholesterol [14] and phospholipid 
[15] estimations and were carried out  in duplicate. Ery throcyte  phospholipids 
were separated on silica gel H (Merck) by two-dimensional thin-layer chroma- 
tography with chloroform/methanol /aqueous  ammonia (65 : 35 : 5, by vol.) as 
the first solvent and chloroform/acetone/methanol /acet ic  acid/water (50 : 20 : 
10 : 10 : 5, by vol.) as the second [16].  In preliminary experiments individual 
fractions were identified by comparison with authentic phospholipid standards 
{Sigma Chemical Co., St. Louis, Mo.) and by use of  specific chemical spray 
techniques [16].  The fractions were located with iodine vapour, scraped from 
the plate and the inorganic phosphorus measured after digestion with H2SO4 
[15].  Recovery of  lipid phosphorus was in the range 95--98% for both patients 
and normal subjects. 

Statistics 
All results are expressed as means + S.D.; statistical differences were deter- 

mined by Students '  t test. 

Results 

Ery throcy te lipids 
A comparison of  e ry throcyte  lipid composi t ion between patients and normal 

subjects is shown in Table I. Cholesterol concentrat ion was increased (P < 
0.001) in erythrocytes  from patients; mean phoSpholipid content  was no t  sig- 
nificantly greater although two patients, both  showing " target"  cells in their 
dried blood films, had values higher than the normal range. The mean cho- 
lesterol : phospholipid molar ratio was raised in patient erythrocytes  (1.03 + 
0.14 compared to 0.86 _+ 0.03 in the normal group, P ~ 0.001). The composi- 
tion of  the phospholipids was also changed in patient erythrocytes  with an 
increase in the phosphatidylcholine proport ion and decreases in sphingomyelin 
and the major acidic phospholipids, phosphatidylethanolamine and phosphati- 
dylserine (Table I). These results were therefore in agreement with those of  
other  workers [1,2].  Only one patient  had a relative concentrat ion of  phospha- 
tidylcholine within the normal range. 

Sodium fluxes 
The ouabain-insensitive sodium efflux rate constant  was lower (P < 0.01) in 

erythrocytes  from patients whilst the ouabain-sensitive efflux rate constant  was 
unchanged (Table II). The sodium influx rate constant  for patient erythrocytes  
was also decreased (P < 0.05) when compared to those from normal subjects. 
Erythrocyte  sodium concentrat ions after pre-incubation in the standard incuba- 
tion medium were higher (P < 0.05) for the normal subjects (6.9 + 0.9 mmol/1) 
than for the patients (6.0 + 1.3 mmol/1). Sodium influx and both ouabain-sen- 
sitive and ouabain-insensitive effluxes were all significantly reduced in ery- 



1 7 2  

m" 

o i 

e~ 

~ ~ ' ~  

z ~.~ 

e ~ g  

N ~ 

~. N m  

0 

r~ • o~ • 

! m. -! ~. 

+I ~ ÷I 

~ ~I ~ 

~I I +I 

i ° ° 

• o , 

vvv 



1 7 3  

T A B L E  II  

S O D I U M  E F F L U X  A N D  I N F L U X  R A T E  C O N S T A N T S  IN E R Y T H R O C Y T E S  F R O M  P A T I E N T S  W I T H  
L I V E R  D I S E A S E  A N D  F R O M  N O R M A L  S U B J E C T S  

Resul ts  are expressed  as m e a n s  ± S.D. for  t he  n u m b e r  of  subjec ts  given in paren thes i s .  Signif icant  differ-  
ences  f r o m  n o r m a l  are ind ica ted  in the  f o o t n o t e .  Na i, in t race l lu la r  so d iu m;  eKNa ,  sod ium eff lux ra te  
cons t an t ;  iKNa,  sod ium inf lux  ra te  cons t an t .  

Subjec t s  Na i e K N a  iKNa  

(m m ol / 1  To ta l  Ouaba in-  Ouaba in-  
e r y t h r o -  sensit ive insensi t ive 

cy tes )  

Normal (17) 6.9 ± 0.9 0.334 -+ 0.056 0.236 -+ 0.048 0.099 + 0.024 0 .0154 + 0.0019 

Patients (17) 6.0 ± 1.3 * 0.309 -+ 0.063 0.238 + 0.053 0.071 + 0.019 ** 0.0137 + 0.0019 * 

* P  < 0 . 0 5 .  
** P < 0 .001 .  

throcytes  from patients when expressed as mmol /h  per 1 cells. The decrease 
was most  marked for the ouabain-insensitive sodium efflux (0.42 + 0.13 mmol/1 
per h compared to  0.67 -+ 0.17 mmol/1 per h for  the normal subjects). 

Relation o f  sodium fluxes to erythrocyte lipid content 
The cholesterol con ten t  of  e ry throcytes  from patients did not  correlate with 

ouabain-sensitive or ouabain-insensitive sodium efflux or with sodium influx 
(Table III). However, significant negative correlations (P < 0.01) were no ted  
between the choles te ro l :  phospholipid molar ratio and ouabain-insensitive 
sodium efflux, sodium influx and intracellular sodium concentrat ion.  Ouabain- 
sensitive sodium efflux did not  correlate with the cholesterol : phospholipid 
ratio. No correlations were seen between the sodium fluxes and the relative or 
absolute amounts  of  phosphat idylcholine or phosphatidylserine. In contrast  to 
these results the cholesterol con ten t  of e ry throcytes  from normal subjects (data 
not  shown in the table) correlated positively with ouabain-insensitive sodium 
efflux (r = +0.65, P < 0.01) and sodium influx (r = +0.52, P < 0.05) although 
no correlat ion was noted for ouabain-sensitive sodium efflux (r = +0.35, P > 
O.O5). 

T A B L E  I I I  

C O R R E L A T I O N  C O E F F I C I E N T S  B E T W E E N  E R Y T H R O C Y T E  LIPIDS  A N D  S O D I U M  F L U X E S  IN 
P A T I E N T S  W I T H  L I V E R  D I S E A S E  

N.S., no t  s ignif icant ;  C : P, cho les te ro l  : phosPho l ip id  m o l a r  ra t io ;  eMNa,  sod ium eff lux (retool/1 p e r  h) ;  
iMNa, s o d i u m  inf lux (mmol /1  pe r  h) ;  Na i, in t race l lu la r  sod ium (retool /I) .  

Var iables  Cor re l a t ion  coef f i c ien t  Signif icance 

Choles tero l ,  eMNa (ouaba in-sens i t ive)  ---0.30 N.S. 
Choles tero l ,  e.MNa (ouabain- insens i t ive)  - - 0 . 4 5  N.S. 
Choles te ro l ,  1M - - 0 . 3 8  N.S. 

e Na  C : P, eMNa (ouabain-sens i t ive)  - -0 .41  N.S. 
C : P, . M N a  (ouaba in- insens i t ive)  - -0 .63  P < 0.01 
C : P, I M N a  - -0 .61  P < 0.01 
C : P, Na i - -0 .66  P < 0.01 
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Discussion 

The results of the present study show that  sodium transport in erythrocytes 
from patients with liver disease differs from that  in erythrocytes from normal 
subjects. These differences appear to be related to changes in membrane lipid 
composition. 

Ouabain-sensitive efflux of sodium from the cell occurs against a concentra- 
tion gradient by action of the membrane-bound enzyme (Na÷+ K÷)-ATPase 
[8,9] which requires phospholipid (probably phosphatidylserine) for activity 
[17,18]. Chemical and immuno-chemical techniques have shown the enzyme to 
span the membrane [19] and several recent studies have emphasised the impor- 
tance of membrane fluidity in determining its activity [18,20,21]. The 
decreased fluidity of cholesterol-enriched cells [5,6] would be expected to 
inhibit (Na ÷ + K÷)-ATPase activity and support for this concept was obtained 
by Kroes and Ostwald [22] who reported a 60% decrease in ouabain-sensitive 
sodium efflux from guinea pig erythrocytes enriched with cholesterol by 
dietary means. However, the present study suggests that  the increased choles- 
terol content  of patient erythrocytes does not  have a major effect on the activ- 
ity of the sodium pump. A similar observation was made by Cooper et al. [23] 
who were unable to find changes in ouabain-sensitive sodium efflux when 
human erythrocytes were enriched with cholesterol. In contrast, addition of 
cholesterol to the phospholipid environment of isolated (Na*+ K÷)-ATPase 
caused marked inhibition of its activity [20,24]. This led to the suggestion that  
in intact membranes cholesterol is excluded from the immediate vicinity of 
the enzyme [20,24,25]. Some evidence exists to support this [26] but the 
explanation has been questioned by Giraud et al. [27], who showed that cho- 
lesterol may have two effects on the sodium pump. One is the inhibition of 
pump turnover leading to a decrease in ouabain-sensitive sodium efflux, while 
the second is to increase the affinity of the pump for internal sodium, thereby 
increasing its efflux. Clearly a more detailed knowledge of the arrangement of 
cholesterol in the membrane bilayer when it is in excess of phospholipid [20] 
and the importance of clustering or lateral-phase separation of phospholipid 
[28,29] in relation to the membrane-bound enzyme are relevant to a greater 
understanding of these conflicting observations. 

The decreases in ouabain-insensitive sodium efflux and sodium influx in ery- 
throcytes from patients may be related to tighter packing of the lipid bilayer 
and its decreased fluidity since several studies have shown correlations between 
the cholesterol : phospholipid ratio and membrane fluidity [30]. The reason 
for the positive correlation between ouabain-insensitive sodium efflux or 
sodium influx and the cholesterol content  of erythrocytes form normal sub- 
jects is less clear. The suggestion that  cholesterol can cause phase separation of 
proteins [31,32], as well as decreasing membrane fluidity may be relevant since 
this may be related to an increase in ion permeability [33]. A decrease in 
ouabain-insensitive sodium efflux was observed in cholesterol-rich erythrocytes 
from guinea pigs [22] although Cooper et al. [23] did not  find major changes 
in sodium influx in cholesterol-rich human erythrocytes. In both these studies 
the phospholipid composition of the cells was unchanged. Direct comparison 
with the present study is not  strictly possible since there is evidence that phos- 
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pholipid changes may alter e ry throcyte  properties [34,35].  However,  it seems 
probable that the modulat ion of  e ry throcyte  membrane fluidity in liver disease 
by increased phosphatidylcholine content  or altered phospholipid fat ty  acid 
composi t ion [36] is only minor compared to that  of  cholesterol, since Vander- 
kooi et al. [5] showed that lipid bilayer fluidity in cholesterol-rich cells was 
essentially the same as that in cells from patients with liver disease, provided 
that both had the same cholesterol : phospholipid ratio. Differences between 
the results of  the present experiments and those of  Cooper  et  al. [23] are there- 
fore more likely to be related to the smaller number  of  observations in their 
s tudy than to differences in phospholipid composi t ion of  the erythrocytes.  

The ery throcyte  membrane is considered to be a satisfactory model  for the 
lipid bilayer of  plasma membranes [37].  The results presented in this paper 
indicate that  the altered lipid composi t ion of  the ery throcyte  in liver disease 
can affect the permeabili ty of  the membrane and its ability to transport  
sodium. No further a t tempt  was made to characterize the defect  although it 
would be of  interest to know whether  the furosemide-sensitive co-transport  sys- 
tem [38] or the sodium/sodium exchange system [10] are affected. Neverthe- 
less, the reason for the defect  appears to be related to decrease in membrane 
fluidity as indicated by an increase in the cell cholesterol : phospholipid ratio. 
A recent review by Cooper  [30] has stressed the importance of  abnormali ty of 
cell-membrane fluidity in the pathogenesis of  disease. The increased concen- 
trations of  e ry throcyte  cholesterol and phosphatidylcholine in liver disease are 
acquired from the abnormal lipoproteins present in the plasma [2,3].  The pos- 
sibility that  the plasma membrane lipid composi t ion of other  cells will also be 
altered merits further at tention as this may lead to a bet ter  understanding of  
the cellular disturbance and metabolic abnormalities seen in liver disease. 
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