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Dietary cholesterol (C) produces in 
guinea pigs (GP), a hemolytic anemia which is 
accompanied by pathological changes in the 
liver and other tissues and by changes in the 
morphology of the red blood cells (RBC) 

It is known that the stability of RBC may 
be influenced by their lipid composition, that 
lipids exchange between plasma and RBC 
and that the liver plays a controlling role in 
determining the lipid composition of plasma 
(4-6). The amount of C, the ratio of C to 
phospholipids (PL) , the amounts of individu- 
al phospholipid classes, and the proportions 
of certain fatty acids (FA) have all been 
reported to affect the shape, permeability, 
and stability of red cells (4, 7, 8). 

We have previously reported that the level 
of total and unesterified C and the ratio of 
C to PL are greatly increased in liver, plas- 
ma, and RBC from C-fed, anemic guinea pigs 
(9). We are now reporting on the distribu- 
tion and FA composition of individual PL of 
these tissues from normal and anemic GP. 
The results are compared with data from oth- 
er species which are not as susceptible to 
injury by C as GP and are discussed in 
relation to the contribution which the changes 
in PL composition observed in the anemic 
GP may make to the histopathology of the 
liver, the changed morphology of the RBC 
and the hemolytic process. 

Materials and Methods. Groups of young 
male guinea pigs were fed a semipurified diet 
with or without the addition of 1% cholesterol 
(Table I ) .  They were sacrificed after 10-12 
weeks. RBC of the C-fed animals were then 

(1-3). 

1Supported in part by Public Health Service Re- 
search Grant AM 08480 from National Institute 'of 
Arthritis and Metabolic Diseases. Portions have been 
presented at the Federation Meeting 1968. 

less than 3 million/mm3. Lyophilized livers, 
plasma, and wet-packed RBC were extracted 
with chloroform-methanol (2 : 1 for livers and 
plasma; 1 : 1 for RBC). The PL were isolated 
by silicic acid column chromatography ( 1 2  ) 
and separated into their major components 
by thin-layer chromatography (TLC) ( 13). A 
wash of the silicic acid column with 2-bu- 
tanme prior to the elution of RBC-PL was 
found to remove heme pigments which may 
otherwise interfere with the subsequent TLC 
procedures. Phosphatidylinositol (PI) and 
phosphatidyl serine (PS) of liver and plasma 
as well as phosphtidyl ethanolamine (PE) 
and PS of RBC were not well separated on 
TLC and were, therefore, combined for P 
and FA analyses. Liver and plasma PL clas- 
ses were transmethylated with 2% H P S O ~  in 

TABLE I. Composition of Control Diet." 

Component g/100 g 

Casein 
Cornstarch 
Cerelose 
Sucrose 
Cottonseed oil 
Solkn flock 
Alfalfa meal 
Salt mixb 
Ferric citrate 
Choline bitartrate 
Ascorbic acid 
Arginine 
B-vitamin mix" 
Fat-sol. vitamin mixa 

30.0 
20.0 

7.9 
8.0 
9.5 

10.0 
5.0 
7.5 
0.10 
0.36 
0.20 
0.30 
0.5 
0.5 

"Cholesterol diet had 1 g cholestero1/100 g diet 
added. 

Salt mix GP S1 (10)  ; trace minerals were ad- 
dcd, mg/kg salt mix: KCr - (SO,), - 12H20: 128.0; 
NGMoO, 2H,O : 6.67 ; NiCI, 6H,O : 2.67 ; NhSe- 
O:{: 2-67 (11). 

(10). 
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FIG. 1. Phospholipid composition of liver, plasma and RBC, in control and cholesterol-fed, anemic 
guinea pigs. Bars are means of group of 4-6 animals. Vertical lines are half SE of means. X in- 
dicates that (the difference between the control and anemic group was significantly different at p 
<.OS. The phospholipid fraction of each animal was separated by TLC, P of each fraction was 
determined in duplicate. Phosphorus recovery, e.g. ,  sum of P recovered compared to P applied to Ithe 
TLC plate was 85-950/0. The amount of PS in liver was very small compared to PI. Preliminary 
separations of RBC-PL using CHClv; CKOH;  H 2 0  (1O:8:0.08) indicated that they contained 
appmximately equal amounts of PS and PE. More recent experiments (unpublished results) using a 
modified technique for transmethylation, indicate that [the changes of plasma Sph and PC in re- 
sponse to C-feeding may be more pronounced than presented here. The changes of lyso-PC and 
PC expressed as A mole % were: 

liver plasma RBC 
lyso-PC $6.1 +3.9 +3.3 

- PC 7.5 -7.5 -2.5 

methanol a t  70-80” for 1-1.5 hr, followed by 
elution from the silica gel with absolute and 
95 % methanol. RBC-PL were transmethylat- 
ed for 2 hr in screw-capped tubes sealed with 
Teflon tape in order to assure complete reac- 
tion of the large amounts of sphingomyelin 
(Sph) . Fatty acid methylesters were extract- 
ed into petroleum ether and analyzed by 
gas-liquid chromatography. The amount of 
each PL class was determined by phosphorus 
analysis of the remaining aqueous layer (14). 

Results. The relative distribution of PL 
classes is shown in Fig. 1. Phosphatidylcholine 
(PC) was the largest component in all three 
tissues, particularly so in plasma. Liver and 
RBC-PL were also characterized by high 
levels of PE and those of plasma by very low 
levels of PI + PS. The distribution of the 
PL classes in tissues from C-fed anemic 

guinea pigs differed from that of controls, in 
that the proportions of lyso-PC increased. 
significantly a t  the expense of PC in all three 
tissues of C-fed animals. The proportion of 
Sph increased in liver and plasma but de- 
creased in RBC and PE decreased in liver. 

In  plasma and RBC the total amount of 
each PL class increased in the C-fed anemic 
animals, except the amount of Sph in RBC 
which remained unchanged (Table 11). The 
total content of lyso-PC and Sph in liver 
(mg/liver) increased in spite of the de- 
creases of total PL. In (terms of grams of 
PL/100 g liver, however, the decreases of total 
PL just outbalanced the proportional in- 
creases of these two PL. 

The FA composition olf lyso-PC differed in 
the three tissues (Table 111). Liver lyso-PC 
was highest in 18:O and 18:2, that of plasma 
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TABLE 11. Amounts of Total PL and PL Classes of Liver, Plasma, and RBC in Control and 
C-fed Anemic GP." 

LYSO-PC Sph P C  PI + PS PE Total PL 

Liverb (g/100 g wet wt) 

Control 0.087 0.145 2.53 0.372 1.149 4.56 
C-fed 0.093 0.134 1.10d 0.229" 0.387' 2.32' 
+ c/-cc 1.1 0.9 0.4 0.61 0.34 0.51 

Liver (mg/liver) 

Control 12 19 349 50 158 740 
C-fed 23d 35" 287 62 1 0 1  600 
+c/--c 1.9 1.8 0.8 1.2 0.6 0.82 

Plasma (mg/100 g wet wt) 

Control 0.9 1.5 26.9 0.5 2.2 34.2 
C-f ed 4.5d 8.5d 87.gd 2.6d 9.7d 1 19.9' 
+C/-C 5.3 5.5 3.3 5.5 4.3 3.5 

LYSO-PC Sph PC PI PS + PE Total PL 

RBC (mg/100 ml) 

Control 2.1 22.3 121.4 14.9 81.9 261 
C-f ed 9Bd 23.0 212.5' 23.0 173.8d 482' 
+W-C 4.7 1.0 1.7 1.5 2.1 1.8 

aValues are means of groups of 4-6 animals fed the control diet (-C) or the diet supple- 
mented with 1% cholesterol (+C) until the blood count in the latter group had fallen to <3  
million/mms. For abbreviations see Methods section. 

Liver weights (g) : -C: 15.06 2 1.54; +C: 25.68 & 3.51. 
' Ratio of means for C-fed and control group. 
* Diff erences between groups were statistically significant at p < . O l e  
' Differences between groups were statistically significant at p <.05. 

had more 16:O and 18: 1 than liver and that 
of RBC was very high in 18:0 but low in 
18:2. The response of the FA composition of 
lyso-PC from liver and RBC to dietary C was 
an increase in unsaturation. In liver, the pro- 
portion of 18:l increased, in RBC that of 
18: 2. The composition of plasma Iyso-PC re- 
mained essentially unchanged. ' 

RBC-Sph had a very high content of 16:O 
and of long-chain FA (> 20 C) in both 
groups. 

The FA compositions of liver and plasma 
PC were very similar, both containing high 
levels of 18:O and 18:2. RBC-PC differed 
from these by lower proportions of 18:2 and 
higher levels of 18 : 1. C-feeding produced in 
PC of RBC a decrease of 18:O and 18: 2 com- 
pensated by increases in 18: 1 and 20: 4. The 
sum of 18:O plus 18:l  and 18:2 plus 20:4 re- 

mained unchanged. ( In  RBC-TPL similar 
changes were accompanied by a decrease of 
higher PUFA.) The composition of liver PC 
remained unchanged, while that of plasma PC 
tended to become more like that of RBC by 
increases in the proportion of 16:O and a de- 
crease in 18: 0 in the C-fed animals. 

The major FA of liver PE and P I  were 18:O 
and 18:2 as was the case in all liver PL 
classes. Plasma PE was strikingly low in 18:O 
but high in 20:4 compared to other plasma PL 
and compared to liver PE. The PS + PE frac- 
tion of RBC had a high proportion of 18:O 
and appreciable amounts of long-chain unsat- 
urated FA. Plasma and RBC-PE were the 
only PL of normal GP which had more than 
10% of 20:4. C-feeding had no effect on the 
composition of PE from plasma and RBC. In 
the PI fraction of liver there was a signifi- 
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cant increase of the proportion of 20:4. ' 

The amounts of each FA (mg FA/lOO ml) 
of the individual phospholipids of plasma and 
RBC (except RBC-Sph) increased due to the 
large increase of total PL. The amount of 
20:4 in TFA and PC of RBC, for instance, 
increased by a factor of 2 and 5 respectively. 
In  livers, the amounts of each F A  in a phos- 
pholipid fraction changed in the same direc- 
tion as did that phospholipid (Table 11) be- 
cause, with three exceptisns, the FA composi- 
tion remained constant (Table 111). The 
amount of 20:4 in the PI (+ PS) fraction 
doubled in spite of a decrease of this fraction 
and the amounts of 18 :O and 18: 1 of lyso-PC 
decreased and increased, respectively, in 
spite of an unchanging amount of lyso-PC. 

Discussion. Tissue phospholipid composi- 
tion of normal guinea pigs and other species. 
Two reports of the composition of RBC-PL 
of guinea pigs by Nelson (15) and Condrea 
(1 6) give data similar to ours. Two others ( 1  7, 
18) are not comparable because of differ- 
ences in methodology. A report on the PL of 
GP liver subcellular fractions (19) indicates 
an FA distribution resembling our data on 
whole liver PL. 

The PL compositions of liver and plasma 
appear to be characteristic for these tissues 
in most species. The distribution of PL clas- 
ses in liver of rats (13) and hamsters (20), for 
instance, are very similar to those reported 
here for GP. In  plasma, however, the Iyso-PC 
of GP (45% of TPL) was low compared to the 
series: dog (8%), pig (12%), cat (14%), 
rabbit (20%), and rat (23 %) (18). 

Greater species variations have been 
observed in respect to RBC-PL. The ratio of 
PC/Sph has been reported to increase from 
0.02 to 2.2 in the series sheep, ox, pig, man, 
rabbit, and rat. In  the normal GP this ratio 
was 5.7, in the C-fed GP it increased further 
to 8.9. van Deenen (4) has pointed out that 
the permeability to urea and glycerol and the 
rate of hemolysis in glycerol increases in the 
same order as this index of RBC com- 
position. Earlier, Turner (2 1) had suggested 
that RBC with high PC content are more 
susceptible to lysis by snake venom than 
ruminant cells which have little or no PC. 
According to this characterization the GP 

' 

RBC would have high permeability and sus- 
ceptibility to lysis and this would be accentu- 
ated in the C-fed GP. This may provide a 
rationale for their C-induced anemia. 

The fatty acid composition of GP-PL clas- 
ses has not previously been reported. Our 
data show that GP-PL were low in 20:4 and 
high in 18:2 as compared to those reported for 
rats (7, 22, 23). An exception was RBC-PE 
which contained as much 20:4 as did those of 
rats. We have previously reported that C- 
ester of GP liver and plasma also are ex- 
tremely low in 20:4 compared to rats and have 
discussed the implications of this observa- 
tion for the greater susceptibility of the GP 
to injury by excess dietary C (9). On the 
basis of the reports of Glomset (24) and Aki- 
yama ( 2 5 )  on plasma and liver lecithin choles- 
terol acyltransferase (LCAT) it is now clear 
that these low levels of CE-20:4 are a conse- 
quence of the low levels of PC-20:4. The rea- 
son for the species-specific low Ievels of 20:4 
in all GP tissues remains to be elucidated. 

Response of PL composition to  dietary 
cholesterol. McCandless ( 26) and Zilversmit 
(2 7) reported that the sphingomyelin content 
of aorta, liver, and plasma increased in C-fed 
rabbits a t  the expense of non-choline phos- 
phatides. Sheltawy (28) reported a similar 
shift in liver mitochondria of C-fed rats. I n  
view of the increases of sphingomyelin in liv- 
er and plasma from our C-fed GP, this re- 
sponse to dietary C seems to be quite gener- 
al, al though its physiological significance is 
not clear. 

The mechanism for the increase of the pro- 
portion of TPL-20:4 in the RBC of C-fed 
anemic guinea pigs accompanied by the de- 
crease of higher PUFA may be analogous to 
that proposed by Witting (29) for similar 
effects observed in antioxidant-deficient 
rats. The demand for PUFA by the guinea 
pig may be increased because the need to 
transport excess C increases the requirement 
for essential FA (30). The FA composition 
would then be a composite effect reflecting 
the increased quantities of PUFA formed in 
response to the increased demand and the 
preferential peroxidative destruction of the 
most highly PUFA. 

I t  has been shown that the lipid composi- 
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tion of plasma affects that of RBC (4). The 
large increases of plasma C and PL and the 
changed plasma PL composition in the anemic 
GP may therefore be responsible for the 
lipid changes observed in their RBC. Since 
not all PL are exchanged intact (31) it is not 
surprising that the changes in the RBC lipids 
differ from those in plasma. 

The lipid composition of reticulocytes and 
“young” RBC differ from that of “old” cells 
(32). Young RBC contain more TL, C, and 
P per cell and higher proportions of 16:O and 
20:4, while 18:O and 18:2 are lower than in 
old cells. The circulating cells of C-fed, ane- 
mic GP included up to 2 5 7 0  reticulocytes and 
presumably a large proportion of young eryth- 
rocytes. These may contribute (to the in- 
crease of PL and the changes in the propor- 
tions of 18:2, 20:4 and 18:O which we have 
observed (Table 111). It is, however, unlikely 
that all the changes of RBC lipids in the 
C-fed anemic GP were due to this factor 
because i t  could not account for the observed 
changes in the proportions of PL classes 
(Fig. 1 ) .  

Relevance of changes in PL composition to  
anemia in C-fed GP. Neerhout (33) wheo re- 
viewed studies concerned with the lipid com- 
position of RBC in a number of human ane- 
mias could not find a consistent pattern. 
Westerman ( 5 )  has described changes of lipid 
composition of RBC from patients with 
Zieve’s syndrome which are similar to those 
found by us in anemic guinea pigs. However, 
the problem whether the lipid changes are a 
cause of the anemia, e.g. ,  leading to the de- 
struction of RBC or whether they are a 
reflection of the reticulocytosis has not been 
resolved. 

Lyso-PC is a known cytotoxic and hemolyt- 
ic agent ( 3 4 ,  35). Furthermore, Klibansky 
(36) has shown that the shape of rabbit RBlC 
in vitro depends on the amount of lyso-PC in 
the medium. The doubling of the content of 
lyso-PC in liver, the almost 5-fold increases 
of this PL in plasma and RBC and the de- 
crease of the ratio of PC/lyso-PC from 35 to 
14 in RBC of C-fed anemic guinea pigs, may, 
therefore, be contributing factors to the path- 
ological changes in the liver and to the 
decreased stability of the RB. 

The increase in 20:4 observed in the PL of 
liver and RBC may lead to the accelerated 
destruction of RBC and other cells because 
of its susceptibility to oxidative destruction. 
The anemia in vitamin E-deficient monkeys, 
for instance, has been interpreted as evi- 
dence that the integrity of the RBC mem- 
brane depends in some way on the presence 
of unaltered polyunsaturated FA (3 7).  Al- 
though an increase of dietary tocopherol does 
not prevent the anemia in the C-fed GP 
(unpublished results) one might postulate a 
localized antioxidant deficiency in the com- 
partmentalized pools of membrane lipids. 

The relationship of the liver to the anemia 
may be 2-fold. Since the liver is the site of 
synthesis of plasma lipoproteins (6) liver in- 
jury is likely to affect both the amounts and 
the composition of plasma lipoproteins. Fur- 
thermore, the normal liver may be directly 
involved in the homeostatic maintenance of 
RBC. Neerhout (33) studied hyperlipemic pa- 
tients with or without liver disease and found 
that the degree of the lipid abnormalities of 
RBC correleated with the severity of the 
involvement of the portal area but not with 
nonspecific hyperlipemia. 

Summary. The PL classes and their fatty 
acid compostion were determined in liver, 
plasma, and RBC from normal and C-fed 
anemic GP. Compared to other species, 
guinea pig RBC had low amounts of Sph and 
high amounts of PC. Most PL of GP had 
very low levels of 20:4 and lower ratios of 
20:4/18:2 and 16:0/18:0 than those of rats 
and other species which are less susceptible to 
injury by excess dietary cholesterol. The fol- 
lowing changes have been observed in the 
C-f ed anemic GP : Increased proportijons and 
amounts of lyso-PC in the three ttissues com- 
pensated by nearly equivalent decreases of 
PC; increased proportions of Sph in liver 
and plasma; decreased proportions of Sph in 
RBC accompanied by an increase of PCJSph 
ratio; and increased amounts and propor- 
tions of PC-20:4 in RBC and PI-20:4 of liver. 
The possible significance of these changes for 
the development of the anemia have been 
discussed - 
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