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Abstract

Short term (16 day) controlled fat (formula
type diet) feeding to 10 healthy adult males led
to no detectable change in the total amt or the
relative proportions of the individual phospho-
lipids of the red blood cells, although limited
changes did occur in the fatty acids of certain of
the phospholipids.

The total phospholipid content of the red blood

cells was 315 = 10 mg/100 ml (average of 20
samples). Liecithin accounted for 34% of the total,
with sphingomyelin, phosphatidyl ethanolamine
and phosphatidyl serine representing 25, 25 and
16%, respectively. Approx 36% of the phospha-
tidyl ethanolamine, 4% of the phosphatidyl serine
and 6% of the lecithin was present in the plas-
malogen form.
Each phospholipid class was found to have a
distinctive fatty aeid spectrum. The M ratio of
saturated to unsaturated fatty acids in all three
phosphoglycerides was nearly 1:1. Behenie, lig-
noceric and nervonic acids made up almost half
of the sphingomyelin fatty acids, and the M ratio
of saturated to unsaturated fatty acids in this
lipid was 3:1.

When compared with red cells from subjects
consuming a diet with a high butter fat content,
red cells from subjects on a diet rich in corn oil
were found to contain higher levels of linoleic acid
in the lecithin and phosphatidyl serine fractions,
and lower levels of oleic acid in the lecithin frae-
tion. No changes were observed in the fatty acids
of the phosphatidyl ethanolamine and sphingo-
myelin fractions. It is probable that these altera-
tions represent the result of highly specific
exchanges with plasma fatty acids, and it is sug-
gested that three levels of specificity are involved:
class of phospholipid, type of fatty acid, and
specifie fatty acid.

Introduction

NY ATTEMPT TO INCREASE our understanding of the
relationship between membrane funetion and
structure, at the molecular level, will require suitable
data on the chemical composition of the particular
membrane involved. Ideally, such data will provide
a measure of the normal composition of the membrane,
as well as some indication of the variation which might
be encountered in response to a physiological stress,
e.g., a change in diet. For a variety of reasons the red
cell membrane has been widely used in this type of
investigation, and in a previous paper we recorded
some observations with respect to the type and stability
of its lipid components. Serial analyses on the red
cells of subjects consuming diets of radieally different
fat content revealed no change in the total amt of any
of the cell lipids, although alterations in the phospho-
lipid fatty acid spectra did occur (1). Such constancy
in the total amt of lipid is probably essential to any

concept of the cell membrane requiring the lipid mole-
cules to play an important structural role. On the
other hand, changes in the relative amt of the various
fatty acids may or may not be compatible with such
a concept, depending on their type and extent. For
this reason, it was of interest to determine more pre-
sisely the effect of dietary fats on red cell phospho-
lipids.

Although a number of reports (2-6) have contri-
bute valuable information on the relationship between
diet and red cell Iipids, data from rigidly controlied
dietary experiments, providing details about the vari-
ous phospholipid classes, are still lacking. This inves-
tigation was undertaken, therefore, to obtain data of
this nature.

Experimental

Blood Samples. Ten male university students volun-
teered for the experiment. After a control blood sample
(unrestricted diet, A) had been taken for each student,
five were placed on a diet providing 40% of ealories
in the form of butter fat (diet BF'), and five on a diet
in which corn oil provided 40% of calories (diet CO).
Both diets BF and CO were of the homogenized for-
mula type (1). After 16 days a second blood sample
was taken from each student. Each blood sample was
20 ml in volume, and was taken after an overnight
fast. Heparin was used to prevent coagulation.

Lipid Samples. Red cell lipids were prepared as
previously described (1). After removing an aliquot
for the determination of phosphorus (7), the lipid
was subjected to a three-stage fractionation procedure
on silicic acid (8,9) as outlined in Figure 1. The
progress of elution was followed by measurement of
phosphorus in individual fractions and thin layer
chromatography (TLC). Overall phosphorus recovery
averaged 91%.

Reference Materials. Fresh reference phospholipids
were obtained from suitable natural sources as re-
quired. Sphingomyelin was recovered from cow red
cells by the method of Hanahan et al. (10). Lecithin
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Fig. 1. A summary of the procedure for the fractionation
of red blood cell lipids.
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was isolated from dog bile as described by Nakayama
and Johnson (11). Egg yolk provided a mixture of
phospholipids in which phosphatidyl ethanolamine was
readily identified as a major component (12), and an
extract of rat spleen served as a source of phosphatidyl
serine (13).

Identification and Estimation of Individual Phos-
pholipids. Thin layer (14), paper (15) and ion ex-
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change (16) chromatography were used in the char-
acterization of the fractions eluted from the adsorption
columns, or for the inspection of the hydrolytie prod-
ucts derived from the individual lipids. Identification
of the four major phospholipid fractions (as phospha-
tidyl ethanolamine, phosphatidyl serine, lecithin and
sphingomyelin) was achieved by comparison of their
behavior with that of reference compounds in the chro-
matographic systems listed above. Ethanolamine,
serine, choline and plasmalogens were determined by
standard methods (16-18).

The fatty acids were determined by gas chroma-
tography of the methyl esters in an Aerograph Model
600B gas chromatograph, equipped with a hydrogen
flame ionization detector. The stainless steel column
(5ft x 14 in. OD) was packed with firebrick 60/80
mesh, coated with 20% (w/w) diethylene glyeol sue-
cinate, and all runs were made at temp between 190
and 205C. The phosphoglyceride fatty acids were con-
verted to their methyl esters by treating the intact
lipid with 5% methanolic HCl in sealed ampoules at
90C for 2 hr (19). Sphingomyelin fatty acids were
methylated by refluxing in 10% methanolic sulphurie
aeid for 6 hr (20). In all cases the methyl esters were
recovered from the reaction mixtures by extraction
with petroleum ether.

The percentage composition by wt was obtained by
measuring the areas of the individual ester peaks, and
relating them to the total area recorded for all the
peaks. This was shown to be a true measure of fatty
acid conen by calibrating the detector with standard
mixtures C and F provided by the National Institates
of Health, Metabolism Study Section, Bethesda, Md.
For ease of comparison, the primary data were con-
verted to mole percentages by assigning appropriate
mol wt to all components, Any error arising from
this conversion was assumed to be small because the
readily identifiable fatty acids made up 90% of the
total.

Results and Discussion
Fractionation of Red Blooed Cell Phospholipids

Typical elution patterns in the three-stage procedure
for the fractionation of red cell phospholipids are
illustrated in Figure 2, and the purity of the four
end-products is indicated by the data given below.

The principal characteristies of the four fractions
were as follows:

Fraction A-1. On TLC, material from this peak
ran as a single spot with the staining properties of
an amino-phospholipid, and the mobility of phospha-
tidyl ethanolamine. Chromatography of hydrolysis
products on paper and ion exchange columns revealed
the presence of ethanolamine and the absence of serine.
The M ratio of phosphorus to ethanolamine was
1.00:0.91.

Fraction A-2. TLC of this fraction also revealed the
presence of material running as a single spot, and with
the staining properties of an amino-phospholipid. The
mobility was the same as that of phosphatidyl serine.
Serine, but no ethanolamine was found by chromatog-
raphy of the produets of hydrolysis on paper and ion
exchange columns. The M ratio of phosphorus to
serine was 1.00:0.92.

Fraction B-1. Chromatography of material from this
fraction, on both ‘‘neutral”” and ‘‘basic’’ ehromato-
plates, showed that it ran as a well-defined spot with
the staining characteristics of a choline-containing
phospholipid and the mobility of lecithin. The M ratio
of phosphorus to choline was 1.00:0.90.
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Fraction B-2. In both TLC systems, this fraction
ran as a single spot with the staining properties of a
choline-containing phospholipid, and the mobility of
sphingomyelin. The M ratio of phosphorus to choline
was 1.00:1.05.

On the basis of these results, it was concluded that
Fractions A-1, A-2, B-1 and B-2 represented phos-
phatidy! ethanolamine, phosphatidyl serine, lecithin
and sphingomyelin, respectively.

Effect of Diet on the Individual Phospholipid Classes

Twenty samples of cells from the three diets were
carried through the analytical procedure outlined in
Figure 1, and the results of the analyses are summar-
ized in Table I. The total lipid phosphorus content
average 12.6 == 0.4 mg/100 ml of red cells. Lecithin
was the predominant phospholipid and accounted for
34% of the total on all three diets, while sphingomye-
lin, phosphatidyl ethanolamine and phosphatidyl
serine represented 25%, 25% and 16%, respectively.
When these data are combined with the results of the
fatty acid analyses (Table IV), the calculated total
phospholipid eontent averages 315 - 10 mg/100 ml
of red cells.

The small standard deviations recorded indicate the
uniformity of composition of red cell phospholipids,
and suggest that the levels of the individual phospho-
lipids remain relatively constant despite marked
changes in the type of dietary fat supplied. The data
are in good agreement with those recently reported by
Reed et al. (21), and Weed et al. (22) who performed
their separations of filter paper impregnated with
silicie acid, and by Farquhar (23), and Farquhar and
Ahrens (5), who used silicie acid column chromatog-
raphy. Comparable values for lecithin and sphingo-
myelin have also been obtained on adsorption chro-
matography by Phillips and Roome (24) and Balint
et al. (25), although neither of these groups was able
to achieve satisfactory resolution of phosphatidyl
ethanolamine and phosphatidyl serine. Dawson et al.
(26) and de Gier and Van Deenen (27) have re-
ported somewhat different values, but differences in
methodology make direet comparison diffieult.

Table II lists the average mol wt of the four major
red cell phospholipids (based on fatty aeid analyses,
Table TV) from which the theoretical phosphorus con-
tent has been computed as a percentage of the total
wt of the phospholipid. The phosphorus amt to al-
most exactly 4% of the total wt of the phospholipid,
confirming the validity of the conversion factor 25
in changing lipid phosphorus to wt of phospholipid,
at least in so far as the red cell phospholipids are
concerned.

Table 11T summarizes the data on the red cell plas-
malogens. Irrespective of dietary history, ca. 36% of

TABLE T
Phospholipid Content of Red Blood Cells
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TABLE II
Red Blood Cell Phospholipids: Average Mol Wt, Phosphorus Content
and concn
N Conen in red cells
¢ Percentage
Component nY(?]r fﬁe ]
phosphorus moles X
P mg/100 ml | 104/100 m]
PE 719 4.31 72 | 1.00
Ps 788 3.96 46 0.58
LEC 781 3.97 108 1.39
SPH ‘ 768 4.04 82 1.07
Total PL 770 4.03 315 4.04

the phosphatidyl ethanolamine, 4% of the phospha-
tidyl serine and 6% of the lecithin fraction was pres-
ent in the plasmalogen form. The corresponding values
of 67%, 8% and 10%, quoted by Farquhar (23), are
considerably higher. Of the total red cell phospho-
lipid, 14% was in the plasmalogen form, while previ-
ous estimates have ranged from trace (10) to 22%
(23). The discrepancies between these reports are
probably more indicative of different analytical
methods rather than any true variation.

Effect of Diet on the Phospholipid Fatty Acid Composition

The results of the fatty acid analyses are summar-
ized in Table IV. The small standard deviation ob-
served for all the fatty aecids indicate the minor nature
of the differences between individual subjects, and a
rather uniform response to a dietary stress. Further,
it is apparent that each phospholipid family has a
distinctive fatty acid spectrum, which may be modi-
fied by dietary fatty acids to a limited extent only.

Both of the cephalins contain large amt of arachi-
donic acid, but can be differentiated on the basis of the
high palmitic acid eontent in the ethanolamine, and
high stearic acid eontent in the phosphatidyl serine
fraction. These differences are interesting in view of
the suggestion (28) that the ethanolamine phospha-
tide arises from the decarboxylation of phosphatidyl
serine. The fatty acids of lecithin present another
pattern : although somewhat similar to the fatty acids
of phosphatidyl ethanolamine, they are easily dis-
tinguished because of the large differences in the amt
of arachidonic and linoleie acids. The M ratio of satu-
rated to unsaturated fatty acids in the three phos-
phoglycerides was very nearly 1:1, indicating that
there was available for each phosphoglyceride molecule
one saturated and one unsaturated acid. The sphingo-
myelin fatty acids differ radically from those of the
other phospholipids, in that no other fraction had
such a high proportion of saturated acids (M ratio of
saturated to unsaturated fatty aeids of 3:1), or of
fatty acids of chain length in excess of 20 carbons.

It is of interest to compare these results with those
presented by the two other investigators who have
studied the fatty acids of the individual phospholipids
of the red eells of man. Farquhar (23) and Farquhar
and Ahrens (5) analyzed a pooled sample of red cells
from three normal adults, and obtained results for
phosphatidyl serine, lecithin and sphingomyelin fatty

Dietary 5“5?5&% Individusl phospholipids as % of fote) acids similar to the average values reported here
regimen mg/100 ml PE PS LEC SPH ° o
A BaZerl mriomEo MEL R
coe 12.6 £ 0.4 24 = 1 171 34+1 25 %2 Red Blood Cell Plasmalogens
Average 12,6 = 0.4 25 =2 16 =2 34 2 25 =3 Percentage plasmalogen

a 10 subjects.

b 5 gubjects.

¢ 5 subjects.

4 Mean == standard deviation,

Note abbreviations used in Tables I-IV: PXE, phosphatidyl ethanol-
amine; PS, phosphatidy! serine; LEC, lecithin; SPH, sphingomyelin;
PL, phospholipid. Except where otherwise stated, terms phosphatidyl
ethanolamine, phosphatidyl serine and lecithin are used to include both
the diester and the plasmalogen forms of the corresponding phospho-
glycerides.

Phospholipid -
Diet A2 Diet BF? Diet CO ¢
37T*=6 36 £5
43 343
71 6+ 4

% 10 gubjects.
b 5 subjects.
¢ 5 gubjects.
a4 Mean *+ standard deviation,
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TABLE IV
Red Blood Cell Phospholipid Fatty Acids Following Different Dietary Regimens (Expressed in mole %)
Diet A Diet BF# Diet COP
Fatty acid

PE Ps LEC SPH B PS LEC SPH PE PS LEC SPH

20 14+ 1 341 285 301 15*+1 341 206 28+ 1 14 22 32 %1 303

1 2x1 2+1 32 3*x1 3x1 31 2x1 21 11 241 i*=1

1 36 2 131 7T*=2 g+1 88 =1 131 61 81 372 1341 Tx1

2 i5%1 22+ 1 62 222 151 25 *+1 541 21 %1 141 i7T*+1 41

1 T=1 182 21 5x1 4x1 12 %=1 21 741 91 25 = § 2x1

1 211 61 ... ¢l 19%1 20x1 51 .. 181 211 71 .

....... . 2+1 - . TR 2+1 . 21

8k&2 gx1 8x1

207 1824 21=x4

.......................... 143 183+3 16 = 3

.......... . 51/49  55/45 52/48 75/25

2 Principal fatty acids; 16:0, 13%; 18:0, 29 ; 18:1, 28%, 18:2,
b Principal fatty acids: under 16:0, 32% 16:0, 23%,
¢ Under 19%.

d Ratio saturated to unsaturated fatty acid.
¢ Mean = standard deviation.

Farquhar’s data (23) for phosphatidyl ethanolamine
fatty acids differ slightly, presumably because his
values were corrected for the presence in the methyl
ester mixture of dimethyl acetals arising from the
phosphatidal ethanolamine. Hanahan et al. (10) also
investigated red cell lecithin fatty acids, and reported
values almost identical to the average values reported
here. Their values apparently represent the average
(or composite) values of at least six different samples
of blood, and the deviations between samples were
said, in general, not to exceed +=10%. In the sphingo-
myelin fraction Hanahan et al. (10) detected substan-
tial amt of palmitie, oleic and behenic acids, but no
lignoceric or nervonic. In contrast, in the analyses
reported here, and by Farquhar and Ahrens (5),
fatty acids of chain length greater than 20 carbons
account for over one-third of the sphingomyelin fatty
acids. Although there is no obvious explanation for
this discrepancy, it should be noted that these long-
chain fatty acids have been known for many years to
be a part of the sphingomyelin of spleen, lung and
brain (29).

The samples obtained after the 16-day dietary
periods reveal statistically significant differences {p <
0.02) in three instances. When compared with the
subjects consuming the diet with the high butter fat
content, the subjects on the diet rich in corn oil showed
higher levels of linoleic aecid in lecithin and phos-
phatidyl serine, and lower levels of oleic acid in leci-
thin. As previously suggested (3) such rapid changes
are probably the result of exchange of fatty acid be-
tween plasma and red cells, rather than of maturation
and release of a new generation of red cells. Be-
cause of the relatively small amt of linoleic acid in
phosphatidyl serine it is not possible to determine
whether the incerease has been at the expense of a
specific acid. However, the situation is quite different
in the lecithin fraction, which contains over 90% of
the newly incorporated lnoleic acid, and where the
increase in this acid has been largely compensated
for by a decrease in oleic acid.

These observations may be summarized as follows.
First, the changes in fatty acid distribution were
largely confined to a single family of phospholipids,
the lecithing, and no major changes occurred in the
sphingomyelin or cephalins. Second, the fatty acid
exchange involved unsaturated fatty acids almost ex-
clusively : the increased incorporation of unsaturated
fatty acid was at the expense of unsaturated fatty
acid already present, and did not alter the amt of
saturated fatty acid. Third, within the group of un-
saturated fatty acids, a specific pair was involved:
linoleic replaced oleie, but not arachidonie or palmit-
oleic acids. Hanahan et al. (10) have reported that
red cell lecithins usually have a saturated fatty acid

55%.
810, 10%; 18:1, 29%; 18:2, 1%.

in the e-position, and an unsaturated fatty acid in
the B-position, so that unless abnormal red cells were
produced during this dietary experiment( which is
unlikely) the observed exchange is assumed to have
taken place at the latter position.

The high degree of specificity implied by these ob-
servations is supported by the data of others. Mulder
et al. (4), working with rabbits, and Farquhar and
Ahbrens (5), working with a single human subject,
found that diet induced changes in red cell fatty acids
were greatest in the lecithin fraction, although lesser
changes were observed in other phospholipids as well.
Oliveira and Vaughan (30) incubated red cells with
labelled fatty acids, in the presence of ATP and co-
enzyme A, and recovered most of the label in the
lecithin, very small amt in the cephaling, and none
in the sphingomyelin. Under similar eonditions, they
found that sheep red eells, which in common with the
red cells of other ruminants contain very little leci-
thin, ineerporated almost no labelled fatty acid. On
the other hand, rat red cells, which contain more leci-
thin than do the red cells of man, incorporated the
highest amt of label. That this type of specificity is
not peculiar to erythrocytes is suggested by Leat (31),
who noted that the plasma lecithin of a pig ineorpo-
rated almost twice as much linoleic acid as did plasma
cephalins and sphingomyelin. It appears well estab-
lished, therefore, that lecithin fatty acids are more
susceptible to diet-induced alterations than are the
fatty acids of other phospholipids, although the rea-
sons for this susceptibility are not yet known.

In contrast to the rapidity with which the appropri-
ate modification in diet can lead to an increase in red
cell linoleie acid, it is apparently difficult to increase
the red cell eontent of certain other fatty acids. Mul-
der et al. (4) found that a diet rich in laurie acid
failed to increase the red cell content of that acid,
despite the fact that the lauric acid level of plasma
increased substantially. Similarly, Farquhar and
Ahrens (5) reported that a diet rich in linolenic acid
inereased the red cell content of that acid only from
0.1-1.5%, while the adipose tissue level increased from
0.2-17%. Obviously, there are limits to the type and
extent of the exchanges that can be induced by diet
in the red eells, suggesting that factors other than
the relative abundance of any component in the diet,
plasma or adipose tissue govern the fatty acid com-
position of the red cell phospholipids.
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Abstract

The effect of low-temp storage on the fatty acid
composition of meat lipids was studied. Fat sam-
ples were taken from the perirenal and subcutane-
ous depots of 12 beef carcasses. The samples were
divided and one-half from each carcass were
stored at —37C for four months. The fat samples
(before and after the low-temp storage period)
were then extracted, the glyceride fractions sepa-
rated by low-temp solvent erystallization, and sub-
sequently analyzed by gas-liquid chromatographic
techniques. The data obtained in this study and
the changes in fatty acid composition noted were
not consistent with the pattern of oxidative de-
terioration but would appear to indicate that non-
oxidative mechanisms were responsible for the
changes in fatty acid composition cbserved.

Introduction

HE OXIDATIVE DECOMPOSITION PRODUCTS of meat

lipids are prime contributors to the development
of undesirable odor and flavor characteristics of meat
and meat products (1), and their possible hazard to
human health is of current interest (2).

When fats take up oxygen, rancid or off-flavor com-
ponents are formed. This oxygen uptake and the onset
of oxidative deterioration have been shown to be re-
lated to the unsaturation of the fat although great
variations in natural fats, due to the presence of anti-
oxidants, have been observed (3,4). In an extensive
review, Lundberg (5) reported that the oxidative de-
terioration of food lipids involves autoxidation reac-
tions affecting, primarily, the unsaturated acyl groups.
The rate of autoxidation increases markedly with time,

* Jourpal Serles of the Pennsylvania Agricultural Experiment Station,
Paper No. 00.
2 Present address U.8. Army Biological Laboratories, Frederick, Md.

and in an exponential manner, with inereasing un-
saturation.

This problem of flavor changes related to meat lipids
has been the subjeet of extensive research (4,6). Nu-
merous research studies on frozen meats have em-
phasized the importance of low-temp in retarding ran-
cidity (7-9). Hiner et al. (10) found deterioration
in beef and lamb as well as pork in freezer storage to
be due primarily to oxidation of the fat. Species dif-
ferences in susceptibility to oxidation have been ob-
served and have been attributed to the differences in
fatty aeid composition (11).

It was the purpose of this research to investigate,
qualitatively and quantitatively by means of gas-liquid
chromatography, the fatty acid composition changes
in meat lipids during low temperature storage.

Experimental Procedure

Sampling, Extraction end Storage. Samples of the
perirenal and subcutaneous depot fats were taken
from the carcasses of 12 steers after the animals had
been slaughtered and chilled for 24 hr. Four hundred-
g samples were taken from the tip of the kidney knob
fat and from the subeutaneons backfat at the 10-13
rib area of each carcass. These samples were stored
(less than 24 hr) in a nitrogen atmosphere at —37C in
labelled, paraffin-sealed, screw-cap jars until time for
analysis. One-half of the samples from each carcass
were stored at the same temp for a period of four
months.

Eighty-g portions of the fat were cut into small
pieces and extracted three times in a Waring blendor
with a total of 500 ml of diethyl ether. The ether
solution was filtered and dried over anhydrous sodium
sulfate. The solvent was removed from the extract
by means of a Rinco Evaporator, and the extract was
stored in a nitrogen atmosphere. As a check on the
completeness of extraction before and after freezer



