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In Part 1 (James, Lovelock & Webb, 1959) and in
the earlier work of Altman, Watman & Solomon
(1952), it was reported that the cellular consti-
tuents of the blood are able to incorporate activity
from sodium [Me-14C]acetate into their lipid com-

ponents. It was also shown that the radioactive
lipids synthesized by the cells are transferred during
the course of incubation in vitro to the plasma
lipoproteins.
From this earlier work little or no information is

available on the contribution of the celLs to the
lipid metabolism of the blood, or indeed to that of
the whole animal. This paper reports experiments
designed to determine quantitatively the turnover
of the major lipid components, namely the phos-
pholipids, the neutral fat and the unsaponifiable
lipids, between the cells and the lipoproteins of the
plasma.

METHODS

Incubation of blood. During the incubation sterile pro-

cedures were used throughout. Freshly drawn whole blood
(100 ml.) was added to a mixture (15 ml.) of citric acid-
sodium citrate-dextrose, penicillin, streptomycin sulphate
(100 units each/ml. of whole blood) and ethylenediamine-
tetra-acetic acid (0.05 ml. of 0-1% solution). Sodium
[Me-i4C]acetate (1 ec/ml.; specific activity 13-6 ,uc/mg.)
was added. The mixture was incubated at 34.50 with gentle
agitation in a roller-tube apparatus.

Separation of cells and fractionation of lipoproteins. At
different time intervals, 10 ml. samples were withdrawn
from the incubation mixture and centrifuged for 5 min. The
cells were washed once with 0 9% NaCl (3 ml.) and then
added in a thin stream to 100 ml. of ether-ethanol (1:2,
v/v). To the plasma and 0-9% NaCl washings dextran
sulphate (0.5 ml. of 1% solution) was added and mixed.
After 30 min. the precipitated ,-lipoprotein-dextran
sulphate complex was removed by centrifuging (Oncley,
Walton & Cornwell, 1957) and transferred to ether-
ethanol. The supernatant liquid which contained the x-
lipoprotein was added slowly to ether-ethanol.

Fractionation of the lipids. The protein precipitated by
ether-ethanol was removed by filtration and the filtrate
concentrated to dryness in vacuo at low temperature.
Where necessary the last traces of water were removed by
the repeated addition of ethanol, followed by distillation.

* Part 1: James, Lovelock & Webb (1959).

The residue was obtained as a thin film inside the flask.
This was immediately extracted twice with 1 ml. of
acetone (extract A) and the residual acetone removed by
warming in vacuo. Phosphorus analyses indicated that
extract A contained negligible quantities of phospholipid.

Hydrolysis of phospholipids. The residue from acetone
extraction, dissolved in a mixture of aqueous 50% (v/v)
ethanol (5 ml.) and aqueous 40% (w/v) KOH (1 ml.), was
heated at 600 for 4 hr. After the mixture had cooled to
room temperature, water (3 ml.), acetic acid (4 drops) and
10N-H2SO4 (2 ml.) were added and mixed. When cool the
mixture was extracted with light petroleum (40-60°;
4ml., 1 ml. and lml.).

Hydrolysis of neutral fat. The acetone extract (A) was
concentrated to dryness under reduced pressure and
hydrolysed for 4 hr. at 600 in a mixture of ethanol (5 ml.)
and aqueous 40% (w/v) KOH (1 ml.). Water (3 ml.) and
acetic acid (4 drops) were added and the hydrolysate was
extracted three times with light petroleum (4 ml., 1 ml. and
1 ml.) to remove unsaponifiable fat. Sulphuric acid (1ON;
2 ml.) was added and the mixture again extracted with
light petroleum as before to obtain the saponified fatty
acids.

After the hydrolyses of lipids the unmetabolized sodium
[Me-'4C]acetate remained substantially in the aqueous
layer during the extraction with light petroleum. Only low
specific activities were obtained for the zero incubation
times and these were subtracted from subsequent values.

Determination of specific activities. The light petroleum
extracts were evaporated to dryness on planchets of
aluminium foil which had been weighed with a micro-
torsion balance. The planchets were then reweighed. The
samples were then counted with an end-window Geiger-
Muller tube which gave 6 x 104 counts/min./,uc. The self-
absorption of the samples (1 mg./cm.2) was considered to be
negligible. The specific activity of the unsaponifiable
lipid was based upon the weight of this fraction. Specific
activities of saponifiable lipid and phospholipid were based
upon the weights of the corresponding fatty acids obtained
after hydrolysis.

Incubation of inert celMM with radioactive lipoproteins. Two
freshly drawn samples (50 ml. each) of whole blood were
mixed with citric acid-sodium citrate-dextrose, ethylene-
diaminetetra-acetic acid, streptomycin and penicillin as
described above. One portion (A) was stored at 20 and the
other (B) was incubated for 4-5 hr. at 34.50 with sodium
[Me_L4C]acetate (30 fc). The plasma was separated by
centrifuging and 8 ml. of 0 16M-sodium acetate added to
reduce the specific activity of unmetabolized radioactive
acetate by at least 1000-fold. The cells from A were re-
moved by centrifuging, washed with 0-16M-sodium acetate
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and added to the plasma from B. The 'reconstituted' blood
was incubated at 34° and 10 ml. samples were withdrawn
at different time intervals for analysis.

RESULTS

In reporting and discussing the results, the follow-
ing classifications are used. Cells include red cells,
white cells and platelets. The P-lipoprotein is
principally that first isolated by Oncley, Gurd &
Melin (1950). The a-lipoprotein includes all plasma
lipids, with the exception of ,-lipoprotein, and
includes chylomicra and, possibly, as yet unidenti-
fied lipoproteins. Neutral fat includes fatty acid
glycerides, cholesterol esters and possibly other
sterol esters. The unsaponifiable fat includes
cholesterol, other sterols and possibly some esters
which are resistant to hydrolysis, since prolonged
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Fig. 1. Labelling of blood neutral fat on incubation with
radioactive acetate. Whole blood was incubated with
sodium [Me-14C]acetate at 34-5°. O, Neutral fat from
cells; *, neutral fat from ,-lipoprotein; e, neutral fat
from a-lipoprotein.

saponification leads to further production of small
quantities of fatty acid.

Fig. 1 shows the increase of specific activity of
the neutral fat of the cells, x-lipoprotein and #-
lipoprotein when whole blood is incubated with
radioactive acetate. Figs. 2 and 3 show the an-
alogous results for the phosphoipids and unsaponi-
flable fat respectively.

In other experiments whole blood was incubated
with radioactive acetate for 4-5 hr. and then the
cells were replaced by non-radioactive washed cells
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Fig. 3. Labelling of blood unsaponifiable lipid on incuba-
tion with radioactive acetate. Whole blood was incu-
bated with sodium [Me-14C]acetate at 345°. 0, Un-
saponifiable lipid from cells; 0, unsaponifiable lipid from
P-lipoprotein; Q, unsaponifiable lipid from ax-lipoprotein.
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Fig. 2. Labelling of blood phospholipids on incubation
with radioactive acetate. Whole blood was incubated
with sodium [Me-l4C]acetate at 34.5'. 0, Phospholipids
from cells; *, phospholipids from ,B-lipoprotein; Q,

phospholipids from c-lipoprotein.
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Fig. 4. Exchange of neutral fat on incubation of labelled
plasma with unlabelled blood cells. Whole blood was
incubated with sodium [Me-14C]acetate at 34.5° for
4-5 hr. The cells were separated and replaced by non-
radioactive cells. 0, Neutral fat from cells; *, neutral
fat from plasma.
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Fig. 5. Exchange of phospholipid on

labelled plasma with unlabelled blood ce

was incubated with sodium [Me-_4C]ace
4-5 hr. The cells were separated and re

radioactive cells. 0, Phospholipid fron
pholipid from plasma.

from the same donor. The subsque:
specific activities of the neutral fat
and new cells are shown in Fig. 4. TI

ing changes in the phospholipids
Fig. 5.

DISCUSSION

When whole blood is incubated in vitr
[Me-_4C]acetate radioactivity is incc
the lipids of both the cells and the

proteins. When plasma alone is in
active acetate very little radioactivi
the plasma lipids; this is possibly a

the metabolic activity of platelets re

the separation of the other cells. It fc
experimental results include two g
mena, firstly the incorporation of
radioactive acetate into their lipids b
white cells and secondly the exchang(
inactive lipids between the cells and
In the whole animal the exchange
the plasma occurs not only with the
with the other organs, particularly tl

Hevesy, 1939). Although this im
blood in vitro is .not in a steady state
metabolism is concerned, the isolatio
is nevertheless essential in distinguis
tribution of the cells to the lipid meti
whole animal.
The results of the incubation exp

cate at first a linear rise of lipid sp
with time for the cells, followed by i
The levelling off of specific activity ci
the establishment of an equilibrium
isotopic carbon, but it is more prob
able to the depletion of essential meti

blood or perhaps also to the accumulation of
inhibiting substances. The phospholipid and the
unsaponifiable lipid were observed to exchange
freely with all classes of plasma lipoproteins.
Neutral-fat activity was found, however, only in
the a-lipoprotein-containing fraction. The free
exchange of phospholipid and unsaponifiable lipid
but not of neutral fat between the f-lipoprotein and
the cells is consistent with a cell-like structure for
,-lipoprotein, in which a central core of neutral fat
is surrounded by an impermeable membrane of
phospholipid, unsaponifiable lipid and protein.

15 20
Quantitative a8pect8. Of the added isotopic

carbon 3-5% was recovered in the lipid fractions at
the time the steady level was reached. This result is

incubation of particularly striking when it is recalled that 95%
i11s. Whole blood of the dry weight of the cell fraction consists of
tate at 34.50 for haemoglobin from the red cells (Wintrobe, 1951),
eplaced by non- which is metabolically innert.
a cells; 0, phos- Neither the gross lipid components nor their

fatty acid moieties are single entities in a chemical
sense; in these circumstances the calculation of

nt changes in turnover and exchange rates from the experimental
of the plasma results is made uncertain by the dilution of radio-
he correspond- active substances by inert material simultaneously
are shown in extracted. Nevertheless, certain approximate

values for the turnover rates of the various lipid
classes can be deduced.
Exchange ofpho8pholipids. In Fig. 5 is illustrated

'o with sodium the exchange of phospholipid when cells are sus-
Irporated into pended in plasma containing 14C-labelled phospho-
) plasma lipo- lipid. The growth and decay of phospholipid
cubated with specific activity between the cells and the plasma
ty is found in are complementary. This experiment would suggest
ttributable to that the plasma phospholipid is in simple diffusion
maining after equilibrium with the same phospholipid within or
)llows that the at the surface of the cells. In two experiments of
eneral pheno- the type illustrated in Fig. 5, the half-life for the
activity from exchange process was 6 hr. In a separate experi-
)y the red and ment plasma phospholipids were found to be at a
of active and level of 1 3 pnoles of phosphorus/ml. of whole
their plasma. blood. Taking this value and 800 for the average
of lipids from molecular weight, the exchange of phospholipid
)cells but also was 0 09 mg./ml. of whole blood/hr.
he liver (Hahn The synthesis of radioactive phospholipid by the
plies that the cells and its transfer to the plasma lipoproteins is
so far as lipid illustrated in Fig. 2. The specific activity of the
Wn of the blood plasma phospholipids starts to rise immediately at
3hing the con- the beginning of the experiment and continues to
abolism of the rise at a rate closely similar to those of the cellular

phospholipids. The principal phospholipid of the
eriments indi- plasma is phosphatidylcholine (77 %), whereas the
ecific activity cells contain only 31 % of this material (Hack,
a levelling off. 1947). Experiments which will be reported in a
ould be due to later paper indicate that the phospholipid meta-
listribution of bolism of the cells is complex, and a wide variety
ably attribut- of phospholipid species are synthesized. In these
abolites in the circumstances it is hardly possible to deduce from
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the experimental data any numerical values of the
metabolic turnover of phospholipid by the cells.
Since the increase in specific activity of the plasma
lipoproteins is comparable with that of the cells, it
would appear that the exchange by diffusion is
rapid compared with the turnover by metabolism.

Exchange of neutral fat. Unlike the exchange of
phospholipid, that of neutral fat does not appear to
be determined principally by simple diffusion
equilibrium. Fig. 1 shows the exchange of neutral
fat between the cells and the plasma-lipoprotein
fractions during an incubation experiment. The
specific activity of the celullar neutral fat is seen to
rise rapidly to a level approximately seven times as
high as that of the phospholipid. The plasma ,B-
lipoprotein receives little or none of this activity,
even after incubation for 10 hr. After a lag period
the oc-lipoprotein commences to acquire radio-
activity so that after 4 hr. the specific activity
reaches the same level as that of the cells. The more
rapid rise of activity in the cellular neutral fat than
in the lipoprotein fraction would suggest that the
synthesis ofactive neutral fat is proceeding faster in
the cells than is the exchange of this lipid by
diffusion. This notion is confirmed by the experi-
ment (Fig. 4) in which cells were incubated in
plasma containing "4C-labelled neutral fat. No
simple complementary exchange of activity occurs
as with the phosphoipid. Instead, the activity of
the cells rises rapidly at first and then remains at
a more or less steady level. Apart from a slight
initial fall, little change in the plasma neutral-fat
activity takes place. The values for the plasma
neutral-fat specific activity here shown arise from
both the active oc-lipoprotein neutral fat and also the
greater bulk of inert ,B-lipoprotein neutral-fat
material. The specific activity of the exchangeable
neutral fat is therefore probably three or more
times that shown in Fig. 4. Failure to achieve
equilibrium even after 20 hr. suggests that the
exchange of neutral fat is not one of simple com-
plementary diffusion. By making certain assump-
tions a value for the rate of release of neutral fat by
the cells can be derived from the information shown
in Fig. 1. These assumptions are first that the pool
size of the c-lipoprotein neutral fat is 1 mg./ml. of
plasma and second that the observed specific
activity of the fat of the cells is the same as that of
the fat they release. On this basis the observed
rate of rise of the activity of the a-lipoprotein

neutral fat requires the release of 0-16 mg. of fat/
ml./hr. by the cells.

Exchange of un8aponifiable lipid. The increase of
specific activity of the cellular unsaponifiable lipids
and the transfer of activity to the plasma lipo-
proteins (Fig. 3) was similar to that observed with
the phospholipids. The principal unsaponifiable
lipid of all three fractions is, of course, cholesterol,
and in separate experiments only a small propor-
tion of radioactivity was found in the cholesterol
when it was precipitated with digitonin. Since
90% of the weight of the unsaponifiable lipid was
cholesterol the remaining residue must have
possessed a very high specific activity, and it is
possible that this activity was associated with other
sterols, or their intermediates.

SUMMARY

1. The incorporations in vitro of radioactivity
from sodium [Me-14C]acetate into the lipids of
whole blood were measured.

2. Lipids from the cells, plasma ,-lipoprotein
and the x-lipoproteins were fractionated into un-
saponifiable lipid, saponifiable lipid and phos-
pholipid.

3. Exchanges of both 'unsaponifiable lipid' and
phospholipid between cells and plasma oa- and ,B-
lipoprotein were observed.

4. There was no exchange of saponifiable lipid
between the cells and ,-lipoprotein. Exchange was
observed between the cells and the other plasma
lipids.

5. Approximate exchange rates were calculated
for saponifiable lipid and phospholipid.
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