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In the course of studies on the ageing process in
the human erythrocyte, we have investigated the
metabolic behavior of the cholesterol of the eryth-
rocyte. This study was designed to determine
whether the cholesterol of the human erythrocyte
is in the dynamic state (2), or whether the choles-
terol is incorporated into the newly formed eryth-
rocyte and remains with the cell throughout the
cell's life span, as does hemoglobin (3-6).

A previous study (7) has shown that the cho-
lesterol of the plasma is in the dynamic state. The
rate of entry of cholesterol into the plasma of the
circulating blood was measured by determining the
rate at which deuterium is incorporated into the
cholesterol of the plasma when an elevated concen-
tration of deuterium in the body water is main-
tained at a steady level by repeated administration
of deuterium oxide. In the studies described in
this report, the same technique has been employed
and the concentrations of deuterium in the choles-
terol of the erythrocytes and of the plasma have
been compared. Since the cholesterol of the plasma
is in the dynamic state, the finding of a similar
rate of turnover and a similar pattern of concentra-
tions of deuterium in the cholesterol of the erythro-
cytes would favor the conclusion that the choles-
terol of the erythrocytes is also in the dynamic
state.

The subjects of this study were a patient with
the nephrotic syndrome and a patient with xan-
thomatosis tuberosum multiplex. A discussion of
the mechanisms involved in the maintenance of
hypercholesterolemia in these conditions is beyond

1 This work was presented in part before the American
Society for Clinical Investigation at Atlantic City, May
1951 (1). The work was supported by a grant from the
American Cancer Society on the recommendation of the
Committee on Growth of the National Research Council
and by a grant from the Office of Naval Research.

2 Part of this work was performed during the tenure of
a Welch Fellowship in Internal Medicine of the National
Research Council.

the scope of this paper and will not be presented
here.

MATERIAL AND METHODS

Subjects: 1) F. G., a 36 year old Negro woman, was
studied during the nephrotic phase of chronic glomeru-
lonephritis. Pertinent laboratory data included a red
blood cell count of 3.5 million per cubic millimeter, he-
moglobin of 10.0 Gm. per 100 ml. of blood, and venous
hematocrit of 33 per cent; plasma total cholesterol 836 mg.
per cent with 70 per cent of the total cholesterol esterified;
erythrocyte total cholesterol 146 mg. per cent with 11 per
cent of the total in the ester form and 89 per cent in the
form of free cholesterol.

2) M. T., a 21 year old white woman with xanthoma
tuberosum multiplex, was essentially asymptomatic. He-
matologic data included a red blood cell count of 4.2 million
per cubic millimeter and a hemoglobin value of 13.0 Gm.
per 100 ml. of blood. Plasma total cholesterol was found
to range between 500 mg. per cent and 660 mg. per cent
with 71 to 75 per cent of the total esterified. Erythrocyte
total cholesterol was 132 mg. per cent with 95 per cent
of the total in the form of free cholesterol and 5 per cent
in ester form.

Administration of deuterium oxide: 1) Subject F. G.
drank 1000 ml. of 50 per cent D2O in four divided doses
on the first day of the experiment and then received 60
to 65 ml. per day of approximately 30 per cent D20 for the
next 112 days. On 11 occasions the daily dose was
doubled in order to maintain the body water concentration
of deuterium at a steady level. The concentration of
deuterium in the body water was measured by determin-
ing the concentration of deuterium in the water of the
urine.

2) Subject M. T. drank 666 ml. of 50 per cent D.0 in
three divided doses on the first day of the experiment and
50 to 60 ml. of 50 per cent D20 daily for the duration of
the study.

Isolation and quantitative determination of cholesterol:
The erythrocytes were washed three times with 0.9 per
cent solution of sodium chloride. The buffy coat of leuco-
cytes was removed and discarded. Total cholesterol was
isolated as the digitonide from the unsaponifiable fractions
of erythrocytes and of plasma and was then recovered from
the digitonide according to the method of Sch6nheimer and
Dam (8). Melting point determinations were used as an
index of purity.

Quantitative determinations of cholesterol were per-
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formed according to the Sperry-Schoenheimer method
(9, 10).8

Measurement of concentration of deuterium: The con-
centration of deuterium in the hydrogen derived from the
cholesterol was determined according to the procedure
of Graff and Rittenberg (11) .4

Synthesis of cholesterol in vitro: Two hundred and
seventy ml. of blood were drawn from a normal man, the
plasma and buffy coat were removed by centrifugation,
the erythrocytes were suspended in 0.9 per cent sodium
chloride solution, the suspension was centrifuged once,
and the saline and the remaining buffy coat were dis-
carded. The erythrocytes were suspended in saline to
make a total volume of 280 ml. Two hundred mg. of 1-C4-
sodium acetate, CH.C14OONa-3H,O, with a specific ac-
tivity of 0.8 millicuries per millimole, was added to the
cell-saline suspension. Penicillin and streptomycin were
added to inhibit bacterial growth. The suspension was
incubated for 25 hours with constant gentle shaking in air
at 38°C.

RESULTSANDDISCUSSION

The concentrations of deuterium in the choles-
terol of the plasma and of the erythrocytes of both
subjects are plotted in Figures 1 and 2. In each
case, the rise in the concentration of deuterium in
the cholesterol of the erythrocytes is similar to its
rise in the cholesterol of the plasma. Since the
cholesterol of the plasma is in the dynamic state,
a similar rate of turnover in the cholesterol of the
erythrocytes favors the conclusion that the choles-
terol of the erythrocytes is also in the dynamic
state. There are two possible mechanisms whereby
the cholesterol of the erythrocyte could exist in a
dynamic state: the first would require the syn-
thesis of cholesterol by the circulating erythrocyte
for replacement of cholesterol which has disap-
peared from the erythrocyte; the second would
entail the replacement of the cholesterol of the
erythrocyte by cholesterol from the plasma.

The first possibility, synthesis by the erythrocyte,
was investigated by determining the capacity of
mature human erythrocytes to synthesize choles-
terol in vitro, as measured by the C14 concentra-
tion in the cholesterol of erythrocytes incubated
with 1-C04-sodium acetate (CH8C"OONa). The
results of this experiment are presented in Table I.

That this synthesis of cholesterol by erythrocytes
8 Weare indebted for these determinations to Mr. M.

L. Webb, in the laboratory of Dr. Warren M. Sperry, and
to Miss Anne Richards, in the laboratory of Dr. Kenneth
B. Turner.

4Analyses in the mass spectrometer were kindly per-
formed by Mr. Irving Sucher.

in vitro is relatively insignificant can better be ap-
preciated by comparison of these results with the
in vitro synthesis of cholesterol in rat liver. On
incubation of 60 Gm. of rat liver slices with 0.15
millicuries (25 mg.) of CH,C14OONa-3H2O for
3.5 hours, 7 per cent of the C14 labeled sodium ace-
tate was converted to cholesterol. Werecognize
that it may be hazardous to conclude, on the basis
of in vitro studies, that the mature human erythro-
cyte in vivo possesses only a very limited capacity
to synthesize cholesterol. The contrast, however,
between the active turnover of cholesterol of the
erythrocyte and the very low rate of synthesis of
cholesterol by the erythrocyte in vitro is sufficiently
marked to favor the view that the existence of the
cholesterol of the erythrocyte in the dynamic state
is due to a process other than synthesis of choles-
terol by the erythrocyte itself. The conclusion
which is indicated by these findings is that the cho-
lesterol of the erythrocyte is in dynamic exchange
with the cholesterol of the plasma.

This conclusion is in agreement with studies per-
formed simultaneously and independently in other
laboratories. Determinations of C14 activity in the
cholesterol of a rabbit's erythrocytes after the ad-
ministration of CHsC14OONaindicated that the
cholesterol of the erythrocytes is in the dynamic
state (12). Studies in vitro of dog erythrocytes
and plasma have shown a rapid equilibration of
the cholesterol of the erythrocytes with the free
cholesterol of the plasma (13, 14). The adminis-
tration of tritium (H8) labeled cholesterol (15) or
of C14 labeled cholesterol (16) to man has re-
vealed equilibration of cholesterol of the erythro-
cytes with the free cholesterol of the plasma.

Inasmuch as the major part of the cholesterol
of erythrocytes is not esterified, equilibration of
cholesterol of erythrocytes with the cholesterol of
the plasma might be expected to involve the free
cholesterol principally. It would seem likely, how-
ever, that the esterified cholesterol of the erythro-
cyte, which is present in low concentration, would
also be in equilibrium with the esterified cholesterol
of the plasma. The technique of D2Oadministra-
tion which was employed in this study would not
be expected to reveal different isotope concentra-
tions in free and esterified cholesterol of plasma.
Consequently, the isotope concentrations in total
cholesterol of erythrocytes and of plasma respec-
tively were compared.
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The demonstration that the cholesterol of the ma-

ture human erythrocyte is renewed by exchange
with cholesterol of the plasma is pertinent to the
problem of ageing of the human erythrocyte. Sev-
eral different techniques have established that the
normal human erythrocyte survives for an average
life span of about 120 days (3, 5, 17, 18). In the
course of some of these and related studies (3-6,
18), it has been shown that the hemoglobin of the
mature circulating erythrocyte is not in the dy-
namic state, but rather that it remains with the
erythrocyte until the cell is destroyed. The deter-
mination of the metabolic behavior of hemoglobin

and of other constituents of the human erythrocyte
in normal and in pathologic states may provide
some clues to an understanding of the ageing proc-

ess in this cell. The behavior of constituents of
the stroma of the erythrocyte may be particularly
significant in determining the viability of the cell.

The stroma is composed, at least in part, of lipo-
protein complexes. The cholesterol of the eryth-
rocyte is, most likely, bound to one or more pro-

teins of the stroma and is probably part of one

or more lipoprotein complexes. The evidence
presented in this and other studies indicates that the
cholesterol is metabolically labile. Earlier studies
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TABLE I

Synthesis of cholsterol in vitro by mature human erythrocytes

Weight Per cent of
(wet) of Amount of Total C14 Time of C14 activity* CHacetate

erythrocytes CHsC1400Na. activity incuba- of choles- converted to
incubated 3H20 added added tion terol cholesterol

Gm. mg. miii- hours c.p.m.
curise

120 200 1.2 25 21 0.0004

* The C14 activity is expressed as counts per minute above background for an infinitely thick sample.

(19, 20) and findings in this laboratory on the
metabolism of phospholipids in the erythrocytes of
man (21) indicate a rapid turnover of total phos-
pholipids, as well, in these cells. The metabolic
behavior of the stroma proteins is not yet known
but a preliminary report suggests that most of the
proteins in the stroma of the rat erythrocytes are,
once formed, as stable metabolically as hemoglobin
(22).

It is tempting to speculate on the relevance of
these observations to the mechanisms which are
responsible for maintaining the viability of the
cell, and, more particularly, for maintaining the in-
tegrity of the erythrocyte membrane. The main-
tenance of an intact membrane may require a con-
tinuing rapid exchange of cholesterol and other
lipids with similar constituents in the plasma, and,
at the same time, may require metabolic stability
of some proteins of the stroma. It is possible that
one or more proteins of the stroma are in the dy-
namic state, and the integrity of the cell structure
may be dependent on a continued replacement of
these proteins. In any case, the structure of the
human erythrocyte appears to depend on the main-
tenance of some constituents in a dynamic state and
of others in an unreactive or stable state. The
death of the erythrocyte may result from loss of
metabolic lability of some constituents or from loss
of metabolic stability of others. Further definition
of the metabolic behavior of various constituents
in erythrocytes of different ages may provide il-
luminating information on the process of ageing
in the human erythrocyte.

SUMMARY

In two human subjects, in whose body water an
elevated concentration of deuterium was maintained
by the administration of deuterium oxide, the rise
in the concentration of deuterium in the cholesterol

of the erythrocytes was similar to its rise in the
cholesterol of the plasma. This finding and the
demonstration of a relatively insignificant degree
of synthesis of cholesterol by human erythrocytes
in vAtro favor the conclusion that the cholesterol
of human erythrocytes is in dynamic exchange with
the cholesterol of the plasma. The possible rele-
vance of the metabolic lability of the cholesterol of
erythrocytes to the problem of the ageing process
in the human erythrocyte is indicated.
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