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This study was undertaken in order to compare
the metabolic behavior of plasma cholesterol de-
rived from the diet with that of cholesterol syn-
thesized in vivo from acetate (1). Cholesterol
labeled with either isotopic carbon or hydrogen
was administered orally to human subjects and
the incorporation into plasma cholesterol was fol-
lowed over an extended period. In certain in-
stances, both endogenous and exogenous choles-
terol metabolism were studied simultaneously by
the use of appropriately labeled acetate and cho-
lesterol. These techniques were also applied to an
examination of the behavior of plasma cholesterol
in fout patients with hypercholesterolemia.

EXPERIMENTAL

Subjects. The patients were hospitalized in the James
Ewing Hospital unit of Memorial Center; all were in
good clinical condition and a summary of pertinent data
appears in Table I. Of the seven patients reported, three
had normal plasma cholesterol levels and four had hyper-
cholesterolemia of varied etiology.

Isotopic materials. The precise dosages of the labeled
compounds are recorded in Table I. Cholesterol, either
radiohydrogen (tritium or HY), heavy hydrogen (deu-
terium or H'), or radiocarbon (C*) labeled, was dis-
solved in sesame oil and fed in gelatin capsules. Sodium
acetate labeled either with C* or H* was dissolved in
100 ml. of tap water and given orally. The quantity of
radiation delivered by C* to the patients as well as pre-
cautions to be observed in using this isotope in humans
have already been described (1). Approximately 6 mil-
licuries (mc.) of H*® are required to deliver the tolerance
dose of radiation or 0.3 rep. per week, if this isotope
were completely retained and equally distributed through

1This investigation was carried out under contract
AT (30-1)-910 with the United States Atomic Energy
Commission and supported in part by research grants
(C-440) from the National Cancer Institute and (H-564)
from the National Heart Institute, of the National In-
stitutes of Health, United States Public Health Service.
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the body. As the amount of H* administered was con-
siderably below this level, and since a large fraction of
the dose was not retained, the quantity of radiation the
patient receives from the isotope is far below tolerance
levels.

The tritium-labeled sodium acetate with a specific ac-
tivity of 0.55 mc. per millimole was made in this labora-
tory by exchange of malonic acid with tritium enriched
water by the method of Halford and Anderson for prep-
aration of deuterium-labeled acetate (2). Acetate-2-C**
was obtained from a commercial source and had a spe-
cific activity of 1 mc. per millimole. Cholesterol-4-C*
was prepared in this laboratory from cholestenone-4-C*
by the method of Belleau and Gallagher (3). The cho-
lestenone-4-C* was obtained from the Oak Ridge Na-
tional Laboratory, and had a specific activity of 2.3 mc.
per millimole. Deuterium labeled cholesterol was pre-
pared by catalytic exchange of cholesterol with heavy
water in the manner described by Bloch and Rittenberg
(4). Tritium-labeled cholesterol, with the isotope chiefly
at positions C-14 and C-15, was made in this laboratory
by the following procedure which has not been described
previously.

A solution of one gram of A™-cholestene-38-ol acetate
(5), 5 ml. (10 curies) of tritium acetic acid, and 30 ml.
of anhydrous ether was reduced with 254 mg. of Adams’
catalyst and hydrogen gas until the absorption ceased.
The crude cholestanyl acetate was treated with a dilute
solution of perbenzoic acid in benzene overnight at room
temperature. Ten grams of non-isotopic cholestanyl ace-
tate were added to the mixture and the diluted cholestane-
3p-0l-14,15-¢ acetate was purified by chromatography and
recrystallization. Saponification of the acetate followed
by oxidation of cholestanol with sodium dichromate gave
eight grams of cholestane-3-one-14,15-¢ which was then
converted to four grams of A‘cholestene-3-one (6). So-
dium borohydride reduction (3) of the enol acetate pre-
pared from the unsaturated ketone afforded cholesterol-
14,15-¢, m.p. 149 to 149.5°.

Blood samples of thirty to forty ml. were collected at
frequent intervals in either oxalated or heparinized
tubes for the isolation of free and ester cholesterol as the
digitonide by the procedure described elsewhere (7).
In those cases where cholesterol-4-C* was administered,
collections of expired carbon dioxide were made in order
to determine whether the steroid nucleus was broken
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TABLE I
Clinical data on patients
Plasma
cholesterol
Wat. mg./100 ml, Labeled materials
Patient Sex Age (lbs.) Diagnosis Total Free Compoupd Weight Activity
CHC-1 M 58 130 Pancreas - 150 50 Cholesterol-4-C*  15.4 mg. 91 ue.
carcinoma : Acetate-2-H? 98 mg. 700 gc.
CHC-2 F 30 115  Functioning 235 62 Cholesterol-4-C*  10.1 mg. 60 uc.
" adrenal Acetate-2-H? 67 mg. 480 uc.
cortical
carcinoma
CHC-3 F 34 131 Cushing’s 200 66 Cholesterol-4-CH 9.5 mg. 56 uc.
. syndrome Acetate-2-H? 67 mg. 480 uc.
CHC+4 F 56 115 Hypercholes- 410 106 Cholesterol-4-C¢  20.6 mg. 122 pc.
terolemia
Xanthoma
tendinosum
CHC-§ F 41 116 Hypercholes- 408 122 Cholesterol-4-C*  10.7 mg. 63 uc.
terolemia Cholesterol-H?* 10g. 11.87AD*
Xanthoma
tendinosum
CHC-6 M 43 160 Neplirotic 420 100 Cholesterol-4-C¥  10.7 mg. 63 uc.
syndrome
CHT-1 F 49 115 Hypercholes- 812 301 Acetate-2-C1 16 mg. 200 uc.
terolemia Cholesterol-H? 7.5 mg. 113 uc.
Xanthoma
tuberosum

* AD = atom per cent excess deuterium.

down to compounds that might be oxidized to carbon
dioxide. Urine and feces were obtained for variable
periods of time to measure the excretion of the admin-
istered radioactivity through these routes, as well as
for the isolation of steroid metabolites.
data will be presented in detail in a separate communica-
tion, although preliminary results have been reported
(8,9).

Radioactivity measuremenis. The methods used for
the measurement of radioactivity of cholesterol digitonide
samples containing only C* have been previously re-
ported (1). The tritium analyses were carried out on
cholesterol digitonide by proportional counting in the
gas phase by the method described by Eidinoff (10).

In those experiments in which acetate and cholesterol
were given simultaneously, the cholesterol digitonide iso-
lated from the plasma contained both isotopes. The
digitonide was burned in a combustion apparatus similar
to that described by Glascock (11) and simultaneous col-
lection of both water and carbon dioxide was made. The
water was converted to hydrogen and counted in the
gas phase in the proportional region (10). Radiocarbon
activity was assayed as carbon dioxide admixed with
carbon disulfide in the Geiger-Miiller region (12).

The carbon-14 content of certain solid samples con-
taining both carbon-14 and tritium was determined in
windowless flow gas counters with an aluminum foil
(0.13 mg. per cm®) placed over the planchet to absorb

These latter -

the tritium beta particles. This foil removed approxi-
. mately 90 per cent of the tritium radiation, but permitted
about 80 per cent of the carbon beta particles to pass.
An accurate estimation of the tritium content of a sample
could not be made by this procedure, but since a con-
stant portion of the carbon radiation passed through
the foil, it was adequate for the measurement of the
" carbon-14 content of a sample containing both isotopes.?

R

C = true carbon count
Ca = net count unshielded
Cs = net count shielded

fo = fraction of C* transmitted through shield
fi = fraction of H? transmitted through shield

fo and f., were determined once each week for each alumi-
num shield. The f, was measured by counting a shielded
sample containing C!* only, while f,, was determined in
the same manner with a sample containing only H3.

The C* content of urine was measured with 0.2 ml.
of urine dried on a planchet of 4.9 cm® area containing a
piece of lens paper of the same dimensions. The lens

2 Calculation for determining radiocarbon by solid count-
ing in the presence of: tritium:
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Radioactivity of plasma cholesterol.in subjects with normal cholesterol levels

CHC-1 CHC-2 CHC-3
From cholesterol-4-Ci From acetate-2-H? From cholesterol-4-C1¢ From acetate-2-H? From cholesterol-4-C4#
Time* Freet Esterf Freet Esterl Time* Freet  Estert Freet Ester} Time* Freet Estert
0.125 220 .3.18 26.9. 295 0.167 118 93.5 27.8 5.32 0.184 134 1175
0.35 61.0 43.0 164 6.67 0.39 722 610 18.7 §.37 0.417 446 422
0.73 81.2 854 125 7.04 094 1,500 1,030 8.71 7.38 0.805 681 414
1.2 135.5 137.5 11.8 6.75 1.27 1,620 1,110 8.69 7.72 111 622 562
175 125 1515 9.16 8.4 2 1,420 1,280 10.92 9.65 1.84 584 601
2.2 144 174.5 9.21 7.84 3 1,180 1,280 8.86 9.23 2,18 554 664
2.75 137 179.5 9.21 5.57 4 941 1,240 649 844 2.83 476 612
3.2 129.5 167 7.80 7.65 5 840 1,120 6.17 8.15 4.0 452 575
3.75 129.0 173 6.48 8.05 7 643 865 6.55 6 344 488
10 535 711 498 3.96 7 286 423
8 217 368
11 148 240
13 139 198
14 134 188

* Elapsed time in days after administration of labeled material.

!

X 10 DPM per mM cholesterol.
X108 DPM per mM Ha,.

TABLE 111

Radioactivity of plasma cholesterol after admsnistration of cholesterol-4-C to hypercholesterolemic subjects

CHC-s CHC-6
Time*. .  Freet Estert Time* Freet Estert Times Freet  Estert
0.04 98.5 — 0.167 24.3 11.5 0.33 320 408
0.62 1,112 — 0.375 126.7 64.3 1 338 622
1.1 1,760 — 0.845 215 124.7 2 417 604
1.6 1,750 —_ 1.06 246 204 3 425 437
2 1,575 — 1.44 255 204 5 357 404
2.6 1,480 — 1.44 0.060§ 0.045§ 7 297 338
3.1 1,420 —_ ratio} 0.241 0.22% 10 239 266
3.6 1,335 — 1.87 75 214 14 179 215
5.6 974 — 2.87 210 255 17 154 169
6.6 982 — 2.87 0.048% 0.057§ 22 104 117.5
1.6 830 1,084 ratio} 0.23% 0.22% 27 101 93.7
8.6 C 741 — 39 210 256 34 69.0 771.3
9.6 728 988 5 167 207 41 59.4 68.7
10:6 660 864 6 162 197 48 56.6 74.0
11.6 587 791 7 121.5 185 55 43.3 55.7
12.6 552 718 8 116 172 62 33.8 4.8
14.6 556 718 10 111 152 69 32.3 36.4
16.6 441 597 13 93.2 111 76 33.6 37.2
20.6 413 484 13 0.022 0.026§ 83 39.2 —
21.6 396 457 ratio} 0.24} 0.231 97 24.0 25.4
23.6 363 397 15 71.5 106 110 20.7 23.9
26.6 324 381 17 62.8 94.4 124 17.5 —_
29.6 302 315 20 58.6 82.6 138 12.5 —
33.6 236 326 22 57.6 76.4
36.6 197 308 24 60.3 72.2
140. 59.0 82.3 28 46.7 62.0
35 49.7 54.0
43 42.3 46.3
52 39.0 38.9
66 27.8 33.2
76 27.6 31.2
92 19.7 20.5
105 — C—
144 17.0 14.3
167 12.8 13.9

%

Ela time in days after administration of labeled material.

X10® DPM per mM cholesterol.

Ratio of deuterium content X:10% to radiocarbon content.
Atom per cent excess deuterium in cholesterol (AD). -
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paper facilitated even distribution over the surface of the
planchet to give plates of uniform thickness. Feces were
extracted three times in a  Waring Blendor with three
volumes of acetone. A portion of the acetone extract
was plated on lens paper in the manner described for
urine,

The various counting procedures were intercalibrated
with a reference sodium carbonate-C* standard obtained
from the National Bureau of Standards. The radioac-
tivity of cholesterol samples containing carbon-14 is ex-
pressed in units of “disintegrations per minute per milli-
mole” (DPM per mM). The tritium radioactivity data
are expressed in units of “disintegrations per minuté per
millimole of hydrogen” (DPM per mM H,).

RESULTS

Three patients, CHC-1, CHC-2, CHC-3, with

normal plasma cholesterol levels each received

from 50 to 90 microcuries (uc.) of cholesterol-4-
C** and from 500 to 700 uc. of tritium-labeled ace-
tate. Three other patients,; CHC-4, CHC-5,
CHC-6, with elevated plasma cholesterol levels,
received from 60 to 120 uc. of cholesterol-4-C4;
1.016 gm. of cholesterol containing 11.87 atoms
per cent excess deuterium was given to subject
CHC-5 along with the C** cholesterol. An addi-
tional patient with hypercholesterolemia, CHT-1,
received 113.2 pc. of tritium labeled cholesterol
and 200 pc. of acetate-2-C'¢, :

The specific activities of free and ester choles-
terol isolated from patients CHC-1, CHC-2,
CHC-3 are listed in Table II. Table III contains
the specific activity data from subjects CHC4,
CHC-5, CHC-6, while the results obtained in
CHT-1 are listed in Table IV.

The data obtained for four and a half days fol-
lowing the simultaneous administration of acetate-
H® and cholesterol-4-C** to subject CHC-1 are
plotted in Figure 1. As shown on the lower right
portion of this figure, the specific activity of free
cholesterol synthesized #n vivo from acetate is at
a maximum with the earliest sample and then de-
clines rather rapidly. The ester cholesterol de-
rived from acetate is at a minimum value with the
first sample and then gradually rises until it in-
tersects the free curve at approximately three days,
after which the specific activity of the ester cho-
lesterol exceeds that of the free. For comparison
with these tritium data, specific activity curves
previously reported from a patient who received

TABLE IV

Radioactivity of plasma cholesterol in a hypercholesterolemic
. subject given acetate-2-C* and cholesterol-H?

CHT-1
From acetate-2-C1 From cholesterol-H?

Time* Freet Estert Freet Estert

0.125 568 18.1 3.3 2.79
0.33- 535 53.7 25.3 27.3
0.80 . 450 85.7 41.7 43.0
1.26 372 122.8 41.1 67.8
1.73 365 126.5 50.3 68.8
2.73 263 154.2 49.8 78.6
3.73 222 155.0 48.6 66.0
4.73 180 172.0 42.8 63.6
6.73 166 151.8 41.5 54.2
8.73 154 158.2 364 © 46.2
10.73 118 129.5 29.2 35.3
13.73 108 117.5 28.2 31.9
17.73 88.4 102.0 25.1 28.6
22 82.4 86.0 21.0 25.8
%g 61.4 85.5 18.6 22.4
32 53.6 68.5 15.8 18.1
36 52.8 62.6 14.8 16.2
39 50.0 55.0 13.7 15.8
43 4.8 55.7 12.7 15.6
49 43.3 48.4 11.95 13.9
61 36.6 37.0 —_ 11.2

86 28.9 33.8 8.15 11.85

115 20.4 23.3 6.62 6.12

* Elapsed time in days after administration of labeled

material.
I X108 DPM per mM cholesterol.
X10* DPM per mM H,.

Ct4-labeled acetate (1) are shown in the upper
right portion of Figure 1. The behavior of cho-
lesterol synthesized from acetate is similar
whether the acetate is labeled with either tritium
or C', and these data and others to be presented
demonstrate the interchangeable use of these two
isotopes for the study of the conversion of acetate
to cholesterol.

The activity of plasma free cholesterol origi-
nating in the diet is at a minimum value with the
3-hour sample, as illustrated on the left portion
of Figure 1. The specific activity then rises to a
peak at about 1.5 to 2 days and afterwards de-
clines. The radioactivity of the “exogenous”
plasma ester cholesterol is also at a minimum with
the first sample, rises less rapidly than that of the
free sterol, and reaches a peak value at about 2.5
days, having intersected the free curve at about
1 day. After this crossover point, the ester
specific activity is greater than that of the free for
the duration of the period of observation.

Figure 2 compares the incorporation of dietary
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SIMULTANEOUS UTILIZATION OF DIETARY GHOLESTEROL-4-C'* AND AGETATE-2-H3
FOR PLASMA CHOLESTEROL SYNTHESIS AS COMPARED TO INCORPORATION OF ACETATE-2-Gi4
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cholesterol-4-C** into plasma cholesterol of a sub-
ject with a normal cholesterol level (CHC-2) with
a patient who had hypercholesterolemia accom-
panying the xanthoma tendinosum syndrome
(CHC-5). It can be seen that the mode of rise
of free and ester cholesterol, the points of inter-
section, and the subsequent rate of decline over a
ten-day period, are virtually indistinguishable.
The specific activity of the plasma cholesterol in
the normocholesterolemic patient is higher; how-
ever, this difference may be related to individual
variation in the quantity of labeled cholesterol
that had been absorbed. The dilution of the ad-
ministered labeled sterol by the larger plasma
cholesterol pool in the hypercholesterolemic might
also explain the lower specific activity. .

In Figures 3 and 4, results obtained over a
longer period are presented for comparison of the
rates of decline of endogenously and exogenously
derived cholesterol. The plasma free cholesterol
specific activities measured after the administra-
tion of labeled cholesterol to the hypercholestero-
lemic subject, CHC-4, are plotted in Figure 3 to-
gether with the specific activities of plasma free

cholesterol of a normocholesterolemic subject who
received labeled acetate. The acetate data have
been previously reported (1). With the exception
of the early differences in the behavior of endoge-
nously or exogenously derived plasma cholesterol
already described above, it will be noted that the
radioactivity of free cholesterol whether absorbed
from the diet or made #n vivo, declines at a simi-
lar rate in these two patients during the 30-day
period of observation. In Figure 4, the equiva-
lent data for ester cholesterol in the hypercholes-
terolemic subject CHC-5 and the typical acetate
subject are shown and the similar rates of decline
of sterol radioactivity in these dissimilar patients
are again apparent.

Subject CHT-1 who had hypercholesterolemia
associated with the xanthoma tuberosum syn-
drome received cholesterol-H?® and acetate-2-C'¢
simultaneously. This patient was studied for six
months and Figure 5 is a comparison of the be-
havior of cholesterol arising from these two
sources for the first 43 days. The findings in
this patient differ in two respects from those ob-
tained in normocholesterolemic subjects and in
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INCORPORATION OF DIETARY CHOLESTEROL-4-C'* INTO PLASMA
CHOLESTEROL IN NORMAL AND HYPERCHOLESTEROLEMIC SUBJECTS
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INCORPORATION OF ACETATE-2-C* AND DIETARY
GHOLESTEROL- 4-C'* INTO PLASMA ESTER CHOLESTEROL
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hypercholesterolemic subjects with the xanthoma
tendinosum syndrome. Free cholesterol synthe-
sized from acetate, although at a peak value with
the initial sample, declines more slowly during
the first few days of observation, so that the rising
specific activity curve of ester cholesterol does not

intersect the free curve until about the sixth
day. In all patients previously studied with ace-
tate, this point of intersection occurred at two to
three days (1). Plasma cholesterol derived from
the diet, differs in that the ester cholesterol spe-
cific activities are initially at a higher level, rise

SIMULTANEOUS INOORPORATM OF DIETARY CHOLESTEROL -H¥

AND ACETATE-2-C'*
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IN HYPERCHOLESTEROLEMIA
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INCORPORATION OF DIETARY CHOLESTEROL-4-C* INTO
PLASMA CHOLESTEROL IN THE NEPHROTIC SYNDROME
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F16. 6. INCORPORATION OF INGESTED CHOLESTEROL-4-C* INTO PLASMA
CHOLESTEROL IN THE NEPHROTIC SYNDROME

more rapidly, and exceed those of the free through-
out the experiment. Since the free cholesterol
specific activities are always below the ester val-
ues, the two specific activity curves do not in-
tersect. The latter parts of the curves in Figure 5
show parallel rates of decline of cholesterol radio-
activity similar to those observed in other patients
with hypercholesterolemia and in patients with
normal plasma cholesterol levels (Figures 3 and
4). These data derived after the simultaneous ad-
ministration of labeled acetate and cholesterol show
that either labeled compound yields identical re-
sults when used for the study of long term as-
pects of the behavior of plasma cholesterol.

Cholesterol-4-C** was also given to a patient,
CHC-6, who had hypercholesterolemia accom-
panying the nephrotic syndrome; the radioactivity
of the plasma cholesterol is shown in Figure 6.
Its behavior in this patient is similar to that ob-
served in the subject with xanthoma tuberosum
CHT-1.

An analysis of the specific activity curves in
terms of component rate processes is presented in
Table V and the similarities mentioned above for
the decline of cholesterol radioactivity during the
latter part of the experiments may be observed.

The radioactivity excreted in urine and feces in
patients who received C* cholesterol, as well as

the levels of activity obtained in the blood, are re-
corded in Table VI. The recovery of administered
radioactivity in feces by the fourth day varied from
14 to 48 per cent. A much smaller proportion,
from 0.35 to 1.76 per cent, of the administered
material was excreted in the urine during the
same time interval. In the subjects whose plasma
cholesterol specific activity curves exhibited a
crossover of the free and ester cholesterol, 4 to 14
per cent of the ingested C'* sterol was present in
circulating cholesterol at the peak radioactivity of
plasma free cholesterol. In CHT-1 and CHC-6,
where no crossover occurred, 27 and 12 per cent,

TABLE V

Component rates of decay curve of plasma cholesterol
derived from labeled dietarypmcholesterol

Decay rates

a b
Subject t} t
CHC+4 22 3.0
CHC-5 22 2.5
CHC-6 20 4.0
CHT-1 19 1.9
CHT-1* 17 14
AC-3t 23.0 2.3

* Components of curves derived from acetate-2-C™ given
simultaneously with cholesterol-H? to subject CHT-1.

1 Components of curve derived from acetate-2-C as
previously reported (1).
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TABLE VI

Amount of labeled cholesterol found in ma as compared
with the fraction excreted in urine and feces

Intersection Total dose Four-day excretion
Subject Days In plasma* Urine Feces
% % %
CHC-2 2.2 14 1.76 26
CHC-3 1.9 7 1.24 14
CHC+4 t 12 0.35 27
CHC-5 2.9 4 1.35 48
CHC-6 I 12 0.18 —
CHT-1 27

* This value was calculated from the data obtained at
the intersection of the free and ester curves in subjects
CHC-2, -3, -4, and -5. Since the curves of subject CHC-6
and CHT-1 did not intersect, the values are calculated
from the maximum observed specific activities of free and
ester cholesterol.

t As discussed in the text, the curves of subjects CHC-6
and CHT-1 did not intersect. The early portions of the
“ester” data in subject CHC-4 were lost due to a labora-
tory accident.

respectively, of the labeled dietary cholesterol was
found in the plasma cholesterol at the maximum
specific activity of the free fraction.

Expired carbon dioxide had no measureable
radioactivity ; as little as 0.1 per cent of the ad-
ministered dose per day. could have been detected
by the method used.

DISCUSSION
Absorption and excretion of labeled cholesterol

The specific activity of plasma cholesterol would
rise rapidly to an early peak, if the process of cho-
lesterol absorption from the intestine was rela-
tively rapid. This would be analogous to the be-
havior of plasma glucose after a glucose tolerance
test. However, the experimental results in man
show that the peak specific activity is not reached
until approximately the second or third day. This
suggests either that absorption is slow, that ab-
sorbed cholesterol is retained in the intestinal
mucosa, or that newly absorbed cholesterol is rap-
idly removed from the blood and then later rein-
troduced ‘into the circulation. Biggs and his
co-workers (13) concluded that cholesterol absorp-
tion was slow, since they observed a sustained fe-
cal excretion of radioactivity after feeding tritium
labeled cholesterol. However, these authors meas-
ured either the total fecal radioactivity, or in one
instance, the activity of a crude extract that con-
tained cholesterol, coprosterol and possibly other

steroids. Therefore, the fraction of the total radio-
activity in the form of unabsorbed cholesterol and
the fraction which represented cholesterol that
had been absorbed, transformed into other metab-
olites and subsequently excreted in feces is un-
known. The experiments of Siperstein, Jayko,
Chaikoff, and Dauben (14) indicate that after
administration of cholesterol the sustained fecal
excretion of radioactivity is chiefly in the form of
acidic transformation products, such as bile acids.
Animal studies (15, 16) show that dietary cho-
lesterol is absorbed within one day and is esteri-
fied during the absorptive process. Both the free
and esterified sterol pass into the intestinal lym-
phatics and enter the venous side of the circulation.
Although the rate of cholesterol absorption in
man has not been directly determined, it seems un-
likely that slow absorption is responsible for the
relatively delayed appearance of the maximum
specific activity.

No information is available about the possible
holdup of cholesterol in the intestinal mucosa, al-
though this would seem unlikely in view of its
rapid appearance in lymph (15). With respect to
the possibility that newly absorbed cholesterol is
initially removed from the blood, animal experi-
ments show that injected colloidal suspensions of
cholesterol resembling chylomicrons rapidly disap-
pear from the circulation and that the cholesterol
thus removed subsequently reappears in the
plasma (17, 18). In addition, although choles-
terol esterification during the process of intestinal
absorption is well documented (15, 16, 19), there
is no evidence that the esters thus formed are
identical with those normally found in the circu-
lation. The slow rise observed in the plasma
free and ester specific activity curves can tenta-
tively be ascribed to relatively rapid absorption of
the sterol from the intestine, rapid removal of the
newly absorbed sterol from the blood, followed by
its subsequent reappearance in the circulation.

The absorption of the fed cholesterol-4-C4
varied from 52 to 86 per cent (Table VI) as de-
termined by the amount that was excreted in the
feces during the first four days. These.values are
higher than those reported for the absorption of
one gram doses of tritium labeled cholesterol (13).
With the exception of CHC-5, the subjects in this
study received approximately 10 mg. of labeled
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cholesterol and the efficiency of absorption may be
related to the large difference in the amount fed.
It should be noted that patient, CHC-5, who re-
ceived one gram of cholesterol-d with the tracer
dose of radioactive sterol showed the smallest ab-
sorption of cholesterol (52 per cent). The por-
tion of the fecal radioactivity derived from cho-
lesterol-4-C*¢ that had been absorbed, metabo-
lized, and subsequently excreted, and that which
had completely escaped absorption are not known.
Since only 0.35 to 1.76 per cent of the cholesterol-
4-C*¢ appeared in the urine, the kidney is a minor
route for the excretion of the steroid nucleus; a
considerable fraction of the urinary radioactivity
is in the form of steroid hormone metabolites (9).

After the feeding of cholesterol, from 4 to 15
per cent was present in the circulation at the
maximum specific activity of free cholesterol
(Table VI). Without considering any other tis-
sues, the human liver contains about 4.5 gm. of
cholesterol in isotope equilibrium with plasma
cholesterol (18) and an additional three grams of
sterol are in the red cells, which after 24 to 36
hours are also in equilibrium with plasma free
cholesterol (9). Thus approximately 8 to 33 per
cent of the administered dose is present in the
liver and circulation, thereby accounting for a
significant fraction of the sterol absorbed from the
diet.

The fact that no labeled carbon dioxide was de-
tected after the administration of cholesterol-4-C4
shows that carbon-4 remained attached to the rest
of the steroid nucleus. This suggests that the
steroid nucleus is not degraded and is probably
eliminated from the body in an intact form, either
through the urine, feces or skin. This finding is
in agreement with the results of Chaikoff and his
colleagues (20) who have shown that the carbon-4
of cholesterol-4-C'* was not converted to carbon
dioxide by the rat, although cholesterol labeled
at C-26 can be oxidized with the appearance of
Ci¢ O, in the expired air.

Plasma cholesterol radioactivity curves

In all the patients who received labeled cho-
lesterol, except CHT-1 with xanthoma tuberosum
and CHC-6 with the nephrotic syndrome, the
plasma cholesterol specific activity curves behave

in the characteristic manner described. The data
of Biggs and his co-workers (13) who fed tritium
labeled cholesterol are essentially similar to those
reported here except that the specific activity of
total plasma cholesterol was measured rather than
that of ester cholesterol. Since 60 to 75 per cent
of plasma cholesterol is esterified, measurements
of total cholesterol give a good approximation of
the specific activity of the ester fraction. Warner
(21) mentions that the specific activity of free
cholesterol is higher than that of ester during the
“period of active absorption.”

The curves for plasma free and ester cholesterol
derived from the diet decline at similar rates after
reaching their maxima and are comparable to the
behavior of plasma cholesterol synthesized in the
body from acetate. The ester specific activity re-
mains higher than that of the free because the
free cholesterol is continually being diluted by
non-labeled cholesterol from the diet or by en-
dogenous synthesis. A more complete descrip-
tion of this process appears elsewhere (1). The
behavior of the free and ester cholesterol shown
in Figure 2, fits the criteria of Zilversmit, En-
tenman, Fishler, and Chaikoff (22) for the rela-
tionship between precursor (free) and product
(ester). Inasmuch as free cholesterol was given,
the free sterol must be the ultimate precursor of
the plasma ester cholesterol.

The declining portion of the specific activity
curves may be resolved into the component ex-
ponential rates listed in Table V. Since both
distribution phenomena and biochemical reac-
tions contribute to the processes which account
for the decline in specific activity, no unique sig-
nificance can be attached to these rates; however,
they are useful in characterizing the curves.

The congruity of the specific activity curves de-
rived from either C'* or tritium labeled acetate,
as illustrated in Figure 1, shows that acetate
labeled with either isotopes may be used for the
study of cholesterol metabolism. It is also note-
worthy that the plasma cholesterol of subject
CHC-5 who received cholesterol-4-C'* and cho-
lesterol-d simultaneously possessed a constant
deuterium to C* ratio at several points on the
specific activity curve where measurements were
made (Table III). This implies the identical
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handling of cholesterol-4-C** and deuterium-la-
beled cholesterol by the body.

If the rates describing the decline of plasma
cholesterol derived from cholesterol-4-C!* are
compared with those representing the decline of
plasma cholesterol formed by endogenous syn-
thesis from acetate-2-C'4, it will be noted that
they are remarkably similar. This is illustrated
graphically in Figures 3 and 4. Either labeled
cholesterol or labeled acetate may be used inter-
changeably to trace the decay curve of plasma
cholesterol, provided it is recognized that the
early portions of the specific activity curves de-
rived from these two tracer materials are different.

Studies in hypercholesterolemia

The altered relationship between free and ester
cholesterol in the subject with xanthoma tubero-
sum (Figure 5) as compared with patients with
xanthoma tendinosum or mnormocholesterolemic
subjects has been observed previously (23).
While there are no comparable studies in nephro-
sis, the similarity of the plasma cholesterol speci-
fic activity curves in xanthoma tuberosum with
those of the nephrotic syndrome (Figure 6)
should be emphasized. Since in both the xan-
thoma tuberosum and the nephrotic syndromes
but, not in xanthoma tendinosum, the plasma ap-
pears lipemic and excessive amounts of neutral
fat, phospholipids and the abnormal Sf 10-400
lipoproteins (24) are found, the higher initial
specific activity of plasma ester cholesterol may
perhaps be correlated with these findings which
are characteristic of essential hyperlipemia in ad-
dition to hypercholesterolemia. Excessive esteri-
fication during absorption or a modified esterifica-
tion process during lipoprotein synthesis by liver
may be responsible for the abnormal relation be-
tween plasma free and ester cholesterol.

There are no findings in the data from the four
patients with hypercholesterolemia that might aid
in explaining the sustained elevation of the plasma
cholesterol. The decline of the specific activity
curves in these patients is not appreciably differ-
ent from those of patients with normal cholesterol
levels. Since the component exponential processes
which form the decay curves are many in number,
and have not been individually evaluated by any

experimental procedure, small deviations that
might be implicated in the maintenance of the
elevated cholesterol levels may be “buried” in the
curve. Small sustained differences in the rate of
decay could bring about large cumulative changes
in the plasma cholesterol level.

Interrelations of dietary and biosynthetic cho-
lesterol

Dietary cholesterol and cholesterol made in
vivo from acetate differ in metabolism only dur-
ing the immediate post-absorptive and post-syn-
thetic period in that biosynthetic cholesterol
rapidly appears in the blood while the peak circula-
tory level of dietary cholesterol is delayed. How-
ever, the radioactivity data indicate conclusively
that the two “species” of cholesterol merge by the
third or fourth day following synthesis or inges-
tion. The fed, performed cholesterol is then in-
distinguishable from that synthesized from acetate
except by application of isotope techniques. Since
biosynthetic cholesterol is constantly secreted in
the bile and mixes in the intestine with cholesterol
present in food, a mixture of preformed and bio-
synthetic cholesterol is always available for
absorption.

One difference between fed and biosynthesized
cholesterol may be in the mode of transport im-
mediately after either formation or absorption.
It is likely that biosynthetic cholesterol is secreted
into the circulation from the site of synthesis in
combination with lipoprotein. The molecular form
in which dietary cholesterol enters the circulation
via the lymph is unknown and may differ in physi-
cal properties from lipoprotein-bound endogenous
cholesterol.  Since the physiological processes
that give rise to both “species” are continuous,
both forms are present in the circulation at the
same time, and the possibility remains that the
immediate post-absorptive phase of cholesterol
metabolism is critical ; further studies of these im-
plications are in progress.

SUMMARY

1. Cholesterol and acetate, labeled with either
radiocarbon or radiohydrogen, have been used to
trace the metabolic behavior of plasma cholesterol
synthesized in vivo or derived from the diet in
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human subjects with normal and elevated plasma
sterol levels. ’

2. From 4 to 27 per cent of a 10 mg. dose of
labeled cholesterol appeared in the plasma after
oral administration, 14 to 48 per cent was re-
covered in the feces during the first four days and
approximately one per cent appeared in the urine.
As suggested by the absence of measureable radio-
activity in expired carbon dioxide, there was no
evidence for the breakdown of the steroid nucleus.

3. Traces of orally administered cholesterol-4-
C'* could be detected in the plasma within one
hour and the maximum radioactivity of free and
ester cholesterol was attained in two to three days.
This is in contrast to labeled plasma cholesterol
synthesized in vivo from radioactive acetate which
reaches peak specific activity within eight hours.

4. No differences in the patterns of incorpora-
tion could be detected in two patients with hy-
percholesterolemia accompanying the xanthoma
tendinosum syndrome when compared with sub-
jects having normal sterol levels. Differences in
the relation of free to ester cholesterol were ob-
served during the incorporation of dietary cho-
lesterol in a patient with hypercholesterolemia
accompanying the xanthoma tuberosum syndrome
and in another subject with hypercholesterolemia
of the nephrotic syndrome.

5. Aside from early differences in the appear-
ance of biosynthetic and dietary cholesterol in
plasma cholesterol, the data suggest that cho-
lesterol derived from the diet is eventually in-
distinguishably mixed with cholesterol synthe-
sized in the body.
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