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II. EFFECTS OF COMPLETE BILE DIVERSION
AND OF CHOLESTEROL FEEDING ON POOL SIZES
OF TISSUE CHOLESTEROL MEASURED AT AUTOPSY
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From The Rockefeller University, New York 10021 and the Department of
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ABSTRACT In six adult pedigreed dogs the effects
of high-cholesterol diets or bile diversion on the sizes
of body cholesterol pools were studied at autopsy. Total
body cholesterol was determined by measuring the cho-
lesterol content of discrete organs and of the eviscerated
carcass: neither cholesterol feeding nor bile diversion
had altered total body cholesterol or the cholesterol con-
tent of individual organs and tissues. These results vali-
dated the conclusion based on sterol balance data ob-
tained during life, that high-cholesterol feeding did not
lead to substantial expansion of tissue cholesterol pools.

The total amount of exchangeable cholesterol in the
animals with an intact enterohepatic circulation, when
estimated from isotopic data, was essentially the same

"as that measured chemically: this indicated that there
was little or no nonexchangeable cholesterol in these
dogs, except in skin and nervous tissue, regardless of
the cholesterol content of the diet. This correspondence
of estimates was not obtained in the bile-diverted dogs:
we propose that the defect in the isotopic estimates was
due to the accelerated rate of cholesterol synthesis in
these animals.

Gross and microscopic morphology of all organs and
tissues was examined. Abnormal findings were limited to
the biliary tract and the urinary collecting system of the
two bile-diverted dogs: multiple bilirubinate gallstones
were found, and mild pyelitis and ureteritis were present
on the side of the bilio-renal shunt, but the urinary
bladder was normal. Histologic evidence of moderate
degree of cholangitis was found in one of the two bile-
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shunted dogs, but in neither dog was there evidence of
impedance of bile flow.

INTRODUCTION

Total body cholesterol is regulated by a complex dy-
namic interplay between absorption, synthesis, and ex-
cretion. Any imbalance among these principal determi-
nants might result in swelling or depletion of the ex-
changeable body pools of cholesterol, and it might be
expected that the size of the plasma cholesterol pool
would reflect such imbalances. This expectation is not
always borne out: for instance, when unsaturated fat
was fed to a series of hypercholesterolemic patients (1),
plasma cholesterol concentrations fell without measur-
able changes in synthesis, absorption, or excretion. In
that case the results obtained led to the proposal that
cholesterol simply shifted out of the plasma into various
as yet undefined tissue compartments.

In the accompanying report (2) we showed in the
dog during life that, when large amounts of cholesterol
were fed for many months, the increment in absorbed
dietary cholesterol was compensated by virtually com-
plete repression of cholesterol synthesis and increased
excretion of fecal bile acids. These two compensatory
mechanisms appeared to be effective in preventing sub-
stantial accumulation of cholesterol in body pools, even
though significant increases in plasma concentrations
were evident. It was also shown that complete inter-
ruption of the enterohepatic circulation of cholesterol
and bile acids resulted in very large increases of cho-
lesterol synthesis because of the total absence of feed-
back control. Although plasma cholesterol concentrations
consistently fell, we had no way to measure changes in
body pools during life in these dogs.
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We asked the following questions: was synthesis
totally suppressed by cholesterol feeding, as predicted
by sterol balance and isotope kinetic studies? Was
there an expansion of the tissue stores of cholesterol
when plasma levels were increased by the feeding of
high-cholesterol diets? Was a prolonged decrease in
plasma cholesterol concentrations, caused by prolonged
bile diversion accompanied by depletion in tissue cho-
lesterol contents? Were all tissue pools of cholesterol
(exclusive of the central nervous system) in equilibrium
with cholesterol in the plasma at the time of death, as
judged by specific activity analyses after administration
of radioactive cholesterol before sacrifice?

The data presented in this report showed, first, that
a high-cholesterol intake over many months did not lead
to an accumulation of cholesterol in any tissue; inhibi-
tion of synthesis and re-excretion of absorbed cholesterol
as bile acids adequately compensated for the large die-
tary intake. Second, after bile diversion for almost 2 yr
and prolonged reductions in plasma cholesterol con-
centrations, tissue cholesterol contents (total body cho-
lesterol. discrete organ cholesterol content, and tissue
cholesterol concentrations) remained unchanged. Third,
complete isotopic equilibrium was demonstrated between
plasma and all other tissues (except the nervous system
and skin) in the dogs in which the enterohepatic cir-
culation was not interrupted. In bile-shunted dogs,
however, specific activities of tissues were consistently
higher than that of the plasma. Finally. we could find
no evidence for nonexchangeable or very slowly ex-
changeable pools of cholesterol in any tissues except the
nervous system and skin.

METHODS

The clinical and dietary management of the six dogs, as
well as the experimental design and laboratory data ob-
tained during life, are described in full in the accompanying
report (2). In dogs E and F, biopsies of adipose tissue,
skeletal muscle, liver, and right kidney were taken at the
time of cholecystonephrostomy to compare their cholesterol
concentrations with those at the time of death 2 yr later.
Tissue biopsies were also taken from control dog A 14
mo before sacrifice.

Timing of sacrificc. The bile-diverted and control dogs
were each given a single dose of [4-C]cholesterol intra-
venously 2-5 wk before death; these animals were sacri-
ficed during the log-linear phase of the decay of plasma
cholesterol. The [®H]cholesterol-fed dogs were sacrificed
after the isotopic steady state had been attained, ie., when
the specific activity of plasma [*H]cholesterol equaled that
of dietary cholesterol, and the daily excretion of [*H]-
cholesterol (in the form of fecal neutral plus acidic ste-
roids) was equal to its intake (2).

Technique of sacrifice. The animals were bled to death
under anesthesia with intravenous sodium thiamylal (30
mg/kg body weight). Through a cannula in the femoral
artery the blood was collected in vacuum bottles containing
citrate solution; the total blood volume was measured, and
portions of plasma and whole blood were analyzed sepa-

rately and in duplicate for cholesterol mass and specific
radioactivity. Extensive efforts were made to minimize the
amount of blood remaining in the eviscerated carcass and
tissues; residual blood in the eviscerated carcass was col-
lected on sponges and included in the total blood volume.

The entire skin was removed, weighed, and treated as a
single specimen; however, the quantity of subcutaneous fat
removed with the skin from the carcass was quite variable.
All discrete organs were removed from the carcass and
weighed; representative tissue samples were taken for
analysis of cholesterol mass and specific radioactivity (in
duplicate) as well as for histologic studies. Skeletal muscle
was taken from quadriceps and psoas; adipose tissue samples
from subcutaneous, omental, and perinephric sites. Full-
thickness samples were taken from esophagus, stomach,
small intestine, and colon after their contents were carefully
washed away. Separate specimens of renal cortex and
medulla were collected. Brain samples taken from the parie-
tal lobe consisted of about equal parts of gray and white
matter. In three dogs (A, B, and F) the brain and spinal
cord were removed and treated separately; in two dogs
(C and E) the brain was removed but the spinal cord was
left with the eviscerated carcass; and ine one dog (D) the
brain and spinal cord were left with the carcass. Thus, in
three dogs the ‘“carcass” represented the remnant of the
body after removal of skin (with some subcutaneous fat)
and all discrete organs including the central nervous sys-
tem (CNS), while in the other three, various amounts of
nervous tissue remained with the eviscerated carcass.

Measurement of tissue cholesterol mass and radioactivity.
Portions of discrete organs (in duplicate) weighing about
1.5 g (wet weight) were subjected to mild alkaline hydroly-
sis and extracted with petroleum ether. After preliminary
thin-layer chromatography (TLC) on Florisil (Florisil
Analytical Adsorbents, Floridin Co., Tallahassee, Fla.) with
diethyl ethersheptane (45:55, vol/vol), total cholesterol
content and radioactivity were quantified by gas-liquid
chromatography (GLC) and isotope counting as described
previously (3). Total radioactivity in organ extracts was
measured before and after TLC, to correct for losses during
TLC. In addition, p-sitosterol added to the extracts as a
recovery standard was measured after TLC: recoveries
were 86.5% for radioactive cholesterol and 84% for B-sito-
sterol.

The eviscerated carcass and skin specimens were saponi-
fied in #m-ethanolic NaOH solution (2 liters/kg tissue)
in separate steel vats; for one dog, ethanolic KOH was
used. The solution was brought to a gentle boil maintained
throughout the saponification period: the skin dissolved
completely in 3 h, the eviscerated carcass in 12-24 h (some
of the bone remained undissolved; it was ground up, re-
saponified, and analyzed separately). These hydrolyses
yielded dark brown, homogenous, almost translucent liquids
with negligible sediment; the skin solution was diluted
with water to keep it liquid at room temperature. Four to
eight samples of 5-10 ml were taken from each solution
for measurement of cholesterol mass and radioactivity. For
dogs B and F, B-sitosterol was added as a recovery stan-
dard during the saponification of carcass and skin: recov-
eries were 86% for carcass and 84% for skin. In other
dogs, radioactive cholesterol was added as an internal
standard to the carcass and skin: recoveries were 91 and
87%, respectively. Final calculations were appropriately
corrected by means of these recovery data.

Kinetic analysis. Pool sizes of exchangeable cholesterol
were estimated by input-output analysis (4) of specific
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TasLE 11
Cholesterol Concentration (mg/g Wet Tissue) in Surgical Biopsy Specimens and
at Time of Sacrifice, about 2 yr later

Bile-diverted
Control
Dog A Dog E Dog F
Biopsy Autopsy Biopsy Autopsy Biopsy Autopsy

Liver 2.69 2.98 3.74 2.42 3.17 2.52
Kidney 3.85 4.07 3.89 4.29 3.85 3.65
Muscle (skeletal) 0.84 0.76 0.67 0.75 0.68 0.64
Fat 1.45 1.26 1.44 1.28 1.16 1.51

activity-time course curves of plasma cholesterol measured
as described in the accompanying report (2).

RESULTS

The animals were judged to be healthy throughout the
study and at the time of sacrifice (2). Intravenous cho-
langiography immediately before death in the bile-di-
verted dogs E and F showed patent biliorenal shunts
with appearance of the dve in the distal right ureter
and bladder; however, the presence of multiple radio-
lucencies suggested the existence of the gallstones that
were indeed found at the time of death.

Tissue cholesterol concentration. Despite possible dif-
ferences in degree of hydration of tissues, cholesterol
concentrations in the three experimental groups were
remarkably alike (Table I). Liver cholesterol concen-
tration was not altered by either cholesterol feeding or
bile diversion, nor was cholesterol concentration in the
aorta. The tissues comprising the major reservoirs of
body cholesterol, such as muscle, adipose tissue, and
connective tissue (tendon). were also found to have
about the same cholesterol concentration in each ex-
perimental group. The bone (rib) cholesterol content
was not affected by prolonged bile diversion. The cho-
lesterol content of skin was highly variable, but there
were no apparent systematic differences between ex-
perimental groups. Although the sterol content of tendon
was remarkably similar in the three groups, that in the
dura was always higher and more variable from dog to
dog. As expected, there were no differences in brain
and spinal cord cholesterol.

The weight and total cholesterol content of certain
discrete organs at the time of death are also shown
in Table I. The dogs differed considerably in size and
total body weight, hence there were large variations in
organ weights among the six dogs and in cholesterol
content per organ. Differences in total kidney cholesterol
are difficult to interpret, since the bile-diverted dogs
and one control animal (A) had only one functioning
and grossly hyvpertrophic kidney at sacrifice. In two ani-

mals, one control (A) and one cholesterol-fed (D), the
greater omentum was treated as a separate specimen; it
weighed 355 and 487 g and contained 854 and 984 mg
of cholesterol, respectively. In one control animal (A)
some of the smaller discrete organs were analyzed in
toto and found to contain the following total amounts of
cholesterol (in milligrams) : adrenal glands 300, uri-
nary bladder 59, uterus 50, aorta 36, thyroid 25, in-
ferior vena cava 10, ureter 10.

In the two bile-diverted and one control dog (A)
surgical biopsies of four tissues had been obtained about
2 yr before sacrifice for comparison with their con-
centration at the time of death (Table II). There were
no marked differences, except for lower sterol concen-
trations in the livers of the bile-shunted animals.

Total body cholesterol. The total mass of tissue cho-
lesterol at the time of sacrifice is shown in Table III:
it ranged from 32.4 to 52.5 g, or 1.44 to 1.69 g/kg body
weight.

The animal-to-animal variability in cholesterol con-
tent of the skin (and partly of the carcass) is due to
unavoidable differences in dissection, since the amount
of subcutaneous fat separated from the carcasses dur-
ing removal of the skin varied considerably. “Bone”
cholesterol in these experiments does not represent total
sterol of the skeleton: during alkaline hydrolysis the
bony structures were partially dissolved, with release
of unknown amounts of sterol into the saponification
solution. Bone dissolution and therefore release of bone
cholesterol were greater in the bile-shunted dogs than in
the other animals; this was probably due to mild meta-
bolic bone disease caused by bile diversion. The cho-
lesterol concentration of intact ribs taken immediately
after death and analyzed separately (without prior
saponification) showed similar values in each of the
three groups of animals; this indicated that the existence
of mild metabolic bone disease did not affect the cho-
lesterol content of bone. The reduced total blood cho-
lesterol in bile-shunted dogs was consistent with re-
ductions in plasma cholesterol levels observed during life.

.. Cholesterol Pools in the Dog 2371



TasLe III
Tissue, Blood, and Total Body Cholesterol Content at the Time of Death

Control Cholesterol-fed Bile-diverted
A B C D E F
Total body weight, kg 31 26 28.5 22.5 27 22.5
Eviscerated carcass, Y g/tissue 22.7 19.2 20.1* 14.41 20.7§ 14.7
Skin, Y g/tissue 13.0 7.2 7.2 9.7 14.5 7.1
Discrete organs
(other than CNS)1} g/tissue 8.2 5.0 6.0 6.2 5.6 49
Brain and spinal cord,}} g/tissue 3.5 3.4 2.1§ — 2.0§ 3.3
Bone,||** g/tissue 0.7 0.7 0.6 0.7 0.3 0.2
Blood,** g/tissue 4.2 3.3 3.6 2.8 2.4 2.2
Total body cholesterol, g 52.5 38.8 39.6 33.8 45.5 324
g/kg 1.69 1.50 1.47 1.50 1.60 1.44
Mean 1.60 1.49 1.54

* Includes spinal cord.
1 Includes spinal cord + brain.
§ Brain only.

|| Bone remaining undissolved after saponification of the carcass for 24 h.

9 The mean of 4-8 replicate analyses.
** The mean of 2—4 replicate analyses.

1t The mean of duplicate analyses (mean difference between duplicates = 5.1%).

The percent contribution of each fraction to total
body cholesterol is shown in Fig. 1. From group to
group the similarities were far more striking than the
differences, particularly if the eviscerated carcass and
skin are considered together.

1 P =105
Blood s][e s |[s] ][]
— — — .
Discrete o |, - 4 ” e
organs 22 |22 20|18 | |[®5
—
Skin 25|19 18 | |29 32} 22
| -
Eviscerated
carcass plus & » §
undissolved | 22|1%" 52”| |45 46’| |46
bone
| 1L L L

A B c D E F
Control Cholesterol- fed Bile-diverted

Ficure 1 Sources of body cholesterol and their percentages
of contribution to total body sterol. The total sterol mass
of discrete organs varied from animal to animal, partly
because of the various amounts of nervous tissue included in
discrete organ sterol mass. The skin cholesterol quantity
was the most variable because of the manner in which the
dissection of subcutaneous fat was carried out; however,
the total sterol of the eviscerated carcass plus skin was
remarkably similar in each of the three groups.

* Includes brain and spinal cord.

1 Includes brain but not spinal cord.

§ Includes spinal cord but not brain.
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Distribution of radioactive cholesterol in tissues. The
specific radioactivities of [“C]- and [-*H]cholesterol in
22 tissues, and the ratios of these values to those in
plasma are presented in Table IV, Despite wide dif-
ferences in absolute values between the six dogs, the
specific activities relative to plasma were remarkably
close to unity in most tissues in the control and cho-
lesterol-fed dogs. In the control dogs, the highest specific
activity ratios were found in the adipose tissue, and the
lowest in the skin, dura, and nervous tissue. In the dogs
fed [*H]cholesterol to attain the isotopic steady state,
the cholesterol specific activity ratios in all tissues out-
side the CNS were remarkably close to unity; the im-
possibly high results otbained in the liver of dog C
could only be due to radioactive contamination of the
samples analyzed.

In the bile-shunted dogs, by contrast, there were
striking differences between tissue and plasma specific
radioactivities, indicating incomplete mixing of plasma
cholesterol with that in the tissues in which the specific
activity ratios were very much greater than unity (all
except liver and spleen) or very much less than unity
(nervous tissue).

Estimation of total exchangeable body cholesterol by
kinetic analysis. Table V presents our estimates of total
exchangeable body cholesterol by the method of input-
output analysis (4), compared to the chemical mea-
surements made at time of sacrifice. (No data are given
for dog E because the number of specific activity de-
terminations were too few for satisfactory analysis.)

D. Pertsemlidis, E. H. Kirchman, and E. H. Ahrens, Jr.



TaBLE IV
Specific Radioactivity in Tissues, dpm/mg and Tissue/Plasma Ratios of [4*C]- or [1,2-*H] Cholesterol

Controls (14C) [*H]Cholesterol-fed Bile-diverted (4C)
A B C D E F

Plasma 1,200 3,900 1,150 1,220 1,120 990

Liver 1,140 (0.95)f 3,910 (1.0) 1,470 (1.2) 1,350 (1.1) 1,150 (1.0) 870 (0.9)
Spleen 1,210 (1.0) 4,020 (1.0) 1,260 (1.1) 1,200 (1.0) 1,220 (1.1) 940 (0.95)
Kidney 1,220 (1.0) 4,010 (1.0) 1,270 (1.1) 1,220 (1.0) 1,490 (1.3) 950 (0.95)
Pancreas 1,300 (1.1) 4,430 (1.1) 1,790 (1.1) 1,210 (1.0) 1,910 (1.7) 1,150 (1.2)
Lung 1,250 (1.0) 4,210 (1.1) 1,210 (1.1) 1,200 (1.0) 1,470 (1.3) 970 (1.0)
Heart 1,240 (1.0) 3,810 (1.0) 1,340 (1.1) 1,250 (1.0) 1,400 (1.3) 910 (0.9)
Aorta —_ —_ 3,620 (0.9) 1,120 (1.0) —_ — 1,060 (0.95) 2,020 (2.0)
Esophagus 1,350 (1.1) 4,280 (1.1) — — —_ — 1,790 (1.6) 1,550 (1.6)
Stomach 1,350 (1.1) 4,560 (1.2) 1,190 (1.0) 1,170 (1.0) 1,870 (1.7) 1,330 (1.3)
Small intestine 1,290 (1.1) 3,730 (1.0) 1,190 (1.0) 1,210 (1.0) 1,640 (1.5) 920 (0.9)
Colon 1,310 (1.1) 3,890 (1.0) 1,080 (0.9) 1,220 (1.0) 1,430 (1.3) 1,250 (1.3)
Gallbladder - — — - 1,120 (1.0) 1,290 (1.1) —_— — — —_
Muscle 1,300 (1.1) 4,270 (1.1) 1,220 (1.1) 1,220 (1.0) 1,620 (1.5) 1,340 (1.4)
Fat 1,530 (1.3) 4,830 (1.2) 1,420 (1.1) 1,260 (1.0) 1,410 (1.3) 1,760 (1.8)
Bone 1,200 (1.0) 3,890 (1.0) 1,220 (1.1) —_ — 1,330 (1.2) 1,720 (1.7)
Skin 890 (0.75) 3,220 (0.8) 1,080 (0.9) 800 (0.7) 1,050 (0.95) 1,340 (1.4)
Tendon 1,420 (1.2) 4,450 (1.1) 1,090 (0.95) 1,160 (0.95) 1,170 (1.0) 2,390 (2.4)
Dura 740 (0.6) 1,630 (0.4) 590 (0.5) — — 1,240 (1.1) 1,380 (1.4)
Brain 63 (0.05) 112 (0.03) 50 (0.04) 30 (0.02) 42 (0.04) 120 (0.1)
Spinal cord 15 (0.01) 65 (0.02) —_— — 40 (0.03) 31 (0.03) 38 (0.04)
Eviscerated carcass 1,250 (1.0) 3,950 (1.0) 1,120 (1.0) 977 (0.8) 1,360 (1.2) 1,370 (1.4)
Entire skin 990 (0.8) 3,020 (0.8) —_ — 775 (0.6) 776 (0.7) 1,310 (1.3)

* Radioactive cholesterol in the tissues of dogs, A, B, E, and F was due to injection of a single intravenous dose of [4-#C]-
cholesterol 2-5 wk before sacrifice. The timing of sacrifice coincided with the log-linear phase of the specific activity-time curve
of plasma cholesterol in each dog. In dogs C and D radioactive cholesterol in the tissues resulted from the daily oral administra-
tion of [1,2-*H]J-cholesterol (2.7-3.0 g/day for 7-9 mo before sacrifice) ; attainment of the isotopic steady state was proved in
each dog before sacrifice.

} Numbers in parentheses are the ratios of specific activity of cholesterol in each tissue relative to that in plasma at time of

sacrifice.

As shown in Table V, dogs A, B, and F were sacrificed
during the log-linear phase of the specific activity-time
course curve; other analyses were made at earlier
periods.

Pool size estimates for the minimum value for total
exchangeable mass of cholesterol (M)' compared sur-
prisingly well with actual measurements of total body
cholesterol (excluding the nervous system and skin)
made at sacrifice. Skin cholesterol was deducted from
total body cholesterol because of the fact that a large
amount of skin cholesterol arises in that organ by syn-
thesis in situ, is excreted via the skin surface lipids, and
hence is not in equilibrium with the rest of the body
cholesterol. Table V indicates that this deduction was
made in two ways, but at this stage it seems unprofitable
to try to decide from so few data whether one or the other

t Abbreviation used in this paper: M, minimum value for
total exchangeable mass of cholesterol; M., pool with rapid
turnover ; Ms, pool with slow turnover.

deduction for skin cholesterol is preferable. On principle
it would seem more logical to expect M to relate more
ideally to the total body cholesterol after deduction of
CNS cholesterol plus that part of the skin cholesterol
synthesized locally.

Lofland, Clarkson, and Bullock (5) reported a study
in 49 squirrel monkeys in which they carefully com-
pared chemical measurements of total body cholesterol
at sacrifice with the results of kinetic analyses of specific
activity-time course curves drawn during the metabolic
steady state. M (called by them “total traced mass” and
computed by input-output analysis) was almost identi-
cal to the pool with rapid turnover (Mi) plus the pool
with slow turnover (M:) (minimum), computed by com-
partmental analysis according to Nestel, Whyte, and
Goodman (6). (This, of course, was to be expected since
the same basic data are fed into equations that are
mathematically interconvertible, and in both approaches
the calculation of M (min) assumes that all cholesterol
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TABLE V
Comparative Estimates of Total Exchangeable Body Cholesterol Pools by
Kinetic Analysis (4) and Direct Measurement

Control Cholesterol-fed Bile-diverted
A B C D D F F
Time of kinetic study,
mo before sacrifice 13* 13* 4 12 4 3 1*
M, ¢ 38.2 25.9 39.8 24.6 29.8 19.8 21.2
M,, ¢ 24.3 13.6 30.1 13.3 22.1 12.8 11.9
Total body cholesterol
minus CNS and skin, g} 36.0 28.2 29.0 20.8 22.0
Total body cholesterol
minus CNS and non-
exchangeable skin
cholesterol§ 146.4 34.0 34.3 26.6 —

* Kinetic data by input-output analysis (4) were obtained shortly before or several months before sacrifice,

as indicated.

1 Chemical measurements are based on data in Table I11. For dog D the CNS cholesterol was taken to be 3.4 ¢

(the mean in dogs A, B, and F).

§ Nonexchangeable skin cholesterol = total skin cholesterol (Table 11I) X [entire skin cholesterol sp ac
=+ plasma cholesterol sp ac at sacrifice (Table 1V)]. In dog C, the specific activity ratio of the “entire skin"
was not measured ; hence, the mean of the ratios found in dogs A, B, and D (0.73) was used in calculating the
nonexchangeable skin cholesterol for this animal. This could not be calculated in dog F, since its skin cho-
lesterol specific activity was higher than that in the plasma (see Table V).

input occurs in the pool with rapid turnover.) But, of
still greater relevance was the near identity between
the kinetic estimates of total exchangeable cholesterol
pool size and the chemical measurements made at sacri-
fice after removal of all CNS tissue and intestinal con-
tents (see their Table V): in six monkeys fed a low-
cholesterol lard diet, M = 1,418 mg, M4+ Mz (min)=
389 4+ 1,029 = 1,418:; chemical measurement = 1.402.
In 40 other monkeys fed cholesterol-rich diets for 2 yr
before sacrifice (where the fat content was made up
variously of safflower, butter, and coconut oils, and lard),
the correspondence between chemical and kinetic mea-
surements of total exchangeable body cholesterol was
not always so close, the kinetic approaches under-
estimating the true masses in some animals. They at-
tributed this disparity to “failure of the die-away curves
to reach their final exponential rates . . . and invalid
assumptions used by others in relating hypothetical two-
pool models to cholesterol metabolism in animals having
expanded whole body pools.”

Estimation of cxchangeable carcass cholesterol from
tissue specific activity data. The animals were sacrificed
after attainment of the isotopic steady state (with con-
stant oral intake of radioactive cholesterol) or during
the log-linear phase of the plasma cholesterol specific
radioactivity curve (after single intravenous injection
of radioactive cholesterol). Under these conditions it
was possible to measure the total exchangeable pool of
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cholesterol in the eviscerated carcass (free of skin
and nervous tissue) as follows:

Total exchangeable carcass cholesterol (mg) = Total
carcass [“C]- or [*H]cholesterol (dpm)/Plasma [*C]-
or [*H]cholesterol at the time of death (dpm/mg)

The results obtained for carcass cholesterol and for ex-
changeable pools are given in Table VI. The calculated
and determined exchangeable pools were remarkably
similar in the control and cholesterol-fed dogs. Thus,
it appeared that all of the cholesterol in the eviscerated
carcass (excluding that of the skin and CNS) con-
sisted of readily exchangeable cholesterol. These cal-
culations and the close proximity of [®C]- or [*H]-
cholesterol specific activity between tissues and plasma in
control and cholesterol-fed dogs at the time of death
(Table IV) indicated that there were no significant non-
exchangeable or very slowly exchangeable pools in tis-
sues other than the brain and spinal cord.

Table VI also demonstrates that the calculation from
isotope data of total exchangeable carcass cholesterol in
the bile-diverted dogs was grossly in error, as might have
been predicted from the lack of correspondence between
plasma and tissue specific activity data shown in Table
IV.

Morphologic findings. In the control and cholesterol-
fed dogs no gross abnormalities were evident in any of
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TaBLE VI
Measurement of Exchangeable Cholesterol in the Eviscerated Carcass
(Exclusive of Skin and Nervous Tissue)
(Comparison of Direct Chemical Assay with Isotopic Estimation)

Control Cholesterol-fed Bile-diverted
i.v. [4C]Cholesterol Oral[3H ]cholesterol i.v. [14C]Cholesterol
A B C D E F
Total carcass cholesterol
(eviscerated and skinless),* g 22.7 19.2 20.1 14.4 20.7 14.7
Total carcass cholesterol
(above minus nervous tissue)* g 22.7 19.2 18.8% 11.0§ 19.4% 14.7
Total exchangeable carcass cholesterol, g
(from isotopic data) 23.6 19.5 19.6 11.6 25.3 20.3

* From Table I.

t Table I shows that “eviscerated carcass’ included the spinal cord. Therefore, the mean spinal cord cholesterol
content of dogs A, B, and F (= 1.3 g) was deducted to give the result shown above.
§ Table I shows that “eviscerated carcass’ included spinal cord plus brain. The value shown for dog D above

(=349).

the tissues. The arteries appeared unremarkable and
free of arteriosclerotic changes in all dogs.

In the bile-shunted dogs there were certain gross ab-
normalities. In dog F the liver was green but not hard
or nodular. In dogs E and F the cholecysto-renal anasto-
moses were patent even though numerous irregular
dark brown gallstones (1 cm in diameter, or less) filled
the biliary system. The intrahepatic bile ducts also
contained numerous stones and sludge, and a few small
stone fragments were found in the right ureter, but
no stones were present in the urinary bladder. The
stones were composed mainly of calcium bilirubinate:
the principal organic compound behaved spectrophoto-
metrically like bilirubin and the main inorganic sub-
stance was calcium (based on neutron activation analy-
sis). The remnant of the right kidney used to establish
the bilio-renal shunt appeared shrunken. The right
ureter appeared slightly thickened and dilated but was
not obstructed.

Abnormal histologic findings were limited to the
biliary tract and the right urinary collecting systems of
the two bile-diverted dogs; however, the urinary bladder
was normal in both animals. In dog E there was mild
pyelitis and right ureteritis; the liver histology was
normal even though there were numerous bile pigment
stones in the gallbladder and the major bile ducts. In
dog F there were similar changes in the renal pelvis and
right ureter; furthermore, there was a moderate de-
gree of cholestasis (persistent mild elevation of serum
alkaline phosphatase during life, greenish liver at au-
topsy), and of cholangitis. The latter was evidenced by
the presence of polymorphonuclear leukocytes in the
lumen of the bile ducts with flattening of their epi-

= ‘“‘eviscerated carcass’’ minus the mean content of cholesterol in spinal cord plus brain in dogs A, B, and F

thelium, along with a moderate degree of periductal
fibrosis and inflammation. No bacteria were seen on
histological sections.

The findings of cholangitis and cholestasis in one
of the two bile-shunted dogs raises the question whether
the results obtained here were due in part to some dis-
turbance in liver function. We consider this unlikely,
since the results in the nonobstructed dog were similar;
because both dogs appeared clinically healthy; and be-
cause the antemortem cholangiograms showed patency
of the biliorenal anastomoses in bath dogs. However,
the formation of multiple bilirubinate stones in the
biliary tree of both dogs raises the question whether
bacterial deconjugation of bilirubin glucuronide had oc-
curred in the anastomotic areas, as previously described
in animals and in man (7). We have wondered also
whether taurine depletion may have had a role in stone
formation: since these dogs excreted taurine-conjugated
bile acids only, it is reasonable to propose that taurine
stores could have been depleted secondary to enhance-
ment of bile acid synthesis; and that limitation of bile
acid conjugation in the liver may have led to some in-
crease in free bile acid concentration in the liver and
thus to increased hemolysis and bilirubin excretion.
These ideas remain to be explored.

DISCUSSION

The chief objective of this study was to measure during
life and then at sacrifice the changes in body choles-
terol pools that might have resulted after many months
of high-cholesterol diets or complete bile diversion.
Using sterol balance and isotope kinetic data obtained
during life, we predicted no net accumulation of cho-
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lesterol in the body with high-cholesterol feeding (2);
nevertheless, the significant rise in plasma levels sug-
gested that appreciable increments might be found in
certain tissue pools of cholesterol. In contrast, we knew
of no method by which to predict during life whether
the bile-diverted dog could maintain its body stores of
cholesterol in the face of complete interruption of the
enterohepatic circulation of cholesterol: after nearly
2 yr of bile shunting and a substantial fall in plasma
cholesterol, a parallel decrease in exchangeable tissue
pools might have been expected.

Responses to cholesterol loading. This study demon-
strated that there was no accumulation of cholesterol
in any organ or tissue after high-cholesterol diets had
been fed for many months. Through complete feedback
inhibition of synthesis and accelerated conversion of
excess absorbed cholesterol to bile acids, significant
expansion of tissue cholesterol pools was apparently pre-
vented. The validity of the conclusions obtained during
life by the sterol balance and kinetic analysis methods
was confirmed post mortem by direct analysis of tissue
cholesterol contents and specific activities.

In the rat (8) and in some patients studied by the
sterol balance method (9) compensatory responses also
can be complete. In man, excess dietary cholesterol is
re-excreted exclusively as neutral sterol while in the
rat and dog the excess absorbed cholesterol is appar-
ently excreted in the form of bile acids; in all three
species, feedback suppression of synthesis can be demon-
strated.

In contrast, high-cholesterol diets in rabbits, the rhe-
sus monkey, and the hypothyroid dog readily induce
hypercholesterolemia, accumulation of cholesterol in
body tissues, and arteriosclerosis (10-12). Under these
conditions, compensation for excess dietary cholesterol
is clearly inadequate in these species, as well as in
some patients (9). It is relevant to note that in the
hypothvroid dog the conversion of cholesterol to bile
acids may be blocked (13); under such deranged con-
ditions one of the dog’s main means of compensating
for excess cholesterol absorption may be lost.

Responses to bile diversion. In the bile-shunted
dogs, total body content of cholesterol was not depleted
even though each animal excreted over a 2-yr period
about 1 kg of cholesterol in excess of that expected in
the intact dog. Except for the plasma and liver, none of
the other organs or tissues was depleted of cholesterol
during this long period of maximal cholesterol excre-
tion. Thus, the critical data required at sacrifice of
these dogs proved that the large amounts of sterols and
bile acids excreted by these dogs were entirely due to
increased synthesis secondary to release of feedback
control mechanisms.
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These findings in the bile-diverted dog, in which
tissue pools of cholesterol essential for normal struc-
ture and function were not depleted, stand in striking
contrast to the depletion of excess tissue stores of cho-
lesterol shown to occur clinically in some hypercholes-
terolemic patients on being fed the bile acid sequestrant
cholestyramine or by surgical exclusion of the terminal
ileum, as judged by resolution of xanthomata (14). Anal-
ogously, the drug clofibrate causes a flux of cho-
lesterol in man when tissue stores are swollen through
vears of hypercholesterolemia, but such fluxes are mini-
mal or nonexistent in patients whose pools are not
swollen (15).

Maintenance of the cholesterol stores required in
tissues for essential structural purposes could not be
assessed accurately during life in dogs E and F: for
this the measurements made at sacrifice were crucial.
Moreover, the post-mortem data indicated that the cho-
lesterol specific activities were very much higher in
most tissues than in the plasma, except in liver and
spleen. These findings are compatible with greatly in-
creased cholesterol synthesis, consequent dilution of
plasma cholesterol specific activity, and delayed equili-
bration between plasma and tissue cholesterol. Since
tissue specific activities were measured only once, at
sacrifice, it is impossible to draw the necessary tissue
time-course curves; nor can we predict whether the
decay curves in the tissues might have been falling in
parallel to those in plasma, or at different rates, sug-
gesting disequilibrium in the rate constants for these
exchanges.

It is of considerable interest to us that our calculation
of total exchangeable body cholesterol in dog F by
kinetic analvsis of the decay curve of plasma choles-
terol specific activity (Table V') so closely matched
the chemical measurement of total body cholesterol
(exclusive of skin and CNS tissue) : vet, the calculation
of total exchangeable carcass cholesterol from tissue
specific activity data in dogs E and F produced much
larger pool size estimates than were obtained by chemi-
cal measurements made at time of sacrifice (Table VI).
We conclude from the data in these two tables that M/,
Mi, and Mz(min) (by input-output analysis) (4) or
pools A and B (min) (by compartmental analysis) (6)
are valid measurements even in the face of greatly
increased cholesterol synthesis rates (as in dogs E and
F) ; but that the lack of equilibrium in specific activities
between tissues and plasma under these circumstances
renders invalid the calculation of pool sizes from tissue
specific activity data.

Plasma cholesterol. From this and other studies it
appears that plasma cholesterol concentration may be
an imperfect indicator of tissue cholesterol content.
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Cholesterol balance data and isotopic studies in man
suggest that large amounts of cholesterol can accumu-
late in body pools in the face of only a modest rise in
plasma levels (9); in comparative studies of Japanese
and Americans succumbing to sudden death, tissue cho-
lesterol concentrations were remarkably similar despite
sizable differences in plasma levels (16). Conversely,
plasma cholesterol correlates well with tissue cholesterol
content in the cholesterol-fed rhesus monkey (11).

Nonexchangeable pools of cholesterol. It is evident
from Table VI that in the control and cholesterol-fed
dogs (A-D), there was close correspondence between
the measurements by chemical methods of the total car-
cass cholesterol (minus that in all viscera, skin, and
nervous tissue) and the total exchangeable carcass
cholesterol calculated from the isotopic data; these data
are in complete concordance with the earlier results
obtained in squirrel monkeys under similar conditions
by Lofland et al. (5). Indeed, the approximation of
these two estimates is so close that little or no “space”
is left in these dogs for what Wilson (17) has called
pool C (nonexchangeable or very slowly exchangeable
cholesterol). He fed tritiated cholesterol orally for 120
days to five baboons, and also administered a single in-
travenous dose of [4-C]cholesterol before their sacri-
fice; as in the present experiment, he measured the
cholesterol content and two sets of specific activities in
many organs and tissues. From these data he calculated
for each the amount of readily exchangeable cholesterol,
and by difference from the total he estimated how much
cholesterol in each specimen was very slowly exchange-
able.

An important premise underlying his calculations was
the assumption that the isotopic steady state had been
attained, or at least closely approximated, in his ba-
boons. His evidence that this steady state had been
reached was based on inspection of the curve of plasma
cholesterol specific activity, not (as in the present ex-
periment) om demonstrating that the intake and output
of radioactive materials had become equal. If, indeed,
the isotopic steady state had not been reached in Wil-
son’s animals due to the relatively short duration of
his experiment, then the total exchangeable carcass
cholesterol would have been underestimated, and con-
sequently pool C would have been overestimated. In
the 220-270-day studies of two cholesterol-fed dogs
reported here, an isotopic steady state was proved to
have been attained before sacrifice by demonstration
that the daily excretion of labeled cholesterol equaled
its intake. Furthermore, at sacrifice the ratio of tissue/
plasma specific activity (Table IV) was close to unity
in all tissues, except brain, spinal cord, dura mater,
and skin; these findings stand in contrast to those in

Table II of Wilson’s report, which showed distinctly
low ratios in adipose tissue, colon, stomach, muscle,
bone, and aorta.

Wilson’s conclusion that in these six tissues there
were large amounts of nonexchangeable or very slowly
exchangeable cholesterol was, in part, based on the data
from which those low ratios were calculated. It is pos-
sible, however, that the ratios were low due to the
short duration of his experiment and consequent failure
to attain the isotopic steady state at the time of sacri-
fice. (As seen in Fig. 4 of the accompanying paper, the
specific activity curves in the two dogs were far from
the isotopic steady state at 120 days.) Wilson was re-
assured to find that his estimate of pools A 4+ B ob-
tained by two-pool compartmental analysis (18) was
very similar to his estimate of total exchangeable car-
cass cholesterol obtained during the “apparent isotopic
steady state.” But it is now known from studies in
man (4, 19) that two-exponential analysis of decay
curves determined for only about 12 wk after adminis-
tration of a single dose of radioactive cholesterol sys-
tematically underestimates the size of the exchangeable
pools of cholesterol: if decay curves are carried out to
45 wk or more, a third exponential can often be demon-
strated, indicating the existence in man of a third pool
that exchanges at a slower rate than pool B. Thus, it
seems possible to reconcile Wilson’s experiment with
our own by suggesting that he was measuring only the
more rapidly exchanging pools of exchangeable choles-
terol, whereas we have shown in a longer experiment
that all the tissue stores (except those in nervous tissue
and skin) eventually equilibrate with plasma choles-
terol. However, if the isotopic steady state was not at-
tained in his baboons, then his estimate of the sizes of
pools A + B would have been underestimates, and of
pool C an overestimate, with the demarcation between
C and the others an arbitrary one based purely on the
duration of his experiment. It is possible, of course,
that species differences may have contributed to the
discordant results from our two laboratories, but it is of
interest to note that Lofland et al. (5), in their careful
long-term studies in squirrel monkeys, reached conclu-
sions similar to ours.
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