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ABSTRACT The present report has presented the
first clear evidence in man for the existence of specific
hepatic cholesterol precursor sites associated with the
formation and secretion of bile acids and biliary
cholesterol. These hepatic compartments derive vir-
tually all their cholesterol from newly synthesized
and lipoprotein free cholesterol. The model which is
presented was formulated on current concepts of cho-
lesterol metabolism in man and is concerned, at this
initial stage, with the elucidation of the bile acid and
biliary cholesterol compartments. The complexity of
cholesterol metabolism in man necessitated an initial
approach that would minimize the number of inputs of
cholesterol into the system, allow for the sampling of
several cholesterol compartments, and permit the
simultaneous labeling of newly synthesized choles-
terol and preformed cholesterol. To achieve these
objectives, we studied the patient with a total bile
fistula. Six patients were administered simultaneously
pulse injections of labeled mevalonic acid and
[1*C]cholesterol. The qualitative features of the specific
activity time course curves after labeled mevalonic
acid revealed no precursor-product relationship be-
tween bile acid, biliary cholesterol, and plasma free
cholesterol. The peak specific activity of the bile acids
was reached in approximately 100 min and was higher
than the biliary cholesterol, which was higher than the
plasma free cholesterol. The plasma free cholesterol
specific activity became higher than the other lipids
after 12 h and remained higher throughout the period
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of study. Similar related observations were made with
[*C]cholesterol. The data were then subjected to
simulation analysis and modeling using the SAAM-27
computer program. Computer least-square fits of the
data were obtained after the model was evolved.
During the model development, the least number of
compartments and transport pathways were intro-
duced consistent with a good fit of the data. Of par-
ticular importance was the constraint that the model
fit the data obtained from both [**C]cholesterol and
labeled mevalonic acid. The same parameter values
were used to fit the data from both tracers. The
fluxes arrived at in the model indicate that 31% and
20%, respectively, of the cholesterol input into the
bile acid and biliary cholesterol precursor sites were
derived directly from the newly synthesized hepatic
cholesterol. The remainder had its origin predomi-
nantly from lipoprotein free cholesterol. Plasma
esterified cholesterol (as free) made a small contribu-
tion (11%) to the bile acid compartment. Similarly,
10% of the biliary cholesterol arose from an unknown
hepatic site.

The present report has provided the basis for a new
procedure for studying in vivo cholesterol metabolism
in man. Examination of the derived cholesterol flux
rates between the compartments suggests the presence
of an important mechanism regulating the partition-
ing of lipoprotein free cholesterol between the bile
acid and biliary cholesterol precursor sites. Aberra-
tions in the proportioning of precursor cholesterol
between these sites could be a causative factor pre-
cipitating the excessive secretion of biliary cholesterol
and the production of lithogenic bile.
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INTRODUCTION

There is a paucity of information available on the
mechanisms underlying the regulation of the anabolic
and catabolic pathways of cholesterol metabolism in
man. Progress in this area has been hampered by the
lack of suitable procedures for studying the in vivo
metabolism of cholesterol in the liver, plasma, and
extrahepatic tissue compartments. Approaches to the
study of cholesterol metabolism in man have generally
revolved around the determination of whole body
cholesterol synthesis and turnover, intestinal choles-
terol absorption, and bile acid synthesis and turnover.
The principal methods that have been used are the
sterol balance technique, isotope dilution, and plasma
cholesterol and squalene kinetics (1-12). Much of our
present concept of cholesterol metabolism within the
plasma-liver compartment has come from studies of
plasma cholesterol kinetics (4-12). It has been cus-
tomary to administer labeled cholesterol to human
subjects and follow the decay of the plasma cho-
lesterol specific activity curves over periods from
1 to 12 mo. The number of exponentials in this
decay curve has been taken as the number of com-
partments with which plasma cholesterol interchanges.
Recent studies (8-10) have defined three major
body cholesterol compartments: a rapidly miscible
pool (RMP),! a slowly miscible pool, and very slowly
miscible pool. It has been suggested (9, 10) that RMP
comprises the cholesterol in the liver, plasma, RBC,
and intestine. This implies that the free cholesterol of
the plasma and liver are in very rapid equilibrium
and may be considered as essentially one metabolic
compartment from which bile acids and biliary choles-
terol are derived. Estimation of whole body cholesterol
turnover by the two-compartment method gave values
15% greater than the sterol balance technique (1).
This discrepancy has been resolved by a longer study
period and then fitting the data to three exponen-
tials (7). Also, the major body cholesterol pool sizes
have been estimated from these kinetic data (9, 10).

' Abbreviations used in this paper: C,, compartment num-
ber n in the model; *CHOL, labeled cholesterol; L.,
fraction of material in compartment n transported to compart-
ment m per minute; L, ,, fraction of material in compartment
n which leaves compartment n per minute; L,,, fraction
of material in compartment n lost irreversibly from the sys-
tem per minute; M;, steady-state mass of material in compart-
menti in micromoles; *MVA, labeled mevalonic acid (D + L);
NSC, newly synthesized cholesterol; R, ,, mass of material
in compartment n transported to compartment n per minute;
R,,, mass of material in compartment n irreversibly lost
from the system per minute; RMP, rapidly miscible pool
(of cholesterol); t,, duration of the delay of material in com-
partment n in minutes; U;, rate of entry of new material into
compartment i from outside the system in micromoles per
minute.

Recent studies in the rat (13-19) have raised ques-
tions regarding the present concept of the homogeneity
of the plasma-liver cholesterol compartment. In the rat,
the preferred substrate for both cholesterol 7a-
hydroxylase and the in vivo formation of 7a-hydroxy-
cholesterol has been shown to be newly synthesized
cholesterol (NSC) (13-19). Also, bile acids appear to
be derived from a precursor site which turns over
much more rapidly than biliary cholesterol (13, 15).

An attempt was made to measure bile acid syn-
thesis in man over a short time span (2-6 h), based
on the premise that bile acids and biliary cholesterol
arise from the RMP. However, it was noted that no con-
sistent precursor-product relationship was present be-
tween bile acids and biliary cholesterol after the
administration of labeled cholesterol, suggesting that
these two sterols may not arise from a common hepatic
site. In view of this observation and the recent
findings (13-19) in the rat that bile acids arise to a
large extent from NSC, it was of interest to examine
the possibility that the cholesterol precursor of the bile
acids is also heterogeneous in man. Therefore, bile
fistula patients without an intervening bile acid pool
were administered an iv pulse of labeled mevalonic
acid (20). Qualitative features of the specific activity
data revealed no precursor-product relationships be-
tween bile acids, biliary cholesterol, and plasma free
cholesterol. Also, the specific activities of the bile
acids at their peaks were considerably higher than the
specific activities of the biliary cholesterol and plasma
free cholesterol. The plasma free cholesterol specific
activity became higher than biliary cholesterol and
bile acids after 12h and remained higher through-
out the duration of the study. Similar observations
were made with a constant infusion of mevalonic
acid. These preliminary findings (20) in man sug-
gested that NSC may be a significant part of the
substrate for bile acid synthesis and that definitive
precursors may also exist within the human liver for
bile acids, biliary cholesterol, and possibly lipopro-
tein cholesterol.

These observations provided the impetus for the
present study, which has furnished evidence for the
existence of definitive hepatic cholesterol compart-
ments associated with the metabolism of bile acids
and biliary cholesterol in man. A multicompart-
mental model was developed to describe and quanti-
tate the metabolism of cholesterol in these hepatic
compartments. Contrary to the earlier investigations of
whole body cholesterol metabolism in man, which
have relied on exponential curve stripping of plasma
cholesterol specific activity data to derive the number
of cholesterol compartments and parameters, the model
developed in the present study is based on the
metabolic and kinetic interrelationships of bile acids,
biliary cholesterol, and plasma cholesterol.
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METHODS

Labeled compounds. The DL-[5-*H]mevalonic acid and
DL-[2-*C]mevalonic acid (DBED salt) were obtained from
New England Nuclear, Boston, Mass. The mevalonic acid
was liberated from the DBED salt by the addition of
sodium bicarbonate and the DBED was extracted with
diethyl-ether. The aqueous solution of labeled sodium
mevalonate was neutralized with an equimolar amount of
HCI and diluted to a volume of 25 ml with sterile saline.
The solution was passed through a Millipore filter (0.22
um), assayed for 3H or “C radioactivity and then adminis-
tered to the patient within 12 h of preparation.

The [4-*C]cholesterol (obtained from New England Nu-
clear) was purified by silicic acid column chromatography
and stored at —15°C in benzene. The radiopurity of the
[4-1*C]cholesterol was checked by recovery of 1C activity as
the digitonide and by thin-layer chromatography on silica
gel G using a solvent system of petroleum ether:diethyl
ether:acetic acid (89:11:3, vol/vol/vol). On the day of the
experiment, the benzene was removed and the [4-“C]cho-
lesterol was dissolved in 0.25 ml of absolute ethanol and
slowly added to 20 ml of human serum albumin (Cutter
Laboratories, Inc., Berkeley, Calif.). This solution was as-
sayed for radioactivity and administered to the patient
within 1 h of preparation.

Patients. Six patients with a balloon-occludable T-tube
(C. R. Bard Co., Murray Hill, N. J.) in the common bile
duct were used in these studies (Table I). The patients
had required cholecystectomy and choledocholithotomy
for gallstones at least 11 days (range 11-34 days) before

the start of the experiments. Informed consent was obtained
from all patients. The patients were ambulatory and were
maintained on a regular hospital diet. Liver function tests
in all patients were normal except for a slight elevation of
serum alkaline phosphatase. Table I shows the time period
during which the T-tube was open to gravity drainage
before the administration of the labeled compounds. During
the period before the experiment, bile flow was continually
monitored on a daily basis and generally reached a plateau
between 5 and 10 days. The experiment was always started
2-4 days after each patient’s bile flow reached this steady and
maximal rate. At the start of the experiment, the stools were
acholic as assessed by their appearance and the absence
(<5 mg/day) of fecal urobilinogen. The labeled compounds
were administered intravenously between 10:00 a.m. and
noon over a 2-min period, except for patient I. H. who
received the [*C]mevalonic acid at 4:00 p.m. Patients G. P.,
P.C, L. C, and T. T. were first given DL-[5-*H]mevalonic
acid, and this was immediately followed by [4-**C]choles-
terol in the same arm vein. Patient I. H. received DL-
[2-1*CImevalonic acid and then after 18 h was given
DL-[5-3H]mevalonic acid. Patient G. A. received only DL-
[2-1C]mevalonic acid. The syringe was rapidly rinsed with
sterile saline or albumin and then flushed into the patient.
Less than 0.1% of the administered radioactivity was subse-
quently recovered in the syringe, needles, and i.v. tubing. Just
before the administration of the labeled compounds, the
balloon in the distal limb of the T-tube was inflated with a
predetermined amount of saline and deflated 12 h later. This
was done to ensure complete collection of bile, particularly
during the first 12 h when the biliary secretion of radio-

TABLE 1
Pertinent Information on Patients

T-tube}
drainage Plasma cholesterol
Ideal before Duration
Patient Age Weight weight* label Labeled compounds administered of study Free Ester
yr kg % days days umolidl
G.P§ 53 82.7 103 2 105 u.Ci DL[5-*H ]mevalonic acid 0.55 99+2 (16)" 200=x12"
25 uCi [4-1*C]cholesterol
P.C.§ 54 65.5 91 6 137 uCi DL[5-*H]mevalonic acid 1.06 63+1(10) 131=%7
21 uCi [4-"C]cholesterol
L.C§ 64 72.7 102 11 145 uCi DL[5-*H ]mevalonic acid 1.31 69+1 (14) 187=%2
30.5 uCi [4-“C]cholesterol
T.T.§ 82 89.1 116 12 285 uCi DL[5-*H Jmevalonic acid 6.02 59+1 (28) 178=+5
49.8 uCi [4-"*C]cholesterol
I.HSY 49 65.9 100 13 105 uCi DL[5-*H Jmevalonic acid 4.03 90+1(19) 194+3
I.HSY 49 65.9 100 12 70 uCi DL[2-"*C]mevalonic acid 4.83 90+1(19) 194=+3
G. A. 83 56.4 90 25 112 uCi DL[2-*C]mevalonic acid 5.25 68+1 (46) 157=+3

* Metropolitan Life Insurance Company Statistical Bulletin 40, 1959.

{ Time period the T-tube was open to gravity drainage before administration of the labeled compounds. In
patient G. P., the T-tube was open to gravity drainage for 9 consecutive days postoperatively, clamped for
36 h, and opened again to gravity drainage for 2 days before the study.

§ These patients received [5-*H Jmevalonic acid and [4-*C]cholesterol simultaneously.

'Mean+SE during the period of study after administration of labeled compounds. Number of determinations

indicated in parentheses.

9 This patient received [2-"*C]mevalonic acid initially and then after 18 h was administered [5-*H Jmevalonic acid.
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activity was changing rapidly. Thus, the balloon eliminated
the possibility of any recirculating radioactive bile acids
during the critical period. It was noted that the rate of bile
flow with the balloon inflated was constant and was similar
to that which was obtained during gravity drainage alone.
Bile was collected for short intervals (5, 15, or 30 min) during
the first 4 h after the administration of the labeled compounds,
and for longer intervals until the conclusion of the experi-
ment as indicated in the legends to Figs. 2-7. Approxi-
mately 5 ml of venous blood was collected in a heparinized
syringe at frequent intervals as shown on the figures. Each
blood sample was immediately centrifuged for 5 min at 3,000
rpm to separate the plasma.

Methods. Aliquots of bile and plasma were immediately
extracted with 20 vol of 2:1 chloroform-methanol and washed
with 1/5 vol of water, according to Folch et al. (21). The
chloroform phase of the bile was analyzed for phospholipid
phosphorous by the method of Bartlett (22). Biliary free
cholesterol was precipitated as the digitonide and dis-
solved in methanol. Cholesterol mass was determined on an
aliquot by the method of Sperry and Webb (23), and
another aliquot was assayed for ®H and “C radioactivity by
liquid scintillation counting. Bile acids (mass and radio-
activity) were determined by a combination of thin-layer
chromatography and gas-liquid chromatography, as described
earlier (3, 24). Aliquots of the methanol-water phase were
autoclaved with KOH and neutralized with HCI. The bile
acids were then extracted with diethyl ether and the methyl
esters prepared with diazomethane. An aliquot of the methyl
esters was subjected to gas-liquid chromatography to quanti-
tate the individual bile acids; 5a-cholestane was used as an
internal standard. The stationary phase was 3% HI EFF
8BP (Applied Science Labs, Inc., State College, Pa.). Another
aliquot of the bile acid methyl esters was subjected to
thin-layer chromatography on silica gel G using the solvent
system of ethyl acetate:isooctane:acetic acid (5:5:1, vol/vol/
vol). The methyl cholate and methyl chenodeoxycholate
zones were isolated and eluted from the silica gel. The
bile acid mass in each zone was determined by gas-
liquid chromatography; radioactivity (*H and C) was deter-
mined by liquid scintillation counting. Bile acid specific
activities (in disintegrations per minute per micromole)
were corrected for the loss of *H and “C activity during
the conversion of cholesterol to bile acids (25) and for
procedural loss (15). Specifically, after DL-[5-*H]mevalonic
acid administration, cholic acid (3e,7«,12a-trihydroxy-58-
cholestan-24-oic acid) ®H activity was increased by 1/12 to
account for *H loss when the 12a-hydroxyl group was in-
serted on the ring during its biosynthesis. When DL-[2-
“C]lmevalonic acid was given, there was loss of 1/6 of C
carbons during the conversion of squalene to cholesterol.
No correction was made in the specific activities for the
loss of C activity, because cholic and chenodeoxycholic
acids (3a,7a-dihydroxy-58-cholestan-24-oic acid) and choles-
terol were equally affected. However, this C activity loss
was taken into account when estimates of mevalonate
conversion to cholesterol were calculated. Also, after the
administration of DL-[2-*C]mevalonic acid, a 1/5 correction in
the specific activities of cholic and chenodeoxycholic acids
was necessitated by the loss of *C activity at C-26 during
the biosynthesis of the bile acids from the biosynthetically
labeled cholesterol. A 1/6 correction was applied to the bile
acid 3H specific activities for procedural loss of 3H activity
during the hydrolysis of the bile acid conjugates (15).

The homogeneity of the mass and radioactivity in the
cholic and chenodeoxycholic acid thin-layer chromatography
zones was verified by recrystallization to constant specific
activity and by silicic acid column chromatography (26).

There was no change in the specific activity of the cholic
acid and chenodeoxycholic acid fractions on repeated recrystal-
lization (four times) from methanol-water, acetone-water, or
acetone-hexane. Both bile acid mass and radioactivity paral-
leled one another when eluted from silicic acid with acetone-
benzene; only one peak of either cholic or chenodeoxy-
cholic acids was noted.

Plasma free and esterified cholesterol were separated by
silicic acid column (Bio-Sil HA, minus 325 mesh, Bio-Rad
Laboratories, Richmond, Calif.) chromatography (27). The
esterified cholesterol fraction was hydrolyzed and precipi-
tated with digitonin (23). The digitonide precipitate was
dissolved in methanol and aliquots taken for mass deter-
mination (23) and liquid scintillation counting. Plasma free
cholesterol mass was determined by GLC using S5a-
cholestane as an internal standard. The stationary phase
was 3% SP-2401 (Supelco, Inc., Bellefonte, Pa.). Carrier
free cholesterol was added to another aliquot of the plasma
free cholesterol fraction before digitonin precipitation; the
digitonide was dissolved in methanol, and radioactivity was
determined by liquid scintillation counting.

Radioactivity (*H and[or] *C) was determined by liquid
scintillation counting (Mark III, Searle Analytic Inc., Des
Plaines, Ill.); quench correction was applied using the
external standard method.

Experimental design. The complexity of cholesterol
metabolism in man necessitated an initial experimental
approach that would minimize the number of inputs of
cholesterol into the system, allow for the sampling of
several cholesterol compartments, and permit the labeling of
both newly synthesized and preformed cholesterol simul-
taneously. To achieve these objectives, we selected the
bile fistula patient over the patient with an intact entero-
hepatic circulation particularly during this stage of the
development of the cholesterol compartmental model. The
following points are pertinent with regard to the selection
of the bile fistula patient model: (a) the bile acids se-
creted are newly synthesized and as such are derived from
the hepatic cholesterol precursor site; there is no recirculat-
ing bile acid pool; (b) biliary cholesterol is also derived
directly from its site of origin in the liver; (¢) since there
is no cholesterol absorption in this patient, it is not neces-
sary to account for exogenous sources of cholesterol for
biliary cholesterol or bile acid synthesis; (d) the total net
input of cholesterol into the plasma-liver system is equal to
the sum of the secretion rates of bile acids and biliary
cholesterol, since there is no other significant loss of choles-
terol via other routes; (e¢) when all the bile is allowed to
drain externally via the T-tube for several days, maximal
bile acid synthesis is reached; thereafter, bile acid syn-
thesis, biliary cholesterol secretion, and plasma cholesterol
concentration tend to remain constant (see Tables I and II
and Fig. 1). This approach has afforded an opportunity to
construct a model based on the exchange of tracers be-
tween compartments, rather than on the number of exponen-
tials in the specific activity decay curves. The specific
activity data obtained for the bile acids, biliary cholesterol,
and plasma free and esterified cholesterol were subjected to
simulation and modeling analysis using the SAAM-27 com-
puter program (28).

RESULTS

Biliary lipid secretion. The biliary lipid secretion
data for each of the patients are shown in Table II.
In each patient, the secretion of biliary cholesterol,
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TABLE II
Biliary Lipid Secretion

Chenodeoxycholic

Patient Phospholipid  Cholesterol ~ Cholic acid acid TBA* Cholesterol
pmollmin percent total
lipid
G. P. (22)% 3.25§ 2.58 3.83 2.29 6.13 22.0
+0.16 +0.11 +0.22 +0.12 +0.35 +0.9
P. C. (62) 2.30 1.05 2.80 3.47 6.28 11.0
+0.05 +0.02 +0.04 +0.05 +0.09 +0.2
L. C. (60) 2.54 0.88 4.37 2.16 6.54 9.1
+0.07 +0.02 +0.12 +0.07 +0.19 +0.2
T. T. (77) 2.09 1.24 1.96 1.60 3.56 18.0
+0.05 +0.03 +0.05 +0.05 +0.08 +0.3
1. H. (29) 2.34 0.99 2.73 1.81 4.54 12.6
+0.05 +0.03 +0.07 +0.04 +0.11 +0.4
G.A. (97) 1.82 0.91 2.57 1.70 427 13.4
+0.07 +0.03 +0.11 +0.07 +0.17 +0.4

* Total bile acids.
1 Number of determinations for each biliary lipid is indicated in parentheses.
§ Mean=SE of all bile samples collected after administration of labeled compounds.
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cholic acid, and chenodeoxycholic acid during the
period of study was relatively constant, as evidenced
by the small degree of variability. This is illustrated
graphically in Fig. 1, which shows the biliary lipid
secretion rates for a typical patient over a 4-day study
period. There was no trend in the pattern of bile acid
secretion either upward or downward during the day or
from day to day throughout the period of study. The
synthesis of cholic acid, chenodeoxycholic acid, and
total bile acids were increased approximately sixfold
over normal subjects (3). The ratio of cholic to
chenodeoxycholic acid synthesis was 1.4 as compared
with 1.8 in the normal. No secondary bile acids
(deoxycholic acid [3a,12a-dihydroxy-58-cholestan-24-
oic acid] and lithocholic acids [3a-monohydroxy-58-
cholestan-24-oic acid]) were detected in the bile of
these patients throughout the study, suggesting total
interruption of the enterohepatic circuit and quantita-
tive collection of hepatic bile. The biliary cholesterol
secretion rates in these patients did not reveal an up-
ward or downward trend during the period of study
and ranged between 0.88 and 2.58 umol/min. As indi-
cated in Table II, all patients secreted bile which had
a relatively high percentage of cholesterol, as would be
expected in the absence of a recirculating bile
acid pool.

Specific activity data. The specific activities of
cholic acid, biliary cholesterol, and plasma free and
esterified cholesterol after the administration of
labeled mevalonic acid or cholesterol are shown in
Fig. 2-7. The chenodeoxycholic and cholic acid
specific activity time course curves were essentially
the same in each patient after the administration of
either labeled mevalonic acid or ["C]cholesterol.
Therefore, for purposes of clarity, only the cholic
acid specific activities are shown. This virtual iden-
tity of the bile acid specific activities can be taken as
evidence that cholic and chenodeoxycholic acids are
derived from a common hepatic cholesterol precursor
site in man. Several qualitative features are evident
from the specific activity curves after the adminis-
tration of isotopic mevalonic acid. In all of the pa-
tients studied, there were no classic precursor-product
relationships noted between the plasma free choles-
terol, bile acids, and biliary cholesterol. The rate of
buildup of radioactivity was most rapid in the bile
acid fraction, followed by biliary cholesterol, plasma
free cholesterol, and then plasma esterified cholesterol.
At their respective peak specific activities, the bile
acids exceeded the biliary cholesterol, which in turn
exceeded the plasma free fraction. The plasma
esterified cholesterol specific activity built up very
slowly and did not equilibrate with the plasma free
fraction until about 1-2 days. From approximately
720 min until the conclusion of the study, the
specific activity of the bile acids and biliary choles-
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FIGURE 2 Specific activity time course after simultaneous
administration of [*H]mevalonic acid (above) and [“C]-
cholesterol (below). Patient G. P. x, observed bile acid
values; A, observed biliary cholesterol values; O, observed
plasma free cholesterol values; O, observed plasma esteri-
fied cholesterol values. The solid and dotted lines repre-
sent the predictions for the bile acid and biliary cholesterol
values, respectively, derived from the simultaneous fitting
of the 3H and ™C data to the model shown in Fig. 9.
The dashed lines represent the forcing functions for the
plasma free and esterified cholesterol. The residual error
of the computer fits is expressed as the sum of squares/
number of data points: Biliary cholesterol, 117; bile acids,
281.

terol remained lower than the specific activity of the
plasma free cholesterol.
The specific activity

time course curves after
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FIGURE 3 Specific activity time course after simultaneous
administration of [3H]mevalonic acid (above) and ["C]-
cholesterol (below). Patient P. C. For purposes of graphic
clarity, only every third point for bile acids and biliary
cholesterol are plotted during the first 480 min. Residual
errors: biliary cholesterol, 154; bile acids, 235. (See Fig. 2
for description of symbols, lines, and error.)

[**C]cholesterol administration also show a number of
features common to all patients. These data also show
the lack of a classic precursor-product relationship
between the plasma free cholesterol, bile acids, and
biliary cholesterol. The rate of buildup of ™C
activity in biliary cholesterol and bile acids was
rapid, but the specific activities of these lipids
never exceeded that of the plasma free cholesterol
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FIGURE 4 Specific activity time course after simultaneous
administration of [*H]mevalonic acid (above) and [“C]-
cholesterol (below). Patient L. C. For purposes of graphic
clarity, only alternate points for bile acids and biliary choles-
terol are plotted during the first 480 min. Residual errors:
biliary cholesterol, 145; bile acids, 200. (See Fig. 2 for
description of symbols, lines, and error.)

during the course of the study. The specific activity
of the plasma esterified cholesterol rose slowly in a
manner analogous to that which was observed after
isotopic mevalonic acid administration.

It was anticipated in the initial experiments that
there would be a normal precursor-product relation-
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FIGURE 5 Specific activity time course after simultaneous administration of [*H]mevalonic
acid (above) and ["Clcholesterol (below). Patient T. T. For purposes of graphic clarity,
only alternate points for bile acids and biliary cholesterol are plotted during the first 480 min.
Residual errors: biliary cholesterol, 337; bile acids, 351. (See Fig. 2 for description of symbols,

lines, and error.)

ship between the plasma free cholesterol (precursor)
and the bile acids and biliary cholesterol (products),
or that all fractions would have the same specific
activities if they arose from a common hepatic site.
This discordant behavior of the specific activities of
the bile acid, biliary cholesterol, and plasma choles-
terol fractions from that which would be expected from
the three-compartment model as reported earlier (9)
suggests that RMP does not provide an adequate
description of the kinetic behavior of cholesterol
in the liver, plasma, and extrahepatic tissues. These
observations provided the impetus for the construc-
tion of a multicompartmental model to describe the
kinetic behavior of the bile acid and biliary cholesterol
data and also to provide quantitative information on
cholesterol fluxes and pool sizes.

Development of the model. The following general
assumptions are applicable to the development of the
model: (a) The patients were in a steady state with
regard to hepatic and plasma cholesterol metabolism
during the short time interval of the study. This con-
dition was judged to be present by the relative con-
stancy of the plasma free and esterified cholesterol

concentrations and the bile acid and biliary cholesterol
secretion rates (Tables I and II, Fig. 1). Although the
presence of a total body steady state may not have been
present, the use of a forcing function (described below)
on the plasma cholesterol fractions, coupled with con-
stant plasma and hepatic cholesterol pool sizes, per-
mitted the modeling of the hepatic cholesterol com-
partments. (b) The administered particulate [**C]cho-
lesterol which was phagocytized did not enter directly
into the bile or the hepatocyte, but was released by
the reticuloendothelial system into the plasma (29).
The data of the present study support this assumption,
since the specific activities of the bile acids and
biliary cholesterol never exceeded that of the plasma
free cholesterol after [**C]cholesterol administration.
(c) The patients had a total bile fistula. This was
evidenced by both the absence of secondary bile acids
in the bile and the presence of acholic stools through-
out the study period. (d) Cholesterol which is
mobilized from extrahepatic tissues must enter the
plasma free or esterified cholesterol compartments
before entering the hepatocyte.

Since the specific activity data obtained in all six
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FIGURE 6 Specific activity time course curves. Patient 1. H. initially received [**C]mevalonic
acid (above) and then 18 h later received [3H Imevalonic acid (below). In this patient, the *H and *C
data were fitted separately to the model shown in Fig. 9. Residual errors for 3H data: biliary
cholesterol, 3; bile acids, 9. Residual errors for *C data: biliary cholesterol, 25; bile acids
10. (See Fig. 2 for description of symbols, lines, and error.)

patients could not be interpreted in the light of the
RMP concept of cholesterol metabolism in man, it was
found necessary to construct a hypothetical model.
Two base models were constructed as shown in
Fig. 8 A and B predicated on generally accepted
pathways of cholesterol metabolism as follows: (a)
Bile represents the only significant route of choles-
terol loss from the body. (b) Distinct hepatic cho-
lesterol precursors (C, and C;) for the bile acids and
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biliary cholesterol were introduced consistent with
the recently reported observations in man and rat
(13, 15, 20). Whether the biliary cholesterol precursor
was an exchange compartment of the bile acid pre-
cursor or vice versa was tested as shown in model A vs.
model B. The input of cholesterol into C, and Cg can
have multiple origins, namely hepatic NSC (C,) and (or)
plasma free (C,) cholesterol. (¢) The metabolism of
plasma mevalonic acid has been well documented
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FIGURE 7 Specific activity time course after administration of [**C]mevalonic acid. Patient
G. A. For purposes of graphic clarity, only alternate points for bile acids and biliary
cholesterol are plotted during the first 480 min. Residual errors: biliary cholesterol, 252; bile
acids, 181. (See Fig. 2 for description of symbols, lines, and error.)

(35). Only the L form is metabolized, and the D form
is excreted unchanged in the urine. A significant
portion (10-15%) of injected labeled mevalonic acid
has been found to be converted to [*C]CO,, prob-
ably via the trans-methylglutaconate shunt. By far, the
major route of mevalonic acid metabolism is to sterols,
which occurs in liver and extrahepatic tissues (Cg), as
indicated in the base models. (d) Since it is known that
there is exchange between the plasma (C,) and tissue
(Ce) cholesterol, the appropriate exchange pathways
have been introduced into the base model. It is also
assumed that plasma esterified cholesterol (C;) ex-
changes with the plasma free fraction (C,).

The final multicompartmental model was arrived at
by simulation analysis (28). The computer least-square
fits were obtained after the model was evolved. During
the model development, the least number of compart-
ments and transport pathways were introduced con-
sistent with the best fit of the data. In addition, the
constraint was imposed that for any patient, the
model fit the data obtained from both ["*C]cholesterol
and labeled mevalonic acid. In this context, the same

parameter values were used to fit the data obtained
from both tracers.

The boxes around compartments 4 and 5 indicate
that they were used as forcing functions to lock down
the specific activities of the free and esterified cho-
lesterol leaving compartments 4 and 5 while modeling
the liver subsystem. The forcing functions were de-
rived by fitting the plasma free and esterified choles-
terol specific activity curves to sums of exponentials.
The use of these functions made it unnecessary to
invoke exchange of cholesterol between the plasma
compartments and extrahepatic tissues (compartment
6 in the models) in order to arrive at the present
model.

In the base models, compartment 23 is designated
as plasma L-mevalonic acid. Compartment 1 represents
hepatocellular mevalonic acid or its product, NSC.
For purposes of clarity, compartment 1 is designated
as hepatic NSC. Transport pathways from compartment
1 to other compartments in the liver represent the
flux of newly synthesized hepatic cholesterol.

Since the conditions for a steady state of hepatic and
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plasma cholesterol metabolism were present, the total
cholesterol output from the system (R, plus Ry 3) was
set equal to the total input (U, plus Ug). Accordingly,
the minimum hepatic synthesis of cholesterol would be
equivalent to the amount of NSC leaving compartment
1 and entering the bile acid and biliary cholesterol
precursor sites (Ry,; + R, + Ry,;). This assumes no
input of hepatic NSC into the plasma compartments
(Ry,; =0). In this case, the input of cholesterol
into the plasma compartments would be via extra-
hepatic tissues (compartment 6 and Ug). Maximal
cholesterol synthesis by the liver would be present if
all the cholesterol input to the system occurred via
hepatic synthesis (Ug = 0; U, = Ry, + Ry3). Since the
plasma cholesterol compartments were used as forcing
functions and not modeled, the specific site(s) of
origin of the plasma cholesterol was not pertinent
at this stage of the model development. Therefore,
the pathway from compartment 1 to compartment 4
(Ry,;) is represented by a dashed line to indicate that
this flux of cholesterol into the plasma probably
represents a mixture of cholesterol synthesized by the
liver and extrahepatic tissues.

The specific activity data were subjected to simula-
tion analysis, using the base models shown in Fig. 8.
Several features of the data were inconsistent with
these base models: (a) radioactivity did not appear in
the bile acids and biliary cholesterol as early as pre-
dicted; (b) the specific activity of biliary cholesterol
rose faster and reached its peak earlier than pre-
dicted by base model A; (c) bile acid specific
activity rose faster and reached its peak earlier than
predicted from base model B; (d) after the adminis-
tration of [“Clcholesterol, the early portion of the
decay of the bile acid specific activity was slower than
predicted; (e) after the administration of labeled
mevalonic acid, the early portion of the decay of the
biliary cholesterol specific activity curve was slower
than predicted. These inconsistencies could not be
eliminated by the adjustment of parameter values
without introducing new inconsistencies. The first
three inconsistencies were apparent after administra-
tion of either labeled compound. The first incon-
sistency was eliminated by the introduction of de-
lays between the hepatic precursor compartments of
bile acids and biliary cholesterol, and the outside.

MODEL A l&J ! *MVA ———> URINE (% D-MVA)
c
. > 2 3 \_|-#C02 0THER
Bue s sy * L-wa Us
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o &l_léum P 3 5 TISSUE
STEROL m CHOLESTEROL
HEPATOCELLULAR PLASMA
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C0,,OTHER
> 2 3\ 47O
?(l;lfgs momon-“ <o sv:tm'un *L-Mva U 6
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FIGURE 8 Base models A and B. These models were used as starting points in the model
development. *MVA, labeled mevalonic acid; CHOL, labeled cholesterol.
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These delays probably represent time consumed by
biochemical processes and transport. The second and
third inconsistencies suggested that the bile acid pre-
cursor compartment could not serve as the sole source
for biliary cholesterol and vice versa. To obtain a fit
of all the data, it was necessary to introduce trans-
port pathways from hepatic NSC to both the bile acid
and biliary cholesterol precursor compartments. A
pathway was also required from the plasma free
cholesterol compartment to both bile acid and biliary
cholesterol precursor sites. The fourth inconsistency
was resolved by introducing a pathway from the plasma
cholesterol ester compartment to the bile acid pre-
cursor compartment. This does not imply that choles-
terol ester enters directly into the bile acid precursor
site, but probably undergoes hydrolysis upon entrance
into the hepatocyte. The only successful alternative
that was found to rectify the fifth inconsistency was
the addition of a pathway from hepatic NSC to com-
partment 20, which then fed the biliary cholesterol
precursor. The identity of compartment 20 is unknown.
Several unsuccessful pathways were introduced in an
attempt to solve the fifth inconsistency. Specifically,
(a) a pathway to biliary cholesterol from the plasma
ester compartment (R;;), (b) C, as an exchange com-
partment with C; (Ry3 and Rja), and (¢) C, in

parallel with C; (Ry,; and Rygz) were tried and did
not resolve the inconsistency. The fourth inconsistency
was reexamined after the addition of C,y, and it was
observed that a pathway from C,, to C, (R,,5) did not
resolve the inconsistency which was resolved by R, ;.
The presence of pathways between the bile acid and
biliary cholesterol precursor compartments, as shown
in the base models, were eliminated because they did
not improve the fit of the data. The inconsistencies
were reexamined after the addition of each new path-
way, and only those pathways were retained which
were necessary to fit the observed data and resolve
the inconsistencies.

The modified model arrived at by simulation analysis
of the observed data is shown in Fig. 9. The computer
fits of the bile acid and biliary cholesterol data to this
model are indicated by the lines in Figs. 2—7.

Parameters of model. The steady-state fluxes be-
tween compartments and the interrelationships of
selected interchanges are shown in Tables III and 1V,
respectively. The salient features are as follows: (a)
NSC furnished 31% and 20% of the respective total
cholesterol flux into the bile acid and biliary cholesterol
precursor compartments. (b) NSC directly accounted
for 31% of the cholesterol lost in the bile as bile acids
plus biliary cholesterol (R,,, + Ry, + Ry.,). (¢) The

U1 (7.33 Um/min)
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FIGURE 9 The modified model, including parameter values from a representative patient
(P. C.). Rate constants (min~!) are below the arrows. Fluxes (in micromoles per minute)
are above the arrows. Values in parentheses inside a circle represent the calculated com-
partment in size in micromoles. The entire input of cholesterol mass has been arbitrarily
placed into compartment 1 (maximum U,). Compartments 4 and 5 were used as forcing func-
tions as stated in the text and were not modeled. Compartment 6, which represents extra-
hepatic tissue cholesterol, was also not modeled, but it is known to exchange with plasma
free cholesterol. Preliminary modeling of C, (unpublished observations) has similarly indi-
cated exchange of cholesterol between C, and Cs. *MVA, labeled mevalonic acid; CHOL,

labeled cholesterol.
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TaBLE 111
Steady-State Fluxes Derived from Compartmental Analysis

Patient U, R, R, Ryt R0 R, Riyos" Ro. Ry R.s
pmolimin
G. P. 8.71 1.05+11%9 0.41+13% 7.18+2%  0.08+37% 6.14+4% 2.57+9% 4.30+5% 2.09+10% 0.80x19%
P. C. 7.33 2.29+4% 0.10£11% 4.75+2%  0.18+12% 6.28+2% 1.05+9% 3.60x2% 0.76+x10% 0.39+31%
L. C. 7.42 1.78+4% 0.17+10% 542+1%  0.05+22% 6.49+x1% 0.93+8% 3.74+2%  0.71+9% 0.98+10%
T.T. 4.80 1.41+5% 0.36+10% 2.81+x2% 0.22+11% 3.53+3% 1.27+9% 1.75+4% 0.69+9% 0.37+18%
L. H. CH)** 5.53 1.66+8% 0.25+16% 3.54+4% 0.08+75% 4.53+2% 1.00+9% 2.39+8% 0.67x11% 0.48+42%
1. H. (MC)** 5.53 1.52+5% 0.23+x18% 3.71£2% 0.08+104%  4.52+2% 1.01+9% 2.50+5% 0.70x10%  0.50=90%
G. A. 5.18 1.32+3% 0.22+16% 3.55+1%  0.09+36% 426+2%  0.92+x9% 248+4% 0.61x10% 0.47+70%

* Represents maximum value for Uy(R;, + Ryg), assuming all cholesterol input to the system occurs via compartment 1 as hepatic synthesis

(Ug=0).

{ This flux can not be strictly interpreted as cholesterol entering the plasma free compartment from the liver, but as cholesterol entering the

plasma compartment from liver and extrahepatic tissues (see text).
§ Rao,1 = Rs.z0-

"R, = Ry.; = total bile acid secretion rate = total bile acid synthesis; Ryo3 = Ro,10 = biliary cholesterol secretion rate.

9 Fluxtrelative standard deviation.

** Data independently derived from [5-*H]mevalonic acid (*H) or from [2-**C]mevalonic acid (*C).

major portion of the cholesterol entering the bile acid
(58%) and biliary cholesterol (71%) precursor sites was
derived from the plasma free compartment. (d) The
plasma ester compartment contributed 11% of the input
into the bile acid site. (¢) Also, compartment 20 made a
small contribution (10%) to the biliary cholesterol
compartment.

The potential metabolic significance of the sources of
cholesterol for the bile acid and biliary cholesterol
precursor sites was examined by correlating a number
of the fluxes. The rate of bile acid synthesis (R;,) was
highly correlated (r=0.95) with the input of cholesterol
from the plasma into the bile acid precursor site (Rg,4).
There was no significant correlation between R, and
R;,. Since five of the six patients had very similar biliary
cholesterol secretion rates (Table II), no meaningful
correlations between R, ; and the other fluxes could be
obtained.

Derivation of the present cholesterol model in man

has provided evidence for distinct pathways from the
plasma free cholesterol compartment into biliary
cholesterol and bile acids. Partitioning of cholesterol
between these two pathways (R,, and R;,) may have
important significance in determining the percentage of
cholesterol in the biliary lipids, as suggested by the
finding of a negative correlation (r=0.96) between the
ratio R, 4/Rs,4 and the percent cholesterol in bile.

The rate constants derived from compartmental
analysis are shown in Table V. The turnover rate
constant for the mevalonic acid compartment (L,3.3)
was arbitrarily fixed at 1.0/min, since a rate constant
greater than 0.1/min had a negligible effect on the
predicted bile acid and biliary cholesterol specific
activities. The rate constants L,,, Ls,, and Ly have
been omitted, since forcing functions were used on C,
and Cs. The following points are pertinent: (a) The
turnover rate constants of the bile acid and biliary
cholesterol precursor sites were similar; (b) compart-

TABLE IV
Interrelationship of Steady-State Fluxes

R?.l R?.l R?J R3>l R3'4 RS.20 R2.4 R2.I + R3.1 + RZO.I
Patient Rz Rz R, Rios Rios Rz Ros Maximum U,

G. P. 0.17 0.70 0.13 0.16 0.81 0.03 2.06 0.18
P.C. 0.36 0.57 0.06 0.10 0.72 0.18 4.74 0.35
L. C. 0.27 0.57 0.15 0.17 0.78 0.05 5.42 0.27
T. T. 0.40 0.49 0.10 0.28 0.55 0.17 2.57 0.41
1. H. (4C)* 0.33 0.55 0.11 0.23 0.70 0.07 3.57 0.33
G. A. 0.31 0.58 0.11 0.24 0.67 0.10 4.07 0.31
Mean 0.31% 0.58 0.11 0.20 0.71 0.10 3.74 0.31

+0.03 +0.03 +0.01 +0.03 +0.04 +0.03 +0.52 +0.03

* Data derived from [2-*C]mevalonic acid.
{ Mean+=SE.
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TABLE V
Rate Constants and Delay Times Derived from Compartmental Analysis*

LI.23 LI‘2J t7 ‘l(l .7 tIl)
Maxi- Mini-
Patient | | | Lzo.s L. Ls.z0 L. Lios mum} mum§ MVA" CHOLSY
min~! min min
G.P. 0.0018+12%** 0.0007x13% 0.0124+9%  0.0001+37% 0.0150 0.0015x47% 0.020x7%  0.014x8% 0.34x10% 006 35 12 30 16
P.C. 0.0100+7% 0.0005+11% 0.0208+6%  0.0008+14% 0.0320 0.0025+10% 0.011+3%  0.013+4% 0.24+4% 008 26 19 22 11
L.C. 0.0028+6% 0.0003+10% 0.0084+5%  0.0001+24% 0.0115 0.0030+29% 0.025x4% 0.028+x5% 0.27+2% 008 29 18 18 5
T.T. 0.0039+7% 0.0010£10% 0.0077+£5%  0.0006x14% 0.0132 0.0020x13% 0.020+4% 0.018+1% 0.14+*3% 006 35 22 30 25
I. H.
(CH)tt  0.0120x14% 0.0018+19% 0.0256+7%  0.0006x68% 0.0400 0.0023+43% 0.011x11% 0.010x24% 0.24+6% 009 25 25
1. H.
*C)tt  0.0110x14% 0.0017+24% 0.0268+14% 0.0006+89% 0.0400 0.0020+25% 0.011%x11% 0.010x20% 0.22+7% 007 25 25
G.A. 0.0084+11% 0.0014+23% 0.0226+10% 0.0006£34% 0.0330 0.0020£20% 0.013+8%  0.008+19% 0.29x3% 009 29 20

* Plasma mevalonic acid turnover (L,;55) was fixed at 1.0 min~! in all subjects.

1 Fraction of isotopic L-mevalonic acid in compartment 23 converted to cholesterol in compartment 1 assuming maximum U, (U, = R;, 4+ Ryo5 Ug =0).
§ Fraction of isotopic L-mevalonic acid in compartment 23 converted to cholesterol in compartment 1 assuming minimum value for U, (U, =R,, + R;, + Ryo,;
R, = 0). Relative standard deviations identical with corresponding maximum value.

" Delay time after isotopic mevalonic acid administration.
1 Delay time after isotopic cholesterol administration.
** Parameter=relative standard deviation.

11 Data independently derived from [5-*H]mevalonic acid (*H) or from [2-"“C]mevalonic acid (*C).

ment 20 had the slowest turnover of the intrahepatic
compartments; and (c) the rate constants derived from
the data obtained when patient 1. H. received either
[®H]mevalonic acid or ["*C]mevalonic acid were essen-
tially identical. The delays in appearance of radioactiv-
ity in the bile acids and biliary cholesterol fractions of
bile are also shown in Table V.

The pool sizes obtained from compartmental analysis
are shown in Table VI. These pool sizes represent a
relatively small fraction of the estimated hepatic
microsomal cholesterol pool.

DISCUSSION

This report has provided the basis for a new approach to
the study of cholesterol metabolism in man. Develop-
ment of the present cholesterol compartmental model
would not have been possible without a suitable pro-
cedure for simulation analysis and modeling (SAAM-
27) (28), the T-tube patient, and the ability to introduce
two labeled compounds and sample several cholesterol
compartments simultaneously. Derivation of the model
was based on a combination of current knowledge of
cholesterol metabolism in man and an appropriate fit of
the estimated parameters to the specific activity data.
Only those interchanges (pathways) which were essen-
tial to obtain a good fit of the data were introduced into
the model. The SAAM program also affords an
opportunity for the introduction of biological delays
and forcing functions. The latter allows for the locking
down of radioactivity exiting a compartment equivalent
to that actually observed. This has the advantage of
isolating the liver from extrahepatic sources of choles-
terol, since cholesterol leaving the tissues must first

enter the plasma before exchange with the liver
compartments.

Particularly pertinent to the validation of the present
model was the administration of both isotopic
mevalonic acid and [*C]cholesterol simultaneously to
the same patient. First, isotopic mevalonic acid permit-
ted the initial labeling of NSC (compartment 1) and
subsequently the other compartments, while isotopic
cholesterol (preformed) initially labeled plasma free
cholesterol (compartment 4) and then the other com-
partments. This allowed for the labeling of the system at
different sites simultaneously, which permitted the
derivation of an internally consistent model. Second, in
each of the patients that received both labeled
compounds, good fits of the specific activity data
(obtained from both mevalonic acid and cholesterol)

TABLE VI
Pool Sizes Derived from Compartmental Analysis
M,* M,
Patient Maximum Minimum M, M, Mo
umol
G.P. 581 102 307 184 50
P.C. 229 80 571 81 73
L. C. 646 174 260 33 15
T.T. 364 151 176 71 109
I. H. GCH)t 138 45 412 100 36
I. H. (*C)t 138 45 411 101 38
G. A. 157 50 328 115 47

* Assume maximum or minimum U, (see text).
{ Data independently derived from [5-3H]mevalonic acid
(®*H) or [2-"“C]mevalonic acid (*C).
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were observed from identical parameters. If there was
appreciable recycled label from isotopic mevalonic
acid, aberrations in the specific activity curves would
have appeared which would have been incompatible
with the fits obtained from [**C]cholesterol. Also, the
use of mevalonic acid labeled at different sites, [2-14C]
and [5-3H], in the same patient, which gave similar
model solutions, discounts appreciable recycling of
labeled mevalonic acid.

The findings of the present report have provided
some new information on hepatic cholesterol
metabolism in man. The derived model shows that liver
and plasma cholesterol are not one homogenous pool
(RMP), but rather that hepatic cholesterol is com-
partmentalized into definitive sites associated with the
synthesis of bile acids and the secretion of biliary
cholesterol. Both the bile acid and biliary cholesterol
precursor compartments have inputs from NSC as well
as from plasma free cholesterol. The proportioning of
cholesterol into these sites from the plasma and NSC
compartments was found to be approximately 2/3 and
1/3, respectively. Preliminary studies (unpublished
observations) suggest that distinct precursor sites for
bile acids and biliary cholesterol with inputs from the
plasma and NSC are also present in the liver of the
normal subject with an intact enterohepatic circulation.
The contribution of NSC may be exaggerated in the bile
fistula patient, since he has low plasma cholesterol
levels and increased hepatic cholesterol synthesis. The
present data are also in general agreement with studies
in the rat which have shown that hepatic NSC is a
substrate for bile acid synthesis (13—19). However,
contrary to the findings in the bile fistula rat in which
NSC is the major substrate, man with a bile fistula
preferentially utilizes cholesterol from the plasma free
compartment for bile acid synthesis.

The presence of definitive precursor pools for bile
acids and biliary cholesterol raises some important
questions regarding the control of hepatic cholesterol
metabolism in man. It has been suggested that
cholesterol secretion is independent of bile acid
secretion (30). A possible explanation can be offered for
these observations. The present findings suggest that
bile acid synthesis (R;,) is closely related to the input of
plasma free cholesterol into the bile acid precursor site
(Rs,4). This implies that the level of activity of hepatic
7a-hydroxylase may regulate the entrance of choles-
terol into the bile acid precursor pool. Cholesterol
entering this site would then have only one excretory
route, namely, conversion to bile acids. Since the major
exit of cholesterol from the body is via the bile, the
residual cholesterol which does not enter the bile acid
precursor site must be secreted as biliary cholesterol.
Thus, 7a-hydroxylase may be at least one critical factor
regulating the partitioning of plasma free cholesterol
between bile acid synthesis and biliary cholesterol
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secretion. The other factor is the level of output of
cholesterol from the plasma compartment (R, 4 + Rj4),
which, when coupled with the activity of 7a-
hydroxylase, would determine whether bile will con-
tain excessive cholesterol. Patient G. P., who had the
highest percentage of cholesterol in his bile, illustrates
how excessive cholesterol secretion may occur in the
face of an inability to convert the major proportion of
plasma free cholesterol to bile acids. Even though this
patient had a high bile acid synthesis rate (6 wmol/min),
an insufficient amount of rate-limiting enzyme was
present in the microsomes to cope with the large influx
of plasma free cholesterol. Therefore, the remaining
cholesterol was secreted directly into bile, and this
patient had the highest percent of cholesterol in bile
and the lowest ration of R, 4/R; 4 Thus, lithogenic bile
could result if there were insufficient 7a-hydroxylase to
cope with a normal output of cholesterol from the
plasma, or if the output of cholesterol from the plasma
increased without a compensatory increase in 7a-
hydroxylase, such as in obesity. It has been shown that
obese patients (31—33) have both increased choles-
terol synthesis and secretion of biliary cholesterol.
Other disorders of cholesterol metabolism induced by
clofibrate administration, weight reduction, or Type IV
hyperlipidemia may also fall into this category (32, 33).

Data were also obtained on the conversion of
mevalonate to cholesterol in these bile fistula patients.
The amount of radioactivity derived from isotopic
mevalonic acid entering compartment 1 from compart-
ment 23 was allowed to vary consistant with a good fit
of the data. This amount was approximately 1/4 of the
isotopic L-mevalonic acid administered (in all patients).
Stochastic analysis (34) of the individual specific
activity curves gave virtually identical recovery of
mevalonic acid. Complete urine collection during the
period of study was obtained from two patients, and
50% of the administered DL-[*H Jmevalonic acid was re-
covered. It is assumed that this 50% represented un-
metabolized D-mevalonic acid. The fate of 3/4 of the
L-mevalonic acid is not known, but alternate pathways
in the metabolism of L-mevalonic acid have been
demonstrated in man (35). The same model parameters
and the same fractional recovery of label were noted in
patient I. H., who received both [5-*H]mevalonic acid
and [2-"*C]mevalonic acid.

The present investigation represents only the initial
stage in the development of a multicompartmental
model to study cholesterol metabolism in man. Addi-
tional studies are being carried out in subjects with an
intact enterohepatic circuit. When the model has been
elucidated in the normal subject, it should then be
possible to more precisely define how cholic and
chenodeoxycholic acids act to regulate the availability
of their hepatic cholesterol precursors, to define the
nature of the lipoprotein cholesterol precursor
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source(s), and to obtain important information on
differences in cholesterol metabolism between healthy
subjects and patients with hyperlipidemic disorders.
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