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Turnover of Plasma Cholesterol in Man
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A B S T R A C T Cholesterol4-'C was injected in-
travenously into a series of normal men, untreated
hyperlipidemic patients, and hyperlipidemic pa-
tients being treated with cholestyramine. The spe-
cific radioactivity of plasma total cholesterol was
measured during the ensuing 10 wk. 16 studies
were carried out in 10 subjects. Analysis of the
turnover curves of plasma cholesterol revealed
that in every study the turnover of plasma choles-
terol conformed to a two-pool model. Each turn-
over curve was analyzed in terms of this model,
as expressed by the equation: specific activity =
CAe-at + CBeA0. The parameters which were cal-
culated included the constants CA, CB, a, and 8;
the size of the first pool (MA); the rate constants
for the total rate of removal of cholesterol from
each pool (kA and kBB); and the production rate
in pool A (PRA). In two normal men and five un-
treated patients the average size of pool A- was
25 g.

The effect of cholestyramine was assessed by
comparing the results obtained without therapy
with those obtained during therapy in five sub-
jects studied under both conditions. Cholestyra-
mine therapy produced a large increase in PRA
(from 0.98 to 1.98 g/day) and in the rate of re-
moval of cholesterol from pool A. Cholestyramine
did not significantly alter the size of pool A.

It is not possible to calculate the size of the total
body exchangeable pool of cholesterol from the
turnover curve of plasma cholesterol. It is also not
possible to calculate the metabolic turnover rate,

Part of this work was presented at the annual meeting
of the American Heart Association in New York, October
1966 (1).
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i.e., the rate of cholesterol degradation and excre-
tion, in the whole body. This parameter can, how-
ever, be estimated by assuming that cholesterol is
removed from the body only by way of the tissue
pools that comprise pool A. Under these condi-
tions the metabolic turnover rate is equal to the
production rate in pool A.

INTRODUCTION
The turnover of plasma cholesterol in man has
been studied repeatedly during the past few years
(2-7). In these studies, isotopically labeled cho-
lesterol (3, 4, 6, 7) or a biosynthetic precursor of
cholesterol (5) was injected intravenously, and
the specific radioactivity of plasma cholesterol was
then determined during the ensuing weeks. These
studies demonstrated that, after isotope adminis-
tration, the semilogarithmic plot of cholesterol
specific radioactivity vs. time describes a curve
during the first 4-6 wk. whereas beyond this time
the plot is linear. The changing slope of the curve
during the first few weeks has been shown to be
due to slow rates of equilibration between the cho-
lesterol pools of plasma and various tissues (8, 9).
Thus, postmortem analyses of tissues of patients
who received labeled cholesterol from 1 to 226 days
(9) or from 2.5 to 137 days (8) before death dem-
onstrated that complete equilibration between
plasma and tissue cholesterol required up to a
month for some tissues, and more than a month
for arteries. Once equilibration between plasma
and tissue cholesterol was achieved, however, it
was maintained indefinitely. The cholesterol in all
tissues except brain was found to equilibrate with
plasma cholesterol (9). On the basis of these re-
sults, it has usually been assumed that the late,
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linear portion of the plasma cholesterol turnover
curve reflects the turnover of the total body pool
of exchangeable cholesterol. Accordingly, in some
studies estimates of the turnover of total body
cholesterol and of the size of the total body miscible
pool of cholesterol have been derived from turn-
over curves of plasma cholesterol.

The studies reported here were undertaken as
part of an extensive investigation on the effects of
cholestyramine on the metabolism of plasma lipids.
In these studies, 14C-labeled cholesterol was in-
jected intravenously into a series of normal men,
untreated hyperlipidemic patients, and hyperlipi-
demic patients being treated with cholestyramine.
Analysis of the curves of plasma cholesterol spe-
cific radioactivity vs. time revealed that in every
instance the turnover of plasma cholesterol con-
formed to a two-pool model. The purpose of this
paper is to present the results of these studies and
to discuss in detail the interpretation of plasma
cholesterol turnover curves.

METHODS
10 volunteer subjects, whose ages and sexes are given in
Table I, participated in these studies. Two of the subjects
(R.N. and R.O.) served as normal controls. The other
eight subjects all had mild to moderate degrees of hyper-
lipidemia (see Table I). Seven of the hyperlipidemic pa-
tients (all except H.D.) had clinical coronary heart
disease, as indicated by the presence of angina pectoris,
or by the past history of documented myocardial infarc-
tion. All subjects ate their usual diets throughout the
studies. None of the subjects lost or gained significant
amounts of weight during the periods of study.

16 turnover studies were carried out in two series
(study series I and II), separated by an interval of 1 yr.
In study series I, three untreated patients and five pa-
tients being treated with cholestyramine (Questran, Mead
Johnson & Co.) were injected intravenously with cho-
lesterol-"4C. In study series II, two normal controls,
two untreated patients, three patients being treated
with cholestyramine, and one patient taking ethyl
fr-chlorophenoxyisobutyrate (CPIB, clofibrate; Atro-
mid-S, Ayerst Laboratories) were studied in a simi-
lar fashion. Cholestyramine was administered at a level
of 12 g/day, and CPIB at a dose of 2 g/day. All sub-
jects studied during periods of drug treatment had
taken the drug for 3 or more months before isotope in-
jection. All subjects had stable plasma cholesterol and
triglyceride levels for several .weeks before the start of
each study and throughout the period of each study.
As indicated in Table I, six of the subjects were studied,
under different circumstances, in both study series I
and II.

In each study series, 500 AC of cholesterol-4-14C (New

England Nuclear Corp., Boston, Mass.; specific radioac-
tivity 56 ,uc/,mole) was dissolved in 0.5 ml of acetone,
and the acetone solution was then injected slowly, via a
100 I, syringe, beneath the surface of 30 ml of serum.
The serum was freshly drawn from one of the investiga-
tors earlier in the day and was gently swirled during
the period of acetone addition. The labeled serum was
shaken gently at 370C for 2 hr and at room temperature
for an additional 16 to 20 hr. The serum was then steri-
lized by passage through a Millipore filter of pore size
0.2 1A.

Serum containing approximately 30 Asc of cholesterol-'4C
was injected intravenously into each subject. The amount
injected was measured precisely in each study and
varied between 26 and 27 /Ac in study series I and be-
tween 33 and 35 Atc in study series II. Samples of venous
blood were collected before breakfast after 1, 3, and 7
days and then at weekly intervals for a total of 9 or 10
wk. In several instances an early sample was also col-
lected 8 hr after isotope injection. Blood cells were sedi-
mented by centrifugation at 2000 rpm for 30 min at 4VC.
A portion of each plasma sample was collected and stored
at -20'C, and was later used for the measurement of
the plasma concentrations of cholesterol and triglyceride
by the methods of Abell, Levy, Brodie, and Kendall (10)
and of Van Handel and Zilversmit (11), respectively.
Other portions of each plasma sample were added to 2
volumes of ethanol, followed by the addition of KOHto
a final concentration of 3%. The samples were flushed
with nitrogen and saponified at 60-70'C for 1 to 2 hr.
The nonsaponifiable lipids were collected by three ex-
tractions, each time with an equal volume of hexane.
The hexane was evaporated with a stream of nitrogen,
and the nonsaponifiable lipid was dissolved in 5.00 ml of
benzene. Measured portions of each benzene solution were
assayed for `C in a Packard Tri-Carb liquid scintillation
counter, using 0.5% diphenyloxazole in toluene as scintil-
lation solvent. Other portions of each benzene solution
were assayed for cholesterol by the method of Abell et
al. (10). The concentrations of plasma cholesterol calcu-
lated from the results of these assays agreed closely with
the concentrations determined by direct analysis of plasma.
The specific radioactivity of cholesterol in each sample
was determined from the measured concentration of 14C
and of cholesterol in each benzene solution of plasma
nonsaponifiable lipids. For purposes of comparison, all
results have been adjusted to an injected dose of 30 /Ac of
cholesterol-"4C.

RESULTS

Analysis and discussion of plasma cholesterol
turnover curves. Fig. 1 shows the results obtained
after injecting cholesterol-14C into normal control
subject R.N'. The semilogarithmic plot of specific
radioactivity vs. time described a curve during the
first 5 wk, whereas from 6 wk onward the plot
followed a straight line. Similar curves were ob-
tained in all of the studies which we have carried
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out; in every study a constant exponential rate of
fall was achieved after 5 or 6 wk.

Each turnover curve was analyzed in order to
determine the number of kinetically distinguishable
pools (compartments) involved in the turnover
of plasma cholesterol in man. As shown in Fig. 1,
this analysis was done by extrapolating the termi-
nal linear portion of the turnover curve back to
zero time. From each experimental point measured
during the first 5 wk the value of the correspond-
ing point on the extrapolated line was then sub-
tracted, and the difference values so obtained were
plotted semilogarithmically. As shown in Fig. 1,
the plot of the difference between the experimental
points and the extrapolated line described a
straight line, indicating that the turnover of plasma
cholesterol conformed to a two-pool model (12.
13). If more than two kinetically distinguishable
pools had been involved in the turnover of plasma
cholesterol, the first portion of the plot of the dif-
ference would have described a curve rather than
a straight line, and it would have been necessary to
continue the process of subtraction in order to de-
termine the number of pools involved.

Similar analyses were carried out in each of the

FIGURE 1 The turnover of plasma choles-
terol in normal control subject R.N. The
circles, connected by a solid line, represent
the experimental values observed during the
10 wk study. Extrapolation of the termi-
nal linear portion of the curve back to zero
time (dashed line) provides the intercept
CB. Subtraction of this extrapolated line from
the experimental points provides the differ-
ence values shown as small crosses, and
connected by an interrupted (dash-dot-dot)

. line.
9 10

16 studies resported here. In every instance the
results conformed to a two-pool mo(lel.

A detailed discussion of the kinetic analysis of
two-pool systems was recently reported by Gur-
pide, Mann, and Sandberg (13). As noted l)y these
workers, the general two-pool system can be de-
scribed by the model shown in Fig. 2. Ill this
model the specific activity of the labeled sul)stallce
in pool A, subsequent to its initial injection into
pool A, can be characterized by the equation:

a = CAe-"1 + Coe-' (1)
in which a = specific activity in pool A of the sub-
stance under study; CA, CB, a, and 8 are constants
(see below); e is the base of the natural loga-
rithms; and t = time. This model and this equa-

I SA ISB

kBA -

FIGURE 2 General two-pool (A and B) model. Rate
constants are denoted by the k values; SA and SB are the
rates of entry of material into the pools from outside the
system. [After Gurpide et al. (13)].
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tion satisfactorily characterize turnover curves of
plasma cholesterol in man, such as the one shown
in Fig. 1.

A number of kinetic and other parameters can
be determined from a plasma cholesterol turnover
curve such as that shown in Fig. 1 (see reference
13 for a complete discussion). First of all, the
y-intercepts of the two straight lines directly pro-
vide the values of the constants CA and CB in
equation (1) (see Fig. 1). Second, the constants
a and f3 can be directly calculated from the slopes
of the two straight lines. Thus the values of these
constants are determined from the half-lives of the
two exponentials, since a = in 2/t1 = 0.69315/t4
(of the first exponential), and 8 = in 2/t1 (of the
second exponential). Third, the size of the first
pool (pool A) can be calculated as follows:

MA = RA (2)
CA + CB

where MA= the size of pool A, and RA = the
amount of isotope injected into pool A. Fourth,
the rate constants for the total rate of removal of
cholesterol from pool A (kAA) and from pool B
(kBB) can be calculated as follows:

kAA - MACA- IMACB (3)
RA

kBB = - (a + a + kAA)- (4)
Finally, it is possible to calculate the production
rate of cholesterol in pool A (PRA). The produc-
tion rate in a given pool has been said to represent
the rate of entry of material into the pool, exclud-
ing recycled material originating in that pool (13,
14). For the turnover of plasma cholesterol, us-
ing the two-pool model under discusion:

PRA = R-aO (;5)
aCB + INCA

As indicated by Gurpide et al. (13), other pa-
rameters describing the two-pool model (Fig. 2)
cannot be derived from turnover curves of the
type shown in Fig. 1. It is, for example, not pos-
sible to determine the size of the second pool
(pool B) except for the very special case where
either sA and kA both equal zero, or SB and kB
both equal zero. It is extremely unlikely that these
special conditions apply to the turnover of cho-
lesterol (see Discussion). It is hence not possible
to determine the size of the total body exchange-

able cholesterol (pool A + pool B) from these
turnover data. It is also not possible to determine
precisely the values of the individual rate constants
shown in Fig. 2, except for the special case where
either kA or kB equals zero. If, however, one as-
sumes that kB approximates zero, then kIBA = -
kBB; kA =af/kBA; and kAB =- kAA- kA (see
reference 13 for derivations).

Experimental results. Table I presents the
values for each of the several parameters discussed
above for each of the 16 turnover studies carried
out. It should be noted that the actual, experi-
mentally obtained turnover curves can readily be
constructed from the values of CA, C11. and the
half-lives of the two exponentials.

Computer calculations. The results presented
in Table I were obtained by the hand fitting of
the data from each study to a sum of two expo-
nentials. In order to evaluate the precision of these
results, the data obtained in six of the 16 studies
were also subjected to compartmental analysis by
a digital computer, as described by Berman and
his colleagues (12, 15-17). These calculations
were kindly carried out by Dr. Arthur Frank, in
collaboration with Doctors Daniel Steinberg and
Mones Berman, at the National Institutes of
Health, Bethesda, Md. The results of these analy-
ses are presented in Table II. Comparison of the
values in Table II with the corresponding values
in Table I indicates that the results obtained by
hand fitting the data (Table I) agree very closely
with those obtained by computer analysis. The
computer analysis indicates that the parameters
are definable with a fairly high degree of precision,
since the standard deviations for the various
parameters were found to be small in all instances
(see Table II). The computer analysis also con-

firmed the fact that the two-compartment model
provides an excellent fit for the data o1tained in
these studies.

Effect of cholestyramine. The effect of cho-
lestyramine was assessed by comparing the results
obtained without therapy with those obtained dur-
ing cholestyramine therapy in the five subjects
(H.D., M.H., L.L., H.K., and L.P.) who were
studied under both conditions. Cholestyramnine
therapy, at a dose level of 12 g/day. produced an

average lowering of the plasma cholesterol level
of 14% (range 28 to - 2%). Similar results
have been observed with a larger series of 12 pa-
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TABLE I I

Turnover Parameters as Determined by Computer Analysis*

Patient.. H.D. H.D. L.L. L.L. L.P. L.P.
.0... ( + o + 0 +

CA, dpm/mg 1499 ± 5.9% 1682 ± 3.6% 1970 ± 2.6% 2129 ±t 3.0% 2091 ± 2.7% 3356 :1 1.8%
CB, dpm/mg 950 ± 9.8% 504 ± 8.5% 551 ih 9.8% 198 i 9.0% 684 ± 5.9% 614 ± 2.6%
a, day-' 0.128 4 12.8% 0.134 i 6.7% 0.108 i 5.1% 0.144 ± 3.8% 0.124 :h 5.6% 0.218 ± 2.5%
13, day-l 0.0176 4 10.0% 0.0220 ± 6.6% 0.0161 ± 10.2% 0.0134 i 12.0% 0.0101 ± 10.3% 0.0215 :1: 2.5%
k6A 0.0600 i 19.0% 0.0480 4 10.7% 0.0364 ± 12.5% 0.0248 ± 11.5% 0.0386 ± 10.1% 0.0515 i 3.6%
kA 0.0373 i 5.4% 0.0616 4 3.5% 0.0481 ± 3.8 % 0.0791 ± 4.6% 0.0330 i 6.0% 0.0900 ± 1.9%
kAR 0.0476 4 14.3% 0.0468 i 9.3% 0.0399 ± 4.8% 0.0539 i 4.2% 0.0633 :1: 5.4% 0.0965 ± 3.4%

* The values listed represent the best value for each parameter, as determined by a least squares solution, together
with the standard deviation for each parameter. The values of CA, CB, a, and is were determined by analyzing the data
in terms of a two-pool exponential as described by equation (1). The rate constants (kBA, kA, and kAB) were calculated
independently of the values obtained for CA, CB, a, and is, by using a two-compartment model in which kB = 0.

tients in whom administration of cholestyramine
at a dose of 12 g/day produced an average de-
crease of 13%o in the plasma cholesterol level,
whereas a dose of 24 g/day produced an average
decrease of 20%o (R. P. Noble, unpublished ob-
servations).

Table III summarizes the results obtained with-
out therapy and during cholestyramine therapy in
this group of five patients. The most significant

effects of cholestyramine therapy were: (a) a
100%o increase in the production rate of cholesterol
in pool A; (b) at 54% increase in the rate of re-
moval of cholesterol from pool A (kAA); and (c)
a great increase in kA. Cholestyramine therapy did
not significantly alter the size of pool A. but did
result in a decrease in the half-lives of both ex-
ponentials. The latter effect was statistically prob-
ably significant (0.02 < P < 0.05) for the first

3LE III
Afean Results of Cholesterol Turnover Studies

5 Patienits (mean i SEM) Effect of 2 Normal
cholestyramine controls

No 1 Cholestryamine Pi (mean)

CA, dpmi/mng 1886 -- 106 2520 -- 276 PS 2175
CB, dpm/mg 763 -- 83 412 41 90 PS 486
tj first exponential, days 5.59 ± 0.29 4.36 ± 0.34 PS 4.95
tj second exponential, days 52.8 ± 9.7 36.2 4 6.0 NS ( >0.1) 49.0
a, day-' 0.1252 ±t 0.0064 0.1634 -- 0.0139 PS 0.1410
A3, day-' 0.0148 ±- 0.0024 0.0207 4± 0.0024 NS ( >0.1) 0.0146
kAA -0.0931 -- 0.0037 -0.1437 A± 0.0134 SS -0.1179
kBB -0.0470 ±J 0.0062 -0.0405 -- 0.0057 NS (>0.4) -0.0377
MA, g 25.05 ± 0.89 23.50 St 2.41 NS (>0.5) 25.01
PRA, glday 0.98 4± 0.10 1.98 ± 0.24 Ss 1.35
kB4t 0.0470 -- 0.0062 0.0405 - 0.0057 NS (>0.4) 0.0377
kAt 0.0394 ± 0.0045 0.0861 -- 0.0107 SS 0.0552
kABt 0.0536 -- 0.0035 0.0576 ±t 0.0084 NS ( >0.6) 0.0627

* The effect of cholestyramine therapy on each parameter was evaluated by determining the probability (P) that the
results obtained during therapy differed from those obtained without therapy. The results obtained with and without
cholestyramine were paired for each subject, and the five difference values so obtained were statistically compared to zero,
by means of Student's t test, using a two-tailed t test with 4 degrees of freedom (18). NSmeans that the effect of therapy
was not significant (P values given in parentheses). PS means that the effect of therapy was statistically probably
significant (0.01 < P < 0.05), aild SS means that the effect was statistically significant (P < 0.01).

$ Calculated by assuming that kE = 0.
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exponential, but was not statistically significant
(0.1 < P < 0.2) for the second exponential.1

The effect of cholestyramine on the turnover of
plasma cholesterol is shown graphically in Fig. 3,
which presents the mean curves obtained both off
and on therapy for the five subjects studied under
both conditions.

One subject- (E.M.) was studied first during
a period of cholestyramine therapy and subse-
quently while being treated with CPIB. In this

1 Additional information about the kinetic parameters
involved in the model for cholesterol turnover and about
the effect of cholestyramine can be obtained by postulating
that the change produced in the system by therapy is
limited to one or two parameters. This approach to the
effect of a "perturbation" on a model has been discussed
by Berman (19). If, for example, one assumes that cho-
lestyramine therapy does not alter the values of the rate
constants kAB, kBA, or kB, it is possible to obtain ranges

for the values of all the rate constants shown in Fig. 2
(kAB, kBA, kA, and kB) for the complete model where kB
is not assumed to equal zero. Computer analysis (kindly
carried out by Dr. Frank) of the data of subjects H.D.,
L.L., and L.P. indicated that the data were consistent with
a model which assumes that kB equals zero and that cho-
lestyramine therapy does not alter the values of kAB and
kBA.

subject, the results (Table I) obtained during
CPIB therapy appeared similar to results obtained
in the untreated subjects, when compared to the
results obtained during cholestyramine therapy.
No conclusions about the effects of CPIB therapy
can be derived from this one study. The study is
included here merely to indicate that during
CPIB as well as during cholestyramine therapy
the turnover of plasma cholesterol conformed to a

two-pool model. More extensive studies on the
effect of CPIB on cholesterol turnover were re-

cently reported by Nestel, Hirsch, and Couizens
(6).

Normal vs. hyperlipidemic subjects. Table III
also presents the mean values obtained with the
two normal control subjects (R.N. and R.O.).
Comparison of these values with the values ob-
tained without treatment for the five hyperlipid-
emic subjects demonstrates that the size of pool
A and the half-lives of the two exponentials were

very similar in the normal and the hyperlipidemic
subjects. Because of the small number of normal
subjects studied it is not possible to evaluate prop-
erly the possibility that some of the other param-
eters might differ significantly for normal as com-
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pared to hyperlipidemic subjects. With the data
on hand, the only parameter which was signifi-
cantly different for the normal as compared to the
hyperlipidemic subjects was CB (0.02 < P <
0.05).

DISCUSSION
In the studies reported here, compartmental analy-
sis of the turnover curves of plasma cholesterol
indicated that the turnover of plasma cholesterol
in man can be described by a two-pool model.
This was true for every one of the 16 studies
which we have conducted in normal men, in un-
treated hyperlipidemic patients, and in hyperlipi-
demic patients being treated with cholestyramine
or CPIB. It is of interest that Avigan, Steinberg,
and Berman likewise observed that the turnover
of serum cholesterol in the rat could be described
by an equation for a two-compartment system
(20). In contrast, Casdorph et al. reported that
the turnover of plasma cholesterol in dogs was
best fitted by a four-compartment system (21).

In discussing the turnover of plasma cholesterol
in terms of a two-pool model, it must be clearly
recognized that the pools in question (see Fig. 2)
represent mathematical constructs and do not have
precise physical meaning. It is now well established
that the in vivo turnover of cholesterol in man
involves a large number of metabolically heteroge-
neous pools of cholesterol in different tissues and
within given tissues (8, 9, 22, 23). Even within
plasma itself, four metabolically heterogeneous
pools of cholesterol (free cholesterol, and ester
cholesterol in each of three plasma lipoprotein
fractions) have been distinguished (23). The
finding that the turnover of plasma total choles-
terol conforms to a two-pool model hence means
that the various tissue pools of cholesterol fall
into two groups in terms of the rates at which
they equilibrate with plasma cholesterol. One
group of pools is apparently in fairly rapid equi-
librium (in terms of hours to days) with plasma
cholesterol, whereas the second group of pools is
in fairly slow equilibrium (in terms of days to
weeks) with plasma cholesterol. Within each
group, the rates of equilibration of the different
pools with plasma cholesterol are apparently suffi-
ciently similar so that the group behaves as a
single pool, when analyzed in terms of the turnover
curve of plasma total cholesterol. in the present

studies, all of the data, for samples collected from
8 hr to 10 wk after isotope injection, conformed
precisely to a two-pool model. It is of course,
possible that samples collected during the first 8
hr might have revealed the presence of an addi-
tional kinetically distinguishable compartment.

Information available in the literature permits
some inferences to be drawn about the tissue
locations of the cholesterol molecules which com-
prise the two compartments (pools A and B)
shown in Fig. 2. It is well established that plasma
free cholesterol, plasma esterified cholesterol, red
blood cell cholesterol, and liver cholesterol all
equilibrate with each other quite rapidly (8, 9,
22-26). It seems fairly certain, therefore, that
plasma, red cell, and liver cholesterol, together
comprising approximately 15 g of cholesterol in
the average adult, are all part of the rapidly turn-
ing over pool (pool A). In addition, it is likely
that some of the cholesterol in several other viscera
[e.g., spleen, kidney, lung, intestines (9)] also

equilibrates with plasma cholesterol sufficiently
fast to comprise part of pool A. The remainder of
the cholesterol in these viscera, together with
most of the cholesterol in peripheral tissues [par-
ticularly skeletal muscle (8, 9) ], equilibrates more
slowly with plasma cholesterol and comprises the
more slowly turning over pool, pool B.

A significant, albeit limited, amount of informia-
tion about cholesterol metabolism can be deter-
mined by analyzing plasma cholesterol turnover
in terms of the general two-pool model (Fig. 2).
As discussed above, the parameters which can be
determined include the constants CA, Cal, a, and fi3
(see equation 1), the size of the first pool (MA),
the rate constants for the total rate of removal of
cholesterol from each pool (kAA an(l kBB), and the
production rate in pool A (PRA) (see reference 13
for complete discussion). An important parameter
which cannot be derived from the plasma choles-
terol turnover curve is the size of the second pool,
pool B. Gurpide et al. (13) have indicated that the
size of the second pool can only be determined
when either SA and kA or sB an(l k1l both equal
zero. Since the liver and the intestine are the ma-
jor organs involved in cholesterol biosynthesis, it
is certain that SA does not equal zero. It is also
highly unlikely that sly equals zero, since it is well
established that virtually all organs and tissues
are capable of carrying out cholesterol biosynthesis
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(27-29). The special conditions which may per-
mit the calculation of the size of the second pool
therefore do not apply to cholesterol turnover.
Accordingly, it is not possible to calculate the size
of the total body exchangeable pool of cholesterol
from the turnover curve of plasma cholesterol.

Another parameter which cannot be determined
in the general two-pool model (Fig. 2) is the meta-
bolic turnover rate of cholesterol (that is, the rate
of cholesterol degradation and excretion) in the
whole body. Several previous studies of choles-
terol turnover in man have estimated the total
metabolic turnover rate of cholesterol by assuming
that the late, linear portion of the plasma turnover
curve represents the half-life of the total body
miscible cholesterol. This procedure is not cor-
rect (13, 30) since the slope of the late, linear por-
tion of the turnover curve (a measure of 8 in
equation 1) has no precise physical meaning and
is a complex mathematical function of all of the
rate constants shown in Fig. 2.2 The metabolic
turnover rate of cholesterol can, however, be cal-
culated by assuming that kB, the rate of removal
of cholesterol from the system directly via pool B,
al)proximates zero. This assumption seems reason-
able since there is probably only a quantitatively
unimportant amount of cholesterol degradation
and excretion directly via the peripheral tissue and
organ pools which comprise pool B. The known
quantitatively important pathways of cholesterol
metabolism include the catabolism of cholesterol
to bile acids in the liver and the excretion of acidic
steroids and neutral sterols via the feces (7, 31-
33). The fecal sterols and sterol metabolites origi-
nate mainly in the liver and also partly in the in-
testinal mucosa. It has also been suggested re-
cently that a variable amount of sterol ring degra-
dation and loss occurs in the intestinal lumen
(34). It seems likely that these pathways of cho-
lesterol degradation and excretion originate al-
most completely in tissue pools which comprise
pool A.

As noted above, by assuming that kB equals
zero it is possible to calculate kA, kBA, and kAB.
By combining kA, the rate constant for the direct

2 The constants a and f8 can be expressed as quadratic
functions of the rate constants kAA, kBB, kAB, and kBA.
These functions can readily be derived from the follow-
ing expressions: a + ,8 =-(kAA + kBB); and ale =
kAAkBB - kAnkB.-

removal of cholesterol from pool A (and hence
from the system, since kB = 0), with the size of
pool A, the metabolic turnover of cholesterol from
the body, in grams per day, can be calculated
readily. This calculation can be omitted, however,
since it is evident from inspection of Fig. 2 that
the rate of cholesterol entry into and loss from the
system (i.e., the metabolic turnover rate) is identi-
cal with the production rate in pool A for the
special case where kB equals zero. This is, of
course, true only in the steady state. The produc-
tion rate in pool A, calculated according to equa-
tion (5), hence should provide a valid measure-
nment of the rate of cholesterol degradation and ex-
cretion in the whole body. The validity of this
interpretation of PRA depends, of course, on the
correctness of the assumption that kB equals zero.
Future studies, comparing the production rate
with the rate of cholesterol turnover as measured
by total balance methods, will be necessary in order
to determine whether or not the production rate
provides a valid estimate of the metabolic turn-
over rate of cholesterol.

The studies presented here illustrate the in-
formation which can be obtained by a two-pool
compartmental analysis of the turnover of plasma
cholesterol in man. In both normal and hyperlipi-
demic subjects, the first pool (pool A) was found
to contain approximately 25 g of cholesterol, and
the values of a and fB were found to be approxi-
mately 0.13 and 0.015, respectively. The mean
value for the production rate in pool A was 0.98
g/day for the hyperlipidemic and 1.35 g/day for
the normal subjects. Treatment with cholestyra-
mine minimally affected the size of pool A, de-
creased the half-lives of both exponentials to a
small extent, and greatly increased the production
rate in pool A and the rate of removal of choles-
terol from pool A. If we assume that the produc-
tion rate provides a valid estimate of the metabolic
turnover rate, then these results indicate that
cholestyramine produces a 100% increase in the
rate of cholesterol degradation and excretion from
the body.
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