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Summary. A method to measure the absolute values of the rate of cholesterol synthesis
in vivo in the organs of the rat has been described. Adult male rats were intravenously
infused for 3.5, 6 and 10 h with sodium 1-14(C)-acetate and the specific activity of expired
C02 was recorded during the experiment. Sterol radioactivities were measured in plasma,
lipoproteins and in various organs, the radioactivities in each organ being corrected for
cholesterol transfer. The rate of cholesterol synthesis in the intact rat and in each organ
was calculated from the radioactivities of the sterols synthesized, that of the acetyl CoA meta-
bolized and the rate of acetyl CoA utilization. The validity of the calculation has been
discussed. The results showed that the intestine was the major site of cholesterol biosynthesis
(about 50 p. 100). The participation of other tissues, such as skin (20 p. 100), liver (less than
10 p. 100), kidneys, bone marrow, colon and stomach (2-3 p. 100), was less important,
whereas that of all the other organs, particularly the adrenals, was very slight (0.2-1 p.100).

Introduction.

The rate of cholesterol synthesis in various tissues has been previously reported.
Measurement in vitro (Dietschy and Siperstein, 1967 ; Dietschy and Wilson, 1968 ;
Srere et al., 1950) probably led to erroneous results since naturally occurring regula-
tory mechanisms were suppressed in those conditions (Chevallier and Math6, 1976).
On the other hand, during experiments in vivo the measurement of labeled precursor
incorporation into sterols (Jansen et al.,1970 ; Popjak and Beeckmans, 1950 ; Schwenk
et at., 1955 ; Van Bruggen et al., 1953), without estimating the contribution of choles-
terol transfer between the plasma and the organs to the labeling, may have also
resulted in some cases in erroneous values. In these conditions, the liver was gene-
rally believed to be the major source of cholesterol biosynthesis (Kritchevsky, 1958).

Permanent cholesterol transfer between the plasma and the organs, and vice-
versa, explains why a part of organ cholesterol comes from the plasma and the cho-
lesterol synthesized in situ in the organs is released into the plasma. Thus, organ cho-
lesterol has a double origin : in situ synthesis and the plasma. Generally, most of the



organ cholesterol is of plasmatic origin (Chevallier, 1967). When a labeled precursor
is used in vivo, cholesterol transfer first involves the release of labeled cholesterol

(biosynthesized in an organ) into the plasma, and later the transfer of the plasma cho-
lesterol, thus labeled, into all the organs. Consequently, preliminary studies on cho-
lesterol transfer from the plasma to the organs are prerequisite to knowing the frac-
tion of the labeling corresponding to in situ synthesis. In our studies on the rat, we thus
used an isotopic equilibrium method to identify the organs which biosynthesized cho-
lesterol (intestine, colon, bone marrow, skin, kidneys, testis, brain) (Chevallier, 1956).
The proportion of cholesterol actually synthesized by an organ has been determined
using the same method : 15 p. 100 for the testis and intestine (2.6 mg for the intestine)
and 1 p. 100 for the liver (0.3 mg) (Chevallier et al., 1968). The purpose of the present
work was to define the rate of cholesterol synthesis in various organs of the rat.

The measurement of cholesterol synthesis rate in vivo implies the use of a labeled
precursor during short-term experiments. The amount of cholesterol transferred from
the plasma into each organ has already been measured by such experiments involving
the infusion of red cells (« red-cell » experiments) or plasma (« plasma » experiments)
containing labeled cholesterol (Chevallier et al., 1971 ; Giraud et al., 1976). In the

present study, a similar procedure was adopted which involved infusing rats with

1-14(C)-acetate solutions (« acetate » experiments). The kinetics of the changes in the
specific activities of free and esterified plasma cholesterol during the « acetate »
experiments were similar to those obtained in the « red-cell » experiments. We could
thus calculate by the transfer the amount of radioactivity originating from the plasma,
and deduce that of the sterols which were synthesized and remained in situ. The rate
of cholesterol synthesis in the intact animal and in each organ was determined from
these values. The method offers the advantage of furnishing absolute rates of synthe-
sis, whereas in the literature they are usually relative (Jansen et al., 1970 ; Popjak
and Beeckmans, 1950 ; Schwank et al., 1955 ; Van Bruggen et al., 1953). The intestine
again appeared to be the major site of cholesterol biosynthesis in the adult male rat.
A preliminary report of these results has been published (Chevallier and Magot,
1975).

Material and methods.

1. Experimental procedure. - Adult male Wistar rats weighing 330 ! 5 g were
used. They were maintained on a semi-synthetic diet after weaning (D’Hollander
and Chevallier, 1969). Eight days before the experiment, they were fed a cholesterol-
free diet (Chevallier et al., 1968). A catheter (PE 50 Intramedic polyethylene tubing)
was introduced into a branch of the jugular vein under nembutal anesthesia (0.12 mi/
100 g body weight) 3 days before the experiment, and was placed under the back skin
to emerge at the dorsal part of the neck ; its end was flame-sealed. The catheterized
rats could move normally in their individual cages. Those showing a perturbed die-
tary intake were excluded from the experiment. In each trial, an isotonic saline solu-
tion of sodium 1-14(C)-acetate was intravenously infused at a constant rate (0.2 ml/h)
with a Braun perfusor. The metabolism cages in which the animals were placed per-
mitted continuous measurement of expired 14CO2 (Chevallier et al., 1962) ; the expe-



riments lasted 3.5 (5 rats), 6 (5 rats) or 10 (7 rats) hours. Whatever the experimental
duration, the rats were always killed between noon and 2 p.m. by intraaortic punc-
ture, and the cardiovascular system washed 2 or 3 times with isotonic saline. Seventeen
organs or tissue fragments were removed and placed in ethanol. The heparinized
blood was centrifuged (2,200 g at 4 oC for 20 min), and the plasma and red cells were
recovered. The different plasma lipoprotein classes were isolated by ultracentrifuga-
tion (Giraud-D’Hollander et al., 1976) : VLDL (very low density lipoproteins) d <

1.006 ; LDL (low density lipoproteins) 1.006 < d < 1.040 ; HDL (high density
lipoproteins) d > 1.063.

The characteristics of acetyl CoA turnover were determined in 8 rats by decay
curve analysis of the specific activity of expired CO, after a single subcutaneous injec-
tion of trace amounts of 1-14(C)-acetate (50-200 yci in 0.1 ml of saline solution).

2. Chemical and isotopic methods. - Free and esterified cholesterol was separated,
and its specific activities were measured as previously described (Giraud-D’Hollan-
der et al., 1976). An additional precaution was taken since the present experiments
required the administration of a labeled cholesterol precursor : the free sterols

obtained by silicic acid column chromatography were saponified (as esterified sterols)
in order to eliminate non-sterolic labeled compounds (Chevallier and Rodriques
Branco, 1963). The sterol radioactivity of an organ was calculated by multiplying the
sterol specific activity by the mean sterol content of that organ, previously determined
in rats of the same strain, age and weight and fed the same diet (D’Hollander and
Chevallier, 1969).

3. Calculation of cholesterol synthesis rates.

In the intact rat. Acetyl CoA metabolism in the intact rat is shown is figure 1. Acetyl
CoA molecules were used in three kinds of metabolisms : cholesterol biosynthesis
(way S), degradation into CO,(way C), and various other metabolisms (way I). The
radioactivity of the infused acetate was distributed into the three ways R;, Rc and RI,



depending on their utilization rate (ms, me, and mI, respectively). The rate (mfj) of
overall acetyl CoA utilization was defined by the sum ms !- me + mI. The calculation
was based on the following three conditions : the acetyl CoA pool was homogeneous,
the sterol radioactivity eliminated from the system was negligible, and there was no
new formation of labeled acetyl CoA from the labeled compounds RI during the
experimental time ; in other words, mI was considered as isotopically irreversible.

Therefore, the calculation of the synthesis rate was based on the following : at
each time, the ratio of synthesized sterol radioactivity to that of metabolized acetyl
CoA was equal to the proportion between the amount of acetyl CoA used in sterol

synthesis and that in its overall metabolic pathway :

ms = rate of acetyl CoA utilization for cholesterol synthesis (mole of acetyl CoA/h) :
expressed in milligrams of cholesterol synthesized per hour
mu = rate of acetyl CoA utilization for overall metabolic pathways in the intact rat :
furnished by experiments involving 1-14(C)-acetate injection
RS = radioactivity of sterols synthesized in the rat
RU = radioactivity of metabolized acetyl CoA at the time the rats were killed, cal-
culated as the difference between the administered radioactivity (Ro-t) and that of the
acetyl CoA still unused at that time. The latter value was calculated by multiplying
the acetyl CoA pool size (M) by its specific activity. According to Pascaud (1963) and
taking into account the diet composition, we considered that 75 p. 100 of the CO,
molecules were provided by acetyl CoA degradation. Since acetyl CoA was labeled
only on carbon I, its specific activity (r) was given by the following relation :

In each organ. If the pool of acetyl CoA was homogeneous in the intact rat, the rela-
tionship (1) could be applied to each organ

where msi and Rgj are, respectively the rate of cholesterol synthesis and the activity
of the sterol synthesized in the organ. The relationships (1) and (3) gave

Therefore, the participation of an organ in cholesterol synthesis in the intact rat was
equal to the ratio of the radioactivity due to synthesis in that organ to that found in
the intact rat.

Before applying the relationship (4), it was necessary to subtract from the free
and esterified sterol radioactivities (RF and RE) that of transferred cholesterol, i.e.

coming from the plasma, either as a free (RPF) or an esterified (RPE) fraction. When
the time-course of the specific activity of free and esterified plasma sterols during



the « red-cell » experiments was considered as similar to that obtained during the
« acetate » experiments, the following relationship was applied to free cholesterol

where RPF and RPF are the radioactivities of the free plasma cholesterol in the « ace-
tate » and the « red-cell » experiments, and rpp and rPF are the corresponding
specific activities of free plasma cholesterol at the same time in these two experiments.
Data from the « red-cell » experiments have been previously published (Giraud-
D’Hollander et al., 1976). This relationship was applied to the free and esterified
cholesterol in each organ. The radioactivity of the sterols synthesized and remaining
in situ (RSF = RF - RPF and RSE = RE - RPE) was determined. The rates mSF
and msE were calculated with the relationship (4). The rate of synthesis in each organ
was initially defined by the sum mSF + msE.

Results.

1. - Specific expired C02 activities.

1-14(C)-acetate injection experiments. - The specific activity curve of 14C02 expired
by a rat after a single injection of 1-14C-acetate was decomposed into two exponential
functions (K = 1.37 ! 0.05 h-I and K’ = 0.13 ! 0.02 h-1) (fig. 2). The fast exponen-

tial corresponded to overall acetyl CoA utilization. The ratio of the value of injected
acetate radioactivity to specific acetyl CoA activity, obtained by extrapolating this

exponential to zero time, furnished the pool size (M) of acetyl CoA. The turnover rate
of acetyl CoA (mu) was calculated from mu - K. M. The values of M and mu obtained

by this method were 3.06 ! 0.3 mM and 4.2 ! 0.6 mM/h.



1-1’(C)-acetate infusion experiments. - The specific activity of CO2 expired by a rat
during 1-14(C)-acetate infusion experimentation increased, reaching an equilibrium
value after 3 h of infusion (fig. 3). The measured equilibrium value was proportional

to the rate of infused radioactivity. An equilibrium value of 1 ¡LCi/1 p. 100 CO2 was

obtained by 1-14(C)-acetate infusion at a mean rate of 24.4 ! 2.0 ¡LCi/h. Since that
acetate infusion rate was variable in the different experiments, the crude radioactivities
were corrected to the above specific equilibrium activity of 14C02. Under these condi-
tions, the administered activities (Ro-t) were 188 ! 22.106, 322 ± 37.106 and

537 ! 62.106 dpm for 3.5, 6 and 10-hour infusion times, respectively.

2. - Cholesterol radioactivity and specific activity in the organs, plasma and intact
animal.

Specific activities of free and esterified plasma cholesterol increased with time
(fig. 4), showing the transfer of synthesized organ cholesterol to the plasma. The spe-

cific activities of the free and esterified cholesterol in lipoproteins were expressed as
the percent of that of free plasma cholesterol (table 1). HDL cholesterol labeling was
nearly identical in the « acetate » and the « red-cell » experiments ; that of LDL was
higher in the former. This difference was greater in the VLDL, especially for esterified
cholesterol (Giraud-D’Hollander et al., 1976).



The radioactivities of the free and esterified cholesterol (RF and RE) of each
organ and of the intact animal were calculated for the three experimental durations,

but are presented for only 3.5-hour infusion (table 2). The radioactivity values of
free sterols, transferred from the plasma (RPF) and synthesized in situ (RSF = RF -
RPF) in each organ, are shown in the same table as those of esterified cholesterol

(RPE and RSE). The contribution of free and esterified cholesterol transfer was espe-
cially important in liver, muscle, lung, adipose tissue and adrenals. In the intestine

the radioactivity of free biosynthesized cholesterol (RsF) nearly reached an equili-
brium value after 10 hours of infusion (fig. 5), suggesting that this cholesterol turned
over several times. The RSF curve for the liver did not show such a clear result (fig. 5),









not transferred elsewhere : into the plasma of an organ or into the external medium
of the organism. Taking into account the elimination rates of cholesterol and bile
acids (Chevallier and Lutton, 1966), the radioactivity elminated represented about
only 0.4, 0.5 and 1 p. 100 of the total sterol radioactivity contained in the animal after
3.5, 6 and 10 hrs of infusion.

For each organ, the relative amount of cholesterol transferred into the plasma
increased with the time-course of the experiment. So, after 10, 6 and 3.5 hrs the radio-
activity of synthesized cholesterol transferred into the plasma (radioactivity of plasma
cholesterol -! L RPF of organs) reached 27, 16 and 12 p. 100, respectively, of the ste-
rol radioactivity of the intact animal (table 2). To correct the initial results, it was

admitted that the flow of synthesized cholesterol from a given organ into the plasma
(msp) was proportional to the rate of its synthesis in that organ. Thus, the radioacti-
vity of synthesized cholesterol transferred into the plasma was distributed in the organs
in proportion to their initially calculated synthesis rates (mgp -I- msE ; table 3). The
rate of synthesis (ms) in each organ was therefore defined by the sum msp + msE +
msp. The participation of the intestine and the liver in body cholesterol synthesis
decreased progressively with the infusion time (intestine : 49.1, 48.8, 43.1 p. 100 ;
liver : 13.2, 8.6, 6.9 p. 100). Considering that the error in the calculation of the syn-
thesis rates increased with increasing experimental time (see paragraph B), only
the results obtained with the shortest experimental time (3.5 h) are discussed.

D. - The radioactivity of sterols synthesized in situ and remaining in the organ
was obtained after subtracting the radioactivity appearing by transfer from the
plasma from the total sterol radioactivity. This calculation was correct only if the
time-course of plasma cholesterol labeling was the,same in the two experiments
(labeled acetate infusion and labeled cholesterol infusion). Two types of labeled cho-
lesterol were infused, either by « red-cell » or « plasma » infusion (Chevallier et
al., 1971 ; Giraud-D’Hollander et al., 1976). The ratios of the specific activities of

esterified cholesterol to those of free cholesterol in the « red cell » and the « acetate »

experiments were similar (17, 32 and 36 p. 100, respectively, instead of 27, 38 and
45 p. 100 for the 3 infusion times). On the contrary, the specific activity of esterified
plasma cholesterol in the « plasma » experiments exceeded that of free cholesterol.
Only the « red-cell » experiments could be used for the transfer correction.

The validity of this correction also implied that the time-course of the specific
cholesterol activity in each lipoprotein class would be the same in the two types of
experiments because some organs might preferentially metabolize a certain class

of lipoproteins ; for example, the adrenals might prefer LDL cholesterol (Giraud-
D’Hollander et al., 1976) and the liver VLDL (Eisenberg and Rachmilewitz, 1973 ;
Eisenberg et al., 1973). This was not a problem in regard to the adrenals since the
relative specific activities of LDL cholesterol were not very different in the « acetate »
and « red-cell » experiments. The relative specific activities of free and esterified
cholesterol of VLDL, however, were respectively 2 and 40 times higher after 3.5 hrs
of acetate infusion than after the same time of red cell infusion (Giraud-D’Hollander
et al., 1976). Therefore, in the liver, the contribution of transferred cholesterol was

largely underestimated. If, for transfer correction, the specific activity of free choles-
terol of the VLDL is used instead of that of the plasma, the participation of the liver





necessarily overestimating cholesterol synthesis in the liver, the intestine behaves as
the major organ for cholesterol biosynthesis.
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Résumé. Une méthode de mesure des valeurs absolues de la vitesse de synthèse du
cholestérol dans les organes du rat in vivo est décrite. Des rats mâles adultes reçoivent une
perfusion intraveineuse d’acétate 1 14C de sodium pendant 3,5, 6 et 10 h. La radioactivité
spécifique du C02 expiré est enregistrée en continu pendant l’expérience. Les radioactivités
des stérols du plasma, de chacune de ses lipoprotéines et de différents organes sont mesu-
rées. Pour déterminer la radioactivité des stérols réellement synthétisés dans un organe,
on tient compte des échanges de cholestérol entre lui et le plasma. La vitesse de synthèse
du cholestérol dans le rat entier et dans chaque organe est calculée à partir des radoiacti-
vités des stérols synthétisés, celle de l’acétyl CoA métabolisé et de la vitesse d’utilisation de
l’acétyl CoA. Les résultats montrent que l’intestin est le site majeur de la synthèse du cho-
lestérol (environ 50 p. 100). La participation des autres tissus est moins importante : peau
(20 p. 100), foie (moins de 10 p. 100), rein, moelle osseuse, côlon et estomac (2-3 p. 100),
tandis que celle de tous les autres organes, particulièrement les surrénales, est très faible.
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