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ABsTRACT The possibility that the intestinal
wall serves as a biosynthetic site for serum cho-
lesterol has been examined in two types of studies
in the squirrel monkey. First, animals were fed
cholesterol in order to inhibit cholesterol synthesis
in the liver, and the intestinal lymph ducts were
cannulated. After the administration of acetate-2-
14C it was possible to demonstrate that cholesterol
synthesized by the intestinal wall enters intestinal
lymph and thereby in the intact animal enters the
circulating pool. Second, an attempt to quantitate
the significance of this intestinal contribution has
been made in animals fed cholesterol-3-*H and in-
jected with cholesterol-4-*C for long periods.
By an application of the technique of analysis uti-
lizing the isotopic steady state we estimated as a
minimal value that in the squirrel monkey 1.5-2.0
mg of cholesterol synthesized in the intestinal wall
reaches the circulation each day.

INTRODUCTION

Although cholesterol is synthesized in the adult by
virtually all tissues with the exception of the cen-
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tral nervous system (3, 4), it has generally been
assumed that serum cholesterol is synthesized pre-
dominantly by the liver or derived from the diet
(5). Recent experiments-in several laboratories,
however, have demonstrated that a variable por-
tion of circulating cholesterol is synthesized in the
rat, dog, monkey, and man in tissues other than
the liver (6-10) ; this evidence has been obtained
from studies in which diets rich in radioactive cho-
lesterol have been fed for long periods until the
specific activity of serum cholesterol approaches a
plateau or steady state. It is well known that the
feeding of dietary cholesterol almost completely
inhibits the synthesis of cholesterol by tissue slices
of liver in these species (11-15). If liver were the
only biosynthetic source for circulating choles-
terol, then in the steady state the specific activity
of serum cholesterol should equal that of the diet
when hepatic synthesis is suppressed. In the dog
and rat the specific activity of serum cholesterol
approximates 85-90% of that of the diet in the
steady state, and hence only about 10-15% of the
circulating pool is synthesized within the body
when hepatic synthesis is suppressed (6, 7). In
man, on the other hand, the specific activity of se-
rum cholesterol never exceeds 40% of that of the
fed cholesterol (8, 9). This phenomenon could be
the result of an incomplete or absent hepatic cho-
lesterol negative feedback in man, or it could be
due to the fact that the extrahepatic tissue(s) of
man are quantitatively more important as biosyn-
thetic sites for circulating cholesterol than is the
case in lower animals. Since the feeding of a high
cholesterol diet has been reported by Bhattathiry
and Siperstein (14) to suppress effectively hepatic
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cholesterologenesis in man and since this feedback
relationship has been confirmed both by in vivo and
in vitro studies in human subjects by Fujiwara
and coworkers (16), it is reasonable to conclude
that some tissue(s) other than liver must synthe-
size 60% of the circulating cholesterol in man un-
der these conditions of high dietary cholesterol.

Recent studies in this laboratory have demon-
strated that the intestinal wall, which does not
possess a cholesterol negative feedback system,
serves as a significant biosynthetic source of the
circulating cholesterol in the rat (17). However,
the biosynthetic site in man of the much larger
endogenous contribution to the circulating choles-
terol when hepatic synthesis is inhibited has not
yet been identified.

Since a dissection of the blosynthetw sources of
circulating cholesterol in man is not practu:al use .

has been made of the squirrel monkey, a primate
which demonstrates an effective hepatic negative
feedback system when cholesterol is fed (18). In
the experiments to be described in the present re-
port, evidence has been obtained that the quanti-
tative relation between endogenous and exoge-
nous sources of serum cholesterol in this species
resembles that of man when diets high in choles-
terol are fed. Furthermore, it has been possible
to demonstrate that cholesterol synthesized in the
intestine does contribute to the circulating pool and
that little endogenously synthesized cholesterol
reaches the serum of the cholesterol-fed monkey
when the intestinal contribution is diverted from
the circulation. Finally, in animals fed cholesterol-
3-*H and injected with cholesterol-4-**C the quan-
titative importance of the intestine as a biosyn-
thetic source for circulating cholesterol has been

estimated ; under circumstances of both low and’

high cholesterol intake the minimal value for this
contribution is of the order of magiitude of 2 mg/
day. It is concluded, therefore, that the intestine is
a biosynthetic site of serum cholesterol in this
species and may represent a significant source of
endogenous cholesterol in the cholesterol-fed
animal.

METHODS

Male and female Samiris monkeys of a variety of
strains, weighing 390-780 g, were used in these experi-
ments. The animals werc quarantined. for at least 1 wk
before the beginning of the experiments, during which
time they were allowed free access to Purina monkey
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chow and drinking water containing tetracycline (100 mg/
liter). Intestinal lymph duct cannulations were per-
formed in the animals as a part of two different types of
experiments—analyses of the appearance of cholesterol-''C.
in tissues and body fluids after the single dose adminis-
tration of acetate-2-“C and studies of "the specific ac-
tivity of tissue and body fluid cholesterol in animals fed
and injected with radioactive cholesterol for long periods.

Intestinal Iymph duct cannulation. The anatomy of the
lymphatic drainage of the intestine of the new-world
monkey has been described in some detail by Silvester
(19). In brief, a central lymphatic duct empties directly
into the inferior vena cava just above the entry of the
left renal vein; usually, 1-3 ancillary channels empty
into the main duct just before its entry into the vena cava.
Occasionally, the ancillary duct(s) independently anasto-
mose into the vena cava, and, rarely, a separatc channel
can be demonstrated to enter into the left remal vein.
Cannulation of the central intestinal lymphatic channel
was performed as described by Bollman, Cain, and
Grindlay: (20) under ether anesthesia; when visible,
ancillary lymphatic: channels which did not empty into

-the main duct wére ligated. At the time of operation

cannulae were alsé placed,in the femoral artery and vein
and in some experiments:in both -the proximal and distal
portions of the bile duct. The animals were then placed in
Rothman restraining devices and allowed to recover.
During the procedure 5% glucose in isotonic salinc
(0.85%) or Ringer’s lactate (20 ml) was administered
intravenously ; subsequently, 5 ml of the glucose-saline
solution was given at 8-hr intervals, and the animals
were allowed free access to water. Most animals tolerated
the operation and subsequent restraint for the 36-48 hr
duration of these experiments; whereas in the carly ex-
periments animals frequently died, this could almost in-
variably be prevented by giving adequate intravenous
fluids.

Acctate-2-**C studies. In preparation for these studies
animals were fed one of two dicts for 3-6 wk. The low
cholesterol diet consisted of Purina monkey chow sup-
plemented with 7% triolein; the diet was shown by di-
rect analysis to have a cholesterol content of less than
40 ug/g (corresponding to a cholesterol intake of 0.8-1.4
mg/day in these studies). The high cholesterol diet con-
sisted of Purina monkey chow supplemented with 7 g of
triolein and 1 g of cholesterol/100 g of diet (correspond-
ing to a cholesterol intake of 200-500 mg/day). The ani-
mals were housed in individual cages, and a record of
food consumption for each day was kept. Only animals
whose food intake was between 20-50 g/day were sub-
jected to operation.

After lymph duct cannulation the monkecys were al-
lowed to recover for 5-20 hr. 100 uc of sodium acetate-
2-*C (New England Nuclear Corp, Boston, Mass.
specific activity 1 mc/41 mg) was dissolved in isotonic
saline and injected intravenously. Total lymph and inter-
mittent arterial blood samples (2 ml) were collected at
intervals for periods of time up to 2 days. In order to
enhance the flow of lymph during these studies we ad-
ministered 5 ml of whole, beaten egg every 8 hr by



stomach tube. In two experiments 15 mM sodium tauro-

cholate was .infused into the distal portion of the com- -

mon bile duct at a rate of 1 ml/hr via a Braun infusion
pump, and excreted bhile was collected from the proximal
bile duct cannula, along with the lymph and blood samples.
At the end of the experiments the lymph, serum, bile, and
carcass were analyzed for cholesterol-*C and cholesterol
content.

Cholesterol-4-*C and cholesterol-3-*H studies. Two
formula diets were utilized in these studies. For the ex-
periments in which the cholesterol source was egg yolk,
eggs were obtained from laying hens injected with cho-

lesterol-4-*C and mixed in one large batch with fresh

eggs as previously described (9); the final cholesterol
specific activity was 640 cpm/mg. The formula for this
diet consisted of egg mixture, 600 g; sucrose, 45 g; gela-
tin, 120 g; Hawk-Oser Salt Mix (Nutritional Biochemi-
cals Corporation, Cleveland, Ohio), 4 g; ferrous sulfate,
1 g; and added vitamins. Each animal was given 30 ml
of this diet by stomach tube twice daily. Each day’s intake
contained 120 kcal, (6 g of fat, 8 g of carbohydrate, and
9 g of protein), and 249 mg cholesterol. Because in some
animals the egg diet caused a mild but persistent diar-
rhea, a milk formula was utilized for the later studies.
This diet contained Lactum powder (Mead Johnson &
Co., Evansville, Ind.), 300 g; water, 300 ml; added vita-
mins; and ferrous sulfate, 100 mg, in which was ho-
mogenized varying amounts of cholesterol-3-*H (New
England Nuclear Corp.). Animals were given 20 ml of
this mixture twice a day (97 kcal, 4 g of fat, 4 g of pro-
tein, and 11 g of carbohydrate/day) ; in this study 50 uc
of cholesterol-4-*C (New England Nuclear Corp.) dis-
solved with the aid of Tween 40 (polyoxethylene sorbitan
monopalmitate) (21) was given to each animal intrave-
nously at the start of the experiment.

After the initiation of these tube feeding studies, 2 ml
of blood was drawn from the femoral vein of unanesthe-
tized animals at intervals for periods up to 8 wk, and
the serum was' separated and stored for subsequent
cholesterol analysis. At the end of the experimental pe-
riod, cannulations of the intestinal lymph duct were per-
formed 2-5 hr after the morning feeding, and lymph was
collected for 2-hr intervals.

Cholesterol analysis. Serum, lymph, and bile choles-
terol specific activity and content were measured as fol-
lows: 0.5 ml aliquots of serum and the entire lymph and
bile samples were saponified with 0.5 ml of 10 N KOH in
an autoclave for 30 min at 15 lb. pressure. An equal vol-
ume of ethanol was added, and the solution was brought
to boil on a steam bath. Neutral sterols were then ex-
tracted two times with 10 volumes of petroleum ether,
and the extracts were taken to dryness. After dissolving
the residue in acetone-alcohol (1:1) cholesterol digi-
tonides were then formed, washed, and dried by the method
of Sperry and Webb (22). The cholesterol digitonides
were dissolved in 4.4 ml of methanol; one ml aliquots
were added to 0.4% diphenyloxazole in toluene and as-
sayed for radioactivity in a Packard liquid scintillation
spectrometer, and one ml aliquots were assayed for cho-
lesterol content (22). Each determination was performed

in duplicate. Samples containing both *C and *H were
analyzed in a dual channel spectrophotometer under cir-
cumstanzes in which <0.3% of the *H counts observed
in the *H channel were observed in the *C channel.

For the diet analyses, weighed aliquots of the various
diets were homogenized in an excess of chloroform-
methanol (2:1) which was subsequently brought to a
boil on a steam bath and filtered. Aliquots of the filtrate
were saponified and analyzed for cholesterol radioactivity
and content as described above. The petroleum ether ex-
tracts were also analyzed by gas-liquid chromatography
on a 1% neopentyl glycol succinate column (230° C, with
an argon flow of 100 ml/min) ; in the diets containing
monkey chow, a variety of plant sterols were shown to be
present (estimated at 100 ug/g). Only cholesterol was
demonstrated in the case of the egg and milk formulas;
consequently, it was concluded that the analysis of spe-
cific activity of the digitonides did in fact represent the
specific activity of the fed cholesterol in the case of the
liquid diets. )

In some experiments the animals were dissected,
and tissue cholesterol-*C was determined. The liver,
washed intestinal wall (stomach, small intestine, and
colon), intestinal contents plus all feces excreted during
the lymph collection, gall bladder bile plus any bile col-
lected during the experiment, pooled viscera (heart,
lung, kidneys, spleen, adrenals, ovaries or testes, and
pancreas), and the residual entire carcass (skeleton,
muscles, adipose tissue, brain, skin, etc.) were saponified
separately in ethanolic KOH (0.5 g of KOH/g of tis-
sue was added to 100% EtOH) on a steam bath. Mea-
sured aliquots of the mixture were analyzed for cho-
lesterol-*C and content as described above.

In order to characterize the sterols present in this
species, we performed two types of experiments. First,
the neutral sterol fractions from 21 different tissues were
analyzed by gas-liquid chromatography with 6 ft columns
containing 3% QF-1 (methyl fluoroalkyl silicone) on Gas-
Chrom Q at a column temperature of 230°C and an argon
flow of 100 ml/minute (23). Under these conditions a
peak corresponding to cholesterol was the only identifiable
sterol peak in all tissues except for skin and hair, in
which a second peak was present, corresponding to 0.73
and 0.14 out of 3.25 and 2.44 mg of total sterol/g of tis-
sue; the second peak in these tissues had the chromato-

" graphic properties both in this system and on thin-layer

chromatography (24) of A’-cholestenol. Second, free
sterols were regenerated by the method of Sperry (25)
from the digitonide precipitates of serum and lymph
obtained from a monkey 3 hr after the administration of
acetate-2-**C. This free sterol-¥C was then analyzed by
thin-layer chromatography in two systems. After chro-
matography on 20 X 40 cm plates of silica gel H with
benzene-ethyl acetate (5:1), a system which gives good
separation of four major groups of sterols (cholesterol
plus cholestanol, lanosterol, A’-cholestenol, and A’- plus
A®-methostenols), 77 and 76% of the radioactivity was
recoverable in the cholesterol-cholestanol area; the re-
mainder of the radioactivity was present solely in the
A’-cholestenol area (24). Aliquots of the free sterol-*C
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were also chromatographed on 20X 20 cm plates of
silica gel H containing 12% silver nitrate in benzene-hex-
ane (15:85) for 36 hr, a system which separates cho-
lestanol from unsaturated sterols (24); under these
circumstances 96 and 97% of the radioactivity from se-
rum and lymph was recovered in the cholesterol area. It
was concluded from these studies that cholesterol is the
major sterol of serum and lymph and that cholesterol-**C
constitutes the principal radioactive sterol in serum and
lymph after the administration of acetate-2-**C to this
monkey.

RESULTS

The possible significance of the intestinal wall as
a source of circulating cholesterol in the squirrel
monkey was first examined in the type of experi-
ments shown in Fig. 1. Female squirrel monkeys
were fed for 21-42 days diets either low in cho-
lesterol content or containing 1% cholesterol, a
concentration known to suppress hepatic synthesis
in this species (18). Intestinal lymph duct cannu-
lations were performed, and the animals were
placed in restraining devices. Acetate-2-*C was
injected intravenously, and lymph and blood sam-
ples were collected intermittently for 24-37 hr and
subsequently analyzed for cholesterol content and
14C. This type of experiment permits the isola-
tion of any contribution of the intestinal wall to
the circulating cholesterol, since, as has been dem-
onstrated by Swell and his associates, the intestinal
lymphatic drainage serves as the sole channel for
cholesterol egress from the intestine into the circu-

HiGH CHOLESTEROL LOW CHOLESTEROL

lation (26). The results of four such experiments
are illustrated in Fig. 1. Cholesterol specific ac-
tivity is plotted on the vertical axis, time on the
horizontal axis. In the animals fed a high choles-
terol diet, and as a consequence whose hepatic syn-
thesis is suppressed, almost no radioactive cho-
lesterol appeared in the blood stream after acetate-
4C administration. A marked rise in the specific
activity of lymphatic cholesterol occurred, how-
ever, reaching a peak after 15-20 hr. The situation
is strikingly different in the animals fed a low cho-
lesterol diet and whose hepatic synthesis was unim-
paired ‘(the right panels). The specific activity of
both serum and lymph cholesterol rose promptly
and achieved equilibrium after a few hours. At all
time intervals studied in the animals fed the high
cholesterol diet the specific activity of lymph cho-
lesterol is greater than that of the serum, exclud-
ing the possibility that the lymphatic cholesterol

is derived from blood.
That the lymphatic cholesterol of the cholesterol-

fed animal could not have been derived from the
bile is shown in Fig. 2. In this experiment, in ad-
dition to the serial sampling of lymph and blood,
cannulae were placed in both the distal and proxi-
mal ends of the bile duct, and sodium taurocholate
was infused into the distal portion of the duct in
order to keep the enterohepatic circulation intact
while bile was collected from the proximal end. The
change with time in the specific activity of cho-

Fiure 1 Influence of dietary cholesterol on
the appearance of cholesterol-*C in lymph and
blood after the injection of acetate-2-C. Fe-
male squirrel monkeys (470-780 g) were fed

chow diets either low or high in cholesterol
content. Lymph duct cannulations were per-
formed; after a recovery period of 5-20 hr,
acetate-2-*C was injected intravenously, and
blood and lymph samples were collected at in-
tervals and analyzed for cholesterol content.and
“C as described in the text. The total body
analyses of residual tissue cholesterol-*C are
described in Table 1. The animal numbers (1-4)
correspond to the designations in Table I.
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lesterol in bile, lymph, and serum of two animals
fed either high or low cholesterol is plotted in the
upper panels (@), and the cumulative excretion
of cholesterol-*C into lymph and bile by these
same animals is shown in the lower panels (b).
In the animal fed a high cholesterol diet, the spe-
cific activity of both blood and bile cholesterol re-
mained almost undetectable, whereas a marked
rise occurred in the specific activity of lymphatic
cholesterol. In the animal fed a low cholesterol
diet, on the other hand, the specific activity of
blood, lymphatic, and biliary cholesterol rose
promptly within the first 2 hr and reached similar
values after 14 hr. The specific activity of lympha-
tic cholesterol in the animal fed low cholesterol in
this experiment (No. 6) as in the previous ex-
periments (Nos. 3 and 4) was considerably
higher than in the animals with a high cholesterol
intake (Nos. 1, 2, and 5) ; that this discrepancy
is due to expansion of the cholesterol pool of lymph
by cholesterol feeding rather than to a partial in-
hibition of the intestinal synthesis of cholesterol
synthesis is suggested by the cumulative choles-
terol-1¢C plot of the data (panel b). Little differ-
ence could be detected in the total excretion of cho-
lesterol-*C in lymph between the two animals
(2374 and 2886 cpm, respectively), despite the
marked discrepancy in specific activity. Since
blood and bile could not have served as the source

of the lymphatic cholesterol in the animal fed the
high cholesterol diet, it was concluded from these
experiments that the intestine is a site of synthesis
for lymphatic cholesterol in the cholesterol-fed
monkey and that when this intestinal contribution
is excluded from the circulation of the cholesterol-
fed animal, virtually no endogenously synthesized
cholesterol reaches the circulation during the
first 36 hr after acetate-*C administration.

This interpretation of the intestine as a bio-
synthetic source for serum cholesterol is sup-
ported by the type of experiment shown in Fig. 3.
In these studies, six animals were fed a high cho-
lesterol diet for 3-6 wk. In three animals (shown
on the left) an intestinal lymph duct cannula-
tion was performed, while in the other animals
only sham operation was performed. As before, af-
ter acetate-2-1*C administration, cholesterol-*4C
was not detected in the serum in significant quan-
tities but appeared promptly in the lymph of cho-
lesterol-fed animals. However, in the sham-oper-
ated animals with an intact lymphatic circulation
considerable radioactive cholesterol did reach the
blood stream of the cholesterol-fed animals. Thus,
cholesterol feeding prevents cholesterol of en-
dogenous origin from reaching the blood stream
only if the intestinal contribution is simultaneously
diverted. Furthermore, these experiments sug-
gest that cholesterol synthesized in the intestine
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not only reaches the circulation but that it might
be a significant endogenous source of serum cho-
lesterol in the cholesterol-fed animal.

However, it is difficult to draw conclusions
about the quantitative importance of the intestine
as a biosynthetic site for cholesterol from this type
of experiment for a variety of reasons. Results
from single injections of acetate-**C do not neces-
sarily furnish a reliable insight into rates of syn-
thesis because of variations in the pool sizes of
the intermediates in cholesterol synthesis and be-
cause of different rates of oxidation and turnover
of both acetate and cholesterol among various tis-
sues. In addition, the operative and restraint pro-
cedures used in these studies doubtlessly influence
adversely a variety of parameters. For example, in
two of the experiments shown in Fig. 3 (animals
10 and 12) cholesterol-**C reached the blood
stream faster than would be expected from the
lymph cannulation studies. It is likely that this
difference is due to inhibition of lymphatic flow and
the necessity of ligating some ancillary lymph chan-
nels during the operative procedure. That such an
effect may indeed be significant is illustrated by the
cunulative data for animals 1-12 summarized in
Table I. By the end of the experimental period
only a small percentage of the total intestinal cho-
lesterol-1*C has appeared in lymph. While the
turnover rate of intestinal cholesterol in this spe-
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cies has not been determined, this rather small
delivery of cholesterol is probably due, in part at
least, to the fact that the lymph flows (0.33-1.13
ml/hour) are smaller than would be expected
from animals of this size, that the animals do not
always tolerate the period of restraint well, and
that the cannulation procedure itself may, by de-
pleting the animals of albumin and other proteins,
inhibit cholesterol transfer into lymph. Conse-
quently, it is possible that the significance of in-
testinal contribution to the circulation might be
either under or overestimated by this type of
experiment.

For this reason, the experiment shown in Fig.
4 was performed. Four monkeys were fed by
stomach tube, twice daily, constant amounts of a
formula diet rich in cholesterol-4-*C. The serum
cholesterol specific activity was monitored with
time and -approached plateaus after 20-30 days.
At this time only 50-65% of the serum cholesterol
was derived from the diet, the remainder coming
from endogenous sources. This relation between
endogenous and exogenous sources of circulating
cholesterol when large amounts of cholesterol are
fed is similar to that reported by Mann for the
Lagothrixz and Cebus monkeys (10) and is similar
to the situation in man (7-9). In the present study,
intestinal lymph duct cannulations were performed
after 38-49 days of cholesterol-**C feeding, and
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IFicure 4 Biosynthetic origin of serum cholesterol in the
monkey fed diets rich in cholesterol-4-*C. Two male (A
and O) and two female (A and @) squirrel monkeys
were fed by stomach tube twice a day 30 ml of the egg-
formula diet containing 249 mg of cholesterol-4-*C (649
cpm/mg) for 38-49 days. Blood samples were drawn
from the femoral vessels at intervals, and at the end of
the diet the specific activity of serum, intestinal lymph,
and dietary cholesterol was determined as described in
the text. Average weight increased from 613 g at the
beginning to 706 g at the end of the study, and serum
cholesterol rose from an average of 131-148 mg/100 ml
during the study. The percentage of the lymph cholesterol
derived from the diet

[lymph cholesterol-“C (cpm/mg)/

dietary cholesterol-"C (cpm/mg) X 100]
was 61 = 3% and the percentage of the serum cholesterol
derived from the diet

[serum cholesterol-“C (cpm/mg)/
dietary cholesterol-*C (cpm/mg) X 100]
was 65 * 6%.

intestinal lymph was collected for 2 hr and assayed
for cholesterol specific activity. The specific ac-
tivity of lymphatic cholesterol was 61 = 3% and
that of serum 65 = 6% of the fed cholesterol-*4C.
Thus, in the isotopic steady state, sufficient dilu-
tion of the dietary cholesterol occurs before the
intestinal lymph is reached to account for the
entire body dilution.

That the dilution probably occurs between in-
testinal lumen and intestinal lymph is suggested by
the experiment shown in Fig. 5. In this experi-
ment, the cholesterol specific activity was moni-
tored in the isotopic steady state not only in
intestinal lymph and serum ‘but at various levels
of the lumen of the gastrointestinal tract 5 hr after
feeding. It is apparent that at this time relatively
little dilution has occurred in the small intestine
from biliary cholesterol, the principal drop in spe-
cific activity occurring as the intestinal wall is
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¢rossed. Thus, dilution of dietary cholesterol-14C
with cholesterol in the intestinal wall might be suf-
ficient to account for all of the endogenous cho-
lesterol synthesized in the cholesterol-fed animal.

However, this type of experiment, too, must be
interpreted with caution since some other slowly
exchanging pool might contribute endogenous cho-
lesterol into the circulation and ultimately into
lymph so that in the steady state the drop in spe-
cific activity between intestinal lumen and lymph
need not be entirely the consequence of locally
synthesized cholesterol. Therefore, in hopes of
estimating the intestinal contribution more reliably
a third type of experiment was performed (Fig. 6).
A group of squirrel monkeys was injected with
cholesterol-4-1*C and fed formula diets with either
a high or low content of cholesterol-3-*H for 45-49
days. As before, the serum cholesterol specific ac-
tivity for the fed isotope approached a plateau after
20-30 days of feeding. The decay in the specific
activity of the injected isotope (**C) was relatively
linear on a semilog plot during the last 20 days of
the studies. Thus, while a steady state is not
achieved with the injected isotope, it is entirely
reasonable to assume that the rapidly miscible
pools are in equilibrium with that of serum after

INTESTINAL INTESTINAL
TRACT LYMPH SERUM
zx?: IOO sromach\ -~
& 751
83
elz ‘) oy
32 50 Small
3l Intestine 5
32
HE L
<9
Lle
I3 1 1 1 1 Colon
it % 14 28 a4z 56
TIME (Days)
a b

FFicure 5 The site of dilution.of dietary cholesterol with
endogenous cholesterol in the isotopic steady state in the
monkey. a, Change in the specific activity of serum cho-
lesterol with time during the feeding of cholesterol-4-*C
for 56 days. b, Change in the specific activity of choles-
terol-4-*C between the lumen of the gastrointestinal
tract, the intestinal lymph, and the serum on day 56. A
female monkey, weighing 415 g, was fed the egg-formula
diet as described in Fig. 4. On day 56, an intestinal
lymph duct cannulation was performed, and lymph was
collected for 214 hr. The animal was then killed, and the
specific activity of cholesterol-*C was determined at vari-
ous levels in the gastrointestinal (GI) tract and in the
lymph and serum samples. The sampling of the GI tract
was performed 5 hr after the last feeding.
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Ficure 6 Change in specific activity of serum choles-
terol with time in monkeys fed cholesterol-3-*H and in-
jected with cholesterol-4-*C. a, Low cholesterol diet.
b, High cholesterol diet. Squirrel monkeys (5 female and
2 male) were tube-fed milk-formula diets with either a
low or high content of cholesterol-3-°H for 45-49 days.
Cholesterol-4-"*C (50 pc) was injected at the start of the

experiment. Blood was collected at intervals and analyzed.

for the specific activity of both the *H and ™C isotopes.
At the end of the experiment, lymph duct cananulation was
performed, and a varicty of dnalyses were made as de-
scribed in Table II. ' '

the first 20 days (27, 28) and that for the purposes
of the subsequent calculations of serum contribu-
tions to the lymph the decay of the two pools can
be assumed to be parallel. At the end of the 45-51
day period of study, cannulation of the intestinal
lymph duct was performed, and the specific activ-
ity of the two isotopes of cholesterol determined.
The results of the seven double isotope experi-
ments in which the lymph duct cannulation was
successful are summarized in Table II. In this
study, in which the high cholesterol diet contained
400 rather than 250 mg of cholesterol/day the
average serum cholesterol rose from 150 to 294
mg/100 ml, and the per cent of cholesterol derived
from the diet averaged 8.8 and 73.6% for the low
and high diets, respectively. From the lymph
analyses, a variety of estimations were possible.
When calculated on a 24 hr basis the cholesterol
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content of lymph rose from 12 mg to 31 mg (line
A). The per cent of lymph cholesterol derived from
serum

[lymph cholesterol-*C (cpm/mg)/
serum cholesterol-*C (cpm/mg) X 100]

was similar in the animals fed the two diets,
85.8 and 76.9% (line B) whereas the per cent of
lymph cholesterol derived ultimately from the diet

[lymph cholesterol-*H (cpm/mg)/
dietary cholesterol-*H (cpm/mg) X 100]

rose from 114 to 70.5 (line C). When these
figures (B and C) are utilized to determine the
percentage of lymph cholesterol newly derived from
the intestinal wall [100 — 100 (B + C —BC)|,
i.e. the total .amount of lymph cholesterol minus
that derived from diet and serum, corrected for
that which has previously been absorbed from the
diet and recirculated with the serum, the per-
centage fell from an average of 12.4-6.7 (line D).
However, if one multiplies this percentage figure
times the total cholesterol content of lymph
(D times A) then it is quite apparent that the in-
testinal contribution to the circulating cholesterol
does not change to a great extent (an average of
1.5 and 2.0 mg/day) as one moves from a low to a
high cholesterol diet (line E). This finding, which
is of course an estimate based on several assump-
tions, has been interpreted as evidence in favor of a
continuing contribution of newly synthesized cho-
lesterol by the intestine into the circulation regard-
less of the content of dietary cholesterol. However,
it should be emphasized that the quantities of cho-
lesterol estimated by this means should e regarded
as minimal figures only, since, in contrast to the
estimation of percentages by this technique, the
lymph collection (and hence the total cholesterol
values) may in fact not be representative of the
2 hr flow in the intact animal.

Two other similar formulations of the data of
Table II are of interest. Since in the steady state
lymphatic cholesterol of dietary origin could be
freshly derived from the diet or have recirculated
from the serum, it is possible to estimate the per-
centage of lymph cholesterol newly derived from
the diet, i.e., the total amount from the diet minus
the amount which has recirculated (C — BC). As
a percentage figure, the amount rose-from 1.8 to
164% (line F), or in absolute terms from 0.2 to



5.1 mg/day (line G). Nevertheless, even when a
high ¢holesterol diet is fed, the major contribution
to lymphatic cholesterol (the total minus the newly
derived endogenous and newly absorbed com-
ponents) is still the recirculated fraction from the
serum, 10.2/12.0 and 23.5/31.0 mg/day (line H).
Whether this contribution of serum cholesterol to
the lymph occurs By direct transfer froth serum to
lymph or indirectly via the intestinal wall and/or
bile or by more than one mechanism cannot be
determined from these experiments.

DISCUSSION

The present studies were designed to explore the
possibility that the intestine may serve as a sig-
nificant biosynthetic source for circulating choles-
terol in a primate.. First, advantage, was taken of
two factors, namely that the feeding of cholesterol
to the squirrel monkey markedly inhibits hepatic
cholesterologenesis but does not influence signif-
icantly cholesterol synthesis in the 14 other tissues
which have been tested (18) and that the intestinal
lymph represents the sole means by which the in-
testine contributes cholesterol into the circulation
(26). Therefore, the cholesterol-fed, lymph-can-
nulated animal was utilized for a study of the con-
version of acetate-*4C to circulating cholesterol-14C.
The results obtained in these studies, as has been
demonstrated previously in the rat (17), demon-
strate that cholesterol-*C does indeed appear in
the intestinal lymph of cholesterol-fed monkeys in-
jected with acetate-*C. This cholesterol-1*C does
not reach the lymph either via blood or bile and
therefore, must have arisen from the gut wall.
Furthermore, in the cholesterol-fed, acetate-1*C-
injected animal, with an intact intestinal lymphatic
circulation, but not in the lymph-cannulated animal
cholesterol-'*C does reach the circulating pool.
Therefore, it can be concluded that, under the cir-
cumstances of these experiments, cholesterol syn-
thesized in the intestinal wall contributes to the
circulating pool. We have also made an attempt to
estimate the quantitative significance of the in-
testine as a biosynthetic site for cholesterol pro-
‘duction by utilizing squifrel monkeys fed radio-
active cholesterol for long periods of time. In this
animsz}, as in the rat, dog, man, and other new-
world monkeys (6-10), an isotopic steady state is
approached after a few weeks in which the radio-
activity of serum cholesterol never equals that of

the diet. In such animals it was possible to demon-
strate that, when hepatic synthesis is suppressed,
very little dilution of the fed cholesterol occurs in
the lumen of the gastrointestinal tract but that on
an average sufficient dilution of the ingested cho-
lesterol occurs between lumen and lymph to ac-
count for the entire difference between the specific
activities of dietary and serum cholesterol. Since,
however, dilution at the level of the intestinal wall
could be due either to locally synthesized choles-
terol or to cholesterol from some other pool that
has equilibrated with serum and ultimately with
the cholesterol of the intestinal wall, animals fed
one isotope and injected with another isotope of
cholesterol were utilized for an approximation of
the intestinal contribution. Under circumstances of
both lowsand.high -chelesterol intake a minimal .
value for the intestinal contribution has been esti-
mated at 1.5-2.0 mg/day. On the basis of these
various types of evidence it seems reasonable to
conclude that the intestinal wall is in fact a sig-
nificant biosynthetic site for cholesterol synthesis
in this primate. It should be noted in this regard
that this conclusion is in keeping with the demon-
stration that the rate of cholesterol synthesis by
in vitro slices of intestine is second only to that of
the liver of the 15 tissues studied in the monkey
(18).

It is not possible, however, to determine from
the studies to date whether the intestine is either
the major or the sole extrahepatic, biosynthetic site
for serum cholesterol. For, although very little
cholesterol-**C reaches the circulation of the cho-
lesterol-fed, lymph duct—cannulated monkey during
the first 36 hr after acetate-*C administration, it
is entirely likely that in the steady state other
slowly exchangeable pools may contribute en-
dogenously synthesized cholesterol into the blood
stream. Such an assessment could be made if fig-
ures for endogenous production of sterols were
available from balance studies under circumstances
of high cholesterol feeding; a comparison of the
value for total endogenous production with that
of the intestinal wall would reveal whether the
intestinal wall is a major or minor biosynthetic
source when hepatic synthesis is suppressed.

It should be noted in this regard that there are
definite limitations to the information which can
be drawn concerning the quantitative significance
of “endogenous” versus “exogenous” sources from
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steady state studies in which diets high in choles-
terol-**C are fed for long periods of time. The
fact that 60% or more of serum cholesterol in
man (7-9) is derived from endogenous sources
in comparison with only 15% in the rat when
hepatic synthesis is suppressed (6) does not imply
that the liver of the rat is a more significant source
for cholesterol biosynthesis than that of man when
cholesterol-poor diets are fed. Indeed such a dif-
ference in the steady state equilibrations under cir-
cumstances of high cholesterol intake could result
if the only difference in cholesterol metabolism
between two species were in the rate of cholesterol
absorption. If cholesterol absorption were high in
relation to total cholesterol turnover, the en-
dogenous contribution would tend to be diluted
whether or not endogenous synthesis were sup-
pressed. Therefore, it is entirely conceivable that
extrahepatic sites for cholesterol biosynthesis may
be of similar importance under circumstances of
low cholesterol intake in all species. Clearly, the
intestinal contribution to the lymphatic cholesterol,
as estimated in these studies, was not significantly
influenced by cholesterol feeding.
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