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Abstract The suitability of the adult male cynomolgus mon-
key as a model for investigating genetic mechanisms that regu-
late dietary cholesterolemic response was evaluated by carrying
out a systematic characterization of the major aspects of
cholesterol metabolism in this species. In monkeys maintained
on a diet enriched with saturated fat but low in cholesterol
(0.019%, wt/wt), plasma total and low density lipoprotein
cholesterol (LDL-C) concentrations were 118 + 6 and
45.3 + 3.4 mg/dl, respectively. Intestinal cholesterol absorption
averaged 54.0 + 2.5%, and the rate of whole body sterol synthe-
sis was 10.8 + 0.6 mg/day per kg body weight. Only
11.2 + 2.6% of this synthesis occurred in the liver. In contrast,
the liver was the major site for low density lipoprotein clearance
accounting for almost 80% of LDL-C degradation in these
animals. The liver, which represented 1.5% of whole body mass,
had a total and esterified cholesterol concentration of
495 + 029 and 2.05 + 0.30 mg/g, respectively. When
challenged with a matching high cholesterol diet (0.19%, wt/wt),
the monkeys developed marked hypercholesterolemia that was
accounted for mainly by a 7-fold increase in the LDL-C levels.
There was, however, wide individual variation among the mon-
keys in the magnitude of their cholesterolemic response. Hepatic
total and esterified cholesterol levels increased 2.5- and 4.6-fold,
respectively. Comparative experiments showed that while several
of the metabolic characteristics of this species of monkey were
similar to those found in the hamster, they were generally very
different from those seen in the rat. B Thus, the male
cynomolgus monkey has many characteristics in common with
humans and represents an attractive model for further delineat-
ing the genetic mechanisms that dictate variable responsiveness
to dietary cholesterol and triacylglycerol.—Turley, S. D., D. K.
Spady, and J. M. Dietschy. Role of liver in the synthesis of
cholesterol and the clearance of low density lipoproteins in the
cynomolgus monkey. /. Lipid Res. 1995. 36: 67-79.
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The relationship between cholesterol synthesis and the
concentration of cholesterol carried in low density
lipoproteins (LDL-C) is now fairly well understood in
most experimental animals and humans. The rate of
cholesterol synthesis in the whole animal varies inversely

with the weight of that animal in such a way that synthesis
decreases by approximately 10 mg/day per kg body weight
(bw) for each 10-fold increase in the weight of the adult
animal (1). Under circumstances where the dietary intake
of cholesterol is equal to about 25-50% of the daily syn-
thesis rate, the vast majority of this endogenous synthesis
takes place in the extrahepatic organs (1, 2). Similarly, the
rate at which LDL-C is removed from the plasma is also
determined by the weight of the adult animal. The rate of
clearance of LDL-C decreases by about 1.8 ml/h per kg
bw for each 10-fold increase in body mass (1). However,
in contrast to its minor role in cholesterol synthesis, the
liver accounts for the great majority of this LDL-C trans-
port activity in most species including, apparently, hu-
mans (1, 3-5). Despite these major quantitative differ-
ences in rates of cholesterol synthesis and LDL-C
transport, however, the steady-state LDL-C concentra-
tion in virtually all species is well below 50 mg/dl when
these animals are maintained on diets relatively low in
cholesterol and triacylglycerol.

When additional amounts of these lipids are added to
the diets of these experimental animals or humans, this
concentration of LDL-C invariably increases, and there
are predictable changes in the rates of both cholesterol
synthesis and LDL-C transport. Progressively increasing
the cholesterol content of the diet, for example, increases
the cholesteryl ester content of the liver, suppresses
hepatic, but not extrahepatic, sterol synthesis, reduces
hepatic LDL receptor activity, and increases LDL-C
production (6-8). As a result of these changes, the steady-
state plasma LDL-C level increases in proportion to the
dietary cholesterol challenge. The addition of triacyl-

Abbreviations: LDL-C, cholesterol carried in low density lipoproteins;
bw, body weight; EDTA, ethylenediamine tetraacetic acid; DPS, digitonin-
precipitable sterols; TCB, tyramine cellobiose; GLC, gas-liquid chromatography.
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glycerol containing predominantly saturated fatty acids to
such diets reduces the level of cholesteryl esters in the
liver, further suppresses hepatic LDL receptor mRNA
levels and activity, and further increases LDL-C produc-
tion rates (7, 9-14). As a result of these changes, the
plasma LDL-C concentration  becomes still more
elevated. In contrast, if the dietary triacylglycerol con-
tains predominantly unsaturated fatty acids, cholesteryl
ester levels in the liver remain constant or increase,
hepatic LDL receptor mRINA levels and activity are re-
stored, production rates are reduced, and the LDL-C
concentration is lowered (11-14).

While these general principles appear to be applicable
to most species, including humans, it is now also clear
that individual members of any outbred species may
respond in a quantitatively different manner to challenge
by a constant amount of dietary cholesterol and triacyl-
glycerol (14). Thus, in many species, there are hypo- and
hyperresponsive individuals where the steady-state
plasma LDL-C concentration will increase by either a
small or large amount, respectively, when these in-
dividuals are challenged with a constant load of dietary
lipid (15-22). Presumably, these differences in response
are genetically determined inasmuch as hyperresponsive
individuals usually give rise to hyperresponsive offspring
(19). Despite the fact that such hypo- and hyperresponsive
individuals have been identified in many animal species,
the polymorphisms that must exist in the function of a
single transporter or enzyme that may account for these
different phenotypes have, as yet, not been identified.

In selecting a particular species in which to study this
genetically determined response to dietary lipids, it was
clear that it would be desirable to meet a number of
criteria. Presumably, it would be preferable to use a non-
human primate where the characteristics of cholesterol
and LDL metabolism were similar to those in humans.
Furthermore, there would have to be adequate numbers
of hypo- and hyperresponsive animals available. Ideally,
the rates of cholesterol synthesis in such animals would be
in the range of 10-20 mg/day per kg. Most of this syn-
thetic activity should occur in the extrahepatic organs,
but the liver should play the predominant role in LDL-C
metabolism. Finally, it would also be useful if the response
ol the steady-state plasma LDL-C level to changes in
dietary cholesterol intake was similar to that seen in hu-
mans. Based on several previous publications (23-29) and
considerable advice from investigators at the Primate
Center at Bowman Gray Medical School, we chose to use

the cynomolgus monkey for these studies, The purpose of

this initial publication, therefore, 1s twofold: first, we
report investigations carried out to establish whether the
quantitative methods necessary to measure organ-specific
cholesterol and LDL metabolism can be applied to this
relatively large primate, and second, we describe studies
that characterize the major aspects of cholesterol and
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LDL metabolism in a group of these primates and com-
pare these findings to those seen in other species, includ-
ing hamsters and humans.

MATERIALS AND METHODS

Animals and diets

Feral adult male cynomolgus monkeys (Macaca fas-
cicularis) were obtained from either the primate facility at
the Bowman Gray School of Medicine (Winston-Salem,
NC), or from the Winters Institute (Winters, CA). They
were housed individually in stainless steel cages in a light-
cycled room with equal periods of light (7:00 AM to 7:00
PM) and darkness (7:00 PM to 7:00 AM). The room tem-
perature was kept at 24-26°C. The monkeys had free ac-
cess to drinking water at all times and were fed a fixed
quantity of a custom diet (16 g per kg bw) twice each day
at about 9 AM and 4 PM. On average, 11% of each of
these meals was wasted. This custom-made, pelleted diet
was enriched with saturated fat and was made to contain
cholesterol at either a low basal level, or at a 10-fold
higher level. In most of the experiments the monkeys were
fed only the low cholesterol diet. The high cholesterol or
challenge diet was used mainly to characterize the extent
of individual variability in the cholesterolemic response of
this species of primate and to compare this response to
that of the hamster and rat fed the same diet. In all ex-
periments, except one Initial study in which a large group
of randomly selected monkeys was fed the challenge diet
over 9 weeks, all monkeys were fed their respective diets
for a minimum of 20 weeks before any metabolic meas-
urements were made. On the day of the experiments the
monkeys were not given their morning meal. For the com-
parative studies young adult virus-free male Golden
Syrian hamsters (Charles River Laboratories, Montreal,
Canada) and Sprague-Dawley rats (Sasco, Inc., Omaha,
NE) were fed ad libitum the same low or high cholesterol
diets that the monkeys were given. The hamsters and rats
were housed in separate light-cycled rooms and were kept
in plastic colony cages with free access to water.

The low and high cholesterol diets were prepared by
Teklad Diets (Madison, WI), using formulations deve-
loped at the Bowman Gray School of Medicine. The low
cholesterol diet consisted of high protein monkey chow
(Ralston Purina Co., St. lLouis, MO) (76.4%), lard
(14.1%), brewer’s yeast (4.0%), an egg volk substitute
(3.4%), raw wheat germ (2.0%), and ascorbic acid (0.1%).
The egg volk substitute was prepared by mixing the fol-
lowing ingredients in the proportions indicated: casein
(18.0 g), soybean lecithin (13.1 g), sucrose (2.1 g), and a
mineral mix (Hegsted IV, 1.3 g). The composition of the
high cholesterol diet was exactly as described earlier (27).
It consisted of high protein monkey chow (75.7%), lard
(10.0%), egg yolk powder (8.2%), brewer's yeast (4.0%),
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raw wheat germ (2.0%), and ascorbic acid (0.1%). Both
diets had the same caloric density (4.2 kcal/g) and total
lipid content (17.5 g/100 g diet). Hence each diet con-
tained 38% of calories as fat. The low and high cholesterol
diets had a cholesterol content of 0.19 mg/g (0.044
mg/kcal) and 1.9 mg/g (0.044 mg/kcal), respectively. The
proportions of the major fatty acids in the low and high
cholesterol diets were, respectively: oleic acid, 39.2 and
40.9%; palmitic acid, 27.5 and 27.8%; linoleic acid, 17.1
and 15.9%; stearic acid, 11.7 and 11.0%; palmitoleic acid,
2.5 and 2.7%; and myristic acid, 2.0 and 1.7%. The diets
were stored at 4°C and were used within 12 weeks of
preparation. All experiments were approved by the In-
stitutional Animal Care and Research Advisory Committee.

Measurement of rates of sterol synthesis in vivo

The monkeys were tranquilized by the intramuscular
administration of a mixture of tiletamine hydrochloride
and zolazepham hydrochloride (Telazol, Aveco Co., Inc.,
Fort Dodge, IA) at a dose of 3 mg/kg bw and weighed.
They were then fitted with a saphenous vein catheter and
placed under a well-ventilated fume hood. Each monkey
then received a bolus intravenous injection of [*H]water
(ICN Radiochemicals, Irving, CA) at a dose of 440
mCi/kg bw, and remained tranquilized for 1 h during
which time they were covered with a blanket. After ex-
actly 1 h an overdose of sodium pentobarbital (Nembutal,
Abbott Laboratories, Chicago, IL) (75 mg/kg bw) was ad-
ministered intravenously and the animal was bled from
the abdominal aorta into an evacuated glass bottle con-
taining EDTA as anticoagulant. The volume of blood re-
moved was recorded. The gallbladder bile was drawn into
a syringe and the liver was removed, rinsed in £.9% NaCl
solution, and weighed. The entire small bowel was also re-
moved and cut into two sections which were then rinsed
and weighed. Aliquots of whole blood and liver, as well as
the entire intestine segments and residual carcass, were
added to ethanolic KOH for saponification, after which
the digitonin-precipitable sterols (DPS) were isolated and
their *H content was determined (30). The .tissue
[*H])DPS contents were corrected for the [*H]sterol con-
tained in residual blood. This was calculated from the
blood [*H]DPS content (cpm/ml) and the residual blood
volume (ul/g) for each tissue which was determined in
separate experiments using an !31]-labeled protein as a
volume marker. The specific activity of the plasma water
in each animal was measured and averaged about 10
cpm/nmol of water. An aliquot of the liver was also placed
in chloroform-methanol 2:1 (v/v) for the determination of
unesterified and esterified cholesterol levels. The rates of
sterol synthesis were expressed in terms of tissue [3H|DPS
content, and represent the nmol or pmol of [*H]water in-
corporated into DPS per h per g of tissue (nmol/h per g)
or per h per whole organ (umol/h per whole organ). The
rates of whole body sterol synthesis were calculated as the

sum of the whole organ [*H]DPS contents normalized per
kg bw (pmol/h per kg bw).

In the sterol synthesis experiments with hamsters and
rats, the animals were anesthetized with diethyl ether and
given a bolus intravenous injection of [*H]water (ham-
sters, 65 mCi/100 g bw; rats, 15 mCi/100 g bw) directly
into a femoral vein. They were then allowed to recover
and after 1 h were anesthetized again and bled from the
abdominal aorta. The liver was removed and weighed.
Aliquots of liver and the entire remaining carcass were
taken for the measurement of their labeled sterol content
(30). The rates of hepatic and whole body sterol synthesis
in the hamsters and rats were determined and calculated
in the same way as for the monkeys. For all three species
the sterol synthesis experiments were carried out at about
1 to 4 h after the commencement of the light period.

Measurement of rates of LDL clearance in vivo

The rates of LDL clearance by the liver and all the
major extrahepatic organs were measured using homolo-
gous LDL preparations labeled with 12°I-labeled tyramine
cellobiose (TCB) or with 311 directly (3, 31, 32). The LDL
was isolated from the plasma of normocholesterolemic
monkeys by preparative ultracentrifugation in the narrow
density range of 1.020-1.055 g/ml. After measurement of
its protein concentration, the LDL was labeled, dialyzed,
and filtered. Each labeled LDL preparation was used wi-
thin 48 h. The monkeys were tranquilized with telazol (3
mg/kg bw given intramuscarly), weighed, and fitted with
a saphenous vein catheter. Each monkey was then given
a bolus injection of !?°I-labeled TCB-LDL (about 20
pCi/kg bw). Ten minutes later, and at several time points
over the following 6 h, about 3 ml of blood was withdrawn
from the saphenous vein in the other leg for the measure-
ment of the plasma !25-labeled TCB-LDL specific ac-
tivity. Throughout this 6-h period the monkeys were
placed under a warm blanket and were kept continuously
tranquilized with telazol. At exactly 6 h each monkey was
given a bolus intravenous injection of '3!I-labeled LDL
(about 5 uCi/kg bw) as a volume marker followed 10 min
later by an intravenous dose of sodium pentobarbital (2
mg/kg bw). The animals were then bled from the abdomi-
nal aorta into an evacuated glass bottle containing EDTA
as anticoagulant. The liver and all of the major extra-
hepatic organs, as well as pieces of skeletal muscle, ab-
dominal adipose tissue, skin, stomach, colon, esophagus,
and abdominal aorta, were removed. The gallbladder bile
was drawn into a syringe and the volume was measured.
All of the tissues were rinsed in 0.9% NaCl solution and
whole organ weights were recorded. Multiple aliquots of
all the tissues, as well as of plasma and bile, were taken
for the measurement of their '?°1 and '3'I content in a
gamma counter. Aliquots of liver were also taken for the
determination of unesterified and esterified cholesterol
levels (33). Plasma from each monkey was fractionated by
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density gradient ultracentrifugation for the measurement
of LDL-C levels. In this case the LDL was isolated in the
conventional density range of 1.020-1.063 g/ml. The rates
of LDL clearance by the tissues were calculated using the
mean plasma '?°I-labeled TCB-LDL specific activity over
the 6-h period, and were expressed as the pl of plasma
cleared of its LDL content per h per g of tissue (ul/h per
g) (5, 34). These data, along with the directly measured
or derived whole organ weights (35), were used to calcu-
late the rates of LDL clearance per h per whole organ nor-
malized per kg bw (ul/h per whole organ per kg bw).

Measurement of percent cholesterol absorption in vivo

Cholesterol absorption was measured by a fecal 1sotope
ratio method using a modification of a recently described
protocol (36). Over 6 successive days, the monkeys were
dosed with a mixture of [1,2-*H]cholesterol (Amersham
Corp., Arlington Heights, IL) and B-[4-1*C]sitosterol
(Amersham). The daily dose of labeled sterols (approxi-
mately 7 pCi of [*H]cholesterol and 1 uCi of §3-
[1#C]sitosterol) was contained in 25 ul of ethanol that was
placed on a slice of apple. This was fed to the monkeys
with their usual morning meal. From the fourth to the
seventh day after commencement of dosing, all of the
stools from each animal were collected and mixed to form
a slurry. The levels of 3H and **C in aliquots of the slurry
and the initial dosing mixture were then determined (37).
The percentage of cholesterol absorption was calculated
as follows:

Cholesterol absorption (%) =

(CH/"*C)dose — (3H/MC)feces x 100
(*H/4C)dose

Analytical procedures

Plasma total cholesterol concentrations were measured
enzymatically using a kit (No. 1127578) from Boehringer
Mannheim (Indianapolis, IN). The various plasma
lipoprotein fractions and aliquots of liver and gallbladder
bile were saponified and extracted, and their cholesterol
concentration was then measured by gas liquid chro-
matography (GLC) using stigmastanol (Sigma Chemical
Company, St. Louis, MO) as an internal standard (38).
The esterified and unesterified cholesterol fractions in the
liver were separated on silicic acid/celite columns and
their cholesterol content was then measured by GLC (33).
Dietary cholesterol levels and fatty acid composition were
determined as described elsewhere (38, 39). The total
lipid content of the diets was determined gravimetrically.
Biliary phospholipid and bile acid concentrations and the
bile acid composition of the gallbladder bile were deter-
mined as previously described (40-42).
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Analysis of data

The equations for calculating rates of sterol synthesis in
vivo (30) and LDL uptake by the various tissues (34) arc
published elsewhere. Where appropriate the mean + 1
SEM values for groups of data are given. For correlating
the blood [PH]DPS content with that of the tissues, a
linear regression line with the formy = a + bx was fitted
by the method of least squares to the data from individual
animals. Differences between mean values for the groups
fed the low and high cholesterol diets were tested for
statistical significance using the two-tailed unpaired Stu-
dent’s t-test.

RESULTS

The first set of measurements made in these animals
consisted of determining the distribution of body mass
among the various major organ systems. In several of the
metabolic experiments using monkeys fed the low
cholesterol diet, the liver and various other whole organs
were excised and weighed. These organ weights are sum-
marized in Table 1. It is particularly noteworthy that the
liver accounted tor only 1.5% of the whole body weight.
While this proportion is similar to that found in other
large animals including humans (~2.0%), it 1s less than
half the relative weight of the liver found in smaller
animal models such as the hamster, rat, and mouse
(3.5-5%) (3, 35, 43).

In the second set of studies, rates of cholesterol synthe-
sis were measured in vivo in individual organs as well as
in the whole animal. In these experiments, the rates of in-
corporation of [*H]water into sterols by the liver and the
extrahepatic tissues were measured in a total of 12 mon-

TABLE 1. Absolute and relative weights of the liver and several
extrahepatic organs in the adult male cynomolgus monkey

Number of Absolute Percem of
Organ Animals Weight Body Weight
g To
Liver 27 90.4 + 2.5 1.50 + 0.0%
Small intestine 27 536 + 1.7 0.90 + 0.03
Kidney 13 17.8 £ 0.6 0.29 + 0.01
Spleen 15 9.7 + 1.7 0.15 + 0.02
Lung 15 26.1 + 1.1 0.42 + 0.02
Testis 15 345 + 20 0.56 + 0.04
Adrenal 27 0.57 + 0.02 0.01 + 0.001

These data were derived from a series of studies in which the rates of

sterol synthesis and LDL clearance were measured in vivo in adult male
cynomolgus monkeys fed a low cholesterol, high triacylglycerol chow diet.
While a total of 27 animals with a mean body weight of 6.00 + 0.18 kg
were studied, complete organ weights were not obtained in every mon-
key. The values represent the mean + 1 SEM of data from the number
of animals indicated.
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keys maintained on the low cholesterol diet for greater
than 20 weeks. The content of [2H]JDPS in each g of the
major tissues is shown in Fig. 1. The highest rates of
sterol synthesis in this species were found in the small in-
testine (185 + 7 nmol/h per g), adrenal gland (165 + 32
nmol/h per g), and liver (95 + 29 nmol/h per g). The
mean rate of synthesis in the remaining organs included
in the carcass was only 12 + 0.5 nmol/h per g, and only
a small amount of newly synthesized cholesterol had been
exchanged into the blood compartment (5 + 1 nmol/h per g).

The presence of labeled sterol in the blood raised the
question of whether it was of hepatic or extrahepatic ori-
gin. This was resolved by plotting the [*H]DPS content of
the blood in each animal as a function of the correspond-
ing [*H]DPS content in the liver, carcass, and small intes-
tine. As shown in Fig. 2, the amount of labeled sterol in
the blood correlated directly with the [PH]DPS content of
the liver (A), but not with that of the carcass (B) or small
intestine (C). Thus, as has been previously established in
smaller animals (30, 44), the [*H|DPS that appears in
whole blood 1 h after administration of the [*H]}water
comes almost exclusively from the liver. If the liver is sur-
gically removed or if hepatic synthesis is suppressed, vir-
tually no [*H|DPS appears in blood at 1 h. Therefore, the
labeled sterol content of the whole blood volume was in-
cluded with that of the liver in the calculation of whole or-
gan [*H]DPS content.
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Fig. 1. Rates of sterol synthesis in the liver and various extrahepatic
tissues measured in vivo in male cynomolgus monkeys fed the low
cholesterol diet. Adult male cynomolgus monkeys that had been fed a
chow diet enriched with saturated fat but containing a low level of
cholesterol (0.019%, wt/wt) for at least 20 weeks were tranquilized and
then given an intravenous bolus injection of [3H]water (440 mCi/kg bw).
The animals remained tranquilized for the next 60 min at which time
they were given an overdose of sodium pentobarbital. They were then
bled from the abdominal aorta, and the whole liver, small intestine, and
adrenal glands were removed and weighed. Aliquots of whole blood,
liver, and adrenal tissue, as well as the whole small intestine and the en-
tire remaining carcass, were saponified in alcoholic KOH and their con-
tent of labeled digitonin-precipitable sterols ([*H]DPS) was determined.
The rate of sterol synthesis in each organ was expressed in terms of the
tissue [*H]DPS content which represents the nmol of [3H]water incorpo-
rated into DPS per h per g of tissue. Values are the mean + 1 SEM of
data obtained from 12 monkeys.

A Liver B Carcass C Small
E 20F 1T {1 | intestine -
E i o/ 1 I 'y 171 o
OB 15 11t 11 ]
§§ + 4 |} r=01a } | r=037 |
n -
sé 10} 4t o I R .
gs 5 [ ) ° g L .. o 9 .. 4
5r y=004+004x 1 [ © L o i
a b’ r=0.98 }o ] o..
Y LY
0 PRSI . N

0 100 200 300 400 0 10 20 O 150 300

TISSUE [3H]DPS CONTENT (nmolh per 9)

Fig. 2. Relationship between the [3H]DPS content of whole blood and
that in the liver, carcass, and small intestine in male cynomolgus mon-
keys fed the low cholesterol diet. Linear regression lines were fitted to the
data for the blood and tissue [*H]DPS contents (from Fig. 1) in 12 mon-
keys. Each point represents data from a single animal. The slope of the
regression line for the liver (A) is significantly different from zero
(P < 0.05), while there is no significant (P > 0.05) relationship be-
tween the content of [*H]DPS in the blood and in the carcass (B) or
small intestine (C).

These data, along with those in Table 1, were used to
next calculate the rates and relative importance of sterol
synthesis in each organ to whole body cholesterol synthe-
sis. As shown in panel A of Fig. 3, when the mass of each
organ is taken into account, there was much more sterol
synthesis in the organs of the residual carcass than in
either the liver or small intestine. The proportion of whole
body synthesis that occurred in each of these three major
tissue compartments is shown in panel B. The liver ac-
counted for only 11.2 + 2.6% of the total and the small in-
testine made a similar contribution (12.8 + 0.9%).
However, the major proportion (76.0 + 2.1%) of
cholesterol synthesis in the whole animal occurred in the
remaining extrahepatic organs. The insert in panel A
gives the whole body [*H|DPS content which represents
the sum of the values for the liver, intestine, and carcass,
normalized per kg bw. As the number of protons from
water that are incorporated into the cholesterol molecule
has been established (30, 44), it can be calculated that this
whole body [*H]|DPS content of 14.48 gmol/h per kg bw
is equivalent to the synthesis of 10.8 mg of cholesterol/day
per kg bw.

The third major parameter measured in these animals
was the rate of total LDL clearance by the liver and extra-
hepatic organs. These data are given in Fig. 4 and
represent measurements in a total of 12 monkeys fed the
low cholesterol diet. In these studies, each animal was
given a bolus injection of 123]-labeled TCB-LDL and the
rate of LDL clearance into each organ was measured 6 h
later using the mean value for the plasma !25]-labeled
TCB-LDL specific activity. The data in panel (A) show
the ul of plasma cleared of its LDL-C content per h per
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Fig. 3. Rates of sterol synthesis in the whole liver, small intestine, and
carcass, and the percent contribution of each of these organs to whole
body sterol synthesis in male cynomolgus monkeys fed the low
cholesterol chow diet. These data were derived from the same study that
is described in Fig. 1. The tissue [PH]DPS conteni {nmol/h per g) was
multiplied by the whole organ weight to obtain the whole organ
[PH]DPS content (A). As essentially all of the [*H]DPS in blood was of
hepatic origin, the value for whole liver [*H]DPS content includes all of
the labeled sterol found in the blood. The [*H]DPS content of the
adrenal glands is included in that for the carcass. The whole organ
[*H]DPS content represents the gmol of [*H]water incorporated into
DPS per h per whole organ normalized per kg body weight (pumol/h per
kg bw}). The sum of these values equals the whole body [2HIDPS content
shown in the insert. The percent contribution of each of the three major
organ compartments to whole body sterol synthesis (B) was calculated by
expressing the whole organ [*H]DPS content as a percentage of that for
the whole body. Values are the mean + 1 SEM of data obtained from
12 monkeys.

g of tissue. The adrenal gland (265 + 36 pl/h per g) and
liver (71 + 5 ul/h per g) had the highest rates of clearance
while most of the extrahepatic organs manifested very low
rates of LDL uptake. It should be noted that the value for
the liver includes a correction for the label that was
present in the gallbladder bile when these measurements
were made. When these clearance data are expressed on
a whole organ basis and normalized per kg bw (Fig. 4B),
the calculated whole body LDL clearance rate equalled
approximately 1516 ul/h per kg bw. Given a plasma
volume of 37 ml/kg (29), this corresponds to a fractional
catabolic rate of approximately 1.0 pool/day. As is evident
in panel B, the liver was the predominant site for this up-
take and accounted for about 80% of whole body LDL
degradation. Taken together, the results of these initial
quantitative studies revealed the strikingly divergent role
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that the liver plays in its contribution to whole body
cholesterol synthesis and LDL metabolism in this species.

As the enterohepatic flux of bile acids and cholesterol
profoundly influences the rates of hepatic sterol synthesis
and LDL metabolism, the characterization of this pri-
mate model was extended to include the measurement of
the efficiency of intestinal cholestero] absorption and an
analysis of the composition of the bile acid pool. The per-
cent of dietary sterol absorption was determined in a total
of seven monkeys fed the low cholesterol diet using a fecal
isotope ratio method that employed 3-[1*C]sitosterol as a
nonabsorbable marker. Although the data are not shown,
the level of cholesterol absorption averaged 54.0 + 2.5%
over 4 consecutive days of measurement. Thus, it can be
calculated that when fed the low cholesterol diet, these
monkeys absorbed about 2.9 mg of cholesterol from their
diet each day per kg bw.
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Fig. 4. Rates of LDL clearance by the liver and extrahepatic organs
measured in vivo in male cynomolgus monkeys fed a low cholesterol diet.
Adult male cynomolgus monkeys that had been fed a diet enriched with
saturated fat but containing a low level of cholesterol (0.019%, wt/wt) tor
at least 20 weeks were tranquilized and then given an intravenous bolus
injection of !25]-labeled tyramine cellobiose-labeled, homologous LDL
as described in Materials and Methods. The monkeys were kept tranqui-
lized over the next 6 h. At 6 h they were given an intravenous bolus injec-
tion of '3!I-labeled LDL followed 10 min later by an overdose of sodium
pentobarbital. The animals were then bled from the abdominal aorta
and the whole liver and most of the extrahepatic organs were removed
and weighed. Aliquots of all the tissues, plasma, and gallbladder bile
were taken for the measurement of their 12°T and 3'T content. These data
were used to calculate the clearance rate of LDL-C either in terms of the
#l of plasma cleared of its LDL content per h per g of tissue (ul/h per
g) (A), or of the ul of plasma cleared per h per whole organ, normalized
per kg bw (pl/h per kg bw) (B). Values are the mean + 1 SEM of data
obtained from 12 monkeys.
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The determination of biliary bile acid and lipid compo-
sition was carried out on gallbladder bile taken from the
monkeys that were used for the sterol synthesis experi-
ments. As shown in Fig. 5, cholic acid was the
predominant bile acid in the pool (about 35%) followed
by deoxycholic acid (30%) and chenodeoxycholic acid
(13%). The proportion of the bile acids conjugated to tau-
rine and glycine was about 82% and 18%, respectively.
The data in Fig. 6 give the concentrations of bile acid,
phospholipid, and cholesterol in gallbladder bile in abso-
lute (A) and relative (B) terms. The low molar percentage
of cholesterol (1.7 + 0.2%) indicates that the bile of these
monkeys is relatively undersaturated, at least when they
are fed a low cholesterol diet.

The remaining series of experiments was undertaken to
examine the response of the plasma cholesterol concentra-
tion in these monkeys to a high dietary cholesterol
challenge and to compare this response to that seen in the
rat and hamster. When maintained on the basal diet, the
monkeys had an average plasma total cholesterol concen-
tration of 134 + 4 mg/dl. After the 9 weeks of dietary
challenge this average had increased to 366 + 25 mg/dl.
However, there was marked individual variation among
the monkeys in the extent of their cholesterolemic
response. While some of the animals showed very little
change in their plasma cholesterol concentration, others
had levels above 500 mg/dl.

Although the cynomolgus monkey, like many other spe-
cies, is highly wvariable in its response to dictary
cholesterol, the hypercholesterolemia that develops in this
primate model is due almost entirely to an increase in

g
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Fig. 5. Bile acid composition of gallbladder bile in male cynomolgus
monkeys fed a low cholesterol chow diet. The bile acid composition of
gallbladder bile obtained from the monkeys in which measurements of
whole body sterol synthesis were made (Fig. 3) was determined as
described in Materials and Methods. The bile acids detected were
taurocholic (TC), glycocholic (GC), taurochenodeoxycholic (TCDC),
glycochenodeoxycholic (GCDC), taurodeoxycholic (TDC), glycodeoxy-
cholic (GDC), tauroursodeoxycholic (TUDC), glycoursodeoxycholic
(GUDC), and taurolithocholic (TLC). Values are the mean + 1 SEM
of data obtained from 12 monkeys.
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Fig. 6. Absolute and relative concentrations of bile acid, phospholipid,
and cholesterol in the gallbladder bile of male cynomolgus monkeys fed
a low cholesterol chow diet. The concentrations of bile acid, phos-
pholipid, and cholesterol in the gailbladder bile from the monkeys in
which whole body sterol synthesis was measured (Fig. 3) were deter-
mined as described in Materials and Methods. The absolute concentra-
tions of each lipid (A) were also expressed on a molar percentage basis
(B). Values are the mean + 1 SEM of data obtained from 12 monkeys.

LDL-C levels. This is well illustrated in Fig. 7 which
shows the plasma lipoprotein cholesterol levels (A) and
the unesterified and esterified hepatic cholesterol concen-
trations (B) in monkeys fed the low and high cholesterol
diets. It is evident from Fig. 7A that most of the increase
in plasma total cholesterol levels was due to a dramatic
rise in the LDL-C concentration. In these monkeys about
81% of the plasma cholesterol appeared in LDL com-
pared to 38% in the plasma of monkeys fed the low
cholesterol diet. The data in Fig. 7B show that essentially
all of the increase in hepatic cholesterol levels that oc-
curred in response to feeding the high cholesterol diet was
in the cholesteryl ester fraction. It is noteworthy that in
the monkeys fed the low cholesterol diet, the total and es-
terified cholesterol levels were 4.95 and 2.05 mg/g, respec-
tively. These concentrations, particularly that for the es-
terified fraction, are higher than those found in small
animal models maintained on a similar low cholesterol
diet but nearly identical to values reported in humans (6,
8, 45, 46).

For comparative purposes the rates of hepatic and
whole body sterol synthesis were measured in vivo in
adult male hamsters and rats that had been fed this same
low cholesterol primate diet. At the time of study the ham-
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Fig. 7. DPlasma and hepartic cholesterol concentrations in male
cynomolgus monkeys fed either low or high levels of cholesterol. Adult
male cynomolgus monkeys were fed a chow diet that was enriched with
saturated fat and that contained either a low (0.019%, wt/wt) or a high
(0.19%, wt/wt) level of cholesterol for 20 wecks. They were then used for
the measurement of various parameters of cholesterol metabolism in-
cluding the concentration of total cholesterol in the plasma lipoprotein
fractions (A) and the levels of unesterified and esterified cholesterol in the
liver (B) as described in Materials and Methods. Values are the mean
+ 1 SEM of data obtained from 27 and 17 monkeys fed the low and high
cholesterol diets, respectively. An asterisk indicates that the value is
significantly different (P < 0.05) from the corresponding value for the
group fed the low cholesterol diet.

sters and rats weighed 162 + 6 g and 365 + 5 g, respec-
tively. The data in Fig. 8A show the whole body [*H]DPS
content normalized per kg body weight for these two spe-
cies along with the corresponding value for the
cynomolgus monkey (from Fig. 3A insert). While both ro-
dent species, and particularly the rat, manifested higher
rates of whole body synthesis than the monkeys, the
proportion of this synthesis that occurred in the liver of
the rat (51.0 + 7.8%) was 10-fold more than in the ham-
ster (5.0 + 0.4%). A comparison of these data with the
corresponding value for the c¢ynomolgus monkey
(11.2 + 2.6%) points up the inverse correlation that ap-
peared to exist in these three species between their basal
rates of hepatic cholesterol synthesis and their general
responsiveness to dietary cholesterol. This question was
specifically examined in another study in which plasma
LDL-C levels and hepatic total cholesterol concentrations
were measured in hamsters and rats that had been fed the
low and high cholesterol primate diets for 6 weeks. These
data are given in Fig. 9 which includes values for the

74 Journal of Lipid Research Volume 36, 1995

cynomolgus monkey (from Fig. 7). While the plasma
LDL-C level (A) and hepatic cholesterol content (B) re-
mained essentially unchanged in the rats, both increased
substantially in the hamsters and monkeys fed the high
cholesterol diet.

DISCUSSION

From the quantitative measurements made in this
study it is possible to calculate the absolute rates of sterol
synthesis and cholesterol flux through the major tissue
compartments of the male cynomolgus monkey. These
rates are summarized in Fig. 10 where the circled num-
bers represent mg of cholesterol/day per kg bw. In this for-
mulation, the body has been divided into three {unction-
ally distinct groups of organs. The small intestine (A) is
the site of entry of dietary cholesterol into the body, and

WHOLE BODY
[3H]DPS CONTENT
(umol/h per kg bw)

PERCENT CONTRIBUTION
OF LIVER TO WHOLE BODY
STEROL SYNTHESIS (%)

Golden
Dawley Syrian
Rat Hamster

Sprague Cynomolgus

Monkey

Fig. 8. Conutribution of the liver to whole body sterol synthesis in male
rats, hamsters, and cynomolgus monkeys fed a low cholesterol diet.
Adult male Sprague Dawley rats, Golden Syrian hamsters, and
cynomolgus monkeys that had been fed a diet enriched with saturated
fat but containing a low level of cholesterol were given an intravenous
bolus injection of [*H]}water and killed 1 h later. The [*H]DPS content
of the liver and the remaining carcass was determined as described in
Materials and Mecthods. The whole body [PH|DPS content (A)
represents the pmol of [*H]water incorporated into DPS by the whole
body per h normalized per kg body weight (pmol/h per kg bw). For each
species the percent contribution of the hiver to whole body sterol synthe-
sis (B) includes the labeled sterol content of blood. The values for the rat
and hamster cach represent the mean + 1 SEM of data obtained from
6 animals. The values for the monkeys correspond to those given in Fig.
3 and represent the mean + 1 SEM of data obtained from 12 monkeys.
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Fig. 9. Plasma LDL-C and hepatic total cholesterol concentrations in
male rats, hamsters, and cynomolgus monkeys fed a chow dict contain-
ing low or high levels of cholesterol. Adult male Sprague Dawley rats,
Golden Syrian hamsters, and cynomolgus monkeys were all fed the same
diet that was enriched with saturated fat and that contained either a low
(0.019%, wt/wt) or a high (0.19%, wt/wt) level of cholesterol for either 6
weeks (rats and hamsters) or 20 weeks (monkeys). The plasma LDL-
cholesterol and hepatic total cholesterol concentrations were then meas-
ured. The values for the rat and hamster each represent the mean + 1
SEM of data obtaincd from 6 animals. The values for the monkeys cor-
data from 27 and 17 animals fed the low and high cholesterol dicts,
respectively. An asterisk indicates that the value is significantly different
(P < 0.05) from the corresponding valuc for the group fed the low
cholesterol diet.

respond to those given in Fig. 7 and represent the mean £ 1 SEM of

this process is mediated by the chylomicron particle (CM)
and the remnant receptor in the liver (47-49). Cholesterol
from the other extrahepatic tissues (B) also must be trans-
ported to the liver, but this process is presumably medi-
ated by high density lipoproteins (HDL) with transfer of
the sterol esters to the apoB-containing lipoproteins and,
hence, to the liver (50, 51). The liver (C) plays a central
role in two separate, but related processes. First, in the
steady state it must excrete an amount of sterol equal to
that which is absorbed from the intestine and synthesized
in all of the organs. Second, this organ is the sole site for
the synthesis of very low density lipoproteins (VL.DL) and
the major tissue for removing LDL-C from the plasma
(1). The relative velocities of these two processes are major
determinants of the steady-state plasma LDL-C concen-
tration.

In these studies the monkeys were hand-fed 32 g per kg
bw of the low cholesterol diet each day during the
5-month experiments. After accounting for 11% wastage,
therefore, cach animal had a constant dietary cholesterol
intake equal to 5.4 mg/day per kg. Because, on average,
54% of this dietary sterol was absorbed, 2.9 mg/day per
kg must have entered the body pools while the remainder
became part of the sterols excreted in the feces. At the
same time thesc animals synthesized 10.8 mg/day per kg,
76% of which (8.2 mg/day per kg) occurred in the extra-
hepatic, extraintestinal tissues (Fig. 3). The liver ac-
counted for only 11% (1.2 mg/day per kg) of endogenous
sterol synthesis. Thus, the dietary intake of cholesterol
(5.4 mg/day per kg) equaled about 50% of the daily rate
of endogenous synthesis (10.8 mg/day per kg) in these
animals fed the low cholesterol diet. These figures are
nearly identical to those seen in humans on western dicts
where endogenous synthesis is commonly in the range of

LDL-C VLDL-C
Production i
Rate, J; VLDL-C ‘ZProduction
Rate
LDL-C Fig. 10. Quantitation of rates of cholesterol synthe-
B EXTRAHEPATIC C LIVER A SMALL sis and net sterol flux in the male cynomolgus monkey
TISSUES INTESTINE ’ > ’

Pile Acid Cholesterolj

ted the low cholesterol diet. The numbers in the circles
represent mg of cholesterol per day per kg of body
weight (mg/day per kg). These values were all caleu-
lated from the experimental data described in the text.
To simplify this diagram, the small amount of LDL-C
taken up by the small intestine (0.9 mg/day per kg) is
not shown. Thus, the net amount of cholesterol, either
taken up from the plasma or synthesized in the small
intestine, equalled 2.3 mg/day per kg. Assuming that
about 54% of this sterol was also incorporated into the
CM, then the net delivery of cholesterol to the liver
from the intestinal epithclial cell and the diet equalled
approximately 4.1 mg/day per kg.

Y
FECES

Tirley, Spady, and Dietschy ~ Cholesterol metabolism in cynomolgus monkeys 75

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

9-11 mg/day per kg, and dietary sterol intake usually
equals 4-6 mg/day per kg or about 40-60% of the en-
dogenous synthesis rate (1). Furthermore, in the steady
state the concentration of cholesterol in the liver of hu-
mans under these conditions equals 4-5 mg/g (45, 46)
compared to the value observed in these monkeys of 5
mg/g (Fig. 7). Finally, the limited data available suggest
that the liver is also a minor site for cholesterol synthesis
in humans, as it is in these monkeys (1).

Under these steady-state conditions, the monkey is also
synthesizing and degrading an amount of LDL-C equal
to 1.0 pool of plasma LDL each day. In the present study
this figure was obtained by summing the rates of clear-
ance 1n all of the organs (Fig. 4), but it is essentially iden-
tical to that derived in this species using classical turn-
over techniques (26). Thus, the net amount of cholesterol
flowing from VLDL to LDL, ie., the LDL-C production
rate (J,), must equal about 16.5 mg/day per kg (Fig. 10).
Fully 80% of this LDL-C (13.2 mg/day per kg) is cleared
from the plasma by the liver while the remainder is dis-
tributed to the various organs in the extrahepatic com-
partment (2.4 mg/day per kg) and to the small intestine
(0.9 mg/day per kg, not shown). As these same extra-
hepatic tissues synthesize 8.2 mg/day per kg, it follows
that there must be a net movement of 10.6 mg/day per kg
of cholesterol to the liver for excretion, as there is no ac-
cumulation of sterol in these extrahepatic organs in the

steady state. Presumably, this unidirectional net fiow of

cholesterol from the extrahepatic tissues to the liver is ac-
complished by the intervention of HDL and cholesteryl
ester transfer protein (51). Again, these figures are similar
to those found in humans where the LDL-C production
rate equals approximately 13 mg/day per kg and, in so far
as data are available, the liver is also the major site for
LDL-C degradation (1, 52). It should be noted in Fig. 10
that these studies provide no quantitation of the VLDL-C
production rate or of that fraction of the remnants of the
VLDL-C pool that is cleared directly into the liver.
When additional amounts of cholesterol are added to
the diet of these monkeys, there are changes in both the
rate of LDL-C production and hepatic LDL-C clearance
so that when a new steady state is achieved, the plasma
cholesterol concentration is increased. In the cynomolgus
monkey, as in humans, this increase is almost entirely ac-
counted for by a rise in the LDL-C fraction (Fig. 7). Fur-
thermore, from these data it can be calculated that the in-
crease in the plasma LDL-C concentration would equal
~24 mg/d] when the animals are challenged with an ad-

ditional amount of dietary cholesterol equal to 50% of

their daily sterol synthetic rate (5.4 mg/day per kg). When
either newborn (53, 54) or older humans (55, 56) are
challenged with similar amounts of dietary sterol, 1e., an
amount equal to 50% of their respective daily synthetic
rates, their observed increases in the plasma LDL-C con-
centration equal ~ 30 mg/dl and ~ 14 mg/dl, respectively.
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Thus, the increase seen in these young, sexually mature
monkeys is intermediate between the increases observed
in the newborn and older humans and, presumably, is
similar to the values that would be anticipated in young,
sexually mature human subjects.

The rate constants in Fig. 10 illustrate the remarkable
similarity with respect to cholesterol metabolism and
LDIL-C turnover in the cynomolgus monkey and in hu-
mans. These studies also point out certain differences,
however, particularly with respect to bile acid
metabolism. In contrast to human bile, in the monkey the
predominant bile acid found in the gallbladder is cholic
acid and the great majority of these compounds is con-
Jjugated to taurine, rather than glycine (Fig. 5). Further-
more, the relative concentration of cholesterol in the bile
is only 1.7 molar percent and 1s well below the near satu-
ration concentrations observed in humans and, under cer-
tain dietary conditions, the African green monkey (57,
58). Even when challenged with the high cholesterol diet,
this value rose to only ~2.6 molar percent. Thus, the
cynomolgus monkey may not be a useful model for study-
ing cholesterol gallstone formation.

On the basis of these observations, there are four major
points that should be emphasized concerning sterol
metabolism in the cynomolgus monkey. First, these
studies demonstrate that it 1s technically feasible to make
detailed, physiological measurements of cholesterol turn-
over and LDL-C metabolism in this primate using tech-
niques that previously have been applied only to smaller
animals like the rat, hamster, guinea pig, and rabbit (1-8).
One technical problem that should be emphasized,
however, is that significantly longer periods of time are re-
quired to reach a new steady state once a dietary or other
physiological manipulation has been initiated. Previous
studies have established that a minimum of 30 days is re-
quired in 100-200 g animals for all rate constants related
to cholesterol metabolism to achieve new, constant values.
During this period an animal like the hamster, which has
an LDL-C fractional catabolic rate of about 4 pools/day,
will turn over ~120 pools. A minimum of 120 days is re-
quired fo reach a similar new steady state in a species like

the cynomolgus monkey that turns over only 1 pool of

LDL-C per day, while > 300 days would be required in
humans that degrade only ~0.35 pools/day.

Second, these measurements confirm in the primate,
for the first time, several general principles that previously
have been elucidated in decail only in small animals like
the hamster. In the cynomolgus monkey, as in the hamster
and, apparently, humans, the rate of cholesterol synthesis
in the liver is relatively low and accounts for only about
11% of whole body synthesis. The great majority of de
novo sterol synthesis occurs in the extrahepatic organs
where it presumably meets the needs of those tissues for
daily cholesterol turnover. In contrast, in the monkey, as
again in the hamster and human, the liver is the major
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site for the clearance of LDL-C from the plasma (1, 3, 52).
Thus, it appears that the biological function of
chylomicrons and VLDL is similar. The chylomicron
functions primarily to move triacylglycerol from the intes-
tine to the extrahepatic tissues of utilization, but the rem-
nants of these particles are cleared almost exclusively by
the liver. Similarly, the VLDL particles function to move
triacylglycerol from the liver to these same extrahepatic
sites, and the remnants of these particles, including LDL,
are also predominantly cleared by the liver. As is also evi-
dent in Fig. 10, the major function of HDL is to promote
the essentially unidirectional movement of cholesterol
from the sites of synthesis in the extrahepatic organs to
the liver. Use of the term “reverse cholesterol transport” to
describe this process is clearly inappropriate as the great
majority of the sterol being moved to the liver comes from
de novo synthesis in the peripheral organs.

Third, the relatively low rate of cholesterol synthesis in
the liver of the cynomolgus monkey largely determines
the response of the circulating LDL-C concentration to
challenge by an additional load of dietary cholesterol. In
the rat where the rate of hepatic cholesterol synthesis is
more than 20-fold greater than that found in the monkey,
hamster, or human, challenge with the high cholesterol
diet used in these studies is.compensated for by a marked
reduction in the high rate of hepatic cholesterol synthesis
and, possibly, by an increase in bile acid production (59,
60). As a consequence of this near perfect adaptation, no
excess sterol flows into the ester pool, there is no suppres-
sion of hepatic LDL receptor activity, and no increase in
the plasma LDL-C concentration. In contrast, the low
basal level of hepatic cholesterol synthesis found in the
cynomolgus monkey makes it impossible for this species
to compensate for the same 1ncrease in dietary sterol load
by down-regulating synthesis. As a consequence, when
the new steady state is achieved, the hepatic ester pool is
expanded, receptor activity is suppressed, and the plasma
LDL-C concentration becomes significantly elevated
(Fig. 9). Thus, because of the low basal rate of hepatic
cholesterol synthesis, the cynomolgus monkey behaves
very much like the hamster and human with respect to the
response of the plasma LDL-C concentration to an addi-
tional challenge by dietary cholesterol.

Finally, these studies also confirm a technical observa-
tion made earlier in smaller animals that may make it
possible to quantitate the rate of hepatic sterol synthesis
in humans. As found in the present studies in the
cynomolgus monkey and described in detail earlier in the
rat and hamster (30), the amount of 3H-labeled, newly
synthesized cholesterol that appears in the blood 1 h after
administration of the [3H]water is a linear function of the
rate of synthesis in the liver (Fig. 2). This relationship
presumably reflects the rapid rate of molecular exchange
of cholesterol between the newly synthesized pool in the
liver and the pool of sterol in the blood. During this first

hour, the remaining organs of the body apparently ex-
change little or no radiolabeled cholesterol into the blood
as the level of radioactivity in this compartment decreases
to virtually zero when the liver is surgically removed or
hepatic synthesis is suppressed prior to administration of
the [3H]water. Similar relationships have recently been
described in humans administered deuterated water (53,
54). With recent technical advances in the ability to detect
deuterium enrichment in blood cholesterol over much
shorter time intervals, the possibility exists that stable iso-
topes can be used to repeatedly quantitate rates of sterol
synthesis specifically in the liver of human infants and aduits.

In summary, these studies provide detailed, quantita-
tive data on the metabolism of cholesterol and LDL-C in
the male cynomolgus monkey. The liver plays a minor
role in cholesterol synthesis in this species, but is essential
for maintenance of net sterol balance in the whole animal
and for the clearance of LDL-C from the plasma. Thus,
in this species, as in the hamster and human, the meta-
bolic processes within the liver dictate the response of the
plasma LDL-C concentration to the intake of dietary
cholesterol and fatty acids. In addition, in these out-bred
animals, there is significant variability in the response of
the plasma LDL-C level to a fixed dietary lipid challenge,
as is also evident in human populations. Thus, this pri-
mate represents an excellent model for examining in de-
tail the effects of specific fatty acids on hepatic LDL
receptor activity and for exploring the mechanisms of ac-
tion of a variety of pharmaceutical agents. In addition,
this animal is probably a particularly good species in
which to begin to explore the polymorphisms in specific
enzymes or transporters that account for the variable
response of the plasma LDL-C concentration to challenge
by a fixed amount of dietary lipids. B
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