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Interaction of Dietary Cholesterol and Triglycerides in the Regulation
of Hepatic Low Density Lipoprotein Transport in the Hamster

David K. Spady and John M. Dietschy
Department of Internal Medicine, The University of Texas Health Science Center at Dallas,
Southwestern Medical School, Dallas, Texas 75235-9030

Abstract

These studies report the effects of dietary cholesterol and tri-
glyceride on rates of receptor-dependent and receptor-indepen-
dent LDL transport in the liver of the hamster. In animals fed
diets enriched with 0.1, 0.25, or 1% cholesterol for 1 mo, re-
ceptor-dependent LDL transport in the liver was suppressed
by 43, 63, and 77%, respectively, and there were reciprocal
changes in plasma LDL-cholesterol concentrations. In addi-
tion, dietary triglycerides modified the effect of dietary choles-
terol on hepatic LDL transport and plasma LDL concentra-
tions so that at each level of cholesterol intake, polyunsatu-
rated triglycerides diminished and saturated triglycerides
accentuated the effect of dietary cholesterol. When animals
were raised from weaning on diets containing small amounts of
cholesterol, the decline in receptor-dependent LDL transport
was nearly abolished by the addition of polyunsaturated or
monounsaturated triglycerides, but was markedly augmented
by the addition of saturated lipids. When animals raised on
diets containing cholesterol and saturated triglycerides were
returned to the low cholesterol, low triglyceride control diet,
hepatic receptor-dependent LDL transport and plasma LDL-
cholesterol concentrations returned essentially to normal
within 2 wk. Neither receptor-independent LDL transport nor
the receptor-dependent uptake of asialofetuin was significantly
altered by dietary cholesterol or triglyceride suggesting that
the effect of these lipids on hepatic LDL receptor activity was
specific and not due to a generalized alteration in the physio-
chemical properties of hepatic membranes. These studies dem-
onstrate the important role of saturated triglycerides in aug-
menting the effect of cholesterol in suppressing hepatic LDL
receptor activity and elevating LDL-cholesterol levels.

Introduction

It has long been recognized that the substitution of polyunsat-
urated fat for saturated triglycerides in the diet results in a
reduction in plasma cholesterol levels (1-4). Although the
mechanism(s) responsible for this effect remains poorly un-
derstood, the relationship between various dietary lipids and
plasma cholesterol levels in man has been studied in consider-
able detail (5-9). From these studies it appears that the magni-
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tude of the change in plasma cholesterol levels that can be
achieved is dependent upon the ratio of polyunsaturated to
saturated fatty acids in the diet. Furthermore, saturated fatty
acids are approximately twice as active in raising plasma cho-
lesterol levels as are polyunsaturated fatty acids in lowering
them. The differential effects of polyunsaturated and saturated
fatty acids on plasma cholesterol levels also appear to be
magnified by dietary cholesterol (6).

Although it has been suggested that the decline in plasma
cholesterol concentration produced by polyunsaturated fatty
acids is related to an increase in fecal sterol excretion, the
specific reason why fatty acids regulate plasma lipoprotein-
cholesterol levels is not known. A number of mechanisms have
been proposed including alterations in (a) the absorption of
cholesterol from the small intestine, (b) rates of de novo cho-
lesterol synthesis, (c) the distribution of cholesterol between
plasma and various extrahepatic pools, (d) the cholesterol
content of VLDL and LDL, and (e) the rates of synthesis or
catabolism of plasma lipoproteins. Little direct evidence exists,
however, to support any of these mechanisms. For example, it
is not even clear what the effect of dietary triglycerides is on the
synthesis and degradation of LDL-cholesterol. Whereas some
investigators have reported that the increase in plasma LDL
levels produced by feeding saturated fat is accompanied by a
fall in the fractional catabolic rate (FCR)' (10), others have
found little or no change in this parameter (1 1, 12). Further-
more, since most LDL is cleared from the plasma via recep-
tor-dependent transport, it is difficult to interpret a change in
the FCR for this lipoprotein under conditions where the
plasma LDL-cholesterol concentration has also changed (13,
14). Thus, on the basis of currently available data it is not
possible to determine whether the changes in plasma choles-
terol levels brought about by triglyceride feeding result from
alterations in the rate of receptor-dependent LDL degradation
or the rate of synthesis of LDL particles.

The hamster has proved to be a good model in which to
study these regulatory mechanisms since its concentration of
plasma LDL-cholesterol responds to changes in dietary lipid
intake in a manner that is essentially identical to that seen in
man (15). Furthermore, the kinetics of LDL-cholesterol pro-
duction and degradation have been worked out in detail in this
species (13) so that it is possible, in quantitative terms, to
identify the reason why a particular dietary or pharmacologi-
cal manipulation results in a change in the steady state plasma
LDL-cholesterol concentration. Using this model we recently
reported that saturated triglycerides, but not polyunsaturated
triglycerides, suppressed receptor-dependent LDL transport in

1. Abbreviations used in this paper: FCR, fractional catabolic rate; Jd,
receptor-dependent rate; J1, receptor-independent rate; Jm, maximal
transport velocity; Jt, production rate; methyl-hLDL, reductively
methylated LDL of human origin.

300 D. K Spady and J. M. Dietschy

J. Clin. Invest.
K The American Society for Clinical Investigation, Inc.
0021-9738/88/02/0300/10 $2.00
Volume 81, February 1988, 300-309



the liver of hamsters that were also receiving small amounts of
dietary cholesterol (15). Such alterations in hepatic LDL re-
ceptor activity will significantly affect circulating LDL-choles-
terol levels since - 75% of LDL turnover is mediated by LDL
receptors (16-18) and - 85% of this receptor-dependent LDL
transport is found in the liver of all species for which data are
available (19-21). The present studies were therefore under-
taken in this species (a) to examine in detail the time and dose
dependency of suppression of hepatic LDL transport by di-
etary cholesterol and triglycerides; (b) to determine if the di-
etary suppression of receptor-dependent LDL transport in the
liver is reversible; and (c) to define the relationship between
changes in receptor-dependent LDL transport and other meta-
bolic events within the liver cell.

Methods

Animals and diet. Male Golden Syrian hamsters (Charles River Lake-
view, Newfield, NJ) were housed in colony cages and subjected to light
cycling for at least 3 wk before use in specific experiments. The control
diet used in these studies was ground Wayne Lab Blox (Allied Mills,
Chicago, IL), which contained 0.23 mg/g of cholesterol as determined
by gas-liquid chromatography. The total fat content of this diet was 5%
and the fatty acid profile, as determined by gas-liquid chromatography
of the methyl esters, was 14% of the fatty acid 16:0, 5% 18:0, 27% 18:1,
46% 18:2, and 6% 18:3. The experimental diets were prepared by
adding varying amounts of cholesterol and/or triglyceride to this con-
trol diet. In those diets containing only cholesterol, the sterol was first
dissolved in warm ethanol and mixed with the ground food following
which the solvent was evaporated. In those diets also containing tri-
glyceride, the cholesterol was first dissolved in the oil being added to
the food. In all cases the diets were subjected to prolonged mixing using
a mechanical food blender. The triglycerides used in these studies
included safflower oil (iodine value of 140-150), olive oil (iodine value
of 79-90), hydrogenated coconut oil (iodine value of < 4) and tripal-
mitin (iodine value of < 4). When the fatty acid methyl esters of these
triglycerides were analyzed by gas-liquid chromatography, safflower oil
contained 79% of the 18:2 fatty acid, olive oil contained 65% 18:1 and
coconut oil contained > 90% satrated fatty acids of varying chain
length. All diets were fed ad lib. and all experiments were carried out
during the mid-dark phase of the light cycle.

Lipoprotein preparations. Hamster and human LDL was isolated
from plasma by preparative ultracentrifugation in the density range of
1.020 to 1.055 g/ml and labeled with either [1251]tyramine cellobiose
(22) or '3'I using the iodine monochloride method (23). Both hamster
and human LDL in this density range contained almost exclusively
apoprotein Bloo on polyacrylamide gels. The whole-animal turnover of
each LDL preparation was identical regardless of whether it was la-
beled with [125I]tyramine cellobiose or 13'I alone (unpublished obser-
vations from this laboratory). The human LDL was also subjected to
reductive methylation (methyl-hLDL) to fully block its interaction
with the LDL receptor (20, 24). Thus, the [125I]tyramine cellobiose-la-
beled homologous hamster LDL was used to quantitate the rate of total
LDL transport by the liver while the similarly labeled methyl-hLDL
was utilized to measure the receptor-independent component of this
transport process (13, 20). All lipoproteins were used within 24 h of
preparation and were filtered through a 0.45-Am Millipore filter imme-
diately before use.

Determination of hepatic LDL uptake rates in vivo. Rates of hepatic
LDL clearance were determined using a primed-continuous infusion
of [1251]tyramine cellobiose-labeled LDL (19, 20). The radioactivity
present in the priming dose relative to the radioactivity subsequently
infused each hour was adjusted so as to maintain a constant specific
activity of the LDL in plasma throughout the experimental period. The
infusions of [r251]tyramine cellobiose-labeled LDL were continued for
4 h at which time each animal was administered a bolus of 13"'-labeled

LDL and killed 10 min later by exsanguination through the abdominal
aorta. Samples of various organs were quickly rinsed and weighed and,
along with aliquots of plasma, were assayed for radioactivity. The
tissue space achieved by LDL at 10 min ("'lI dpm per g of tissue
divided by the IIII dpm per yA of plasma) and at 4 h (the 125I dpmper g
of tissue divided by the '25I dpm per Al of plasma) was then calculated
and has the units of microliters per gram (25). The increase in tissue
space with time represents the clearance of LDL by the liver and was
expressed as the microliter of plasma cleared of its LDL content per
hour per gram of liver. This clearance rate was also multiplied by the
plasma LDL-cholesterol concentration to give the absolute mass of
LDL-cholesterol taken up per hour by each gram of liver (20).

Determination of hepatic sterol synthesis rates in vivo. As pre-
viously described (26, 27), animals were killed 1 h after the intravenous
administration of [3H]water (- 50 mCi). Rates of sterol synthesis were
expressed as the nanomoles of [3H]water incorporated into digitonin
precipitable sterols per hour per gram of liver.

Analytic procedures. Plasma LDL-cholesterol concentrations were
determined by simultaneously centrifuging plasma at densities of
1.020 and 1.063 g/ml. The cholesterol content of the top one-third of
each tube, as well as the total plasma cholesterol concentration, was
assayed colorimetrically as previously described (28). The hepatic
content of free and esterified cholesterol was measured using silicic
acid/celite columns (28).

Calculations. Where appropriate, data are presented as mean
values± 1 SEM. In order to relate changes in hepatic LDL clearance to
changes in LDL receptor number or, more appropriately, to the maxi-
mal transport velocity (J") for the receptor-dependent system, the
experimentally determined clearance rates were superimposed upon
the kinetic curves defining the rates of LDL uptake in the liver as a
function of the plasma LDL-cholesterol concentration in control
hamsters. These curves were constructed for the liver (e.g., Fig. 1) using
the following, previously published transport parameters:
P* 0.080+0.025 Ag/h per g per mg/dl; Km 108.7±5.7 mg/dl; and
J'- 126.0±9.6 gg/h per g ( 13). Utilizing these curves, LDL clearance
rates measured at any plasma LDL-cholesterol concentration could be
converted directly to J' values and these values are presented as a
percentage of the appropriate control values in each experiment.
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Figure 1. Hepatic LDL clearance and LDL-cholesterol uptake in ani-
mals fed varying amounts of cholesterol for 30 d (A and B) or 0.5%
cholesterol for varying periods of time (C and D). The shaded areas
represent the kinetic curves for total (stippled) and receptor-indepen-
dent (hatched) LDL transport (mean values+2 SD) in the liver of
normal animals with a constant receptor number (Jm). The individ-
ual points superimposed on these kinetic curves represent the
means± 1 SEMfor data obtained in six animals.
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Results

Wefirst examined the effect of adding cholesterol alone to the
diet and the results of these studies are summarized in Table I.

Control animals were fed the low cholesterol, low triglyceride
rodent diet and experimental animals were fed the same diet
that was either enriched with varying amounts of cholesterol
(0.1, 0.25, or 1%) and fed for 30 d, or that was enriched with
0.5% cholesterol and fed for varying periods of time (4, 7, or 30
d). Although not shown, the rate of weight gain was essentially
identical in all groups of animals. Liver weight, however, pro-

gressively increased as increasing amounts of dietary choles-
terol were fed or when the same amount of dietary cholesterol
was administered for longer periods of time (column 1). Simi-
larly, the hepatic cholesteryl ester content, which was 0.8 mg/g
in control animals, increased as a function of both the amount
of cholesterol in the diet and the time on the diet (column 2).
As shown in columns 3 and 4, dietary cholesterol produced a

dose-dependent and time-dependent suppression in rates of
hepatic LDL clearance and reciprocal elevations in plasma
LDL-cholesterol concentrations. Although the data are not
shown, the rate of methyl-hLDL clearance (receptor-indepen-
dent transport) equaled I 1±3 ,l/h per g in control animals and
was not significantly altered by cholesterol feeding.

Because the circulating levels of LDL-cholesterol increased
in all animals fed cholesterol, these changes in LDL clearance
could not be equated directly with down-regulation of recep-
tor-dependent LDL transport since saturation of this receptor
system could, at least partially, explain these changes. To dis-
tinguish between these two possibilities, the kinetics of recep-
tor-dependent and receptor-independent LDL transport in the
liver of normal hamsters were defined over the range of LDL-
cholesterol levels seen in the cholesterol fed animals. This was

accomplished by measuring rates of hepatic LDL clearance in
control hamsters whose plasma LDL-cholesterol levels were

acutely raised and maintained at values ranging from 25 to 200
mg/dl by adding varying amounts of unlabeled homologous
LDL to the primed-continuous infusions of radiolabeled LDL
(13). These studies were performed using both homologous
LDL (total LDL transport) and methyl-hLDL (receptor-inde-
pendent transport). The data were analyzed using least-squares
nonlinear regression analyses (13) and the best-fit curves±2
SD are presented in Fig. 1. The upper panels show the rela-

tionship between rates of total (stippled areas) and receptor-in-
dependent (hatched areas) hepatic LDL clearance and plasma
LDL-cholesterol concentrations under circumstances where
the LDL receptor number, i.e., Jm for the receptor-dependent
system (13), was constant. These same data are presented in
the lower panel as total and receptor-independent LDL-cho-
lesterol uptake (micrograms per hour per gram). In both cases,
the area between the two curves represents the receptor-de-
pendent component of LDL transport.

The observed rates of LDL transport in the cholesterol-fed
animals are superimposed upon these kinetic curves for LDL
transport in control animals. As seen in A, rates of hepatic
LDL clearance in animals fed cholesterol for 30 d fell signifi-
cantly below those rates that would be expected in normal
animals at similar plasma LDL-cholesterol concentrations. It
can be calculated from this analysis that receptor-dependent
LDL clearance per gram of liver was suppressed by - 45, 70,
and 85% in the animals fed 0.1, 0.25, and 1.0% cholesterol,
respectively. Since the suppression of hepatic LDL clearance
was accompanied by a rise in plasma LDL levels, the actual
mass of LDL-cholesterol taken up per hour per gram of liver in
these same animals remained remarkably constant at -25 jig
(B). However, whereas > 90% of LDL transport was receptor
dependent in the control animals, receptor-independent
mechanisms became increasingly important in the choles-
terol-fed animals and actually accounted for most of the LDL-
cholesterol uptake that took place in the animals fed 1.0%
cholesterol. The time dependency of these changes is illus-
trated in Cand D. Whenanimals were fed a 0.5% cholesterol
diet for only 4 d, the plasma LDL-cholesterol concentration
doubled, the LDL clearance rate decreased slightly, but there
was no change in the absolute rate of receptor-dependent
transport (C) indicating that this initial rise in the plasma
LDL-cholesterol concentration was due entirely to increased
LDL-cholesterol production. As a consequence, the amount of
LDL-cholesterol taken up by the liver at 4 d was nearly dou-
bled (D). However, with longer periods of feeding there was
progressive suppression of receptor-dependent LDL uptake to
those values seen at 30 d of cholesterol feeding.

When the data in Fig. 1 are corrected for changes in liver
weight (Table I), the effect of dietary cholesterol on whole liver
LDL receptor activity can be determined and these values,
along with the plasma LDL-cholesterol levels, are plotted in

Table I. Effect of Dietary Cholesterol on Hepatic Cholesteryl Ester Content, Cholesterol Synthesis,
and LDL Tranisport, and on Plasma LDL-Cholesterol Concentrations

Hepatic cholesteryl
Time on diet Liver weight ester content

d

None
0.10
0.25
1.0
0.5
0.5
0.5

30
30
30

4
7

30

g

5.3±0.2
5.8±0.1
6.4±0.2
7.9±0.3
5.7±0.2
6.3±0.2
7.3±0.3

mg/g

0.8±0.1
11±1
26±1
88±6

9±1
27±2
48±4

Hepatic cholesterol
synthesis

nmol/h per g

48±3
8±2
6±1
6±1
9±1
6±2
6±1

Hepatic LDL Plasma LDL-cholesterol
clearance concentration

pl/h per g

125±8
65±4
32±2
18±2
98±5
46±4
28±3

mg/dl

22±3
43±4
72±5

126±13
41±3
62±3
96±5

Groups of animals were fed diets enriched with 0.10, 0.25, or 1.0% cholesterol for 30 d or with diets containing 0.5% cholesterol for 4, 7, or
30 d. Each value represents the mean± 1 SEMfor data obtained in six animals.

302 D. K Spady and J. M. Dietschy

Cholesterol added to
control diet



-100

80> 608

-J r

S K

40I -J > 40
J

< 20

0

125
o 0%
ns F sA-

CHOLESTEROL
CONTENT

OF DIET FED
FOR 30 DAYS

A
- 0

, B 9.

DAYSON 0.5%
CHOLESTEROL

DIET

C

D

LLJ 100- 0
~-znJf4.-00Cfl_j I-

9j z25-0'-

0o 0.250.5 0.75 1.0 0 10 20 30
DIETARY DAYSON 0.5%

CHOLESTEROL DIETARY
CONTENT(%) CHOLESTEROL

Figure 2. Whole liver receptor-dependent LDL clearance and plasma
LDL-cholesterol concentrations in animals fed varying amounts of
cholesterol for 30 d (A and B) or 0.5% cholesterol for varying periods
of time (C and D). Whole liver receptor-dependent LDL clearance
was obtained by multiplying the percent reduction in receptor-de-
pendent LDL clearance per gram of tissue by the whole liver weight
and then expressing the values as percentages of the control value.

Fig. 2 as a function of the content of cholesterol in the diet (A
and B) or the number of days that the 0.5% cholesterol diet was
fed (C and D). Since cholesterol increased liver weights as a
function of the dose and time on the diet, the suppression of
hepatic LDL receptor activity was somewhat less when ex-
pressed per whole liver than when expressed per gram of tissue.

In the second group of experiments we next examined the
effect of dietary triglycerides alone on rates of hepatic LDL
transport. In these experiments, hamsters were fed either the
control ground rodent diet or the same diet enriched with 20%
safflower oil, 20% olive oil, or 20% hydrogenated coconut oil
for one month. Weight gain among the animals fed the various
triglycerides was identical but - 15% greater than seen in the
control animals. As shown in Table II, the liver weights and
hepatic cholesteryl ester contents were not affected by triglyc-
eride feeding (columns I and 2). Rates of hepatic cholesterol
synthesis, however, increased by approximately five-, three-,

and twofold, respectively, in animals fed safflower oil, olive oil,
and hydrogenated coconut oil. Rates of hepatic LDL clearance
were not significantly altered by the triglyceride diets. Plasma
LDL-cholesterol levels were only modestly affected by supple-
menting the diet with triglyceride alone. Safflower oil and olive
oil reduced plasma LDL levels by 28 and 20%, respectively,
while hydrogenated coconut oil increased plasma LDL-cho-
lesterol levels 64%. The absolute magnitude of these changes,
however, was very small compared to that seen when choles-
terol was present in the diet.

The third series of experiments was undertaken to examine
the interaction of dietary triglyceride and cholesterol in regu-
lating hepatic LDL transport. Accordingly, hamsters were fed
diets supplemented with 0.06, 0.12, or 0.24% cholesterol with
and without safflower oil (20%) or hydrogenated coconut oil
(20%) and the results of these studies are summarized in Table
III. At all levels of dietary cholesterol, hepatic cholesteryl ester
levels (column 2) were highest in animals fed cholesterol alone,
intermediate when safflower oil was added and lowest when
hydrogenated coconut oil was added. The hepatic cholesteryl
ester content equaled 0.6 mg/g in control animals (column 2).
In animals fed 0.06% cholesterol alone, the hepatic cholesteryl
ester content equaled 7.8 mg/g but this content was signifi-
cantly lower in those hamsters simultaneously given safflower
oil (2.6 mg/g) or hydrogenated coconut oil (1.4 mg/g). Simi-
larly, in those animals fed the 0.12 and 0.24% cholesterol diets,
hepatic cholesteryl ester contents were highest in the animals
fed only cholesterol, were lower in those animals fed safflower
oil and were the lowest when the hamsters were given hydroge-
nated coconut oil. Rates of hepatic cholesterol synthesis
equaled 44 nmol/h per g in control animals (column 3). On
the 0.06% cholesterol diet, rates of synthesis were suppressed

- 80%but this suppression was largely reversed in the animals
fed either safflower oil or hydrogenated coconut oil. Similarly,
when fed 0.12% or 0.24% cholesterol, the suppression in he-
patic sterol synthesis was greater in the absence of triglyceride
than in the presence of these oils. The rate of hepatic LDL
clearance equaled 117 ,il/h per g in control animals and was
progressively suppressed when cholesterol was added to the
diet. However, at each of the three levels of cholesterol feeding,
hepatic LDL clearance was actually increased by adding saf-
flower oil to the diet and was strikingly suppressed by feeding
hydrogenated coconut oil (column 4). These changes in he-
patic LDL clearance were faithfully reflected by reciprocal
changes in the circulating plasma LDL-cholesterol concentra-
tions (column 5). Thus, at any level of cholesterol feeding, the

Table II. Effect of Dietary Triglyceride on Hepatic Cholesteryl Ester Content, Cholesterol Synthesis
and LDL Transport, and on Plasma LDL-Cholesterol Concentrations

Triglyceride added to Hepatic cholesteryl Hepatic cholesterol Hepatic LDL Plasma LDL-cholesterol
control diet Liver weight ester content synthesis clearance concentration

g mg/g nmo//h per g 1l/h per g mg/dl

None 5.1 ±0.2 0.8±0.1 34±2 115±6 25±2
Safflower oil 5.5±0.3 0.6±0.1 160±10 138±8 18±2
Olive oil 5.6±0.3 0.9±0.2 106±7 114±7 20±3
Coconut oil 5.3±0.4 0.7±0.1 78±6 116±7 41±3

Groups of animals were fed diets enriched with 0.10, 0.25, or 1.0% cholesterol for 30 d or with diets containing 0.5% cholesterol for 4, 7, or
30 d. Each value represents the mean± 1 SEMfor data obtained in six animals.
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Table III. Effect of Dietary Triglyceride at Varying Dietary Cholesterol Levels on Hepatic Cholesteryl Ester Content,
Cholesterol Synthesis, and LDL Transport, and on Plasma LDL-Cholesterol Concentrations

Cholesterol added to Triglyceride added to Hepatic cholesteryl Hepatic cholesterol Hepatic LDL Plasma LDL-cholesterol
control diet control diet Liver weight ester content synthesis clearance concentration

% g mg/g nmol/h per g ill/h per g mg/dl

None None 5.1±0.3 0.6±0.1 44±3 117±9 23±2

0.06 None 5.3±0.2 7.8±1 9±1 77±6 40±3
Safflower oil 5.4±0.2 2.6±0.2 36±3 103±7 32±2
Coconut oil 5.3±0.4 1.4±0.1 31±2 32±3 86±5

0.12 None 5.8±0.3 13±1 7±1 50±4 63±4
Safflower oil 5.6±0.3 10±1 20±1 54±4 57±4
Coconut oil 5.8±0.6 6±1 18±2 17±2 156±9

0.24 None 6.5±0.5 30±2 7±1 38±3 86±7
Safflower oil 6.6±0.4 23±2 12±1 41±3 71±5
Coconut oil 6.2±0.6 8±1 10±2 14±2 198±12

Groups of animals were fed diets enriched with 0.06, 0.12, or 0.24% cholesterol either alone or in combination with 20% safflower oil or 20%
hydrogenated coconut oil. All diets were fed for 30 d. Each value represents the mean± 1 SEMfor data obtained in six animals.

addition of safflower oil tended to lower the plasma LDL-cho-
lesterol concentration while feeding the saturated hydroge-
nated coconut oil markedly increased these levels.

When the rates of hepatic LDL clearance shown in Table
III were superimposed on the appropriate kinetic curves for
LDL transport in normal hamsters, the percentage reduction
in receptor-dependent LDL transport could be calculated and
these values, in turn, could be corrected for the slight differ-
ences in liver size found in the various groups. In Fig. 3 are
shown the mean changes in whole liver LDL receptor activity
and plasma LDL-cholesterol concentrations as a function of

0.06 0.12 0.18 o.2
DIETARY CHOLESTEROL

CONTENT(%)

Figure 3. Whole liver receptor-dependent LDL clearance and plasma
LDL-cholesterol concentration in animals fed diets enriched with
0.06, 0.12 or 0.24% cholesterol with and without 20% safflower oil or
hydrogenated coconut oil. Whole liver receptor-dependent LDL
clearance was obtained by multiplying the percentage reduction in
receptor-dependent LDL clearance per g of tissue by the whole liver
weights and is expressed as a percentage of the control value.

the dietary cholesterol content in animals fed diets containing
either no added triglyceride, safflower oil, or hydrogenated
coconut oil. As is apparent, at each level of dietary cholesterol
the suppression of whole liver receptor-dependent LDL trans-
port was less in the presence of safflower oil and markedly
greater in the presence of hydrogenated coconut oil. The most
dramatic differences in whole liver receptor-dependent LDL
clearance, however, occurred in animals fed the 0.06% choles-
terol diet where safflower oil nearly abolished the suppressive
effect of dietary cholesterol while hydrogenated coconut oil
markedly augmented it. As shown in B, plasma LDL-choles-
terol concentrations progressively rose with increasing
amounts of dietary cholesterol; however, this rise was less in
the presence of safflower oil but significantly greater in the
presence of hydrogenated coconut oil.

Since the most dramatic modulation of hepatic LDL re-
ceptor activity by dietary triglyceride occurred in animals fed
the 0.06% cholesterol diet and since this level of dietary cho-
lesterol is similar to that of Western man (- 150 mgof cho-
lesterol per 1,000 kcal of diet), a fourth group of studies was
undertaken to examine the time-course for the inhibition of
hepatic LDL transport and its reversibility in animals fed
0.06% cholesterol for prolonged periods of time in the presence
and absence of added safflower oil, olive oil, or hydrogenated
coconut oil. Groups of animals were fed these diets for either 4
d or for 1, 2, or 4 mo. All animals were killed at - 5 moof age.
Total body weight gain was identical among the animals fed
the three triglyceride-containing diets, but weight gain in these
animals was somewhat greater than in control animals or in
animals that received cholesterol alone. As shown in Table IV,
hepatic cholesteryl ester levels increased with time in all ani-
mals fed the 0.06% cholesterol diet (column 2); however, the
increase was greater in animals receiving olive oil and much
less in animals receiving safflower oil or hydrogenated coconut
oil so that after 4 mo the hepatic cholesteryl ester content was
12.7 mg/g in animals fed 0.06% cholesterol alone, but equaled
18, 2.8, and 1.9 mg/g when olive oil, safflower oil, or hydroge-
nated coconut oil, respectively, was added. Rates of hepatic
LDL clearance fell in all animals fed the 0.06% cholesterol
diet. The magnitude of this decline, however, was much less
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Table IV. Time-course for the Changes in Hepatic Cholesteryl Ester Content and LDL Clearance, and for Plasma LDL-Cholesterol
Concentrations in Animals Fed 0.06% Cholesterol Plus Safflower Oil, Olive Oil or Hydrogenated Coconut Oilfor Prolonged Time Periods

Cholesterol added to Triglyceride added to Hepatic cholesteryl Hepatic LDL Plasma LDL-cholesterol
control diet control diet Time on diets Liver weight ester content clearance concentration

% g mg/g Ai/h per g mg/dl

None None 5.0±0.3 0.7±0.1 116±8 25±2
0.06 None 4 d 4.9±0.3 2.1±0.1 100±7 29±2

1 mo 5.3±0.3 8.2±1 79±6 35±2
2 mo 5.8±0.2 9.6±1 61±6 40±3
4 mo 6.6±0.5 12.7±1 34±4 43±3

0.06 Safflower oil 4 d 4.8±0.3 1.7±0.2 112±8 28±2
1 mo 5.3±0.2 2.8±0.2 103±8 30±3
2 mo 5.9±0.4 2.6±0.1 94±7 34±2
4 mo 6.8±0.4 2.8±0.3 81±7 35±2

0.06 Olive oil 4 d 5.2±0.4 2.8±0.2 110±8 32±2
1 mo 5.3±0.4 9.9±1 102±6 38±3
2 mo 6.3±0.3 13.2±1 87±6 38±3
4 mo 7.4±0.5 18.0±2 74±7 39±3

0.06 Coconut oil 4 d 5.2±0.3 1.0±0.1 86±6 45±3
1 mo 5.2±0.3 1.6±0.2 35±2 76±5
2 mo 6.0±0.2 1.6±0.2 30±2 87±6
4 mo 7.2±0.4 1.9±0.2 22±2 86±6

Groups of animals were fed diets enriched with 0.06% cholesterol alone or in combination with 20% safflower oil, 20% olive oil, or 20% hy-
drogenated coconut oil for 4 d or for 1, 2, or 4 mo. Each value represents the mean± 1 SEMfor data obtained in six animals.

when safflower oil or olive oil was added to the diet but was
much more when hydrogenated coconut oil was administered
(column 3). These changes in hepatic LDL clearance, in turn,
were reflected by appropriate, reciprocal changes in plasma
LDL-cholesterol levels (column 4).

When the hepatic LDL clearance rates shown in Table IV
were compared to the appropriate kinetic curves and corrected
for differences in liver weight, the percentage changes in he-
patic LDL receptor activity were obtained. As shown in Fig. 4,
in those animals raised for 4 mo on a diet containing 0.06%
cholesterol alone there was a progressive decline in receptor-
dependent LDL transport to 50% of the control value and a
corresponding reciprocal rise in the plasma LDL-cholesterol
concentration (B). However, the addition of either safflower
oil or olive oil to this cholesterol-containing diet almost totally
abolished the suppressive effect of the dietary cholesterol on
receptor-dependent LDL transport in the liver and largely
blunted the rise in circulating LDL-cholesterol. In contrast, the
addition of hydrogenated coconut oil to the diet markedly
enhanced suppression of receptor-dependent hepatic LDL up-
take and increased the plasma LDL-cholesterol concentrations
to levels normally seen in adult man. Finally, after 4 mo,
animals receiving each of the four dietary regimens were re-
turned to control rodent diet containing neither added choles-
terol nor triglyceride. As is also apparent in Fig. 4, at the end of
2 wk the dramatic changes in receptor-dependent LDL trans-
port and the plasma LDL-cholesterol levels had all reverted to
the normal values found in the control animals. Thus, these
diet-induced changes were rapidly reversible.

Since the hydrogenated coconut oil contained significant
amounts of fatty acids of short and medium chain length, it
was possible that the dramatic effect of this triglyceride on
LDL metabolism was related more to the chain length of the

fatty acids than to the degree of saturation. Therefore, the
effect of pure tripalmitin on LDL metabolism was next stud-
ied, as shown in Fig. 5. Hamsters were fed the control ground
rodent chow containing 0.06% cholesterol plus either olive oil
(20%), or olive oil (12%) plus tripalmitin (8%). As is apparent,
when olive oil was partially replaced by tripalmitin, whole liver
receptor-dependent LDL transport declined significantly and
plasma LDL-cholesterol concentrations increased. Diets con-
taining greater proportions of tripalmitin resulted in steator-
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Figure 4. Whole liver receptor-dependent LDL clearance and plasma
LDL-cholesterol concentrations in animals fed diets enriched with
0.06% cholesterol with or without 20% safflower oil, olive oil, or hy-
drogenated coconut oil as a function of time on the diet. The dashed
lines represent the changes observed when animals were returned to
the control low cholesterol, low triglyceride diet.
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FigureS5. Whole liver receptor-dependent LDL clearance and plasma
LDL-cholesterol concentrations in animals fed diets enriched with
0.06% cholesterol and either 20% olive oil or 12% olive oil plus 8%
tripalmitin.

rhea and diminished weight gain and so it was not possible to
study higher concentrations of dietary tripalmitin.

In a final study the mechanism by which saturated and
polyunsaturated triglycerides modulated LDL metabolism was
investigated by examining the effect of these triglycerides on
the hepatic uptake of asialofetuin, a compound that is also
removed from the plasma by a receptor-dependent pathway
similar to that of the LDL receptor pathway (29, 30). As shown
in Table V, the hepatic clearance of asialofetuin was approxi-
mately 40-fold higher than that of LDL. However, whole liver
asialofetuin clearance was totally unaffected by feeding diets
containing cholesterol and triglycerides (column 3). Thus, the
receptor-dependent uptake of this compound continued at a
constant rate under circumstances where the feeding of satu-
rated and unsaturated dietary triglycerides resulted in marked
alterations in receptor-dependent LDL transport into the liver.

Discussion

In man (14), as well as in the hamster (13), the steady-state
concentration of plasma LDL-cholesterol is dictated by the
balance between the rate of LDL entry into the plasma com-
partment (the LDL production rate, Jt) and the rate of LDL

removal by the various tissues of the body through both recep-
tor-independent (Ji) and receptor-dependent (Jd) mechanisms.
In all species that have been examined thus far, - 80% of the
receptor-dependent LDL transport that is manifest in the
whole animal is found in the liver (19-21). Furthermore, this
hepatic receptor-dependent transport, but not the receptor-in-
dependent component, is subject to regulation by dietary ad-
ditions such as cholesterol, triglyceride and bile acids ( 15, 31).
Thus, it becomes of considerable importance to elucidate how
the two major dietary lipids, i.e., cholesterol and triglyceride,
interact to effect hepatic receptor-dependent LDL transport
and, ultimately, the concentration of LDL-cholesterol in the
plasma. Such information is particularly relevant to the situa-
tion in Western man where the intake of a diet high in lipids is
associated with a progressive increase in plasma LDL-choles-
terol levels and a high incidence of atherosclerotic complica-
tions (32, 33).

Using the hamster, four major conclusions were reached in
these studies concerning the interrelationships that exist be-
tween the major dietary lipids, the functional levels of recep-
tor-dependent LDL transport in the liver and the circulating
concentrations of plasma LDL-cholesterol. First, feeding cho-
lesterol alone caused a marked rise in the concentration of
cholesteryl esters in the liver and suppression of both the rate
of cholesterol synthesis and receptor-dependent LDL uptake.
Second, saturated triglycerides augmented the suppressive ef-
fect of the cholesterol on hepatic LDL receptor activity and
markedly elevated the circulating plasma LDL-cholesterol
levels. In contrast, unsaturated triglycerides largely prevented
the deleterious effect of dietary cholesterol on these parameters
of hepatic metabolism. Third, feeding triglycerides disrupted
the classical metabolic responses to cholesterol feeding that
exist in the liver with respect to receptor activity, cholesteryl
ester levels, and rates of cholesterol synthesis. Saturated tri-
glycerides, for example, markedly lowered cholesteryl ester
levels and increased rates of sterol synthesis under circum-
stances where receptor-dependent LDL transport was mark-
edly suppressed. Finally, the detrimental effects of feeding
cholesterol and saturated lipids on receptor-dependent LDL
transport in the liver could be readily reversed by returning the
experimental animal to a diet low in these lipids.

The first set of data provided by these studies was a detailed
time-course for the effects of cholesterol feeding alone on he-
patic LDL transport and circulating levels of LDL-cholesterol.
Immediately after beginning cholesterol feeding, there was an
apparent increase in the rate of LDL-cholesterol production

Table V. Effect of Dietary Cholesterol and Triglyceride on Hepatic Asialofetuin Transport

Cholesterol added to Triglyceride added to Hepatic asialofetuin Hepatic asialofetuin
control diet control diet Time on diets clearance Liver weight clearance

% mo ml/h per g g ml/h per whole liver

0.06 None 1 4.1±0.2 4.9±0.2 20.1±2
3 3.0±0.2 6.5±0.4 19.5±1

0.06 Safflower oil 1 4.3±0.2 5.4±0.2 23.0±2
3 3.0±0.3 7.4±0.3 22.2±2

0.06 Coconut oil 1 4.0±0.3 5.3±0.3 21.3±2
3 3.3±0.3 6.7±0.4 22.1±2

Groups of animals were fed diets enriched with 0.06% cholesterol alone or in combination with 20% safflower oil and 20% hydrogenated coco-
nut oil for 1 or 3 mo. Each value represents the mean± 1 SEMfor data obtained in six animals.
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such that at 4 d the plasma LDL-cholesterol concentration had
nearly doubled yet there had been no change in hepatic LDL
transport (D, Fig. 1). As a consequence of this alteration, the
amount of LDL-cholesterol taken up by the liver 4 d after
commencing cholesterol feeding also nearly doubled. The liver
cell apparently responded to this increased influx of sterol by
reducing receptor-dependent LDL uptake until, at 30 d, the
absolute uptake of LDL-cholesterol had been returned to that
level seen in the animals fed the control diet. Thus, 30 d after
the initiation of cholesterol feeding, the rate of receptor-de-
pendent LDL uptake by the liver had been adjusted so that the
amount of LDL-cholesterol taken up remained constant at

- 25 ,ug/h per g regardless of the load of dietary cholesterol (B,
Fig. 1). At the same time, there was also a marked increase in
the level of cholesteryl esters in the liver cell and suppression of
the rate of cholesterol synthesis (Table I). Thus, in this situa-
tion the liver of the hamster responded in the classical manner
to increased cholesterol influx with suppression of cholesterol
synthesis and receptor-dependent LDL transport and an in-
creased level of cholesteryl ester formation. It should be noted
that these responses were designed to maintain sterol homeo-
stasis only in the liver cell. Unfortunately, these adjustments
by the liver were detrimental to the animal as a whole in that
the plasma LDL-cholesterol concentration necessarily in-
creased.

The precise mechanism by which dietary sterol regulates
the LDL receptor pathway is not known, although presumably
long-term regulation is mediated by cholesterol, or some other
product of mevalonate metabolism, at the transcriptional
and/or translational level. It is also possible that excess dietary
cholesterol could affect the LDL-receptor pathway by disturb-
ing the cholesterol/phospholipid ratio and, perhaps, the fluid-
ity of hepatic membranes. However, in these studies dietary
cholesterol had little effect on the hepatic transport of asialo-
fetuin, a glycoprotein that is taken up and degraded by the
liver through a receptor-dependent pathway similar to that of
LDL uptake (29, 30). Thus, these results are consistent with
the view that enhanced uptake of dietary cholesterol leads to
expansion of some putative intracellular, regulatory pool of
sterol which, in turn, suppresses the synthesis (or increases the
degradation) of the rate-limiting enzymes for cholesterol bio-
synthesis and the LDL receptor and expands the pool of cho-
lesteryl esters (34, 35). Unless some other adaptive response
occurs in other organs in the body, these changes in the liver
will necessarily be associated with an increase in the circulating
levels of LDL-cholesterol.

As demonstrated in the second group of studies, the addi-
tion of triglycerides to the diet markedly altered the metabolic
response of the liver to cholesterol taken in simultaneously. At
each level of dietary cholesterol, polyunsaturated triglycerides
diminished, and saturated triglycerides markedly augmented,
the effect of dietary cholesterol on hepatic receptor-dependent
LDL transport. For example, whole-liver receptor-dependent
LDL transport was suppressed 20% in animals fed the diet
enriched with 0.06% cholesterol: however, this amount of
cholesterol suppressed receptor-dependent LDL uptake by
only 5%when given in the presence of dietary unsaturated oils
but by nearly 70% when saturated triglycerides were adminis-
tered to the animals. Similar differential effects were seen at
other levels of cholesterol feeding although the percentage dif-
ferences were less (Fig. 3). The data obtained in the animals fed
0.06% cholesterol are particularly relevant to the human situa-
tion since this load of cholesterol corresponds to the intake of

- 150 mgof cholesterol per 1,000 kcal of dietary intake. Thus,
given this load of dietary cholesterol, the long-term effect of
unsaturated lipids like safflower and olive oil is to block, in
some manner, the deleterious effect of dietary cholesterol in
suppressing receptor-dependent LDL transport in the liver so
that the plasma LDL-cholesterol concentration remains at the
low, essentially control value (Fig. 4). In contrast, the effect of
saturated triglycerides is to greatly augment the suppressive
effect of dietary sterol on receptor-dependent LDL transport
leading, in turn, to a significant elevation in plasma LDL-cho-
lesterol concentration. It is noteworthy that feeding this com-
bination of small quantities of cholesterol (0.06%) and larger
amounts of saturated triglycerides caused the plasma LDL-
cholesterol level in the hamster to increase into the range of 80
to 100 mg/dl, which is commonly encountered in Western
man fed a similar diet (Fig. 4).

It is also important to recognize that these profound effects
of saturated and unsaturated triglycerides were exerted inde-
pendently when combinations of oils were fed as would occur,
for example, in a mixed human diet. Thus, partial substitution
of saturated triglycerides into a diet of unsaturated lipids
clearly caused a predictable decrease in hepatic receptor-de-
pendent LDL transport and a corresponding increase in the
plasma LDL-cholesterol concentration (Fig. 5). In all of these
studies commercial oils were used that contained a mixture of
different medium and long chain-length fatty acids. It will be
very important in future research to determine how the inde-
pendent variables of fatty acid chain-length, numbers of dou-
ble bonds and position of the double bonds specifically alter
the characteristics of a given triglyceride to either alleviate or
augment the effect of dietary cholesterol on hepatic LDL
transport.

It is difficult to explain how dietary triglycerides so pro-
foundly alter the hepatic response to dietary cholesterol al-
though the third set of experimental data provides some in-
sights into the underlying mechanisms. Previously published
data have shown that after dietary cholesterol is delivered to
the liver in the chylomicron remnant, a significant amount of
the sterol is immediately esterified and stored in the liver cell
as relatively inert, cholesteryl esters (36). At the same time, the
regulatory pool(s) of sterol in the cell must be expanded since
there is also invariably suppression of de novo cholesterol syn-
thesis and, if these events are inadequate to meet the change
in cholesterol homeostasis, suppression of LDL receptor
activity ( 18).

Clearly, these classical responses to the uptake of dietary
cholesterol are markedly altered by the simultaneous feeding
of dietary triglycerides. For example, at each level of dietary
cholesterol, hepatic cholesteryl ester levels were much lower in
animals fed hydrogenated coconut oil than in animals fed saf-
flower oil (Table III). Since the saturated fatty acids are poor
substrates for the esterification reaction (37), it is conceivable
that in this situation less intercellular cholesterol was seques-
tered in the inert ester pool, more free sterol entered the puta-
tive regulatory pool and there was a disproportionate suppres-
sion of LDL receptor synthesis. Alternatively, when safflower
oil was fed a greater proportion of the dietary cholesterol load
was sequestered into the ester pool, less free cholesterol entered
the putative regulatory pool and there was derepression of
receptor-dependent LDL transport.

This relatively simple explanation, however, does not ac-
count for the observation that safflower oil and hydrogenated
coconut oil both reduced hepatic cholesteryl ester levels rela-
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tive to dietary cholesterol alone but had the opposite effect on
hepatic LDL receptor activity (Fig. 3). Thus, while there is
little doubt that the major effect of dietary triglycerides is to
modify the metabolic response of the liver cell to dietary cho-
lesterol, it is not entirely clear how this effect is mediated.
Whether such modification is the result of the changes in the
rate of cholesterol entry into the cholesteryl ester pool, alter-
ations in the partitioning of free cholesterol between various
membrane compartments or cytoplasmic carrier proteins or,
even, changes in the fluidity of critical membranes within the
cell remains to be elucidated.

There are two important implications of these experiments
with respect to human nutrition. First, these data suggest that
the detrimental effect of saturated triglycerides on LDL-cho-
lesterol metabolism could be minimized if the intake of cho-
lesterol could be reduced to essentially zero. While it is nearly
impossible to accomplish this through dietary means, there are
a number of new pharmacological agents that hold the prom-
ise of totally blocking sterol absorption and, so, effectively
reducing the input of dietary cholesterol to near zero. Second,
given the likelihood that Western diets will always contain at
least several hundred milligrams of cholesterol each day, the
alternative way in which to enhance hepatic receptor-depen-
dent LDL transport is to be certain that the diet contains
optimal amounts of those triglycerides that effectively block
the deleterious effects of the dietary cholesterol. The experi-
mental means are now available to work out the mechanism of
action of these dietary fatty acids in protecting LDL transport
and to determine the particular chemical configuration that
maximizes this effect. Hopefully, when identified, such oils
could be produced commercially and used in the production
of a variety of food products.
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