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Abstract

These studies were designed to elucidate how shorter (MCI)
and longer (HCO) chain-length saturated triacylglycerols and
cholesterol interact to alter steady-state plasma LDL-choles-
terol levels. Wheneither MCTor HCOwas fed in the absence
of cholesterol, there was little effect on receptor-dependent
LDL transport but a 3643% increase in LDL-cholesterol pro-
duction. Cholesterol feeding in the absence of triacylglycerol
led to significant suppression of receptor-dependent LDL
transport and a 26-31% increase in LDL-cholesterol produc-
tion. However, when the longer chain-length saturated triacyl-
glycerol was fed together with cholesterol there was a marked
increase in the suppression of receptor-dependent LDL trans-
port and an 82% increase in production rate. Together, these
two alterations accounted for the observed eightfold increase in
plasma LDL-cholesterol concentration. In contrast, feeding
the shorter chain-length saturated triacylglycerol with choles-
terol actually enhanced receptor-dependent LDL transport
while also causing a smaller increase (52%) in the LDL-cho-
lesterol production rate. As a result of these two opposing
events, MCI` feeding had essentially no net effect on plasma
LDL-cholesterol levels beyond that induced by cholesterol
feeding alone.

Introduction

In the steady state, the concentration of cholesterol carried in
the low density lipoprotein (LDL) fraction is determined by
the rate of entry of LDL into the vascular space and by the rate
of LDL removal from the plasma by the different transport
processes located in the various tissues of the body (1-4).
These transport processes are now known to be of two types.
The first is mediated by the LDL receptor mechanism (5, 6)
and, therefore, manifests saturation kinetics in the live animal
(7). The second process is receptor independent (8) so that the
rate of LDL uptake into tissues by this mechanism is a linear
function of the plasma LDL-cholesterol concentration (9).
Thus, in more specific terms, the concentration of LDL-cho-
lesterol in plasma is dictated by four separate variables: (a) the
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rate at which LDL-cholesterol is produced and enters the
plasma space (Jt);' (b) the maximal achievable rate of recep-
tor-dependent uptake in the whole animal (*Jm); (c) the con-
centration of plasma LDL-cholesterol necessary to achieve
half of this maximal transport rate (*Km); and (d) the rate of
receptor-independent transport by the various organs (*P). At
any plasma LDL concentration the rate of LDL production
(Jt) must equal the sum of the rates of removal by the recep-
tor-dependent (d) and receptor-independent (Ji) processes.

In most experimental animals on a low-cholesterol, low-
triacylglycerol diet such as the rat, hamster, and rabbit,

71-75% of the LDL that is removed from the plasma is
transported out by the receptor-dependent process (10-12).
Since in these, and other species the vast majority of such
receptor-dependent transport activity is located in the liver, it
follows that in this situation the liver is the major site for LDL
uptake and degradation (9, 10, 12, 13). However, when such
receptor activity is suppressed or absent, either because of en-
vironmental or genetic reasons, the receptor-independent pro-
cess becomes quantitatively more important and the extrahe-
patic tissues become a major, or even predominant site for
LDL uptake and degradation (12). The same series of events
occurs in any physiological situation where there is relative
overproduction of LDL-cholesterol, even though total recep-
tor activity remains constant. With overproduction there is
greater saturation of the receptor-dependent process and a
shift in the burden LDL clearance to the receptor-independent
transport process.

Of the four variables known to influence the plasma LDL-
cholesterol concentration and sites of LDL degradation,
clearly the two most powerful are the rates of LDL-cholesterol
production (Jt) and the level of receptor activity (*JE) found
in the whole animal (2, 3). Furthermore, there are now several
lines of evidence suggesting that the progressive rise in the
concentration of LDL-cholesterol seen in man with aging is
primarily the result of changes in these two variables, i.e., a
progressive increase in LDL production and a progressive loss
of whole-body receptor-dependent LDL transport activity
(14-17). However, it is not clear whether these changes are
attributable to aging per se or, alternatively, are due to some
environmental factor such as the cholesterol and triacylglyc-
erol content of the typical Western diet (17).

1. Abbreviations used in this paper: HCO, hydrogenated coconut oil;
*Jm, the maximal achievable rate of receptor-dependent LDL trans-
port in an organ or the whole animal; Jt, the total rate of LDL uptake
into a particular tissue or into all tissues of the whole animal by both
receptor-dependent (>d) and receptor-independent (Ji) transport; *Km,
the concentration of plasma LDL-cholesterol necessary to achieve half
the velocity of *Jm; MCT, medium chain-length triacylglyceride; *P,
the proportionality constant for receptor-independent LDL transport
in an organ or the whole animal.
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There is little doubt, however, that these dietary compo-
nents can alter some aspects of LDL metabolism. Cholesterol
feeding, for example, causes modest suppression of hepatic
receptor-dependent LDL transport and increases the plasma
LDL-cholesterol concentration (18, 19). This effect is mark-
edly influenced, however, by the amount and type of triacyl-
glycerol also present in the diet. Triacylglycerols containing
saturated longer chain-length fatty acids, for example, mark-
edly augment the suppressive effect of dietary cholesterol on
hepatic LDL receptor activity while triacylglycerols that con-
tain mono- or polyunsaturated fatty acids tend to reverse this
suppressive effect and increase receptor-dependent LDL up-
take into the liver (19, 20). However, early in the time course
of such feeding experiments, the plasma LDL-cholesterol con-
centration may increase significantly before any change in he-
patic receptor activity is observed (19). Furthermore, the
marked increase in plasma LDL-cholesterol levels seen with
the feeding of cholesterol and saturated fatty acids is far in
excess of that anticipated from the additional suppressive ef-
fect of these lipids on hepatic receptor activity (20). Thus,
while there is little doubt that both dietary cholesterol and
triacylglycerol significantly influence the rates of LDL uptake
by the liver, the quantitative relationships between plasma
LDL-cholesterol levels and LDL-cholesterol production and
transport in the whole animal are still poorly understood. The
present studies were undertaken, therefore, to better define the
quantitative aspects of these processes that regulate plasma
LDL-cholesterol levels under circumstances where the animals
were fed cholesterol in combination with either longer or
shorter chain-length triacylglycerols.

Methods
Animals and diets. Male Golden Syrian hamsters (Charles River
Lakeview, NewField, NJ) were housed in colony cages and subjected
daily to 12 h of light and 12 h of dark for 1-2 wk before use and
throughout the experiments. The control diet used in these experi-
ments was ground Wayne Lab Blox (Allied Mills, Chicago, IL) con-
taining 0.23 mg/g of cholesterol and 50 mg/g of total fat. The fatty acid
composition of the control diet is presented elsewhere (20). In some
experiments cholesterol was added to the diets at concentrations of
0.06% and 0.12% (wt/wt), which corresponds to 0.6 mgand 1.2 mgof
added cholesterol per gram of food. These concentrations were verified
by gas-liquid chromatography after extraction of the sterols from the
diets. Cholesterol was added to the diets in either warm ethanol, which
was later evaporated, or warm oil, and the diets were then mixed in a
mechanical food blender. Triacylglycerol was added to the diets at a
concentration of 20% (wt/wt) so that 20 g of the lipid was mixed with
80 g of the ground chow. The fatty acid profiles of the triacylglycerols
used in these studies were analyzed by gas-liquid chromatography as
methyl ester derivatives of the fatty acids. The fatty acid composition
of the medium-chain length triglycerides (MCT) (Mead Johnson &
Co., Evansville, IN) was 77% as the 8:0 fatty acid and 23% as the 10:0
fatty acid. The hydrogenated coconut oil (HCO) contained 11%, 7%,
50%, 16%, 7%, and 9%as the 8:0, 10:0, 12:0, 14:0, 16:0, and 18:0 fatty
acids, respectively. Diets were fed ad lib. and experiments were carried
out during the mid-dark phase of the light cycle.

Analytical procedures. Plasma LDL-cholesterol and HDL-choles-
terol concentrations were determined by simultaneously centrifuging
the plasma at densities of 1.020 and 1.063 g/ml. Cholesterol content of
total plasma and the top and bottom fractions of each tube was assayed
colorimetrically (21). Free and esterified hepatic cholesterol were sepa-
rated on silicic acid/celite columns (22), saponified and quantitated
using gas-liquid chromatography. The content of these tissue sterols
was expressed as the mgof cholesterol per g wet weight (mg/g).

In vivo hepatic sterol synthesis. Animals were killed by exsanguina-
tion through the abdominal aorta 1 h after the intravenous administra-
tion of [3H]water (100 mCi) (23, 24). Liver samples were then taken for
isolation of digitonin precipitable sterols as previously described (25).
The rates of sterol synthesis were expressed as the nmol of [3H]water
incorporated into digitonin precipitable sterols per h per g of liver
(nmol/h per g).

Lipoprotein preparations. Hamster LDL was isolated in the density
range of 1.020-1.055 g/ml by preparative ultracentrifugation. The
donor animals had been maintained on a low-cholesterol, low-fat con-
trol diet before harvesting the blood. Lipoproteins were labeled with
either [I25I]tyramine cellobiose (26) or '3'I (27). Lipoproteins were used
within 24 h of preparation and were filtered through a 0.45-Mm Milli-
pore filter immediately before use.

In vivo LDL clearance rates. Rates of tissue LDL clearance were
determined in vivo using a primed-continuous infusion of ['25I]tyra-
mine cellobiose-labeled LDL (7, 13). In order to maintain a constant
specific activity in the plasma, the radiolabeled LDL in the priming
dose was kept constant while the amount of radiolabeled LDL infused
each h varied in each dietary group. 10 min before termination of the
4-h infusion period, a bolus of '31I-labeled LDL was administered to
each of the animals. The animals were then killed at 4 h by exsanguina-
tion through the abdominal aorta. Liver, small intestine, adrenal
glands, spleen, and kidneys were excised, rinsed, and weighed. Aliquots
of the liver and plasma, and the whole small intestine, adrenal glands,
spleen, and kidneys were assayed for radioactivity. The remaining
carcass was frozen in liquid nitrogen and ground to a fine powder.
Aliquots were then assayed for radioactivity. Clearance rates were de-
termined by subtracting the tissue space of LDL at 10 min (I3'1 dpm
per g of tissue divided by the 13'I dpmper gl of plasma) from the tissue
space of LDL at 4 h (125I dpmperg of tissue divided by the 1251 dpmper
Ail of plasma). These clearance rates were presented as the microliters of
plasma cleared of its LDL content per hour per gram of tissue (,ul/h per
g). In addition, these rates were multiplied by whole tissue weights in
order to calculate the rates of LDL clearance by the whole organs (jll/h
per tissue).

In vivo LDL-cholesterol uptake rates. From these LDL clearance
rates, uptake rates of LDL-cholesterol were determined. These uptake
rates were expressed as the absolute mass of LDL-cholesterol that was
taken up per h per g of tissue (,ug/h per g) and were calculated by
multiplying the clearance rates of LDL (gl/h per g) by the plasma
LDL-cholesterol concentration (Mg/Ml). These rates, in turn, were mul-
tiplied by whole tissue weights to give the LDL-cholesterol uptake rates
per whole tissue (,ug/h per tissue).

In vivo LDL-cholesterol production rates. Because these studies
were performed during steady-state conditions where there was no
detectable change in the plasma LDL-cholesterol concentration, the
sum of the LDL-cholesterol uptake rates in all of the tissues of the
animal must equal the rate of LDL-cholesterol production. Thus,
LDL-cholesterol production rates were calculated by summing the
LDL-cholesterol uptake rates in all tissues of the animal, including the
residual carcass, and these values were expressed as the Mg of LDL-
cholesterol produced per h per whole animal (Mug/h per animal).

Calculations. The steady state concentration of LDL-cholesterol is
known to be determined by four separate parameters of LDL metabo-
lism (2, 3, 7). The rate at which LDL-cholesterol is taken up by a
particular organ or by all of the tissues of the body (Jr) is equal to the
sum of the rates of uptake by the receptor-dependent (Jd) and recep-
tor-independent (Qj) transport processes in that organ or whole animal
(7). Since Jd equals (*J"C )/(*Km + C1) and J1 equals * PC1, it follows
that Jt for any organ or for the whole animal can be calculated from the
following expression (2):

*JmC1 + *PCi *Km + *PC,2it= *K+Km+C (1)

The parameter *Jm is the maximal receptor-dependent transport ve-
locity (a reflection of receptor number); *Km is the plasma concentra-
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tion of LDL-cholesterol at which one-half of this maximal transport
rate is achieved (a reflection of receptor affinity); C, is the concentra-
tion of plasma LDL-cholesterol in a given animal; and * P is the pro-
portionality constant for LDL transport by way of the receptor-inde-
pendent pathway. The relationship between Jt and Cl can be defined
for a particular organ like the liver (e.g., as shown in Fig. 2) or for the
whole animal (e.g., as shown in Fig. 3). Furthermore, in this latter case,
this equation can be rearranged to give an expression that defines how
the plasma LDL-cholesterol concentration (C,) will change in the
whole animal given any alteration in receptor number (*J') or LDL-
cholesterol production since, in the steady-state, the rate of LDL-cho-
lesterol removal from the plasma space (t) must equal the rate of entry
into the plasma. This second expression is as follows:

(JC - *Jm- *P*Km) + (Jt - *J' - *P*Km)2 + 4*P*KmJt (2)C1= ~~~~2*P
The specific values for each of these parameters in the liver and the
whole animal were determined in each appropriate control group of
hamsters and are given in the text (4). In each experiment, changes in
receptor number (* J) and production rate (Jt) are given relative to the
absolute values for these two parameters experimentally determined in
the appropriate control animals (e.g., as given in Table III).

Where appropriate, mean values± 1 SEMare given. The factorial
design was statistically analyzed for main effects and interactions of
cholesterol and triacylglycerol by using analysis of variance (P < 0.05)
(28). Student's t tests were used at the P < 0.01 level to make compari-
sons between levels of cholesterol or types of triacylglycerol when a
significant interaction of P < 0.05 was present.

Results

In these investigations it was necessary to quantitate and com-
pare the effect of the shorter chain-length (predominately 8:0
and 10:0) saturated fatty acids in MCTwith those of the longer
chain-length (predominately 12:0 and 14:0) saturated fatty
acids in HCOunder circumstances where the dietary choles-
terol content was varied systematically over the range com-
monly encountered in human diets. In this manner it was
possible to define the metabolic differences that fatty acid
chain-length imposes on LDL metabolism when these two
triacylglycerols were fed together with a diet that was either
very low or moderately high in cholesterol content.

The first study, summarized in Table I, characterized sev-
eral parameters of sterol metabolism in the male hamsters fed
diets containing 20% MCTor HCOalong with either 0% or
0.12% added dietary cholesterol. After 30 d of access to the six
different diets, the mean animal weights were slightly elevated
in the animals eating MCTand HCO. While cholesterol feed-
ing did not effect mean animal weights, the average weights of
the liver were consistently higher when cholesterol was present
in the diet than when it was absence, as is apparent in col-
umn 4.

In the absence of dietary cholesterol, there was essentially
no effect of triacylglycerol feeding on the levels of free and
esterified cholesterol in the liver (columns 5 and 6). However,
when 0.12% cholesterol was added to the diet, the cholesteryl
ester content rose 66-fold, from 0.3 to 19.8 mg/g, but this
increase was markedly blunted by the simultaneous feeding of
MCT(6.0 mg/g) and, particularly, HCO(2.5 mg/g). Again, the
concentration of free cholesterol in the liver was essentially
unaffected by triacylglycerol feeding. Finally, in the absence of
dietary cholesterol MCThad no effect on the rate of hepatic
cholesterol synthesis while HCOfeeding essentially doubled
this rate (column 7). However, in the presence of added di-
etary cholesterol, hepatic sterol synthesis was markedly sup-
pressed.

There were also marked differences in the effect of these
two saturated triacylglycerols on plasma LDL levels, as shown
in Fig. 1. In the absence of dietary cholesterol, feeding 20%
triacylglycerol had only a slight effect on the mean plasma
LDL-cholesterol concentration which increased from 30
mg/dl to 34 mg/dl with MCTfeeding and to 51 mg/dl with the
intake of HCO. The addition of 0.12% cholesterol alone raised
the plasma LDL-cholesterol concentration to 89 mg/dl and the
further addition of HCOraised this level to 191 mg/dl while, in
contrast, the addition of MCThad no effect on the plasma
LDL level beyond that seen with the addition of cholesterol
alone. Thus, the addition of both 0.12% cholesterol and 20%
HCOto the diet of these animals raised the plasma LDL-cho-
lesterol concentration over sixfold under circumstances where
there was no significant change in the concentration of choles-
terol carried in the higher density lipoproteins. The addition of

Table . Effects of Dietary Cholesterol and Saturated Triacylglycerols on Free and Esterified
Hepatic Cholesterol and on Hepatic Cholesterol Synthesis

Lipids added to control diet Food intake Final weights Hepatic cholesterol Hepatic
cholesterol

Cholesterol Triacylglycerol Amount Gross energy Animal Liver Free Esterified synthesis

% gid kcal/d g g mg/g mg/g nmol/h per g

0.00 None 12.0±0.6 52.8 153±9 6.6±0.4 1.5±0. 1 0.3±0.1 59±18
0.00 MCT 11.8±0.5 60.4 164±8 7.0±0.3 1.9±0.1 0.4±0.1 59±16
0.00 HCO 8.8±0.4 46.8 175±6 7.3±0.4 1.6±0. 1 0.3±0.1 118±33

0.12 None ND 150±5 7.6±0.4 2.6±0.2* 19.8±3.0* 11±1*
0.12 MCT 11.2±0.6 57.3 155±5 8.9±0.5 2.5±0. 1 * 6.0±2.0*t 13±1*
0.12 HCO 9.0±0.3 47.9 175±6 8.6±0.6 2.6±0.2* 2.5±0.2*t 15±3*

Diets were enriched with either no cholesterol or 0.12% (wt/wt) cholesterol and with either no triacylglycerol or 20% (wt/wt) medium chain-
length triglyceride (MCT) or hydrogenated coconut oil (HCO). After 30 d on these diets the rates of hepatic cholesterol synthesis were measured
in vivo and the concentration of free and esterified cholesterol in the liver was quantitated. Each value represents the mean± 1 SEMfor data ob-
tained in six animals. In several groups of these data there was both a main effect of cholesterol and an interaction of triacylglycerol with cho-
lesterol (P < 0.05). Significant effects of cholesterol are indicated by an *, while significant effects of triacylglycerol at any level of dietary cho-
lesterol are designated by a t (P < 0.01).
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Figure 1. Plasma low and high density lipoprotein-cholesterol con-

centrations in hamsters fed different diets. These measurements were

made on the plasma of the animals described in Table I that were fed
diets containing either no added cholesterol or 0.12% cholesterol in
combination with either no triacylglycerol or 20% medium chain-
length triglyceride (MCT) or hydrogenated coconut oil (HCO). Mean
values ± 1 SEMare shown for six animals in each group.

triacylglycerol alone to the diet also had little effect on the
cholesterol concentration in the lipoproteins with a density
< 1.020 g/ml (16, 29, and 26 mg/dl, respectively, in the con-

trol, MCT-, and HCO-fed groups). When cholesterol was

added to these diets these same three groups had cholesterol
concentrations in these very low density lipoproteins of 74, 92,
and 324 mg/dl, respectively.

In order to define the processes responsible for these
marked dietary effects on LDL-cholesterol concentrations de-
tailed measurements were next undertaken of the parameters
of LDL metabolism that lead to changes in the steady-state
LDL-cholesterol levels. As summarized in Table II, the clear-

ance of LDL into various tissues of the body and by the whole
animal was measured in nine groups of hamsters fed diets
containing 0%, 0.06%, and 0.12% of added cholesterol in com-

bination with either 0% or 20% MCTor HCO. As shown in
column 6 of this table, these diets had marked effects on the
turnover of LDL-cholesterol in the whole animal. The addi-
tion of 0.06% and 0.12% cholesterol alone to the diet reduced
LDL-cholesterol clearance from the mean control value of
1,106 to 749 and 568 Ml/h, respectively. In the absence of
added cholesterol, feeding HCOhad no effect on LDL clear-
ance by the whole animal (1,033 1l/h): however, when choles-
terol was present in the diet, this saturated longer chain-length
triacylglycerol caused a marked decrease in clearance at both
the 0.06% (432 vs. 749 Ml/h) and 0.12% (258 vs. 568 M1/h)
levels. In contrast, the mean clearance rates of LDL in the
animals fed MCTwere consistently higher than the mean

values of the appropriate controls at all three levels of choles-
terol feeding. Thus, in the extreme case, LDL clearance fell
from a value of 1,106 gl/h in the animals on no added choles-
terol or triacylglycerol to 258 ul/h in animals given 0.12%
cholesterol and 20% HCO. These changes in clearance rates
correspond to a decrease in the fractional catabolic rate of
LDL from 4.5 pools/d to only 0.87 pools/d.

The organs responsible for this marked decrease in LDL
turnover are also evident in Table II. In the animals receiving
neither cholesterol nor triacylglycerol, LDL uptake into the
liver (794 ul/h) and small bowel (59.7 Ml/h) together accounted
for nearly 80%of the whole animal clearance rate (1,106 Mlfh).
Furthermore, only the liver manifested the striking changes in
clearance rates that were brought about by the diet manipula-
tions. Again, cholesterol feeding alone decreased hepatic LDL
clearance from 794 to 494 (0.06% level) and 352 Al4h (0.12%
level). Furthermore, in the absence of cholesterol, feeding tri-
acylglycerol had no suppressive effect upon hepatic LDL clear-
ance. In the presence of cholesterol, however, HCOsuppressed
LDL uptake from 794 il/h to 149 1l/h (0.12% level) whereas,

Table II. Effects of Dietary Cholesterol and Saturated Triacylglycerols on LDL-Cholesterol Clearance
in Several Major Tissues and in the Whole Animal

Lipids added to control diet Tissue LDL-cholesterol clearance

Cholesterol Triacylglycerol Liver Small bowel Adrenal Spleen Kidney Whole animal

% ul/h per organ or animal

0.00 None 794±41 59.7±5.4 4.8±0.2 6.7±1.3 15.8±2.6 1,106±59
0.00 MCT 967±88 68.0±6.9 4.7±1.5 9.2±0.2 10.4±1.9 1,295±122
0.00 HCO 786±164 60.6±5.7 2.9±0.4 6.6±0.7 15.2±5.3 1,033±194

0.06 None 494±83 48.1±4.2 4.2±0.2 7.1±0.5 7.8±0.4 749±120
0.06 MCT 731±121 47.0±5.1 4.9±0.4 8.1±1.1 9.1±1.4 989±150
0.06 HCO 275±45* 38.2±4.2* 3.0±0.8 6.4±0.6 6.3±0.5 432±56*

0.12 None 352±29* 40.5±4.2* 3.4±0.5 6.9±0.8 7.0±0.5 568±43*
0.12 MCT 378±41* 40.7±4.1 * 1.8±0.4 7.6±1.6 7.0±1.8 590±60*
0.12 HCO 149±30** 23.6±4.5* 1.3±0.3 4.6±0.9 7.2±2.2 258±40*$

Diets were enriched with either no cholesterol or 0.06% or 0.12% cholesterol and with either no triacylglycerol or 20% medium chain-length tri-
glyceride (MCT) or hydrogenated coconut oil (HCO). These diets were fed for 30 d at which time the rates of LDL transport out of the plasma
into various tissues were measured. These rates are expressed as the microliter of plasma cleared of its LDL content per hour per whole organ

or per whole animal. Each value represents the mean± 1 SEMfor data obtained in six animals. In several groups of these data there was both a

main effect of cholesterol and an interaction of triacylglycerol with cholesterol (P < 0.05). Significant effects of cholesterol are indicated by an

*, while significant effects of triacylglycerol at any level of dietary cholesterol are designated by a* (P < 0.01).
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under the same dietary conditions, feeding MCTinvariably
increased the mean LDL-cholesterol clearance rate regardless
of whether this triacylglycerol was fed alone (967 vs. 794 Mi/h)
or with 0.06% (731 vs. 494 Ml/h) or 0.12% (378 vs. 352 Ml/h)
cholesterol. It is also evident from these data that only a few of
the other organs showed similar changes in clearance rates
with these dietary manipulations and, further, these changes
were not nearly so dramatic in either absolute or relative terms
as those seen in the liver.

From these measurements it was next possible to deter-
mine how these dietary manipulations altered hepatic and
whole animal LDL receptor activity and LDL-cholesterol pro-
duction rates. The rate of hepatic LDL-cholesterol clearance
(Table II, column 1) in each animal was multiplied by the
concentration of plasma LDL-cholesterol in that same animal
to give the absolute rate of LDL-cholesterol uptake (Jt) by the
liver. After normalizing these values to a constant animal
weight of 100 g, values were averaged and are shown for each
of the dietary groups in column 1 of Table III. As is apparent,
LDL-cholesterol uptake by both receptor-dependent and re-
ceptor-independent transport mechanisms averaged 129 ug/h
in the liver of a 100-g control hamster. The addition of choles-
terol to the diet increased this value slightly (152-155 ug/h)
while the addition of either MCTor HCOfurther enhanced
hepatic LDL-cholesterol uptake, but only into the range of
176-199 ,g/h.

The second column of data in Table III show similar values
for the absolute rates of uptake (Jt) of LDL-cholesterol from
the plasma space into all organs in the body, including the
liver. These values were determined directly in each animal by
combining the uptake rates measured in the liver and other
organs shown in Table II with uptake rates also determined in
the remaining carcass. The third column of data in Table III
gives the percentage of total LDL-cholesterol removed from
the plasma in the whole animal that was taken up by the liver.

Thus, the I00-g animal fed neither cholesterol nor triacylglyc-
erol removed 180 Mg/h of LDL-cholesterol from the plasma
and 72% of this transport took place into the liver. With cho-
lesterol feeding alone, the amount of LDL-cholesterol re-
moved from the plasma increased to 235 Mg/h (0.06% level)
and 244 Mig/h (0.12% level), and the importance of the liver to
this transport process decreased to 66% and 62%, respectively.
The addition of either of the triacylglycerols to the diet further
increased the amount of LDL-cholesterol flowing through the
plasma compartment so that in the extreme case where 0.12%
cholesterol and 20% HCOwere fed, 330 Mg/h of LDL-choles-
terol was being removed from the plasma but only 58% of this
occurred in the liver. It is noteworthy that in contrast to the
differential effects of MCTand HCOon such parameters as
hepatic cholesteryl ester levels, plasma LDL-cholesterol con-
centrations and rates of hepatic sterol synthesis, these two tri-
acylglycerols had similar effects on increasing the amount of
LDL-cholesterol flux through the plasma compartment. It is
also evident from these studies that cholesterol (0.12% level)
and HCOfeeding resulted in an increase in the absolute rate of
LDL-cholesterol removal from the plasma of 150 Mug/h but
only 62 Mg/h of this increment was accounted for by increased
uptake into the liver. Thus, in the face of a high-cholesterol,
high-triacylglycerol diet, the peripheral, extra-hepatic organs
were forced to take up - 140 Mg/h of LDL-cholesterol com-
pared to the 50 Mg/h these tissues removed from the plasma in
animals fed the low-fat, control diet.

When these absolute rates of LDL-cholesterol transport
were compared to the kinetic curves describing receptor-de-
pendent and receptor-independent LDL-cholesterol transport
in the liver and whole animal it was next possible to determine
how these dietary manipulations altered hepatic and whole
animal receptor activity (* J). The solid curve shown in Fig. 2
represents the expected rate of LDL-cholesterol transport into
the liver (J5) by both receptor-dependent and receptor-inde-

Table III. Effects of Dietary Cholesterol and Saturated Triacylglycerols on LDL-Cholesterol Uptake into the Liver and Whole Animal
and on Relative Hepatic LDL-Receptor Activity and LDL-Cholesterol Production Rates

Total LDLcholesterol uptake Hepatic contribution Proportion of hepatic Relative
Lipids added to control diet (Jt) to whole animal Relative hepatic LDL-cholesterol LDL-cholesterol

LDL-cholesterol LDL receptbr uptake that is production rate
Cholesterol Triacylglycerol Liver Whole animal uptake activity (*Jm) receptor-dependent (J.)

% jug/h per liver or animal % % % %

0.00 None 129±7 180±10 72 100 95 100
0.00 MCT 199±18 266±25 75 113 95 143
0.00 HCO 193±41 254±47 76 93 94 136

0.06 None 155±26 235±37 66 72 92 126
0.06 MCT 190±32 257±37 74 92 94 137
0.06 HCO 176±29 277±36 64 40 81 149
0.12 None 152±13 244±19 62 48 87 131
0.12 MCT 183±20 285±29 64 56 88 152
0.12 HCO 191±39 330±50 58 30 70 182

Diets were enriched with either no cholesterol or 0.06% or 0.12% cholesterol and with either no triacylglycerol or 20% medium chain-length tri-
glyceride (MCT) or hydrogenated coconut oil (HCO). These diets were fed for 30 d. Total LDL-cholesterol uptake (Jt) represents the rate of
both receptor-dependent (d) and receptor-independent (J) LDL-cholesterol uptake by the liver and by all tissues in the whole animal. These
values were calculated from the clearance data shown in Table II and have been normalized to a constant animal weight of 100 g. The values
for hepatic receptor activity (*Jm) and LDL-cholesterol production rates shown in columns 4 and 6, respectively, are given relative to the con-
trol group of animals that received neither cholesterol nor triacylglycerol. There were no main effects or interactions in columns I and 2 (P < 0.05).
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Figure 2. The rate of hepatic LDL-cholesterol uptake as a function of
the plasma LDL-cholesterol concentration in hamsters fed different
amounts of cholesterol and triacylglycerol. The two curves labeled J,
and Ji represent, respectively, the expected rates of total LDL-choles-
terol uptake and the receptor-independent component of this uptake
at any plasma LDL-cholesterol concentration in the liver of control
animals fed no additional cholesterol or triacylglycerol. These two
curves were determined in control animals and are described by the
following parameter values (all normalized to a 100-g animal
weight): *Jm of 708 ,g/h, *Km of 109 mg/dl and *P of 0.30 ,g/h per
mg/dl. The mean absolute rates of LDL-cholesterol uptake, also nor-
malized to a 100-g body wt, from Table III are plotted on these
curves. The relative reduction in receptor activity (*Jm) can be de-
rived from this plot and is listed for each experimental group in col-
umn 4 of Table III. The lines shown in this diagram simply connect
the groups of animals that were given diets containing 0, 0.06, or
0. 12% of added cholesterol.

pendent mechanisms while the dashed line illustrates the
magnitude of the receptor-independent component (QJ). These
curves were constructed in control animals fed the diet con-
taining neither cholesterol nor triacylglycerol and were gener-
ated from equation 1 in Methods after determining that the
LDL-receptor activity in the liver of these animals was capable
of giving a maximal uptake rate (*Jm) of 708 jg/h and the
receptor-independent component was described by a * P value
of 0.30 jig/h per mg/dl. The control animals in this study that
received neither cholesterol nor triacylglycerol are plotted as
the open circle in Fig. 2 and manifested an LDL-cholesterol
uptake rate of 129 jig/h at a mean plasma LDL-cholesterol
concentration of 23 mg/dl. Nearly 123 jig/h, or 95%, of this
uptake was receptor dependent. The total LDL receptor activ-
ity present in the livers of this group of animals was assigned a
value of 100% in column 4 of Table III while the proportion of
hepatic LDL-cholesterol uptake that was receptor-dependent
is shown in column 5. It should be noted that the rate of
hepatic receptor-dependent LDL-cholesterol transport (>d) in
these animals (123 jig/h) is well below the maximal rate (*Jm)
of 708 jg/h that could have been achieved if the receptor-de-
pendent process were fully saturated. As noted before (4, 7),
most animals, including man, normally function by using only
a fraction of their available LDL receptor activity.

When mean values for the other eight diet groups were
superimposed on this curve, a very important characteristic of
the regulation of hepatic LDL transport became apparent. As
is evident in Fig. 2, regardless of what was fed in the diet, the
liver regulated its level of receptor-dependent LDL transport
to maintain the rate of uptake of this lipoprotein fraction re-

markably constant at - 150-190 jg/h even though the
plasma LDL-cholesterol concentration varied over an eight-
fold range. It is also clear that there were striking differences in
the magnitude of regulation necessary to maintain this homeo-
stasis in the face of the different dietary lipids. Cholesterol
feeding alone, for example, reduced hepatic LDL receptor ac-
tivity to 72% (0.06% level) and 48%(0.12% level) of the control
value. The addition of HCOto these diets augmented the cho-
lesterol effect and further reduced receptor activity. In con-
trast, at any level of cholesterol feeding, MCTconsistently
increased receptor-dependent LDL transport. Thus, relative
hepatic receptor activity with MCTand HCOfeeding, respec-
tively, equaled 113% and 93% of control when no cholesterol
was added to the diet, 92% and 40% when 0.06% cholesterol
was fed and 56% and 30% when 0.12% cholesterol was in the
diet (column 4). Hence, when compared to the appropriate
control group, HCOalways augmented the suppressive effect
of dietary cholesterol on hepatic receptor activity while MCT
consistently reduced this effect. Finally, with these reductions
in receptor activity, there was a corresponding decrease in the
importance of the receptor-dependent process for LDL-cho-
lesterol uptake by the liver (column 5). Thus, in the extreme
case shown in Fig. 2, where cholesterol (0.12% level) and HCO
feeding raised the plasma LDL-cholesterol concentration to
190 mg/dl, the expected rate of hepatic LDL-cholesterol up-
take would have been - 500 ,jg/h. However, because of a 70%
reduction in LDL receptor activity, the uptake rate was kept
constant at 191 jig/h and 30% of the uptake was now by way of
the receptor-independent process (column 5).

The last column of data in Table III shows the relative rates
of LDL production in these same dietary groups. In the control
animals fed no added lipids, the production rate equaled 180
jgg of LDL-cholesterol per h. This value was set equal to 100%
and the values in the other dietary groups are given relative to
this control value. It is clear that LDL production rates were
increased by feeding cholesterol and either triacylglycerol.
However, there was a consistent relationship such that the
increment in the production rate was greatest with HCO, in-
termediate with MCTand smallest with cholesterol alone.
Thus, the highest LDL-cholesterol production rate of 182% of
control was seen in the animals fed both HCOand cholesterol
(0.12% level).

Finally, the effects of these diets on LDL-transport into the
peripheral, extrahepatic organs is illustrated in Fig. 3. In A, the
rates of LDL-cholesterol removal from the plasma (Jr) in the
whole animal found in each diet group (Table III) are com-
pared to the rates of transport that would have occurred in
control animals over the same range of plasma LDL-choles-
terol concentrations. As is apparent, the rates of LDL-choles-
terol uptake were significantly suppressed by feeding choles-
terol and the two triacylglycerols, although the uptake rates
clearly increased slightly (from - 230 to 330 jig/h) as the
plasma LDL-cholesterol concentration increased to nearly 200
mg/dl. As already noted, however, uptake into the liver was
essentially constant (B) because of the marked suppression of
receptor-dependent LDL transport that was induced in this
organ by these dietary lipids. It was not surprising, therefore,
that the increased rate of LDL-cholesterol uptake found in the
whole animal (A) was fully accounted for by increased LDL-
cholesterol uptake in the extrahepatic tissues (C). Thus, in the
face of the diet-induced increase in LDL-cholesterol produc-
tion, the extrahepatic tissues took up significantly greater
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Figure 3. The rate of
LDL-cholesterol uptake
in the whole animal,
and in the liver and ex-

trahepatic tissues as a

function of the plasma
LDL-cholesterol con-

centration. The solid
curves in each panel de-
scribe the rates of up-
take of LDL-cholesterol
(Jj) by the tissues of
control hamsters at any
plasma LDL-cholesterol
concentration. These
curves were constructed
from data obtained in
control animals using
the following parameter
values (all normalized
to a I00-g animal):
whole animal-*sJ of
838 pg/h, *Km of 100
mg/dl and *P of 1.08

,tg/h per mg/dl; extra-
hepatic tissues-*J' of

130 pAg/h, *Km of 100 mg/dl and *P of 0.78 ug/h per mg/dl. The pa-

rameter values for the liver are the same as given in Fig. 2. The
points show the mean values for the nine different feeding groups as

identified in Fig. 2.

quantities of LDL-cholesterol. This result is consistent with
the fact that the majority of receptor-independent LDL trans-
port found in the whole animal is localized in the extrahepatic
tissues (7, 12) and, further, that the rate of such uptake in-
creases linearly with increases in the plasma LDL-cholesterol
concentration (7, 9).

Discussion

These studies provide a broad outline of the events that lead to

elevation of the plasma LDL-cholesterol level in the hamster.
With the intake of cholesterol and saturated triacylglycerol
there is a marked increase in the delivery of LDL-cholesterol
into the plasma space and a reduction in the level of receptor-
dependent LDL uptake by the liver. With this partial loss of
hepatic clearance and the increased production rate, there is a

progressive rise in the plasma LDL-cholesterol concentration
until the velocity of the remaining receptor-dependent and
receptor-independent uptake activities in the various tissues
achieve a rate of LDL-cholesterol removal that equals the rate
of LDL-cholesterol introduction into the plasma space. Once
this new steady-state is achieved, there is a significant elevation
of the plasma LDL-cholesterol concentration and an increase
in the relative importance of the extra-hepatic tissues as sites
for LDL degradation (Table III). These changes, in turn, are

manifest kinetically as a reduced rate of plasma LDL-choles-
terol clearance (Table II) or as a lower fractional catabolic rate
of LDL in the whole animal.

In addition to these broad concepts, however, these studies
also provide a detailed description of the physiological events
that lead to these changes in the hamster, and illustrate signifi-
cant differences in the effects of saturated fatty acids of differ-
ent chain length on these events. The first, and most striking,
of these differences is seen with the regulation of receptor-de-

pendent LDL-cholesterol transport by the liver. Whencholes-
terol alone is added to the diet there is modest suppression of
hepatic receptor activity, which is dependent upon the level of
cholesterol fed (Table III). In contrast, feeding large quantities
of either MCTor HCOalone results in virtually no change in
hepatic receptor-dependent LDL uptake. However, as has
been reported before (20), when cholesterol is present in the
diet the intake of longer chain-length fatty acids augments the
suppressive effect of dietary sterols and leads to even greater
suppression of receptor activity in the liver. Feeding identical
amounts of the shorter chain-length fatty acids, on the other
hand, has the opposite effect and actually partially restores
receptor-dependent LDL transport in the liver (Table III).
Thus, in the presence of dietary cholesterol, the chain-length of
the saturated fatty acids markedly influences their effects on

hepatic receptor activity.
The quantitative relationship between these dietary addi-

tions and receptor-dependent LDL uptake in the liver became
evident in these studies only after direct measurements were

made of the absolute rates of LDL-cholesterol transport into
the liver in the different groups of animals. In hamsters receiv-
ing neither cholesterol nor triacylglycerol, - 130 ,gg of LDL-
cholesterol were taken up by the liver each hour. Under cir-
cumstances where various amounts of the different lipids were

added to the diet, this rate of LDL-cholesterol uptake re-

mained remarkably constant and in the range of 150 to 200
,gg/h (Fig. 2). It appeared that as various quantities of choles-
terol and triacylglycerol were delivered to the liver, downregu-
lation of receptor-dependent LDL uptake occurred to the de-
gree necessary to maintain hepatic LDL-cholesterol uptake
constant and just above control levels. Thus, this finding sug-

gests that the liver alters its level of receptor activity in re-

sponse to various dietary lipids so as to maintain a constant
rate of LDL-cholesterol uptake from the plasma even though
such adjustments may lead to detrimental elevations of the
circulating plasma LDL-cholesterol concentration.

The second determinant of the plasma LDL-cholesterol
concentration affected by dietary lipids is the rate of entry of
LDL-cholesterol into the plasma. Feeding cholesterol alone
results in modest increases in LDL-cholesterol production
rates while feeding triacylglycerol alone has a somewhat
greater effect (Table III). When both cholesterol and triacyl-
glycerol are fed together there is a still greater increase in
LDL-cholesterol production rates. Thus, unlike the effects of
these lipids on hepatic LDL receptor activity, dietary choles-
terol and both the shorter and longer chain-length triacyl-
glycerols have similar effects and increase the rate of delivery
of LDL-cholesterol into the plasma pool. These increases in
LDL-cholesterol delivery primarily reflected the production of
a particle relatively enriched with cholesterol, as reported in
other species (29). However, these studies do not elucidate
whether this increased delivery was associated with an in-
creased rate of apolipoprotein B synthesis in the liver, an in-
creased fractional conversion of very low density lipoproteins
to LDL or, even, to an increase in the transfer of cholesterol
from other lipoprotein fractions to LDL.

While the liver is of paramount importance to both recep-

tor-dependent LDL clearance and LDL-cholesterol produc-
tion, the remaining organs of the body can play a significant
role in the turnover of LDL-cholesterol. With cholesterol and
HCOfeeding, for example, total LDL-cholesterol production
increased from 180 to 330 ig/h (Table III). Since hepatic up-
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take under these circumstances became constant at 190
,gg/h, it follows that the excess LDL-cholesterol introduced
into the plasma must have been cleared in the extrahepatic
organs, as was also demonstrated in these studies by direct
measurement (Fig. 3). Thus, the high-fat diets fed in these
studies not only result in enhanced LDL-cholesterol produc-
tion and downregulation of hepatic LDL receptor activity but,
in addition, partially shift the burden of LDL clearance away
from the liver to the extrahepatic organs.

With these measurements of the rates of whole animal
LDL-cholesterol production and receptor-dependent LDL-
cholesterol transport, it is now possible to understand in
quantitative terms how these two parameters of LDL metabo-
lism interact to alter the steady-state level of plasma LDL-
cholesterol. This interaction is best illustrated by plotting the
experimental data from this study upon the theoretical curves
that describe how the plasma LDL-cholesterol level changes
given any alteration in the production rate or receptor activity.
The curves describing these relationships can be calculated
using Eq. 2 in Methods and are shown as the heavy lines in Fig.
4. In the control hamsters fed neither cholesterol nor triacylg-
lycerol the LDL-cholesterol production rate (Jt) is 180 gg/h
and receptor activity (*Jm) in the whole animal equals 838
,sg/h: these two values are set equal to 100% for the relative
LDL-cholesterol production rate and LDL receptor activity
shown in Fig. 4. The other two variables in the equation, *Km
and * P, have been shown to be relatively unaffected by lipid
feeding and have been kept constant at 100 mg/dl and 1.08
jsg/h per mg/dl, respectively, for the purposes of these calcula-
tions.

Fig. 4 A shows the effect of adding either HCOor MCT
alone to the diet. The open circle represents the control ani-
mals receiving neither cholesterol nor triacylglycerol: these
animals had a whole-body receptor activity and production
rate set equal to 100% and a steady-state plasma LDL-choles-

I LI
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Figure 4. The plasma
LDL-cholesterol con-

centration as a function
of the relative receptor
activity (*Jm) and pro-
duction rate (Jr) in
hamsters fed different
amounts of cholesterol
and triacylglycerol. The
solid curves show the
expected values for the
LDL-cholesterol con-

centration under cir-
cumstances where LDL
receptor activity has
been systematically var-

ied from 0 to 125% of
the control value and
where the LDL-choles-
terol production rate
has been set equal to ei-

ther 100 or 200% of the control value. These curves were calculated
as described in Methods. The symbols represent the same diet groups

defined in Fig. 2. A illustrates what happens when either HCOor

MCTis fed to the male hamsters in the absence of added dietary
cholesterol. (B) The effect of feeding these two triacylglycerols in the
presence of 0.12% of added dietary cholesterol.

terol concentration of 23 mg/dl. The addition of HCOto the
diet caused a small decrease in receptor activity coupled with a
36% increase in the production rate so that the plasma LDL-
cholesterol concentration rose slightly to 41 mg/dl. Feeding
MCTcaused a similar increase in production but because of a
slight increase in receptor activity the plasma LDL-cholesterol
concentration rose to only 34 mg/dl. These differences became
much more striking when cholesterol was added to the diet, as
shown in B. The addition of 0.12% cholesterol alone elevated
the plasma LDL-cholesterol concentration to 68 mg/dl and it
is apparent that this occurred because of loss of 50% of the
whole-body receptor activity and a small increase in the pro-
duction rate. The addition of MCTto this diet slightly restored
receptor activity but caused a greater increase in the produc-
tion rate so that the plasma LDL-cholesterol concentration
increased slightly to 74 mg/dl. With the addition of the longer
chain-length triacylglycerol, however, there was both a further
loss of receptor activity and a greater increase in the produc-
tion rate so that the plasma LDL-cholesterol concentration
increased markedly to 190 mg/dl.

This graphic presentation emphasizes the potential errors
that are inherent in attempting to interpret changes in plasma
LDL-cholesterol concentration in terms of a single parameter
such as LDL receptor activity. As shown in these studies with
MCTfeeding, and as is particularly true for unsaturated fatty
acids (19, 20), even though a particular manipulation may
increase LDL receptor activity the plasma LDL-cholesterol
concentration may increase, remain unchanged or decrease
depending upon how that manipulation also alters the produc-
tion rate. Clearly one can make no prediction concerning the
direction or magnitude of change in the plasma LDL-choles-
terol level based upon a single parameter such as the produc-
tion rate (Jt), receptor activity (*.J), receptor affinity (*Km) or
receptor-independent transport (* P). Such predictions require
knowledge of all four parameters.

While these measurements provide detailed information
on the physiological changes in LDL metabolism that occur
with lipid feeding, the cellular signals that bring about these
changes are less clear. When cholesterol alone was fed there
was suppression of hepatic receptor-dependent LDL transport
(Table III), inhibition of cholesterol synthesis and an increase
in the cholesteryl ester content of the liver from 0.3 to 19.8
mg/dl (Table I). These findings are similar to those that occur
in various isolated cells (30, 31) and are consistent with the
view that the liver cell has somehow sensed an expanded pool
of cholesterol and so has suppressed further synthesis and up-
take of cholesterol while storing excess amounts of sterol in an
inert ester pool. However, regulation of these processes must
be more complex than this model would suggest since it has
been shown that, in vivo, receptor-dependent LDL transport
often remains constant under circumstances where there are
marked changes in the rates of synthesis and ester formation
(1 1, 20, 32). Furthermore, in the present studies the addition
of the longer chain-length fatty acids to the cholesterol-con-
taining diet led to further suppression of receptor activity but,
at the same time, was associated with a doubling of the rate of
sterol synthesis and a marked reduction in the size of the cho-
lesteryl ester pool to 2.5 mg/g. Since one of the critical func-
tions of cholesterol in the cell is maintenance of membrane
fluidity within a very narrow range (33, 34), it is conceivable
that the intracellular signal that regulates LDL receptor func-
tion is the relative rigidity of some critical membranous struc-
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ture. Inflow of excessive amounts of cholesterol and saturated
long-chain length fatty acids from the diet would tend to in-
crease membrane rigidity and, therefore, downregulate LDL
receptor function. Presumably other regulatory mechanisms
compartmentalized in other portions of the cell would inde-
pendently regulate the rate of cholesterol synthesis on the en-
doplastic reticulum.

The shorter chain-length fatty acids contained in MCT
have very different effects on receptor function. These fatty
acids are known to be handled metabolically differently from
the longer chain-length compounds. They are absorbed across
the intestinal mucosa and carried directly to the liver in the
portal circulation. There they are able to enter the mitochon-
drial compartment, without intervention of the carnitine
transferase system, and are rapidly oxidized to acetyl CoA (35).
This pool of activated acetate can then be used for the de novo
synthesis of long chain-length fatty acids which, in the fed
state, are esterified to triacylglycerol, incorporated into very
low density lipoproteins and transported to the periphery for
storage or oxidation. Thus, the very different effect of HCO
and MCTon receptor activity seen in these studies may reflect
the fact that the longer chain-length fatty acids are delivered to
the liver as triacylglycerol carried in the chylomicron remnant,
whereas the shorter compounds are taken up as free fatty acids
and rapidly oxidized to acyl CoA. However, it is known that
expansion of the intracellular pool of lipid, either by increased
uptake or synthesis of fatty acids, is associated with increased
hepatic triacylglycerol secretion in very low density lipopro-
teins (36-38). Thus, in contrast to the differential effects of
HCOand MCTon intracellular regulatory events, both of
these lipids would be expected to increase the secretion of very
low density lipoproteins which, in turn, might account for the
observed increases in LDL-cholesterol production. Whether
this formulation is correct must await further investigations
into the intracellular events associated with these significant
physiological changes.
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