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Abstract

These studies were undertaken to quantify cholesterol bal-
ance across the plasma space and the individual organs of
the mouse, and to determine the role of the low density
lipoprotein receptor (LDLR) in these two processes. In the
normal mouse (129 Sv), sterol was synthesized at the rate
of 153 mg/d per kg body weight of which 78% occurred in
the extrahepatic tissues while only 22% took place in the
liver. These animals metabolized 7.1 pools of LDL-choles-
terol (LDL-C) per day, and 79% of this degradation took
place in the liver. Of this total turnover, the LDLR ac-
counted for 88% while the remaining 12% was receptor
independent. 91% of the receptor-dependent transport iden-
tified in these animals was located in the liver while only
38% of the receptor-independent uptake was found in this
organ. When the LDLR was deleted, the LDL-C production
rate increased 1.7-fold, LDL-C turnover decreased from 7.1
to 0.88 pools/d, and the plasma LDL-C level increased 14-
fold, from 7 to 101 mg/dl. Despite these major changes in
the circulating levels of LDL-C, however, there was no
change in the rate of cholesterol synthesis in any extrahe-
patic organ or in the whole animal, and, further, there was
no change in the steady-state cholesterol concentration in
any organ. Thus, most extrahepatic tissues synthesize their
daily sterol requirements while most LDL-C is returned
directly to the liver. Changes in LDLR activity, therefore,
profoundly alter the plasma LDL-C concentration but have
virtually no affect on cholesterol balance across any extrahe-
patic organ, including the brain. (J. Clin. Invest. 1995.
95:1124-1132.) Key words: plasma cholesterol ¢ liver LDL
receptors ¢« low density lipoprotein - cholesterol synthesis *
knockout mouse

Introduction

Lipoproteins containing apoprotein B (apoB) apparently have
evolved principally as vehicles for moving triacylglycerol and
other hydrophobic lipids, e.g., fat soluble vitamins, between
major organ systems (1, 2). In virtually all species the principle
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apoB protein in the chylomicron (CM)' particle is apoB48, a
truncated product of the apoB gene that lacks the sequences
necessary to bind to the low density lipoprotein receptor
(LDLR) (3-5). In contrast, in most species the very low den-
sity lipoprotein (VLDL) particle contains the full-length tran-
script, apoB 100, that can interact with this receptor (6). In a few
species like the rat and mouse, however, this particle contains a
mixture of apoB48 and apoB100 (7-10). At least two separate
receptors are involved in removing the remnants of these apoB-
containing particles from the plasma (11, 12). One of these is
the low density lipoprotein receptor related protein (LRP) that
is located principally in the liver (13—15) and that can bind a
variety of ligands including apoprotein E (apoE), a,-macro-
globulin, lipoprotein lipase and plasminogen activators (16—
19). Data from several sources suggest that this receptor, acting
in concert with the LDLR, is responsible for hepatic uptake of
the apoE/apoB48-containing remnants of the CM (15, 20, 21).
In contrast, the LDLR is capable of binding lipoproteins con-
taining apoE or apoB100 (22). Approximately 70—80% of such
receptor activity is also found in the liver of all species, includ-
ing humans, in which data are available (23). This receptor
plays the major role in removing from the plasma the remnant
products of VLDL metabolism including the apoB100/apoE-
containing VLDL remnants (24, 25) and the apoB100-
containing low density lipoprotein (LDL) particles (23, 24,
26-28).

Epidemiological data clearly support the view that the risk
of developing atherosclerotic disease is determined, in a major
way, by the steady-state concentration of cholesterol in the
plasma carried in LDL (LDL-C) (29-32). This steady-state
LDL-C concentration is determined by four separate rate con-
stants that include the LDL-C production rate (J;), the maximal
rate of LDL-C transport that can be achieved when all LDL
receptors are occupied (J™), the functional affinity of the LDL
for its receptor (K., ), and the rate of LDL-C uptake by a process
that apparently does not depend upon the LDLR (P) (33, 34).
This LDLR-independent component of LDL-C clearance has
been identified in every species that has been examined, and
accounts for a significant percentage of LDL-C clearance in the
rat (25%), hamster (27%), guinea pig (22%), rabbit (28%),
and human (42%) (23, 35-39). Whether this receptor-indepen-
dent clearance involves LRP or other, as yet unrecognized,
processes is currently not known.

Much, however, is understood about the regulation of the
other rate constants that determine the steady-state LDL-C level.
For example, genetic alterations that lower J™ to essentially zero

1. Abbreviations used in this paper: CM, chylomicron; LDL-C, choles-
terol carried in LDL; LDLR */* and LDLR ™/, mice homozygous for the
presence or absence of the LDLR gene; LDLR, low density lipoprotein
receptor; LRP, low density lipoprotein receptor related protein; mhLDL-
C, methylated human LDL-C.



(38, 39) or elevate K,,, (40—42) lead to predictable elevations in
the LDL-C level (43). Furthermore, environmental factors such
as the dietary intake of saturated fatty acids with 12, 14, or 16
carbon atoms cause suppression of J™ and also elevate the LDL-
C level (44, 45), while intake of the 18:1(9c¢) fatty acid or
soluble fiber increases receptor activity and lowers the plasma
LDL-C level (46, 47). In many of these studies, however, the
production rate term changes in a reciprocal manner with respect
to J™. When LDL receptor activity is reduced, for example, by
either genetic or environmental manipulations, LDL-C produc-
tion invariably increases and contributes in a major way to the
marked increase observed in the plasma LDL-C concentration
under these conditions (37-39, 48). One major reason for this
reciprocal relationship is presumably the specificity of the clear-
ance process in the liver. When hepatic LDLR activity is high,
a large proportion of the apoB 100/apoE-containing VLDL rem-
nants is presumably taken up by this receptor and so is not
converted to LDL-C, i.e., J, is low. With reduction in J™,
however, a greater proportion of these remnants is metabolized
to LDL, and LDL-C production necessarily increases.

The mouse, in which specific enzymes, transporters and
apoproteins can be either deleted or overexpressed, offers a
powerful model for examining these processes and for further
elucidating changes in the quantitative physiology of lipopro-
teins, in general, and of LDL-C, in particular. However, the
characteristics of cholesterol and LDL-C physiology in the nor-
mal mouse have not yet been described in detail although, as
in the rat, these processes are thought to vary considerably from
those seen in higher species, including several primates (23).
Furthermore, no reports have yet appeared on how deletion of
the LDLR alters cholesterol balance across the individual tissues
of this species. The current studies were undertaken, therefore,
for four reasons. First, preliminary investigations were under-
taken to establish that the quantitative methods available in
larger animals for characterizing cholesterol and LDL-C metab-
olism could be applied to a small rodent like the mouse. Second,
measurements were made of the role of each organ in this
species for cholesterol synthesis and receptor-dependent and
receptor-independent LDL-C removal from the plasma. Third,
a comparison was made of the effects of gender on steady-state
tissue cholesterol contents and synthetic rates. Finally, the effect
of deleting the LDLR on these steady-state cholesterol contents
and synthetic rates, and on the LDL-C production and transport
rates were defined.

Methods

Animals and diets. These studies were undertaken using mice in which
the LDL receptor had been disrupted by homologous recombination
using animals with the inbred 129Sv background (27). To obtain inbred
129Sv LDLR ™'~ mice, chimeric founder mice were crossed with wild
type 129Sv female mice. LDLR */~ offspring (F, generation) were iden-
tified by Southern blot analysis and propagated in brother/sister matings
to obtain homozygous LDLR ™/~ animals. All LDLR ™/~ mice used in
these experiments were descendants of these homozygous LDL receptor
deficient F, generation mice.

In this study, a comparison was made of cholesterol metabolism in
male and female animals using only the wild-type mouse (LDLR*'*)
and animals that were homozygous for disruption of the LDLR gene
(LDLR ~'7). Before use, all animals were housed in colony cages in a
room with light cycling, and temperature and humidity control. The
animals were subjected to 12 h of light and 12 h of darkness throughout
this period, and all measurements were made during the mid-dark phase
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of the light cycle. Before and during all studies, the mice were main-
tained on a low cholesterol diet consisting of Wayne Lab Blox (Allied
Mills, Chicago, IL) which, by direct analysis, contained 0.24 mg of
cholesterol and 50 mg of total lipid per g of diet. It was experimentally
determined that these mice ate an average of 4.6 g/d of this diet so that
each animal had a mean daily intake of 1.10 mg of dietary cholesterol
or 40 mg/d per kg of body weight.

Plasma and tissue cholesterol concentrations. Blood samples were
obtained by exsanguinating the animal through the inferior vena cava.
The concentration of cholesterol in the various plasma lipoprotein frac-
tions was obtained by simultaneously centrifuging samples after ad-
justing the density to 1.020 and 1.063 g/ml. These lipoprotein samples
were then saponified, and the cholesterol concentration was determined
by gas/liquid chromatography (48). The major organs were removed
from the animal, weighed, and saponified. The remaining carcass, which
was composed primarily of skeleton, muscle and adipose tissue, was
also saponified. The cholesterol content of these tissue samples was
determined in triplicate (49). Aliquots of the liver were also analyzed
for their content of unesterified and esterified cholesterol using silicic
acid/celite columns (50).

Cholesterol synthesis in the organs in vivo. Rates of cholesterol
synthesis were measured in vivo at the mid-dark phase of the light cycle.
Each animal was injected intraperitoneally with 20 mCi of [*H]water
contained in 100 ul of isotonic saline solution (49, 51, 52). One hour
later the animal was anesthetized and 800 pl of blood was aspirated
from the inferior vena cava. The organs were removed and saponified,
and the digitonin precipitable sterols were isolated as described pre-
viously (52). The specific activity of the [*H]water in the plasma was
determined in triplicate from the blood sample. The rates of sterol
synthesis in each of the organs in the live animal were then calculated
as the nmol of [*H]water incorporated into the digitonin precipitable
sterols per g of tissue or per whole organ (nmol/h per gram or organ)
(51). The rate of cholesterol synthesis in the whole animal was calcu-
lated as the sum of the rates of synthesis in all of the organs and carcass.
Previous work has established that ~ 25 ug atoms of hydrogen from
water are incorporated into each umol of newly synthesized cholesterol
(52, 53).

Isolation and radiolabeling of lipoprotein fractions. In the studies
designed to measure the rate of LDL-C transport, lipoproteins were
isolated from mouse, human and sheep plasma. The human plasma
was collected from normal lipidemic volunteers. Mouse plasma was
harvested from both male and female, LDLR knockout mice (129Sv
X C57BL/6 hybrids) maintained on a low cholesterol rodent diet. Simi-
larly, the LDL fraction was isolated from sheep plasma taken from
animals maintained on a low cholesterol intake. In all cases the LDL
fraction was isolated in the density range of 1.020-1.055 g/ml by pre-
parative ultracentrifugation, and all fractions contained essentially only
apoB. Aliquots of each of these fractions were then labelled with either
'%]-tyramine cellobiose or with '*'I (49, 54). In some experiments, a
portion of the labelled human LDL was further processed by reductive
methylation (mhLDL-C) (36, 38, 55, 56). All of these lipoprotein
preparations were then dialyzed extensively against 0.9% NaCl solution
and passed through a 0.45 pym Millex-HA filter (Millipore Products,
Bedford, MA ) immediately prior to injection into the recipient experi-
mental animals. All fractions were used within 24 h of preparation.

LDL-C transport into the mouse tissues in vivo. Rates of tissue
LDL-C clearance were determined in vivo using a primed-continuous
infusion of '*I-tyramine cellobiose-labeled LDL through an intravenous
catheter secured into a tail vein (35). At the mid-dark phase of the light
cycle, the mouse was lightly anesthetized with diethyl ether and a Micro
Teflon® PTFE tubing (i.d. 0.008 inches) (Cole-Parmer Instrument Co.,
Chicago, IL) was inserted into a lateral tail vein using a half-ground
21-gauge needle. The catheter was fixed in place and attached to a
syringe on a micro-infusion pump (B. Braun, Melsungen, Germany).
Each animal was then given a bolus injection of the radiolabeled LDL
preparation followed by a continuous infusion of the same preparation
at a rate calculated to maintain a constant specific activity in the plasma
throughout the 4-h infusion period. In preliminary experiments the ratio
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of the radioactivity in the bolus to that in the infusion necessary to
maintain this constant specific activity was determined in both the
LDLR*'* and LDLR ™'~ animals. 10 min before terminating the 4-h
infusion, a bolus of the '*'I-labeled LDL was administered through the
same catheter to the animal (33, 35, 36, 38). Exactly 10 min after the
second bolus injection, and 4 h after beginning the infusion, the animal
was again anesthetized and blood was drawn from the inferior vena
cava. Each of the organs was removed, rinsed, weighed, and assayed
for its content of '*I and '*'I. These numbers were then used to calculate
the rate of clearance of the LDL preparation into each of the organs
and in the whole animal (45, 49). These clearance rates are expressed
as the ul of plasma cleared of its LDL content per h per g of tissue or
per whole organ (ul/h per g or ul/h per organ). The rate of LDL
clearance in the whole animal was calculated as the sum of the rates of
clearance in all of the organs, including the carcass.

Calculations. From these various experimental measurements, a
number of other data could be derived. From the rates of [*H]water
incorporation into digitonin precipitable sterols by the whole animal, it
was possible to calculate the rate of whole mouse sterol synthesis ex-
pressed as the mg of cholesterol synthesized per day per kg of the body
weight (mg/d per kg). From the rate of whole mouse LDL-C clearance
(u1/h per mouse), the daily fractional catabolic rate of LDL (pools/
day) could be calculated since the plasma volume in the mouse equals
47 ml/kg body weight (57). In the steady state, the rate of LDL-C
clearance in the whole animal must equal the LDL-C production rate
so that this latter value could be calculated as the product of the whole
mouse clearance rate times the plasma LDL-C concentration (23). The
data in all of these experiments are presented as mean values=1 SEM.
The Student’s unpaired ¢ test was used (P < 0.05) to compare the
various sets of data. In the figures and tables, a value that is significantly
different at this level from its appropriate control value in the LDLR *'*
animals is indicated by an asterisk.

Results

After feeding to steady state, the male LDLR*/* and LDLR '~
mice weighed 27+1 g while the females weighed 23*+1 g.
The distribution of body mass among the various organs was
essentially the same, and there was no difference in the weight
of any organ in the LDLR*'* and LDLR ~'~ animals, male or
female. There were, however, significant differences in the lev-
els of cholesterol in the various lipoprotein fractions (Fig. 1).
Under conditions where dietary cholesterol intake equaled 40
mg/d per kg, the LDL-C concentration was 14-fold higher in
the LDLR ~/~ animals than in the control mice. In both the male
and female animals the concentration of HDL-C was higher in
the receptor deficient groups, and there were also small in-
creases in the concentration of cholesterol in lipoproteins with
a density < 1.020 g/ml (27).

The effect of deleting LDL receptor activity on the tissue
cholesterol concentration was next investigated. As illustrated
in Fig. 2, the level of cholesterol in the various organs varied
from ~ 14 mg/g in brain to ~ 1.3 mg/g in heart muscle and
carcass. These levels were similar in the male and female mice
with the exception of the adrenal gland where the concentration
equaled 7.7+0.8 mg/g in the male LDLR"'* animal but
30.3+3.6 mg/g in the female. The concentration in the liver of
the females also was slightly higher (3.4%0.5 mg/g) than in
the males (2.2+0.1 mg/g). More importantly, however, there
was no decrease in the concentration of sterol in any tissue of
the LDLR ~/~ animal. For example, the level of cholesterol in
the brain equaled 14.1+0.5 and 14.0+0.5 mg/g in the male
LDLR** and LDLR '~ animals, respectively. Furthermore,
the concentration of cholesterol in the adrenal glands was
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Figure 1. Concentration of cholesterol carried in lipoprotein fractions
of different density in the plasma of male (A) and female (B)
LDLR*'* and LDLR ~’" mice maintained on low cholesterol rodent
diet. Three groups of lipoproteins were separated from the plasma of
these animals and are designated VLDL-C (< 1.020 g/ml), LDL-C
(1.020-1.063 g/ml) and HDL-C (> 1.063 g/ml). These values repre-
sent the means*1 SEM for plasma samples obtained from five animals
in each group. * Value is significantly different from that in the
LDLR*'* animals.

slightly higher in the receptor deficient mice in both the male
(9.8+24 vs. 7.7+0.8 mg/g) and female (39.8+9.0 vs.
30.3+3.6 mg/g) animals. In addition, the concentration of
cholesteryl esters in the liver of the male (0.9%0.1 vs. 0.5x0.1
mg/g) and female (2.0+0.2 vs. 1.1+0.2 mg/g) LDLR '~ ani-
mals was nearly twofold higher than in the corresponding
LDLR*'* animal, a finding that has also been reported in the
homozygous WHHL rabbit (58).

From these data and the weights of the various organs, it
was possible to determine the absolute size and distribution of
the cholesterol pools in these four groups of animals. The pool
of sterol in the male LDLR *'* mice equaled 49.6+4.9 mg and
in the LDLR =/~ animals was 51.2+3.1 mg. There was also no
significant difference in the females. The distribution of these
sterol pools was virtually identical in the male and female ani-
mals. About 50% of the pool was located in the carcass while
the skin (~ 15%), brain (~ 12%), liver (6—7%), and other
tissues contained much smaller percentages of the total body
pools. Thus, deletion of LDL receptor activity had no demon-
strable effect on the steady-state concentration of cholesterol in
any tissue or on the distribution of the total body pool of sterol
among the various organ systems in either the male or female
animals.
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Figure 2. Concentration of cholesterol in the tissues of the male (A)
and female (B) LDLR*'* and LDLR ™/~ mice. These animals were ~ 3
mo old and weighed 19-30 g. Each organ was dissected and weighed,
and the concentration of cholesterol was determined. These values are
expressed as mg/g wet weight of tissue. The tissue designated carcass
contained all of the remaining organs left at the end of the dissection
and consisted primarily of bone, muscle, and fat. Means*+1 SEM for
five animals in each group are shown. * Value is significantly different
from that in the LDLR *'* animal.

This finding implied either that receptor-dependent LDL-C
transport played little role in the maintenance of cholesterol
pools in the extrahepatic organs or that there were increases in
in situ synthesis that fully compensated for loss of this uptake
of plasma sterol. Therefore, rates of cholesterol synthesis were
measured in vivo in these four groups of animals. As is apparent
in Fig. 3, in the control mice, liver manifested the highest rates
of synthesis and these rates were similar in the LDLR *'* female
(1348320 nmol/h per gram) and male (1140+225 nmol/h
per gram). The extrahepatic organs in both sexes had lesser
rates of sterol synthesis that varied from 530-670 nmol/h per
gram in various parts of the gastrointestinal tract to < 60 nmol/
h per gram in heart and carcass. In particular, the ovaries,
adrenal glands and brain synthesized cholesterol at the interme-
diate rates of 238, 280-458, and 95-109 nmol/h per gram,
respectively. Most importantly, however, deletion of receptor-
dependent LDL-C transport in the animals did not cause an
increase in de novo synthesis in any tissue including the ovaries,
adrenal glands and brain.

Thus, as shown in Fig. 4 A, the rates of sterol synthesis in
the whole mouse equaled 5737340 and 5840+358 nmol/h in
the LDLR *'* and LDLR ~/~ male animals, respectively. These
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Figure 3. Cholesterol synthetic activity in the tissues of the male (A)
and female (B) LDLR */* and LDLR ~/~ mice. These animals were ~ 3
mo old and weighed 20—33 g. Rates of synthesis were determined in
vivo and are expressed as the nmol of [*H]water incorporated into
digitonin precipitable sterols per g of tissue. Mean values=1 SEM for
4-8 animals are shown.

values correspond to rates of cholesterol synthesis equal to
~ 153 and 162 mg/d per kg body weight, respectively, in the
two groups. Slightly lower rates were seen in the females (Fig.
4 C). The skin accounted for the largest fraction of this whole
animal synthetic activity (Fig. 4, B and D), while synthesis in
the liver equaled 22-26% of whole animal synthesis in both
the male and female, LDLR*'* and LDLR '~ animals. Other
important organs included the tissues of the carcass, small
bowel, colon, and stomach, and again, there was no significant
difference seen among any of the tissue compartments with
respect to their contribution to whole animal cholesterol syn-
thesis.

Studies were next undertaken, therefore, to quantitate the
magnitude of LDL-C transport into these same tissues by both
receptor-dependent and receptor-independent mechanisms.
These investigations were carried out in only male animals
since, in the studies reported thus far, there were essentially no
differences in the metabolism of cholesterol in the male and
female animals. Before undertaking these measurements, how-
ever, it was first necessary to determine what preparations of
LDL could be used to accurately assess rates of LDL-C transport
in the live mouse by the receptor-dependent and -independent
pathways. In an initial experiment, total LDL-C clearance was
measured in male LDLR */* animals using LDL harvested from
mouse, human and sheep plasma. As is apparent in Table I, the
liver and adrenal gland took up heterologous LDL-C at rates
that were either lower (human LDL) or higher (sheep LDL)
than the rates of clearance of homologous mouse LDL. These
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Figure 4. Distribution of cholesterol synthetic activity in the male and
female LDLR *'* and LDLR '~ mice. The absolute rate of cholesterol
synthesis found in the whole male (A) and female (C) animals was
calculated from the data in Fig. 3. In addition, the relative distribution
of this synthetic activity among the various organs of the male (B) and
female (D) LDLR*'* and LDLR ™/~ animals is also shown. Mean val-
ues+1 SEM for 4-8 animals in each group are shown.

differences were less apparent in spleen and small bowel where
uptake is mediated primarily by receptor-independent transport.

A second experiment was performed to determine if methyl-
ation of human LDL blocked entirely the ability of the mouse
LDLR to transport this derivatized heterologous LDL prepara-
tion (mhLDL), as is true in some other species (33). As also
seen in Table I, in the LDLR*'* animal mouse LDL-C was
cleared by the liver and adrenal gland at very high rates while
the mhLDL-C preparation was taken up at velocities of < 5%

Table 1. Rates of LDL-C and Methylated LDL-C Clearance in the
Male LDLR*"* Mouse

Type of LDL-C Liver Adrenal gland Spleen Small bowel
pl/h per gram

Mouse 263+18 333+42 25+2 18+3

Human 111x11* 275+58 25+4 19+2

Sheep 668+47* 632+84* 47+3* 23*3

mhLDL-C 6x1%* 8+ 1* 17+2% 11£2%*

LDL-C was isolated from the plasma of the mouse, human, and sheep
and conjugated to radiolabeled tyramine cellobiose as described in Meth-
ods. A portion of the human LDL-C was also reductively methylated
(mhLDL-C). The rates of transport of each of the LDL-C preparations
into four organs of the LDLR** mouse were then measured. The data
represent means*1 SEM for 3 (sheep), 4 (human), 10 (mouse), or 3
(mhLDL-C) recipient animals. * Value significantly different from that
seen with mouse LDL-C.
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Figure 5. Rates of clearance of homologous mouse LDL-C (A) or
methylated human LDL-C (B) by the tissues of the male LDLR*'* and
LDLR "/~ animals. These rates are expressed as the microliter of plasma
cleared of its LDL-C content each h per gram of tissue. The data in A
represent mean values*1 SEM for 10 LDLR*/* and 9 LDLR ™/~ ani-
mals. In B there were three animals in each group.

of those seen with the homologous LDL. Most importantly,
however, in the LDLR ™/~ mouse (not shown in Table I) the
large component of receptor-dependent transport disappeared
so that the rates of mouse LDL-C and mhLDL-C uptake into
these two organs became essentially identical. It should be em-
phasized that the derivatization process did not denature, in
some manner, the human LDL since splenic uptake of this
preparation in both the LDLR*'* and LDLR ™'~ animals was
similar and occurred at very low rates. Thus, in the mouse it was
possible to measure total LDL clearance in the whole animal and
in the individual organs using mouse LDL, and then to identify
the receptor-independent component of this transport activity
using mhLDL.

Fig. 5 summarizes the results of such experiments and shows
the microliter of plasma cleared of its LDL-C content per hour
by one gram of each tissue. As shown in panel A, only two
organs manifested high rates of mouse LDL-C transport in the
LDLR */* animals. These included the adrenal gland (517+178
ul/h per gram) and liver (26621 ul/h per gram). The spleen,
small bowel, lung and colon had much lower rates of uptake
(10-26 pl/h per gram) while all of the remaining organs took
up LDL-C at rates of < 10 pl/h per gram. Uptake of LDL-C
into the brain was undetectable. In the LDLR ™/~ animals, these
rates were all considerably lower and essentially equaled those
rates found for the uptake of mhLDL-C (B). The clearance of
LDL-C by the adrenal gland, for example, decreased from 517
ul/h per g in the LDLR */* mouse to only 10+3 ul/h per gram
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in the LDLR ~'~ animal, while the rate of mhLDL-C uptake in
this organ equaled 8+1 and 9*1 ul/h per gram, respectively,
in the LDLR*'* and LDLR ™/~ animals (B). Similar findings
were observed in the liver. Thus, in these two organs ~ 98%
of the high rates of LDL-C uptake seen in the LDLR */* animals
were dependent upon the LDL receptor. In other organs, includ-
ing the spleen and different parts of the gastrointestinal tract,
about half of the uptake observed was receptor dependent, al-
though these rates were very low compared with those seen in
the adrenal gland and liver. As is apparent in Fig. 5 B, all tissues
except the brain exhibited some receptor-independent LDL-C
uptake, but, with the exception of the spleen, lung and small
bowel, these rates were all < 9 ul/h per gram.

From these data the absolute rates of LDL-C turnover and
the importance of each organ to this process could be deter-
mined. As shown in Fig. 6 A, homologous LDL-C was cleared
by the whole LDLR*'* animals at the rate of 386+25 ul/
h. The receptor-independent component of this total LDL-C
clearance equaled 464 ul/h (Fig. 6 E). When these clearance
rates are expressed as a fraction of the plasma volume in these
same groups of animals they correspond to fractional catabolic
rates of 7.1 and 0.88 pools/day, respectively, and half-lives of
2.3 and 18.9 h, respectively. Thus, in the normal mouse about
88% of total LDL-C turnover is mediated by the LDL receptor
while 12% is receptor-independent. The distribution of this total
LDL-C transport activity is shown in panel B. Clearly one
organ, the liver, accounted for 79% of total LDL-C degradation
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while the small bowel (4%) and the other extrahepatic organs
(17%) accounted for the remainder. Fig. 6 also shows the distri-
bution of the receptor-dependent (D) and receptor-independent
(F) components of this transport activity. The LDLR */* animal
cleared LDL-C through the LDLR at a rate of 340 ul/h (C),
and 91% of this receptor-dependent uptake was located in the
liver (D). In contrast, LDL-C was cleared by the receptor-
independent process at a rate of 464 ul/h (E) and only 38%
of this activity was located in the liver (F). These studies
also demonstrated that the absolute rate of receptor-independent
LDL transport and the tissue distribution of this activity was
the same in the LDLR*'* and LDLR ~'~ animals.

Discussion

These studies provide detailed rate constants in the mouse for
those processes that dictate cholesterol balance across the indi-
vidual organs and the whole animal, and, in addition, they illus-
trate in quantitative terms the role of the LDL receptor in this
balance. These rate constants are summarized in Fig. 7 where
the numbers represent the synthesis or net flux of sterol ex-
pressed as mg of cholesterol per day per kg body weight. The
numbers in the circles are derived for the male LDLR */* mice,
while the numbers adjacent to the circles come from the data
in the male LDLR '~ animals. In this diagram the body has
been divided into three functionally distinct groups of organs.
The small bowel (A) is the site of entry of dietary cholesterol
into the body, and this sterol is carried to the liver in the chylo-
micron particle. Cholesterol from the other extrahepatic tissues
(B) also must be transported to the liver, but this process pre-
sumably is mediated by high density lipoproteins (HDL) (59).
The liver (C) plays the central role in maintaining cholesterol
homeostasis in the animal as well as in dictating the steady-
state levels of LDL-C in the plasma (23).

The animals in these studies were fed to steady-state condi-
tions using low cholesterol rodent diet where the dietary sterol
intake equaled ~ 40 mg/d per kg. The exact percentages of
this dietary intake that were absorbed into the body or remained
in the intestinal lumen were not measured in these studies.
Under these conditions the rate of cholesterol synthesis in the
whole animal was not significantly different in the two experi-
mental groups and equaled 153 and 162 mg/d per kg in the
LDLR*'* and LDLR '~ animals, respectively (Fig. 4). Thus,
dietary cholesterol intake equaled ~ 26% of the daily synthesis
rate. This percentage is about half of that seen in similar recent
studies in cynomolgus monkey (54%) or routinely encountered
in human studies (40-60% ) (49). Of this whole animal choles-
terol synthesis in the LDLR*'* animals, 66% (101 mg/d per
kg) occurred in the extrahepatic tissues (Fig. 4) that made up
91% of the body mass, while the liver and small bowel ac-
counted for only 22% (34 mg/d per kg) and 12% (18 mg/d
per kg), respectively. Not only was the rate of cholesterol syn-
thesis in the LDLR ™/~ mice the same as in the control animals,
but the percentage distribution of this synthetic activity in the
three major tissue compartments was also virtually identical
(Fig. 7). Thus, total deletion of LDL receptor activity had no
effect on the rates of cholesterol synthesis in the whole animal
(Fig. 4), in the major tissue compartments (Fig. 7), or in the
individual organs (Fig. 3, 4). Similar results have been reported
in rabbits that are homozygous for loss of functional receptor
activity except that in the LDLR '~ members in this species
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there was a 40% decrease in the rate of hepatic sterol synthe-
sis (58).

Under these conditions where the net flow of cholesterol
across both types of animals from synthesis and diet equaled
~ 200 mg/d per kg, there were significant differences in the
LDL-C production rate; J, equaled 23 mg/d per kg in the
LDLR *'* mice but was 1.7-fold higher in the LDLR ~/~ animals
(40 mg/d per kg). In the normal animals, 79% (18 mg/d per
kg) of this LDL-C was returned to the liver, and this occurred
overwhelmingly through receptor-dependent transport (Figs. 5
and 6). Only 21% (5 mg/d per kg) was taken up by all of
the extrahepatic organs, and this occurred primarily through
receptor-independent transport (Fig. 6). However, in the
LDLR ~/~ animals, of the 40 mg/d per kg of LDL-C produced,
only 38% (15 mg/d per kg) were returned to the liver while
62% (25 mg/d per kg) was taken up by the extrahepatic tissues:
in both cases this occurred solely through receptor-independent
LDL-C transport. As a consequence, the steady-state concentra-
tion of LDL-C in the plasma equaled 7 mg/dl in the normal
animals and 101 mg/dl in the animals lacking functional LDL
receptor activity (Fig. 1). In addition, because of the increased
delivery of LDL-C to the extrahepatic tissues, the amount of
sterol that had to be carried, presumably in HDL, through the
plasma to the liver increased from 106 to 133 mg/day per
kg in the LDLR ™/~ animals. This latter change presumably
accounted for the fact that the HDL-C concentration was also
elevated in the receptor deficient animals (Fig. 1).

These quantitative data provide the basis for five major
conclusions concerning cholesterol and LDL-C metabolism in
the mouse. First, as expected, the absolute rates of cholesterol
synthesis and LDL-C clearance were much higher in this species
than in larger animal models and humans. Whole body sterol
synthesis, for example, equaled ~ 150 mg/d per kg in these
mice compared to the rates observed in larger animals like
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Figure 7. Summary of the rates of
cholesterol synthesis and net flux
across the major organs in the
male LDLR */* and LDLR '~
mice. All numbers represent mg
of cholesterol per day normalized
to a constant body weight of 1 kg.
The values in the circles come
e from the measurements made in
the LDLR*'* animals while the
numbers adjacent to the circles are
the values found in the LDLR ~/~
mice.

hamsters (~ 30 mg/d per kg), various monkeys (10-25 mg/
d per kg), and humans (8—10 mg/d per kg). Nevertheless, in
the mouse, as in the hamster, cynomolgus monkey, and, proba-
bly, human, the great majority of this synthetic activity was
found in the extrahepatic organs and not in the liver (23).
Similarly, the absolute rate of LDL-C clearance from the plasma
was very high in the mouse (~ 14 ml/h per kg) compared to
that found in hamsters (~ 6 ml/h per kg), cynomolgus mon-
keys (~ 1.5 ml/h per kg), and humans (~ 0.7 ml/h per kg).
Yet, as in all of these species, the liver accounted for the great
majority of this clearance, and > 90% of this hepatic uptake in
the LDLR */* animals was mediated by the LDL receptor (Fig.
6). Thus, while the mouse manifested the very high rates of
sterol turnover and LDL-C clearance that would be anticipated
in such a metabolically active, small animal, the relative impor-
tance of the liver to whole animal cholesterol synthesis
(~ 22%) and LDL-C degradation ( ~ 80% ) was virtually iden-
tical to the relative importance of this organ in animals like the
hamster and cynomolgus monkey (23, 49).

Second, the relative importance of the two mechanisms for
LDL-C clearance from the plasma, i.e., receptor-dependent and
receptor-independent transport are, however, somewhat differ-
ent in the mouse compared to larger animals. This difference
arises from the fact that receptor-dependent transport varies to a
greater extent with the size of the animal than does the receptor-
independent component. For example, the rate of receptor-inde-
pendent LDL-C clearance increases only sixfold, from ~ 0.3
ml/h per kg, to ~ 1.8 ml/h per kg in observations made in
humans, non-human primates, rabbits, hamsters and mice. In
contrast, in these same species, receptor-dependent LDL-C up-
take increases nearly 30-fold, from 0.4 ml/h per kg to 12.0 ml/
h per kg. Thus, while the LDL receptor accounts for 88% of
LDL-C degradation in these studies in the mouse, this percent-
age is lower in larger animals like the hamster (73%), rabbit



(72%), and human (58%). Despite this relative difference,
however, the distribution of receptor-dependent and receptor-
independent transport activity is virtually the same in the mouse
as in all other species in which such data are available. Nearly
all receptor-dependent transport activity is located in the liver
while the majority of receptor-independent LDL-C clearance
takes place in the extrahepatic organs. Any genetic or environ-
mental factor, therefore, that suppresses hepatic LDL receptor
activity forces more LDL-C into the peripheral organs.

Third, these studies also demonstrate that there is relatively
little difference in sterol and lipoprotein metabolism in the male
and female animals. In particular, in contrast to the hamster and
rat, hepatic cholesterol synthesis is similar in the two sexes of
this strain as it is in most of the other organs (Fig. 3). The most
striking difference observed was in the adrenal gland where the
female animals had cholesterol concentrations that were four-
fold higher than in the male (Fig. 2), and rates of cholesterol
synthesis that were nearly twofold greater (Fig. 3). Neverthe-
less, the similarities in rates of hepatic sterol synthesis and in
the levels of the various of lipoproteins (Fig. 1) suggest that
either sex may be used for studying regulation of hepatic LDL
receptor activity. This situation is quite different from that seen
in the rat and hamster where the male and female animals
respond very differently to dietary and pharmacological chal-
lenges.

Fourth, these studies reemphasize the importance of the
LDL receptor for controlling the circulating plasma LDL-C
concentration but identify a unique feature of this process that
is evident in the mouse. The steady-state LDL-C concentration
is determined in a major way by both the magnitude of receptor-
dependent transport, J™, and the rate of LDL-C production, J,.
It has been calculated that loss of all LDLR activity in the rabbit
or human would raise the plasma LDL-C concentration to only
100-200 mg/dl provided that the rate of LDL-C production
remained constant (43). However, with loss of hepatic receptor
activity a larger proportion of the apoE/apoB100-containing
VLDL remnants in these two species is converted to LDL-C so
that the LDL-C production rate increases threefold in the human
and sixfold in the rabbit (38, 43). Thus, the reason that the
steady-state LDL-C concentration reaches 400—600 mg/dl in
these two species when all LDLR activity is lost is because J;
increases 3—6-fold as J™ approaches zero. The mouse differs
from these species in two ways. First, in contrast to the very
high absolute rates of sterol synthesis and receptor-dependent
transport observed in the LDLR*/* animals, the absolute rate
of LDL-C production (23 mg/d per kg) was barely higher than
the rates found in cynomolgus monkey (17 mg/d per kg) and
humans (13 mg/d per kg) (49). Second, with total loss of
LDLR activity, J; in the mouse increases only 1.7-fold (Fig. 7)
compared with 3—6-fold in the human and rabbit. Presumably,
these differences reflect the fact that in the mouse a large portion
of the VLDL that is synthesized by the liver contains apoB48,
and so the remnants of these particles might be cleared from
the plasma by LRP. Furthermore, when LDL receptor activity
in the liver is lost, the increase in J, is muted. Thus, in the
LDLR *'* mouse (and, probably, the rat), the steady-state LDL-
C level is only about 7 mg/dl and this value increases to only
~ 100 mg/dl with total loss of receptor activity. These findings
emphasize the important fact that the LDL-C production rate
term plays a major role in determining the plasma LDL-C con-
centration. Any genetic polymorphism, or dietary or pharmaco-
logical manipulation, that alters the relative affinity of the rem-

nants of the VLDL particle for the LDLR or, possibly, LRP
can profoundly alter the steady-state LDL-C concentration even
under circumstances where hepatic LDL receptor activity, J™,
remains essentially constant.

Finally, in contrast to the important role of the LDL receptor
in regulating the plasma LDL-C concentration, this study also
provides further support for the concept that receptor-dependent
LDL-C transport plays little or no role in maintaining the func-
tional integrity of the extrahepatic organs. With the exception
of the adrenal gland, almost no LDL-C was taken up by this
mechanism by any of the extrahepatic tissues (Fig. 5). Further-
more, in the absence of the LDLR, the mice grew normally and
their organs attained the same sizes as in the LDLR */* animals.
Most importantly, all of the organs in the receptor deficient
animals maintained the same concentrations of cholesterol (Fig.
2) as found in the control mice. Thus, these findings further
support the concept that dietary or pharmacological manipula-
tions that increase hepatic LDL receptor activity and lower the
steady-state LDL-C concentration should have no detrimental
effects on the normal physiological function of any extrahepatic
organ.
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