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Abstract These studies were undertaken to determine the role
of receptor-independent low density lipoprotein (LDL) trans-
port in cholesterol balance across individual tissues and the
whole animal. Homologous LDL, which measures total LDL
transport, and methylated heterologous LDL, which measures
receptor-independent LDIL uptake, were cleared from the
plasma at very different rates in the NZ control rabbit (3,900
and 1,010 pl/hr per kg, respectively) whereas in the WHHL rab-
bit both preparations were cleared at essentially the same rate
(approximately 1,070 ul/hr per kg). Receptor-independent LDL
clearance was detected in all tissues of the NZ control rabbit and
these varied from 32 (spleen) to < 0.5 (skeletal muscle) ul/hr per
g. In contrast, receptor-dependent LDL uptake was found in
only about half of these same organs. In the WHHL rabbit, the
rates of receptor-independent LDL transport were the same as
in the NZ control rabbit, but no receptor-dependent uptake was
detected. Using these clearance values it was calculated that in
the control rabbit nearly 70% of LDL-cholesterol was removed
from the plasma by the liver and 89% of this was receptor-
mediated. With loss of receptor activity, however, the burden of
LDL degradation was shifted away from the liver so that approx-
imately 70% of LDL-cholesterol uptake took place in the extra-
hepatic tissues of the WHHL rabbit. B8 Thus, in the normal
animal, the primary function of receptor-dependent LDL trans-
port is to promote the rapid uptake and disposal of plasma LDL
by the liver. In the absence of such receptor activity, cholesterol
balance across most individual organs and the whole animal re-
mains essentially normal and is mediated by the receptor-
independent process. Because of the much lower absolute
clearance rates manifested by this transport mechanism, how-
ever, substantial and predictable elevations in the circulating
plasma LDL-cholesterol levels are required to maintain this
balance. — Spady, D. K., M. Huettinger, D. W. Bilheimer,

and J. M. Dietschy. Role of receptor-independent low density.

lipoprotein transport in the maintenance of tissue cholesterol
balance in the normal and WHHL rabbit. /. Lipid Res. 1987. 28:
32-41.

Supplementary key words very low density lipoproteins o receptor-
dependent low density lipoprotein transport ¢ hepatic cholesterol
synthesis o intestinal cholesterol synthesis

In the steady-state, the concentration of plasma choles-
terol carried in low density lipoproteins (LDL) is deter-
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mined by the rate at which LDL is introduced into the
plasma relative to the rate at which it is removed and
degraded (1). In the normal animal and human, approxi-
mately one-third of the LDL that is degraded each day is
removed from the plasma by a process that is independent
of the LDL receptor pathway (2-6). Recent studies have
shown that such receptor-independent LDL transport
takes place in nearly every organ in the body, although the
highest rates of clearance (per g of tissue) by this mecha-
nism are found in the spleen, liver, small intestinal epi-
thelial cell, and kidney (6-8). When receptor-dependent
transport is reduced or absent, either because of a genetic
defect (3, 9) or because of dietary suppression (10, 11}, the
receptor-independent pathway becomes quantitatively
much more important and accounts for the degradation
of most or all of the LDL that is removed from the plasma
in the whole animal or in humans.

Detailed studies have revealed two important differ-
ences in the characteristics of the receptor-dependent and
receptor-independent LDL transport systems in various
organs under in vivo conditions. First, the receptor-
dependent transport system in tissues like the liver, small
intestine, and endocrine glands manifests saturation
kinetics (7, 10, 12). In contrast, the rate of LDL uptake
by the receptor-independent system continues to increase
linearly as the plasma LDL-cholesterol concentration is
raised (6, 12). Secondly, under certain experimental cir-
cumstances, the level of receptor-dependent LDL trans-
port can be varied, at least in a few organs (10, 11, 13).
Again, in contrast, receptor-independent LDL uptake
continues at rates that are unchanged by a variety of
metabolic manipulations (6). However, despite these two
important differences in the characteristics of LDL uptake

Abbreviations: VLDL, very low density lipoprotein; LDL, low den-
sity lipoprotein; HDL, high density lipoprotein; WHHL, Watanabe
heritable hyperlipidemic; NZ, New Zealand; methyl-hL.LDL, methylated
LDL of human origin; FCR, fractional catabolic rate.
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into tissues by the receptor-dependent and -independent
systems, once the LDL-cholesterol is delivered into the
target organ by either mechanism it appears to be equally
effective in regulating the rate of intracellular cholesterol
synthesis and in acting as an effective substrate for
esterification (6, 14, 13).

On the basis of quantitative experiments carried out in
the normal rat and hamster, it is possible to predict what
will happen to cholesterol balance across each individual
tissue, as well as the whole animal, under circumstances
where the amount of receptor-dependent LDL transport
activity is systematically reduced. Furthermore, from
these calculations it is also possible to predict what the
final plasma LDL-cholesterol concentration will be in the
new steady-state and to define in quantitative terms the
role of the receptor-independent LDL transport system in
the maintenance of this new steady-state (12). Unfor-
tunately, these predictions cannot be easily tested in these
two species since no model exists where LDL receptor
activity is totally absent. For this reason, the current
studies were undertaken in the normal (NZ) and receptor-
deficient Watanabe heritable hyperlipidemic (WHHL)
rabbit (16, 17). Three types of investigations were carried
out. First, the magnitude of the receptor-dependent and
receptor-independent components of plasma LDL clear-
ance was defined in the normal animal. Second, the dis-
tribution of these two transport activities was quantitated
in every major organ in the control rabbit. Third, from
these measurements predictions were made as to the role
of receptor-independent LDL transport in maintaining
cholesterol balance in the whole animal and across in-
dividual tissues, and these predictions were then tested
by making appropriate measurements in the receptor-

deficient, WHHL animal.

MATERIALS AND METHODS

Animal preparations

Female New Zealand (NZ) albino rabbits were pur-
chased from Hickory Hill Rabbitry (Flint, TX). Female
homozygous WHHL rabbits were raised in Dallas. All
animals were maintained on Lab Rabbit Chow (Ralston
Purina Co., St. Louis, MO) and were used at 3-4 months
of age when they weighed 2.2-2.8 kg.

Lipoprotein preparations

Rabbit LDL was isolated in a density range of 1.030 to
1.050 g/ml from the plasma of NZ rabbits maintained on
the standard low-cholesterol diet. Human LDL also was
isolated at a density of 1.030 to 1.050 g/ml from the
plasma of normolipidemic volunteers. Both preparations
showed only apoprotein B;g on polyacrylamide gel elec-

trophoresis. The LDL preparations were labeled with
either '#I (18) or [*C]sucrose (19). The labeled human

LDL was then reductively methylated (methyl-hLDL)
(20). All lipoprotein fractions were dialyzed extensively
against 0.9% NaCl and then passed through a 0.22 pm
Millipore filter just prior to use.

Whole-animal LDL clearance rates

Nonfasted rabbits received a primed-continuous infu-
sion of tracer quantities of radiolabeled LDL preparations
through an intravenous catheter secured in a lateral ear
vein. The infusion was continued for 14 hr to ensure
steady-state plasma radioactivity levels (7, 21). Repeated
sampling of plasma obtained from the opposite ear during
the terminal 6 hr of the infusion consistently revealed a
variation in the specific activity of the plasma (dpm/ul) of
<4%. After 14 hr the animals were anesthetized and ex-
sanguinated through the abdominal aorta. The delivery
of each pump was calibrated by allowing it to continue to
deliver the infusate directly into counting vials for two
consecutive 30-min periods. These samples, along with
triplicate aliquots of plasma, were then assayed for radio-
activity. The clearance rate from the plasma of each
labeled compound was then calculated by dividing the
amount of radiolabeled LDL infused per hr (dpm/hr) by
the steady-state concentration of radiolabeled LDL in the
plasma (dpm/ul). This calculation gives the ul of plasma
cleared of a particular lipoprotein preparation each hour
(pl/hr). This value was then normalized to 1 kg body
weight (ul/hr per kg).

Individual tissue LDL clearance rates

The experimental animals received a primed-
continuous infusion of ['*C]sucrose-labeled LDL through
an intravenous catheter placed in a lateral ear vein. The
amount of labeled LDL in the initial and hourly infusions
was adjusted so that the specific activity of the plasma
LDL was constant over the 6-hr experimental period (5,
7). Groups of three animals were then killed at 10 min,
2 hr, 4 hr, and 6 hr, and 15 tissues were quickly removed.
Samples of each of these tissues, along with aliquots of
plasma, were solubilized and assayed for radioactivity as
previously described (22). The radioactivity per g of tis-
sue (dpm/g) was then divided by the steady-state plasma
radioactivity (dpm/pl) to give the tissue space (ul/g)
achieved by the radiolabeled LDL in each organ at each
time point. The clearance rate of LDL by each organ was
then calculated from the linear regression curves fitted to
the individual data points. The slope of such curves
represents the ul of plasma cleared of its LDL content per
hr per g of tissue (ul/hr per g). When multiplied by the
weight of a particular organ, this value gave the rate of
LDL clearance per whole organ (ul/hr per organ). When
either of these clearance values was multiplied by the
plasma LDL-cholesterol concentration, the rate of LDL-
cholesterol uptake per g of tissue or per organ was ob-
tained.
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Determination of plasma LDL levels

Plasma from each animal was anticoagulated with dry
EDTA and equal volumes were adjusted to densities of
1.020 and 1.063 g/ml using KBr and centrifuged simul-
taneously at 165,000 g for 30 hr. The cholesterol content
in the top one-third of each tube, as well as the total
plasma cholesterol concentration of individual animals,
was measured colorimetrically (23).

RESULTS

In the animals used in these studies the plasma LDL-
cholesterol concentration ranged from 18-24 mg/dl in the
NZ control rabbits and from 380-440 mg/dl in the
WHHL animals. Before performing studies to quantitate
rates of receptor-dependent and receptor-independent
LDL transport in the normal and receptor-deficient rab-
bits, preliminary studies were carried out to confirm that
in this species lipoprotein preparations labeled with
['*C]sucrose behaved quantitatively like LDL labeled
more conventionally with ***1. Using both homologous
LDL and methyl-hLDL, a direct comparison was made
in the NZ control and WHHL animals and, as is evident
in Table 1, the rates of whole-animal clearance of the
respective LDL preparations were indistinguishable re-
gardless of whether they were labeled with [**C]sucrose or
1251, This result was somewhat different from findings in
the rat where ["*C]sucrose-LDL was cleared from the
plasma at a rate that was approximately 10% less than the
rate of clearance observed with '**I-labeled LDL (6) and
indicated that in the rabbit the procedure of [**C]sucrose
labeling did not alter the turnover characteristics of the
lipoprotein preparation.

Previous studies carried out in vitro have shown that
both heterologous LDL and methylated homologous LDL
interact poorly with the LDL receptor (20, 24). Further-
more, under in vivo conditions methylated heterologous
LDL was found to have lost all specific binding to the
LDL receptor and to be turned-over in the whole animal

at the lowest rate found with any LDL preparation (6).
Such methylated heterologous LDL, therefore, was used
in the present study to quantitate the magnitude of
receptor-independent LDL transport in the various
organs. As is also apparent in Table 1, the rate of clear-
ance of homologous LDL and methyl-hLDL were both
approximately 1,000 pl/hr per kg body weight in the
WHHL rabbit which lacks nearly all LDL receptor activ-
ity. The methylated derivative was degraded at essentially
the same rate in the NZ control animals but the homolo-
gous LDL was cleared at a rate of 3,840 ul/hr per kg, indi-
cating that in this species about 73% of LDL turnover in
the whole animal was mediated by the receptor-dependent
transport process. This figure, derived from whole-animal
clearance data, is very similar to previously reported
values measured using data on the turnover of '**I-labeled
lipoproteins (3).

Since these preliminary studies confirmed that ['*C]su-
crose-labeled homologous and methylated heterologous
LDL accurately reflected the quantitative handling of
LDL in the rabbit by the receptor-dependent and
-independent transport processes, these two probe
molecules were next used to quantitate the rates of the two
transport processes in the individual organs of this
species. The basic technique employed to make these
measurements involved the use of a primed-continuous
infusion to maintain the specific activity of the plasma
LDL constant over a 6-hr period. Under these circum-
stances, the [1*C]sucrose-labeled LDL accumulated in the
various organs as a linear function of time, as illustrated
by the representative data for the adrenal gland, liver, and
skeletal muscle shown in Fig. 1. The slope of the linear
regression curves fitted to the data gives the rate at which
the specific LDL preparation is cleared or taken up by
that particular tissue, and this rate is expressed as the ul
of plasma cleared entirely of its LDL content per hr per g.

From the data shown for the NZ control rabbit in
Fig. 1, it is apparent that the rates of homologous LDL
uptake (total LDL clearance) varied markedly in the
different organs and that the rates of methyl-hLDL clear-
ance (receptor-independent LDL clearance) were signifi-
cantly lower in some tissues than those rates observed with

TABLE 1. Plasma clearance of homologous LDL and methyl-hLDL labeled with either '*’I or [**C]sucrose

NZ Control Rabbits

WHHL Rabbits

Radiolabel Homologous LDL Methyl-hLDL Homologous LDL Methyl-hLDL
wl/hr per kg

1251 3,900 + 350 1,010 + 200 1,110 + 190 1,030 + 110

[**C]Sucrose 3,840 + 410 1,020 + 125 1,050 + 200 1,000 + 215

Single batches of homologous LDL and methyl-hLDL were labeled with either '*’I or ['*C]sucrose. Whole-animal
clearance rates were then determined for homologous LDL and methyl-hLDL (labeled with either '*’I or {**C]su-
crose) in groups of NZ control and WHHL rabbits using the primed-continuous infusion technique. Each value
represents the mean + 1 SEM for results obtained in three animals.
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Fig. 1. Representative experimental data for the uptake of homologous LDL and methyl-hLDL by the adrenal
gland, liver, and skeletal muscle of NZ control and WHHL rabbits. Groups of animals received a primed-
continuous infusion of ["*C]sucrose-labeled homologous LDL or methyl-hLDL. Three animals from each group
were then killed at 10 min, 2 hr, 4 hr, and 6 hr (NZ control rabbits) or at 10 min and 6 hr (WHHL rabbits), and
15 tissues were removed and assayed for radioactivity. The radioactivity in I g of each organ (dpm/g) divided by
the steady-state concentration of radiolabeled LDL in the plasma (dpm/pul) equals the space of distribution achieved
by LDL in a particular organ at each time point. The slope of the linear regression curve fitted to these values gives
the rate of tissue uptake of LDL expressed as the ul of plasma cleared of its LDL content per hr per g of tissue

(ul/hr per g).

the homologous preparation. These two sets of clearance
rates, expressed per g of tissue, are shown for 15 organs
of the NZ control rabbit in Table 2. As is apparent, the
rates of homologous LDL uptake were highest in the
adrenal gland (1,090 pl/hr per g), spleen (142), and liver
(92). Rates of methyl-hLDL uptake were much lower in
these organs and equaled only 22, 32, and 11 g/hr per g,
respectively. Since the difference between the rate of total
LDL uptake (homologous LDL) and the rate of receptor-
independent LDL clearance (methyl-hLDL) equals the
rate of receptor-dependent LDL transport, it could be cal-
culated that the receptor-dependent mechanism was
largely responsible for the very high rates of uptake
observed in the adrenal gland (98%), spleen (77%), and
liver (88%) of the control animals. Much lower rates of
homologous LDL uptake were found in the ovary (15),
lung (11} and kidney (1I); nevertheless, since rates of

Spady et al.

methyl-hL.DL uptake also were much lower in these organs,
receptor-dependent transport still predominated (68-
92%). Receptor-dependent LDL transport was also
identified in intestine but in the remaining organs not
only were the rates of homologous LDL clearance very
low, but these rates were also essentially identical to those
observed with methyl-hLDL. Thus, the observed very low
rates of LDL transport seen in large organs such as skele-
tal muscle, skin, and central nervous system could be
accounted for entirely by uptake of LDL by the receptor-
independent process.

In identical experiments, uptake rates for homologous
LDL and methyl-hLDL were measured in the various
organs of the WHHL rabbit and these results are also
shown in Fig. 1 and Table 2. Two points concerning these
data warrant emphasis. First, in contrast to the NZ con-
trol rabbits, no significant differences were observed in the
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TABLE 2. Clearance rates of homologous LDL and methyl-hLDL per g of each organ in NZ control
and WHHL rabbits
NZ Control Rabbits WHHL Rabbits
Organ Homologous LDILL Methyl-hLDL Homologous LDL Methyl-hLDL
wl/hr per g

Adrenal gland 1,090 + 121 22 + 1 20 + 2 16 + 2
Spleen 142 + 8 32 + 2 36 + 2 18 + 3
Liver 92 + 8 11 £ 1 11 + 2 10 + 2
Ovary 15 + 1 48 + 1 4.0 + 1 3.2 4+ 1
Lung 11 + 1 0.8 + 0.2 0.7 + 0.3 2.1 + 0.4
Kidney 11 + 1 3.2 + 0.5 39 + 0.4 28 £ 0.4
Ileum 45 + 1 3.0 £ 05 33 + 0.4 2.2 + 0.3
Jejunum 1.8 + 0.3 0.9 + 0.3 0.7 + 0.2 0.9 + 0.2
Fat 1.7 + 0.4 0.4 + 0.1 0.3 + 0.1 0.4 + 0.1
Heart 1.1 + 0.3 09 + 0.3 08 + 0.2 1.0 £+ 0.3
Colon 1.1 + 03 1.0 + 0.3 1.1 + 0.3 09 + 0.2
Stomach 0.5 + 0.1 06 = 0.2 0.6 + 0.1 0.5 + 0.1
Skeletal muscle < 0.5 < 0.5 < 0.5 < 0.5
Skin < 0.5 < 0.5 < 0.5 < 0.5
Brain < 0.5 < 0.5 < 0.5 < 0.5

Rates of LDL clearance were determined using the primed-continuous infusion of [**C]sucrose-labeled LDL as
described in Fig. 1. Each value equals the slope of the relationship between tissue space and time of infusion for
data obtained in 12 NZ control animals and 6 WHHL rabbits.

WHHL rabbits between the rates of homologous LDL
transport and methyl-hLDL uptake in virtually any
organ. Thus, as expected, there was no evidence of
receptor-dependent LDL transport in these animals, and
all LDL removal from the plasma could be accounted for
by transport via the receptor-independent process. Second,
the rates of LDL uptake observed in the WHHL animals
were virtually identical to the rates of methyl-hLDL clear-
ance observed in the tissues of the NZ control animals.
Thus, even though the WHHL rabbit lacked LDL recep-
tor activity, the receptor-independent transport process
appeared to be intact and operating at rates identical to
those found in the normal animal.

In order to quantitate the contribution of each organ to
the whole-animal turnover of homologous LDL and
methyl-hLDL, the clearance rates shown in Table 2 were
multiplied by the corresponding organ weights measured
in these same animals to obtain the rates at which each
whole organ removed LDL from the plasma. These values
are summarized in Table 3. The data in the four columns
show the rates of clearance of both homologous LDL and
methyl-hLDL by each major tissue of the NZ control and
WHHL rabbits. In addition, values for the clearance of
LDL in the whole animal were independently measured
in the four different experimental groups so that the rate
of LDL clearance in each organ could be related directly
to the total rate of LDL degradation found in a parallel
group of intact animals. In the NZ control animals,
homologous DL and methyl-hLDL were cleared by the
whole-animal at rates of 3,880 and 1,040 ul/hr per kg of
body weight, respectively. In such animals, the clearance
of homologous and methyl-hLDL by the whole liver
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equaled 2,686 and 321 @/hr per organ, respectively, so
that this tissue accounted for the degradation of nearly
70% of the circulating plasma LDL and contained 83%
of the receptor-dependent LDL transport activity detected
in the whole animal. In contrast, the liver accounted for
only about 30% of the LDL transport and degradation
that occurred via the receptor-independent pathway.
Thus, in the WHHL rabbit, which lacks receptor-
dependent LDL transport, the importance of the liver as
a major site for LDL degradation decreases from the con-
trol value of 70% to only about 30%. Therefore, nearly
70% of the LDL-cholesterol in the receptor-deficient
animals must have been taken up and degraded by the
extrahepatic tissues. It is also evident from the data in
Table 3 that no particular extrahepatic tissue was pri-
marily responsible for this clearance. Rather, nearly all of
the extrahepatic organs contributed to this receptor-
independent LDL degradation. Finally, it should also be
noted that in these studies the sum of the rates of receptor-
independent uptake in the individual tissues was some-
what less than the clearance rates determined in the whole
animal. This discrepancy very likely was due to the fact
that it was difficult to quantitate the very low rates of
receptor-independent LDL transport in large tissues like
muscle and skin and that some tissues such as bone mar-
row, omentum, and pancreas, etc. were not sampled.

DISCUSSION

In the steady-state the concentration of LDL-cholesterol
in the plasma is determined by the complex interaction of
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TABLE 3. Clearance rates of homologous LDL and methyl-hLDL by each whole organ in NZ control
and WHHL rabbits

NZ Control Rabbits

WHHL Rabbits

Organ Homologous LDL Methyl-hLDL Homologous LDL Methyl-hLDL
wlthr per organ per kg

Adrenal gland 98 2.0 0.96 0.77
Spleen 256 58 72 36
Liver 2,686 321 352 320
Ovary 1.3 0.40 0.48 0.38
Lung 62 4.5 4.0 12
Kidney 78 23 27 20
Tleum 50 33 43 29
Jejunum 20 9.9 8.4 11
Fat 151 36 27 36
Heart 3.5 2.9 2.5 3.1
Colon 33 30 40 32
Stomach 5.5 6.6 6.0 5.0
Skeletal muscle < 272 < 272 <272 < 272
Skin < 59 < 39 < 59 < 59
Brain < 1.9 <19 <19 < 1.9
Whole animal 3,880 1,040 1,080 1,010

These values equal the product of the clearance rates (ul/hr per g) shown in table 2 and the corresponding whole
organ weights (g per kg body weight) that were determined at the time each animal was killed (skeletal muscle and
fat were assumed to weigh 544 g and 89 g per kg body weight, respectively). Total plasma LDL clearance was deter-
mined in separate groups of animals as described in materials and methods.

a number of different processes. On the one hand, the rate
of LDL production determines the rate at which this lipo-
protein fraction is introduced into the plasma space, and
this process, in turn, can be altered by changing either the
rate of VLDL secretion by the liver or the proportion of
this lipoprotein fraction that is converted to LDL. On the
other hand, the rate of removal of LDL from the plasma
depends upon the still more complex interaction of at
least two processes, receptor-dependent and receptor-
independent LDL transport. Each of these processes, in
turn, may be affected differently by various environ-
mental, physiological, or pharmacological factors. Any
approach to understanding the regulation of plasma
LDL-cholesterol levels is thus critically dependent upon
quantitative data describing each of the processes that
either contributes to or removes LDL from the circula-
tion. While such data are now available in the rat and
hamster (6, 12), the rabbit offers a unique opportunity to
characterize several of these processes in detail under
circumstances where receptor-dependent LDL transport
is normal (the NZ control rabbit) or where this activity is
genetically essentially absent (the WHHL rabbit).

The first set of observations obtained in these studies
dealt with the characteristics of receptor-independent
LDL transport in this species. In the whole animal,
receptor-independent LDL degradation, measured with
methyl-hLDL, accounted for approximately 27% of total
LDL turnover ('Table 1) and the absolute rate of receptor-
independent LDL clearance was essentially identical in
both the NZ control and WHHL rabbits at approximate-
ly 1,080 pl/hr per kg body weight. This percentage figure

Spady et al.

is very similar to other reported values in this species
based upon measurements of fractional catabolic rates
(FCR) in the normal and receptor-deficient animal (2, 3).
In normal humans with an average plasma LDL-choles-
terol concentration of about 76 mg/dl, 39% of LDL turn-
over is by the receptor-independent pathway (25). When
corrected to a plasma LDL-cholesterol concentration of
about 20 mg/dl (as found in the normal rabbit), this figure
in humans would equal approximately 29% (26). Further-
more, the absolute clearance rate of LDL by the receptor-
independent mechanism in humans can be calculated to
equal approximately 280 ul/hr per kg body weight in con-
trol subjects and in patients with homozygous familial
hypercholesterolemia (25). Thus, at comparable plasma
LDL-cholesterol concentrations, receptor-independent
transport accounts for 27-29% of LDL turnover in nor-
mal humans and rabbits. Furthermore, the absolute
clearance rate of LDL by this mechanism is the same in
the normal and receptor-deficient human and rabbit, sug-
gesting that in the whole animal this degradative pathway
is not altered by the genetic mechanisms that influence
the receptor-dependent pathway.

In the rabbit, this receptor-independent LDL transport
activity is widely distributed in a number of organs
(Table 2) and, in each of these organs, the absolute rate
of LDL clearance per g of tissue is essentially the same in
the NZ control and WHHL animals. The fact that in the
whole animal, as well as in the individual organs, the rate
of clearance of LDL is constant even though the plasma
LDL-cholesterol concentration is nearly 20-fold higher in
the receptor-deficient animals, indicates that LDL uptake
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by this process is a linear function of the plasma LDL con-
centration. Such kinetic characteristics are identical to
those that have been reported in the hamster and rat
where direct measurements have demonstrated that
receptor-independent LDL-cholesterol uptake is a linear
function of the plasma LDL level so that the clearance
rate is constant (6). When whole organ weight is taken
into consideration (Table 3), approximately 30% of the
receptor-independent LDL transport detected in the
whole animal is attributable to uptake by the hiver in both
the NZ control and WHHL animals. Other organs such
as skeletal muscle, spleen, and intestine are also important
in this regard and nearly all of the remaining tissues
manifest at least a small amount of LDL-cholesterol
uptake. Thus, as has been described in the rat and
hamster (6, 7, 12), receptor-independent LDL- uptake
activity is distributed in nearly every organ in the body.
Since uptake by this process is a linear function of the
plasma LDL-cholesterol concentration and, further, is
unaffected by loss of LDL receptor activity, this process
accounts for the absolute clearance of approximately
1,080 and 280 pul of plasma of its LDL content per hr per
kg body weight, respectively, in the rabbit and human, in
both the normal and receptor-deficient individuals.

The second set of observations obtained in these studies
deals with the quantitative nature of the receptor-
dependent LDL transport process found in the organs of
the normal rabbit. As has been observed in the rat and
hamster (6, 7), the high rates of LDL uptake in tissues like
the liver and endocrine glands are due to the presence of
significant amounts of receptor-dependent LDL transport
in these organs (Table 2). When whole organ weight is
again taken into consideration, the liver of the normal
rabbit accounts for the uptake and degradation of nearly
70% of the LDL that is turned-over in the whole animal.
This compares with the figures of 73% and 53 % found for
hepatic LDL degradation in the hamster and rat, respec-
tively (6, 7). However, since receptor-dependent LDL
clearance in the liver equals 2,365 pl/hr and in the whole
animal is only 2,840 pl/hr, it can be further calculated
that, in the rabbit, the liver contains 83% of all receptor-
dependent LDL transport that can be detected in the
whole animal (Table 3). Again, this figure compares
favorably with similar values calculated for the hamster
(90%) and rat (67%) (5-7). Unlike the receptor-
independent degradation process, however, this receptor-
dependent uptake is saturable so that its quantitative
importance to overall LDL turnover decreases as the
plasma LDL-cholesterol level is increased (12, 26).
Furthermore, receptor-dependent LDL transport is sub-
ject to genetic and metabolic regulation (10, 11, 27). Thus,
in contrast to the situation seen with receptor-independent
LDL degradation, the absolute clearance rate of LDL by
way of the receptor-dependent process can vary consider-
ably depending upon the plasma LDL-cholesterol con-
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centration and the metabolic and genetic state of the
animal.

From these characteristics of the kinetics of LDL degra-
dation and the quantitative data on both receptor-
dependent and receptor-independent LDL transport, it is
possible to predict how cholesterol balance across indi-
vidual tissues and the plasma LDL-cholesterol concentra-
tion will change given alterations in either receptor
number or production rate. As illustrated in panel A of
Fig. 2 for example, the NZ control rabbit has a mean
LDL-cholesterol concentration of about 20 mg/dl and an
LDL clearance rate of 3,880 ul/hr per kg. From these two
values it follows that 776 pg of LDL-cholesterol must be
degraded each hr per kg of body weight (the plasma LDL-
cholesterol concentration times the LDL clearance rate),
which, in the steady-state, must also equal the LDL-cho-
lesterol production rate. Since most of the LDL receptor
activity is located in the liver, 69% of this degradation
takes place in this organ (‘Table 3) while the remaining
31% of the cleared LDL is removed by the other organs
of the body.

If all receptor activity were suddenly lost but the pro-
duction rate were kept constant (Fig. 2, panel B), then the
plasma LDL-cholesterol level would have to increase to 72
mg/dl (the metabolic production rate divided by the clear-
ance rate). Thus, by allowing the plasma cholesterol level
to increase modestly to 72 mg/dl, the receptor-indepen-
dent transport system would be able to fully clear from
the plasma 776 pg of LDL-cholesterol/hr per kg.
However, since most of the receptor activity that was lost
was originally located in the liver, it follows that the other
organs of the body must assume a far greater role in this
degradative process. Hence, in this situation, only 30% of
the LDL is degraded in the liver while the remainder is
taken up by various extrahepatic organs in proportion to
their respective rates of receptor-independent LDL trans-
port (Table 3). Thus, total loss of LDL receptor activity
alone leads to only a modest increase in the plasma LDL
cholesterol concentration but a major shift in the anatom-
ical sites for LDL degradation.

However, in the WHHL animal there is not only loss
of LDL receptor activity but, in addition, there is a 5.6-fold
increase in the metabolic production rate of LDL (3).
Thus, under conditions where the LDL-cholesterol pro-
duction rate equals 4,380 pg/hr per kg and the clearance
rate is 1,080 ul/hr per kg, the plasma LDL-cholesterol
concentration must necessarily increase to 405 mg/dl in
order for the receptor-independent LDL transport system
to degrade this amount of LDL cholesterol in the steady-
state. It is noteworthy that, in the WHHL animals in
which these measurements were made, the experiment-
ally determined LDL-cholesterol level averaged about 408
mg/dl. Furthermore, since the amount of LDL-cholesterol
taken up by each organ is a linear function of the plasma
L.DL.-cholesterol concentration, it follows that the absolute
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WHOLE ORGAN LDL-CHOLESTEROL UPTAKE

1,000
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Fig. 2. Distribution of LDL-cholesterol uptake in the various organs of the NZ control and WHHL rabbit under
conditions where the amount of receptor-dependent LDL transport and the rate of LDL-cholesterol production
were varied. Panel A shows the situation in the NZ control rabbit. Panel B illustrates the situation that would occur
if all receptor-dependent LDL transport was eliminated but the metabolic production rate of LDL was kept constant
at the normal value. Panel C shows the results where all receptor-dependent LDL transport was absent and where
the metabolic production rate of LDL-cholesterol was increased 5.6-fold. In all three panels the absolute rate of
LDL-cholesterol uptake in each tissue is shown, as well as the percentage of total LDL degradation that is accounted

for by such uptake in that same organ.

amount of LDL-cholesterol taken up by each tissue must
also increase by 5.6-fold (Fig. 2, panel C) even though the
relative importance of each organ with respect to total
LDL degradation remains unchanged.

The quantitative effect of these two events, i.e., loss of
receptor activity and increased LDL production, varies in
the different organs depending upon the relative impor-
tance of receptor-dependent and receptor-independent

LDL transport in a particular tissue. In the liver, for ex-
ample, the amount of LDL-cholesterol actually taken up
increases from 537 pg/hr per kg in the NZ control rabbit
(Fig 2, panel A) to 1,300 pg/hr per kg in the WHHL
animals (Fig. 2, panel C). This is due to the fact that
receptor-independent LDL transport in the liver is rela-
tively high (11 w/hr per g) compared to total uptake (92
ul/hr per g). This enhanced cholesterol uptake is reflected

Spady et al. Receptor-independent LDL transport in tissue cholesterol balance in normal and WHHL rabbits 39

2T0Z ‘6T aunr uo ‘1sanb Ag 610" mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

[

in a significantly lower rate of cholesterol synthesis in the
liver of the WHHL rabbits (310 nmol/hr per g) compared
to the normal animals (538 nmol/hr per g) (28). In con-
trast, receptor-independent uptake in adrenal gland is low
(22 pl/hr per g) compared to total transport (1,090 ul/hr
per g) so that the absolute amount of LDL-cholesterol
taken up by this organ is actually lower in the WHHL
rabbits (8 pg/hr per kg) than in the NZ control animals
(20 pg/hr per kg). Hence, in contrast to the liver, the rate
of cholesterol synthesis is actually increased several-fold in
the adrenal gland of the WHHL rabbits (28). Thus, the
net effect of loss of LDL receptor activity and LDL-
cholesterol overproduction results in a rise in the plasma
LDL-cholesterol concentration, a marked change in the
relative importance of the various organs in LDL degra-
dation, and a variable effect on the absolute amount of
LDL-cholesterol taken up in any particular tissue.
Despite the complexity of these alterations, however, the
absolute magnitude of these changes can be predicted
from the rate constants measured in these studies. 0l
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