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Abstract The major net flux of cholesterol in the intact an-
imal or human is from the peripheral organs to the liver.
This flux is made up of cholesterol that is either synthesized
in these peripheral tissues or taken up as lipoprotein choles-
terol. This study investigates whether it is the concentration
of apolipoprotein (apo) A-I or high density lipoprotein in
the plasma that determines the magnitude of this flux or, al-
ternatively, whether events within the peripheral cells them-
selves regulate this important process. In mice that lack
apoA-I and have very low concentrations of circulating high
density lipoprotein, it was found that there was no accumu-
lation of cholesterol in any peripheral organ so that the
mean sterol concentration in these tissues was the same
(2208 

 

6

 

 29 mg/kg body weight) as in control mice (2176 

 

6

 

50 mg/kg). Furthermore, by measuring the rates of net cho-
lesterol acquisition in the peripheral organs from de novo
synthesis and uptake of low density lipoprotein, it was dem-
onstrated that the magnitude of centripetal sterol move-
ment from the peripheral organs to the liver was virtually
identical in control animals (78 

 

6

 

 5 mg/day per kg) and in
those lacking apoA-I (72 

 

6

 

 4 mg/day per kg).  These stud-
ies indicate that the magnitude of net sterol flux through
the body is not related to the concentration of high density
lipoprotein or apolipoprotein A-I in the plasma, but is prob-
ably determined by intracellular processes in the peripheral
organs that dictate the rate of movement of cholesterol
from the endoplasmic reticulum to the plasma mem-
brane.—
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Cholesterol homeostasis in the whole animal or human
involves two entirely separate sets of regulatory processes.
The first of these relates to those poorly understood
mechanisms that maintain sterol balance within the cells
of all of the extrahepatic organs. The second involves
those processes that maintain sterol balance across the

 

whole animal by facilitating the movement of excess cho-
lesterol from these peripheral organs to the liver for ex-
cretion. The magnitude of the net cholesterol flux in-
volved in these two processes is now known and varies
inversely with animal size. In the mouse, for example, ap-
proximately 100 mg of cholesterol per kg body weight
moves from the peripheral organs to the liver each day (1,
2). However, this flux is lower in the rat (

 

,

 

50 mg/day per
kg), hamster (

 

,

 

30 mg/day per kg), rabbit (

 

,

 

30 mg/day
per kg), monkey (

 

,

 

10 mg/day per kg), and human (

 

,

 

6
mg/day per kg) (3, 4). Furthermore, the sources of this
sterol have been identified. All extrahepatic organs syn-
thesize significant amounts of cholesterol, and the relative
importance of each tissue to this synthetic activity is simi-
lar in all of the species that have been investigated (5). In
contrast, with the exception of the endocrine glands,
these extrahepatic organs take up little cholesterol carried
in low density lipoprotein (LDL-C) (1, 3, 4). As a result,
for example, 95% and 77%, respectively, of the sterol that
moves from the peripheral organs to the liver in the
mouse and monkey is newly synthesized (1, 4).

A number of recent observations have provided impor-
tant insights into the processes that may dictate this flow
of sterol, and these are shown diagrammatically in 

 

Fig. 1

 

.
The major contribution of unesterified cholesterol to the
metabolically active pool in the endoplasmic reticulum
(ER) is the synthesis of sterol from acetyl CoA. Only a
small amount of cholesterol is taken up by these periph-
eral organs from the plasma as LDL-C, and this is pro-
cessed through the lysosome and transferred by the Nie-
mann-Pick protein (NPC1) to the ER (6, 7). There is no
accumulation of excess sterol within the cell, however, as

 

Abbreviations: peripheral organs, all tissues except liver and endo-
crine glands; LDL-C, low density lipoprotein cholesterol; ER, endoplas-
mic reticulum; HDL, high density lipoprotein; apoA-I, apolipoprotein
A-I; apoE, apolipoprotein E; LCAT, lecithin:cholesterol acyltransferase;
CETP, cholesteryl ester transfer protein; LDLR, LDL receptor.
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this cholesterol is apparently continuously transferred
outward through the Golgi stack and becomes incorpo-
rated into structures like caveolae and the plasma mem-
brane (8–10). In the steady state, cholesterol must be lost
from the cell at the same rate that it is transferred up to
the plasma membrane.

Once the sterol leaves the peripheral cells, the pathways
involved in its delivery to the liver are better understood
and are also shown in Fig. 1 (for reviews see references
11–14). The unesterified cholesterol is probably taken up
from the plasma membrane by a lipid-poor high density
lipoprotein (HDL) containing apolipoprotein A-I (apoA-
I) with pre-

 

b

 

-mobility (15), although an alternative lipo-
protein acceptor containing only apolipoprotein E
(apoE) (

 

g

 

-LpE) has also been described (16). A portion
of this sterol is then converted to cholesteryl ester by the
enzyme lecithin:cholesterol acyltransferase (LCAT) and a
larger HDL particle is formed. While the cholesteryl ester
in this lipoprotein can be taken up by endocrine tissues
(17), most, presumably, is delivered to the liver for excre-
tion (18). At least three pathways may account for this net
uptake process. First, a portion of the cholesteryl ester
may be exchanged by cholesteryl ester transfer protein
(CETP) into an apoB-containing lipoprotein particle
which, in turn, is cleared into the liver by the LDL recep-
tor (LDLR). Second, any HDL that accumulates apoE may
similarly be taken up into the liver by the LDLR. Finally,
there is selective uptake of cholesteryl esters from the
HDL particle through intervention of a high density lipo-
protein receptor (HDLR) located on the liver that is prob-
ably the scavenger receptor, SR-B1 (18–20). Undoubtedly,
the relative importance of each of these pathways varies in
different species (18, 21).

The concentration of cholesterol carried in HDL
(HDL-C) can be markedly altered by changing the level of
expression of apoA-I, LCAT, or CETP (2, 22–24). There
are now abundant data from both epidemiological studies
and experiments in genetically altered mice and rabbits
that the severity of the pathological process of atheroma
formation is inversely related to the steady-state concen-
tration of apoA-I or HDL-C. In contrast, there is little sup-
port for the concept that in the live animal the rate of the
physiological process of net cholesterol flux from the pe-
ripheral organs to the liver is controlled by the concentra-
tion of any component of this plasma HDL transport sys-
tem. The present studies, therefore, were undertaken to
test the hypothesis that the movement of cholesterol from
the ER of every peripheral tissue to the liver is controlled
by events within the plasma space, i.e., the levels of apoA-I
and HDL, rather than by events within the cells them-
selves, i.e., the vesicular movement of cholesterol through
the Golgi to the plasma membrane. If this were the case,
then in the absence of apoA-I and HDL there should be
accumulation of cholesterol in the peripheral organs and
suppression of the rates of both cholesterol synthesis and
LDL-C uptake in these organs. This question is of funda-
mental importance to understanding sterol homeostasis
in the live animal.

MATERIALS AND METHODS

 

Animals and diets

 

The control animals (apoA-I

 

1

 

/

 

1

 

) were male C57BL/6 animals
while the experimental group consisted of male C57BL/6 mice
that were homozygous for apoA-I deletion ( Jackson Laborato-

Fig. 1. A model showing the major, potentially rate-limiting steps for the daily net movement of sterol from
all of the peripheral organs to the liver where excretion takes place. The cells of these peripheral organs con-
stantly acquire cholesterol (C) from de novo synthesis in the endoplasmic reticulum (ER) and from uptake
of cholesterol carried in low density lipoproteins (LDL-CE). This cholesterol then moves to the plasma mem-
brane, is excreted from the cell, and transported through the plasma space to the liver by a series of interac-
tions that may involve apoA-I, high density lipoprotein (HDL), lecithin:cholesterol acyltransferase (LCAT),
cholesteryl ester (CE) transfer protein (CETP), very low density lipoprotein (VLDL), and two hepatic recep-
tors, the low density lipoprotein receptor (LDLR) and a high density lipoprotein receptor (HDLR).
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ries, Bar Harbor, ME) (24). The animals were purchased at 2
months of age and were then housed in colony cages (1). The
mice were subjected to 12 h of light and 12 h of darkness, and all
measurements were carried out at the mid-dark phase of the
light cycle. In addition, during this 4-week equilibration period,
the mice had free access to water and ground rodent diet (No.
8604, Harlan Teklad, Madison, WI) which, by direct analysis, con-
tained 0.24 mg of cholesterol and 42 mg of total lipid per g of
diet. Experimental measurements were carried out when the
mice were 3 months of age. All mice were in the fed state at the
time of study. Experiments were approved by the Institutional
Animal Care and Research Advisory Committee.

 

Plasma and tissue cholesterol concentrations

 

Blood was obtained by exsanguination and the concentration
of cholesterol in the various plasma lipoprotein fractions was de-
termined as described (25). The major organs were removed
from the animals, weighed, and saponified. The remaining car-
cass, which was composed primarily of skeleton, muscle, and adi-
pose tissue, was also saponified. The cholesterol content of these
tissue samples was determined (1, 2, 26). The term “peripheral or-
gans” refers to all organs except the liver, adrenal gland, and testis.

 

Cholesterol synthesis in the extrahepatic organs in vivo

 

Rates of cholesterol synthesis were measured in vivo at the
mid-dark phase of the light cycle. Each animal was injected intra-
peritoneally with 40 mCi of [

 

3

 

H]water contained in 100 

 

m

 

l of iso-
tonic saline solution (2). One hour later the animals were anes-
thetized and 800 

 

m

 

l of blood was aspirated from the inferior vena
cava. The organs were removed and saponified, and the digito-
nin-precipitable sterols were isolated as described (5, 27). The
rates of sterol synthesis in each of the organs were calculated and
are presented as the nmol of [

 

3

 

H]water incorporated into digito-
nin-precipitable sterols per h per g of tissue or per whole organ
(nmol/h per g or organ). The rate of incorporation of [

 

3

 

H]water
into sterols by the whole body was also converted to an equivalent
mg quantity of cholesterol assuming 0.69 

 

3

 

H atoms were incorpo-
rated into the sterol molecule per carbon atom entering the bio-
synthetic pathway as acetyl CoA (27, 28).

 

Isolation and radiolabeling of lipoprotein fractions

 

In the studies designed to measure the rate of LDL-C trans-
port in vivo, lipoproteins were isolated from both male and fe-
male mice homozygous for deletion of the LDLR that had been
maintained on the same low cholesterol ground rodent diet (1).
The LDL fraction was isolated in the density range of 1.020–
1.055 g/ml by preparative ultracentrifugation. Aliquots of this
fraction were then labeled with either 

 

125

 

I-labeled tyramine cello-
biose or 

 

131

 

I (2, 4). The labeled LDL fraction was next passed
through a heparin Sepharose column (Pharmacia Biotech, Upp-
sala, Sweden) to remove the small amount of apoE-containing
HDL that contaminated this preparation. The purified and la-
beled LDL fraction was then dialyzed extensively against 0.9%
NaCl solution and passed through a 0.45-

 

m

 

m Millex-HA filter
(Millipore Products, Bedford, MA) immediately prior to injec-
tion into the experimental animals. All fractions were used
within 24 h of preparation.

 

LDL-C transport into the extrahepatic organs in vivo

 

Rates of tissue LDL-C clearance were determined in vivo using
a primed-continuous infusion of 

 

125

 

I-labeled tyramine cellobiose-
labeled LDL through a catheter secured in an external jugular
vein (1, 4). 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 con-
stant specific activity in the plasma throughout the 4-h infusion

period. Ten minutes before terminating the 4-h infusion, a bolus
of 

 

131

 

I-labeled LDL was administered through the same catheter
(2, 4). Exactly 10 min after the second bolus was injected, and 4 h
after beginning the infusion, the animals were again anesthe-
tized and blood was drawn from the inferior vena cava. The indi-
vidual organs were removed and processed as previously de-
scribed (2). These clearance rates are expressed as the 

 

m

 

l of
plasma cleared of its LDL-C content per h per g of tissue or per
whole organ (

 

m

 

l/h per g or organ). The rate of LDL-C clearance
in the whole animal was calculated as the sum of the rates of
clearance in all of the organs.

 

Bile acid excretion rates

 

Quantitative stool collections over 3 days were carried out in
both groups of mice and bile acid output was measured as previ-
ously described (29). These measurements are expressed as mg
of bile acid excreted each day per kg body weight (mg/d per kg).

 

Calculations

 

These experimental measurements provided the means to cal-
culate a number of rate constants. The rates of [

 

3

 

H]water incor-
poration into sterols were used to calculate the absolute rate of
sterol synthesis expressed as the mg of cholesterol synthesized
per day per kg of body weight (mg/d per kg) (27, 28). Using the
rates of tissue LDL-C clearance and the plasma LDL-C concentra-
tion, it was also possible to calculate the mg of cholesterol that
were taken up into each organ through the clearance of this lipo-
protein fraction (2). The data are presented as mean values 

 

6

 

 1
SEM. The Student’s unpaired 

 

t

 

-test was used to compare the vari-
ous sets of data. In the figures, an asterisk indicates a value found
in the apoA-I

 

2

 

/

 

2

 

 animals that was significantly different (

 

P

 

 

 

,

 

0.05) from that in the control animals.

 

RESULTS

All of the control and apoA-I

 

2

 

/

 

2

 

 animals were males
and were studied at 3 months of age. At the time of study
the body weights of the apoA-I

 

1

 

/

 

1

 

 mice (

 

,

 

25–33 g) were
slightly higher than those of the apoA-I

 

2

 

/

 

2

 

 animals (23–
30 g), as were the weights of the livers in each group. The
plasma total cholesterol concentration, however, in the
mice with the disrupted apoA-I gene was only 24% (17 

 

6

 

1 mg/dl) of that found in the control mice (72 

 

6

 

 3 mg/
dl). The most striking difference was seen in the concen-
tration of lipoprotein cholesterol with a density 

 

.

 

1.063 g/
ml which in the apoA-I

 

1

 

/

 

1

 

 animals equalled 55 

 

6

 

 5 mg/dl
but only 9 

 

6

 

 1 mg/dl in the apoA-I

 

2

 

/

 

2

 

 mice. Further-
more, no apoA-I could be detected in the plasma of the
apoA-I

 

2

 

/

 

2

 

 animals using both gradient gel electrophore-
sis and immunoblotting with mouse anti-apoA-I. These
findings, therefore, were very similar to those reported in
the original description of this animal model (24).

The first study was designed to measure the steady-state
concentration of cholesterol in all of the extrahepatic or-
gans in the two types of mice under conditions where for
1 month the dietary intake of cholesterol in both groups
was kept constant at 

 

,

 

0.8 mg/day. As shown in 

 

Fig. 2A

 

,
the concentration of sterol in the control animals varied
from 38 

 

6

 

 3 mg/g in the adrenal gland to only 1.5 

 

6

 

 0.1
mg/g in the heart. In the absence of apoA-I, there was no
significant difference in the sterol concentration in any of
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these extrahepatic tissues with the exception of the adre-
nal gland and testis. This difference in the latter tissues
has also been reported in other mouse models with re-
duced concentrations of circulating HDL-C (2) and reflects
the fact that the endocrine glands of the rodent preferen-
tially utilize cholesterol from HDL to maintain tissue sterol
pools (17). While not shown in Fig. 2, the concentration
of hepatic cholesterol was also the same (2.6 mg/g) in the
two genotypes. The absolute distribution of cholesterol in
the various organs of these animals is shown in panel B.
Most cholesterol in the body was contained in the tissues
of the carcass (muscle, bone marrow, skin, and fat), brain,
gastrointestinal tract, and kidneys.

While the liver, adrenal gland, and testis actually utilize
and excrete sterol from the body, the remaining organs
that account for 

 

,

 

95% of body mass in the mouse (desig-
nated the peripheral organs) must be the source for the
major flux of cholesterol that is delivered daily to the liver
for excretion from the body. The total content of choles-
terol in these peripheral organs (Fig. 2B) equalled 57 

 

6

 

 3
mg and 49 

 

6

 

 1 mg in the apoA-I

 

1

 

/

 

1

 

 and apoA-I

 

2

 

/

 

2

 

 ani-
mals, respectively. After correction for small differences in
body weight in the two groups, these values corresponded
to a cholesterol content of 2176 

 

6

 

 50 mg/kg body weight

and 2208 

 

6

 

 29 mg/kg, respectively, in the control and
apoA-I-deficient mice. Clearly, in the steady state there was
no accumulation of sterol in the peripheral organs of
the apoA-I

 

2

 

/

 

2

 

 animals. This implies either that sterol
turnover in the periphery is suppressed in the absence
of apoA-I or that circulating HDL and apoA-I are not
rate limiting for centripetal cholesterol movement to the
liver.

In the second study the rates of sterol acquisition from
de novo synthesis in the peripheral organs were quanti-
tated. As seen in 

 

Fig. 3A

 

, in control animals the highest
rates of synthesis per g of tissue in the extrahepatic organs
were found in the adrenal gland and various portions of
the gastrointestinal tract. While the rates of synthesis were
essentially the same in the control animals as in most of
the tissues of the apoA-I

 

2

 

/

 

2

 

 mice, the rates of sterol pro-
duction were nearly twice as high in the adrenal gland
and testis, two organs where the previous study had shown
a significant reduction in tissue cholesterol pools (Fig.
2A). The distribution of this synthetic activity in the whole
organs is shown in Fig. 3B. The major sites for sterol syn-
thesis are the cells of the tissues of the carcass and various
areas of the gastrointestinal tract. The mean rate of [

 

3

 

H]
water incorporation into sterols by all of the peripheral or-

Fig. 2. Tissue cholesterol concentration and content in apoA-I1/1

and apoA-I2/2 mice. Panel A shows the concentration of choles-
terol, expressed as mg/g of tissue, in all of the extrahepatic organs
while panel B illustrates the content of cholesterol in each whole
tissue, expressed as mg/organ. The insert gives the sum of the cho-
lesterol contents in all of the peripheral organs, i.e., all tissues ex-
cept the liver, adrenal gland, and testis. All values represent means 6
1 SEM for 10 animals in each group. The asterisk indicates the val-
ues found in the apoA-I2/2 animals that were significantly different
(P , 0.05) from those found in the control mice.

Fig. 3. Rates of cholesterol synthesis in the extrahepatic organs of
apoA-I1/1 and apoA-I2/2 mice. Panel A shows the rates of choles-
terol synthesis measured in vivo and expressed as the nmol of
[3H]water incorporated into sterols per h per g of each tissue.
Panel B illustrates the rate of cholesterol synthesis found in each
whole tissue, expressed as nmol/h per organ. The insert gives the
sum of the rates of synthesis in all of the peripheral organs. All val-
ues represent means 6 1 SEM for 10 animals in each group. The as-
terisk indicates the values found in the apoA-I2/2 animals that were
significantly different (P , 0.05) from those in the control mice.
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gans equalled 2336 

 

6

 

 147 nmol/h in the apoA-I

 

1

 

/

 

1

 

 mice
and 2012 

 

6

 

 141 nmol/h in the apoA-I

 

2

 

/

 

2

 

 animals. From
these incorporation rates, the weights of the various ani-
mals, and the known value of the 

 

3

 

H/C incorporation ra-
tio (27, 28), it could be further calculated that the abso-
lute rate of cholesterol synthesis equalled 72 

 

6

 

 4 mg/day
per kg body weight in the control animals and 67 

 

6

 

 5 mg/
day per kg in the apoA-I

 

2

 

/

 

2

 

 mice. Clearly, there was no
suppression of cholesterol synthesis in any of the periph-
eral organs in the animals that lacked circulating apo A-I.

The final experiment quantitated the rate of choles-
terol acquisition through uptake of LDL-C by the periph-
eral organs. As shown in 

 

Fig. 4A

 

, the highest clearance
rate in the extrahepatic tissues of the control animals was
found in the adrenal gland (429 

 

6

 

 48 

 

m

 

l/h per g) while
uptake in the remaining organs was very low and 

 

,

 

50 

 

m

 

l/
h per g. Only in the adrenal gland was there a marked in-
crease in LDL-C clearance (1198 6 107 ml/h per g) when
there was little circulating HDL-C. In the whole organs
(B) only the carcass and small intestine manifested mod-
est rates of LDL-C uptake, and these rates were essentially
identical in the apoA-I1/1 and apoA-I2/2 mice. Thus, in
all of the peripheral organs LDL-C clearance equalled
89 6 10 ml/h and 120 6 17 ml/h, respectively, in the con-
trol and apoA-I-deficient animals. These rates of clearance

represented only ,20% of the whole animal LDL degra-
dation rates as the liver of these same two groups cleared
LDL at rates of 385 6 44 ml/h and 425 6 39 ml/h, respec-
tively. From these clearance values, the weights of the vari-
ous organs, and the concentration of LDL-C in the
plasma, it could be calculated that the absolute rate of
cholesterol acquisition through LDL-C uptake in the pe-
ripheral organs equalled 6 6 1 mg/day per kg in the apoA-
I1/1 mice and 5 6 1 mg/day per kg in the apoA-I2/2

animals. Clearly, the acquisition of cholesterol by the pe-
ripheral organs through the uptake of LDL-C was trivial
compared to that derived from de novo sterol synthesis
and, further, this process occurred at similar rates in the
presence and absence of apoA-I.

Finally, three critical additional rate constants were
measured in these studies. First, under circumstances
where there was no change in the cholesterol pools in the
peripheral organs (Fig. 2), the rate of net centripetal cho-
lesterol flux from the periphery to the liver must have
equalled the sum of the rates of net sterol acquisition by
these organs from synthesis and LDL-C uptake. These
rates equalled 78 6 5 mg/day per kg in the apo A-I1/1 an-
imals and 72 6 5 mg/day per kg in those animals lacking
apoA-I. Second, from these values it can be calculated that
each day 3.6% of the cholesterol pool in the peripheral
organs turned over in the apoA-I1/1 mice and 3.3%
turned over in the apoA-I2/2 animals. Third, by direct
measurement, fecal bile acid output equalled 35 6 3 mg/
day per kg and 38 6 2 mg/day per kg, respectively, in the
apoA-I1/1 and A-I2/2 mice. Thus, in the absence of apoA-
I and most HDL, there was no detectable difference in
the rate of cholesterol turnover in the peripheral organs, the
rate of net centripetal cholesterol flow from the periphery
to the liver, or the rate of bile acid synthesis.

DISCUSSION

These studies provide direct evidence that in the mouse,
the concentrations of HDL-C and apoA-I in the plasma play
no role in maintenance of cholesterol homeostasis in any
peripheral organ and do not regulate the rate of net cen-
tripetal flux of sterol from these tissues to the liver. This is
in contrast to the adrenal gland and testis which, in the ro-
dent, are known to take up HDL-C by a concentration-
dependent transport process for hormone synthesis (17,
19, 30). Thus, in the apoA-I2/2 animals with no apoA-I-
containing HDL-C, the steady-state concentration of cho-
lesterol in the adrenal gland and testis was significantly
lower than in the control animals (Fig. 2), and in these
same organs there were compensatory increases in the
rates of both sterol synthesis (Fig. 3) and LDL-C uptake
(Fig. 4). However, in all of the remaining extrahepatic
organs that account for ,95% of body mass, the rate of
cholesterol turnover (3.6% and 3.3% per day, respec-
tively) and the magnitude of centripetal sterol flux (78
mg/day per kg and 72 mg/day per kg, respectively)
were not significantly different in the apoA-I1/1 and
apoA-I2/2 animals.

Fig. 4. Rates of LDL-C clearance into all of the extrahepatic or-
gans in the apoA-I1/1 and apoA-I2/2 mice. Panel A shows the ml of
plasma cleared of its LDL-C content per h per g of tissue. Panel B il-
lustrates the LDL-C cleared each h by the whole organs. The insert
shows the sum of the clearance rates by all of the peripheral organs
in the two groups of animals. These values represent the means 6 1
SEM for data in 10 mice in each group. The asterisk indicates those
values in the apoA-I2/2 animals that were significantly different (P ,
0.05) from those in the control mice.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2148 Journal of Lipid Research Volume 39, 1998

These findings are consistent with several previous re-
ports and support the view that changes in resistance to
cholesterol flow through the plasma space brought about
by alterations in the levels of CETP, LCAT, or apoA-I (Fig.
1) profoundly affect the steady-state concentration of
HDL-C but have virtually no effect on the magnitude of
net sterol movement through this pathway. For example,
in an earlier study, reducing the resistance to cholesterol
flow by overexpressing CETP in the mouse lowered the
HDL-C concentration from 59 to 15 mg/dl, yet the rate of
centripetal cholesterol movement from the peripheral or-
gans remained constant at about 89 mg/day per kg (2).
Similarly, the HDL-C concentration was increased from
about 28 to 121 mg/dl when LCAT was overexpressed in
the rabbit (31). While centripetal cholesterol flux was not
measured directly in this particular study, the net flux of
apoA-I through the plasma did remain essentially un-
changed (8.1 6 0.6 mg/day per kg versus 10.8 6 1.4 mg/
day per kg) despite this 4-fold increase in circulating
HDL-C. In hamsters, the concentration of cholesteryl es-
ters carried in HDL was nearly twice as high in animals fed
a Western-style diet as in those receiving psyllium in the
diet, yet the absolute flux of these sterol esters to the liver
was essentially the same (32). Finally, in humans, as in
other primates, the great majority of cholesterol fluxing
through the body comes from de novo synthesis in the pe-
ripheral organs (3, 4). If the concentration of apoA-I dic-
tated the rate of movement of sterol from these tissues to
the liver, then the rate of synthesis in humans would nec-
essarily be higher in those individuals with higher HDL-C
concentrations. However, in 32 individuals subjected to
external sterol balance, the rate of whole body cholesterol
synthesis remained remarkably constant in the face of a 4-
fold variation in the plasma HDL-C concentration (33, 34).

Taken together, these four sets of experimental observa-
tions carried out in the mouse, rabbit, hamster and hu-
man strongly support the conclusion that net sterol bal-
ance across the cells of the peripheral organs is tightly
regulated by processes within these cells and not by the
concentration of circulating HDL-C or apoA-I. The con-
centration of HDL-C clearly can be varied over a wide
range by altering the activities of LCAT or CETP or the
rate of synthesis of apoA-I (Fig. 1), yet in all of these situa-
tions the net flux of cholesterol through the plasma re-
mains essentially constant.

This situation is in contrast to what happens when one
or more steps in the intracellular regulation of cholesterol
homeostasis is disrupted (Fig. 1). Mutations that affect the
NPC1 protein, for example, lead to marked changes in
net sterol flux from the peripheral organs to the liver
(35). These alterations, in turn, are associated with pro-
gressive expansion of the cholesterol pools in the periph-
eral organs and redistribution of these pools into the lyso-
somal and Golgi compartments (36). These profound
changes in sterol homeostasis in the periphery occur
under circumstances where there is virtually no change in
the steady-state concentration of cholesterol in the plasma
(C. Xie, S. D. Turley and J. M. Dietschy, unpublished ob-
servations). In general, the concept is evolving that

changes in receptors (e.g., the LDL receptor), apo-
lipoproteins (e.g., apoE and apoA-I), and other plasma en-
zymes (e.g., CETP and LCAT) that primarily function to
move cholesterol through the vascular space profoundly
affect the concentration of cholesterol in the blood, but
these changes have little effect on sterol homeostasis in
the peripheral organs (1, 2). In contrast, alterations in
proteins that regulate intracellular sterol movement have
little influence on plasma cholesterol levels, but pro-
foundly alter cholesterol pools within the major periph-
eral organs (Fig. 1).

These conclusions do not negate the concept that HDL
is the major lipoprotein fraction moving cholesterol from
the peripheral organs to the liver and endocrine glands
under normal circumstances. These findings do, however,
indicate that the magnitude of this flux is determined by
processes within the cells of the peripheral organs and not
by the concentration of HDL or apoA-I in the blood. In
the absence of apoA-I, there is clearly a decrease in the
flux of cholesteryl esters through the HDL pathway (37)
so that other lipoproteins presumably must take over this
important task. Thus, in this situation, there is no accumu-
lation of cholesterol in the peripheral organs, no change
in the net flux of cholesterol to the liver, and no change in
the excretion of this sterol as neutral fecal sterols or as
bile acids.
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