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Abstract This study uses the mouse to explore the role of
ABCA1 in the movement of this cholesterol from the periph-
eral organs to the endocrine glands for hormone synthesis
and liver for excretion. The sterol pool in all peripheral
organs was constant and equaled 2,218 and 2,269 mg/kg,
respectively, in abca11/1 and abca12/2 mice. Flux of choles-
terol from these tissues equaled the rate of synthesis plus the
rate of LDL-cholesterol uptake and was 49.9 mg/day/kg
in control animals and 62.0 mg/day/kg in abca12/2 mice.
In the abca11/1 animals, this amount of cholesterol moved
from HDL into the liver for excretion. In the abca12/2 mice,
the cholesterol from the periphery also reached the liver but
did not use HDL. Fecal excretion of cholesterol was just as
high in abac12/2 mice (198 mg/day/kg) as in the abac11/1

animals (163 mg/day/kg), although the abac12/2 mice ex-
creted relatively more neutral than acidic sterols. This
study established that ABCA1 plays essentially no role in
the turnover of cholesterol in peripheral organs or in the
centripetal movement of this sterol to the endocrine glands,
liver, and intestinal tract for excretion.—Xie, C., S. D. Turley,
and J. M. Dietschy. ABCA1 plays no role in the centripetal
movement of cholesterol from peripheral tissues to the liver
and intestine in the mouse. J. Lipid Res. 2009. 50: 1316–1329.
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Every cell in the body is surrounded by a plasma mem-
brane of unique physicochemical characteristics. This
membrane is essentially a bilayer of various phospholipids,
sphingolipids, and glycolipids interdigitated with unesteri-
fied cholesterol molecules. The rigid, hydrophobic ring
structure of the sterol interacts through hydrophobic bond-
ing with the fatty acid chains of the phospholipids to con-
dense the bilayer and establish a very hydrophobic region

?3 nm thick that runs through the center of themembrane
(1, 2). Thus, the typical cell membrane is highly permeable
to water but essentially impermeable to protons, electro-
lytes, and hydrophilic molecules. Also imbedded in the
membrane is a variety of signaling and transport proteins
that allow the cell to maintain, in a highly selective manner,
the metabolic processes essential for life. These functions
are all critically dependent upon the presence of the cho-
lesterol molecule in the bulk phase of the plasma mem-
brane. As a consequence, rates of cholesterol synthesis are
very high in the growing organs of the developing fetus
and newborn animal (3–5). Any mutation that limits the
availability of this critical molecule during development
leads either to intrauterine death of the embryo or to
major developmental abnormalities in the newborn (6–8).
Even after maturity is reached and organs attain their adult
size, there is continuous replacement, or “turnover,” of
cholesterol in the membranes of cells. This renewal process
is apparently so important that virtually every cell in the
body has invested in the complex biochemical machinery
necessary to convert acetyl-CoA into cholesterol (9, 10).
Lesser amounts of sterol are also acquired through the
receptor-mediated and bulk phase uptake of lipoproteins
like LDL (11, 12). However, as the pool of cholesterol in
every tissue is essentially constant over a lifetime, and as no
cell can degrade the sterol nucleus, it necessarily follows
that each day an amount of cholesterol equal to that syn-
thesized and acquired from LDL must leave the tissue
and be transported to the endocrine glands and, more im-
portantly, to the liver for excretion from the body. This turn-
over process is so active that in a small animal like themouse,
with a very high metabolic rate, nearly 7% (?150 mg/day/
kg) of the whole body pool is replaced each day, while the
human, with a much lower metabolic rate, turns over about
0.7% (?15 mg/day/kg) of the body pool daily (13).
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Some insights into the molecular events controlling this
turnover process came from studies in patients with Tan-
gier disease, a genetic illness characterized by a marked re-
duction in the level of circulating apolipoprotein AI
(apoAI) and cholesterol carried in HDL (HDL-C) and by
tissue infiltration of lipid-laden macrophages (14). With
the discovery that this disease was apparently caused by
mutations in the transport protein ABCA1 (15–18), a fairly
straightforward paradigm was developed to describe the
putative events characterizing so-called “reverse choles-
terol transport.” In this scheme, ABCA1 was envisioned
as reducing the activation energy for the desorption of
cholesterol from the outer leaflet of the plasma mem-
brane by transferring the sterol, along with phospholipids,
directly onto apoAI-rich, nascent HDL particles circulating
in the pericellular fluid. These nascent particles would
then mature in the circulation and, ultimately, deliver their
cargo of cholesterol to the endocrine tissues and liver using
pathways mediated by scavenger receptor class B type I,
cholesteryl ester transfer protein (CETP), and the LDL re-
ceptor (LDLR) (19–21). Importantly, this model implied
that plasma membrane cholesterol turnover was driven
by events external to the cell and that the velocity of this
process would be proportional to the levels of both ABCA1
in the membrane and apoAI in the pericellular fluid. If
true, in the absence of ABCA1 activity, there should be
sterol accumulation and downregulation of cholesterol
synthesis and cholesterol carried in LDL (LDL-C) uptake
in all peripheral organs, decreased flux of cholesterol
from the periphery to the endocrine glands and liver,
and, finally, decreased biliary and fecal sterol excretion.

While this was an attractive hypothesis for explaining
cholesterol turnover, recent experimental measurements
have yielded results contrary to these predictions. For ex-
ample, in the abca12/2 mouse, an animal model manifesting
the same abnormalities in apoAI and HDL-C metabolism as
seen in Tangier patients (22, 23), biliary cholesterol secre-
tion, and fecal sterol output were apparently normal and
not reduced (24–26). Furthermore, measurements of
HMG-CoA reductase activity suggested that sterol synthe-
sis in several peripheral organs was actually increased
and not suppressed (24). From very limited data, it ap-
peared that patients with Tangier disease also excreted
essentially normal amounts of fecal sterols (personal ob-
servation by Prof. Gerd Assmann). Thus, these experi-
mental observations suggested that ABCA1 might not
play an important role in the massive flux of cholesterol
that moves daily out of the peripheral organs. Because of
the critical importance of this pathway for understanding
overall sterol homeostasis in the whole animal and human,
these studies were undertaken to quantitate each step in
this pathway for the movement of cholesterol from the
peripheral organs to the sites of excretion. Using mice
lacking ABCA1 function, the size of the cholesterol pool
and the rate of cholesterol export were measured in each
organ in vivo. These rates were compared with indepen-
dent measurements of the amounts of sterol that were
delivered to the endocrine glands and liver from HDL
and to the amount of cholesterol excreted from the body

in the feces as either acidic or neutral sterols. These quan-
titative measurements establish, as suggested by the earlier
publications, that turnover of cholesterol in the peripheral
organs and the centripetal flow of this sterol to the sites of
excretion are unaffected by whether ABCA1 is functioning
or not.

MATERIAL AND METHODS

Animals and diets
The mice used in these experiments were derived from ani-

mals kindly provided by Dr. Trudy A. Christiansen-Weber (R.W.
Johnson Pharmaceutical Research Institute, San Diego, CA)
(23). These mice were supplied to us as heterozygotes on a
C57BL/6:129/Ola background. They were then used to generate
abca12/2 mice that were, in turn, bred with C57BL/6:129/Sv
wild-type mice. This was done over 10 generations so that, ulti-
mately, the mutation was carried on a predominantly C57BL/
6:129/Sv background. The genotypes were identified using PCR
analysis as described (23). All animals were housed in plastic
colony cages in rooms with alternating periods of light and
dark. After weaning and genotyping by the end of the third week,
the animals were fed ad libitum a low cholesterol (0.02%, w/w)
pelleted diet (No. 7001; Harlan-Teklad, Madison, WI) until they
were studied at 3 months of age. All experiments were carried
out during the fed state near the end of the dark phase and
used female animals. All experimental protocols were approved
by the Institutional Animal Care and Use Committee at the Uni-
versity of Texas Southwestern Medical School.

Isolation and radiolabeling of LDL and HDL
Mouse plasma was harvested from both male and female mice

lacking LDLR activity (ldlr2/2) that had been maintained on the
low-cholesterol basal diet. The LDL and HDL fractions were iso-
lated by preparative ultracentrifugation in the density ranges of
1.020–1.055 and 1.063–1.21 g/ml, respectively. The LDL prep-
aration was then radiolabeled in the protein moiety with either
125I-tyramine cellobiose or with 131I (27–29). The apoE-containing
HDL contaminating this LDL fraction was removed by passing
the lipoprotein solution over a heparin sepharose CL-6B column
(Pharmacia Biotech, Uppsala, Sweden) (30). After dialysis, these
radiolabeled preparations were passed through a 0.45 mm Millex-
HA filter immediately prior to injection into the recipient ani-
mals. HDL-C was labeled with either the intracellularly trapped
[1a, 2a(n)-3H]cholesteryl oleyl ether or [cholesteryl-4-14C]oleate
by exchange from donor liposomes as described (31–33). Freshly
collected plasma from cholesteryl ester transfer protein trans-
genic mice was used as a source of CETP. The labeled HDL
was reisolated by ultracentrifugation (d 5 1.07–1.21 g/ml) and
dialyzed against saline. Both labeled LDL and HDL preparations
were used within 48 h of preparation.

Measurement of LDL and HDL clearance rates in vivo
Mice were anesthetized, and a catheter was inserted into the

jugular vein. After awakening, each animal was given a bolus of
125I-tyramine cellobiose-labeled LDL followed by a continuous
infusion of the same preparation at a rate calculated to maintain
a constant specific activity in the plasma (34). Ten minutes before
termination of the 4 h infusion period, a bolus of 131I-labeled
LDL was administered to each animal. The mice were exsangui-
nated at the end of the 4 h infusions, and all tissues were
removed. The remaining carcass was cut into small pieces. Tis-
sue and plasma samples were then assayed for their content of
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125I and 131I (28, 35). A similar procedure was used for HDL
clearance measurements. These animals were administered a
priming dose of [3H]cholesteryl oleyl ether-labeled HDL followed
by a continuous infusion of the same radiolabeled lipoprotein
for 4 h. Animals were exsanguinated 10 min after intravenously
injecting [14C]cholesteryl oleate-labeled HDL. Plasma, tissue sam-
ples, and the remaining carcass were saponified in alcoholic
KOH, and sterols were extracted and assayed for their 3H and
14C content. The rates of clearance of LDL and HDL by various
tissues were expressed as the microliter of plasma cleared of its
LDL or HDL content per hour per gram wet weight (ml/h/g)
(34). Using the steady-state plasma concentrations of cholesterol
in the LDL and HDL fractions, these clearance values were also
used to calculate the amount of total cholesterol and cholesteryl
ester, respectively, taken up into each organ from LDL and HDL.
These values were expressed as the milligram of sterol taken up
per day per kilogram of body weight (mg/day/kg).

Measurement of cholesterol synthesis rates in vivo
Each animal was injected intraperitoneally with approximately

40 mCi of [3H]water. One hour later, the animals were anesthe-
tized and exsanguinated. The tissues and remaining carcass were
saponified, and the digitonin-precipitable sterols were isolated as
described (27). The rates of sterol synthesis in each of these tis-
sues were then expressed as the nmol of [3H]water incorporated
into digitonin-precipitable sterols each hour per gram wet weight
of tissue (nmol/h/g). These rates of incorporation of [3H]water
into sterols by tissues were also converted to an equivalent num-
ber of milligrams of cholesterol synthesized, assuming 0.69 3H
atoms were incorporated into the sterol molecule for each car-
bon atom (36, 37). These rates were expressed as the milligrams
of cholesterol synthesized per day per kilogram of body weight
(mg/day/kg).

Measurement of intestinal cholesterol absorption, bile acid
pool size, and composition

Fractional (%) cholesterol absorption was measured by a fecal
dual-isotope ratio method using [4-14C]cholesterol (Perkin-Elmer
Life Sciences) and [5,6-3H]sitostanol (American Radiolabeled
Chemicals, St. Louis, MO) as described (38). Bile acid pool size
was determined using a HPLC method as the total bile acid
content of the small intestine, gall bladder, and liver combined
(38). Pool size was expressed as milligram per kilogram of body
weight (mg/kg).

Measurement of fecal acidic and neutral and total
sterol excretion

Stools were collected from individual animals over a 72 h
period. These were dried, weighed, and ground. The rates of
fecal bile acid and neutral sterol excretion were measured by
an enzymatic method and gas-liquid chromatography, respec-
tively (38), and are expressed as milligrams of sterol excreted
each day per kilogram of body weight (mg/day/kg). The total
sterol excretion was calculated as the sum of the acidic and neu-
tral sterol outputs for each animal.

Measurement of plasma and tissue
cholesterol concentrations and plasma steroid
hormone concentrations

The total plasma cholesterol concentration was measured
enzymatically (Kit No. 1127771; Boehringer Mannheim, India-
napolis, IN). Plasma triacylglycerol concentrations were measured
using Infinity Triglycerides Liquid Stable reagent (ThermoTrace,
Noble Park, Australia) (39). Plasma lipoproteins were separated
by fast-protein liquid chromatography using a Sepharose 6 column

(33, 35). The cholesterol content in each fraction was quantitated
enzymatically. The organs and remaining carcass were saponified,
and their sterols were extracted with petroleum ether. The total
cholesterol concentration was determined by gas-liquid chroma-
tography (40). Plasma corticosterone, estradiol, progesterone,
and testosterone concentrations were determined by a commercial
facility (Endocrine Services Laboratory, Oregon Regional Primate
Research Center, Beaverton, OR).

Calculations
While the various rate constants for cholesterol synthesis and

uptake were all usually expressed per hour per gram wet weight
of tissue, these same data were also expressed per day per organ
and were then normalized to a constant body weight of 1 kg.
Thus, all values are also shown in various figures as milligrams
of cholesterol synthesized or taken up by each organ each day
per kilogram of body weight (mg/day/kg). The data in all of
these experiments are presented as the mean 6 1 SEM. The
unpaired Studentʼs t -test was used to compare various sets of
data, and an asterisk indicates a value that is significantly dif-
ferent (P , 0.05) from its corresponding control value.

RESULTS

These studies were designed to measure both the abso-
lute rates of cholesterol flux out of the individual organs
into the blood each day as well as the absolute rates of fecal
sterol excretion from the whole animal. As cholesterol
turnover in organs like the liver and intestine is very dif-
ferent from turnover in more distal organs like the kidney
and lung, the various tissues of the body were classified
into two, presumably functionally different, groups of or-
gans. Tissues like muscle, lung, kidney, and central nervous
system, that presumably depend upon the movement of
cholesterol from the cells of these organs to HDL for
delivery to the liver, are referred to as peripheral tissues.
Organs like liver, small intestine, and other parts of the
gastrointestinal tract that can excrete sterol directly into
the intestinal lumen, are referred to as central tissues. The
most relevant measurement, therefore, for these studies
was to quantitate the absolute rates of cholesterol flux
from the individual peripheral tissues to the plasma in
the presence and absence of ABCA1 function.

Plasma lipoprotein cholesterol concentrations
Preliminary studies revealed similar abnormalities in

lipid metabolism in both male and female abca12/2 mice.
However, because of the quantitative nature of these stud-
ies, all measurements of cholesterol flux were carried out
in female animals of the same age. At 3 months of age,
these abca12/2 mice showed the expected abnormalities
in circulating lipid levels (22, 23). The total plasma choles-
terol concentration averaged 85 6 6 mg/dl in the abca11/1

animals but only 25 6 3 mg/dl in the abca12/2 mice. The
plasma triacylglycerol concentrations in these same two
groups equaled 51 6 6 and 118 6 23 mg/dl, respectively.
As shown in Fig. 1A, analysis of lipoprotein levels in pooled
plasma by HPLC revealed a marked reduction in HDL-C
and a smaller reduction in LDL-C in the animals lacking
ABCA1 function. In contrast, the level of cholesterol carried
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in larger, less dense particles was modestly increased in the
abca12/2 mice. These findings were confirmed when the
lipoproteins in these pooled samples were separated by
ultracentrifugation. The cholesterol carried in the d ,
1.020 g/ml fraction increased from 9 mg/dl in the abca11/1

mice to 17 mg/dl in the abca12/2 animals (Fig. 1B), while
the LDL-C concentration fell from 11 to 6 mg/dl (Fig. 1C).
Most strikingly, the HDL-C concentration was only 2 mg/dl
in the abca12/2 mice compared with 66 mg/dl in the con-
trol animals (Fig. 1D).

Organ weights and tissue cholesterol pools
At 3 months of age, the female abca12/2 mice had

achieved about the same mean body weight (27.6 g) as
the abca11/1 control animals (25.1 g). Of note, the weights
of individual peripheral tissues were not different in the
two genotypes, as shown in Fig. 2A. However, several of
the central tissues, including the liver and small bowel,
were heavier (Fig. 2B). As a result, these central organs
made up a slightly greater proportion of total body weight
in the abca12/2 animals (14%) than in the control mice
(11%) (Fig. 2C). Nevertheless, the relevant compartment
of peripheral tissues made up the great majority (86–89%)
of the whole animal weights in both groups. The concen-
tration of cholesterol, expressed as milligrams per gram
wet weight, varied from values of only ?1.0 mg/g in tis-
sues like muscle to .20 mg/g in organs like adrenal and
various parts of the central nervous system (Fig. 2D). Im-
portantly, however, these concentrations were virtually
identical in nearly every tissue, as were the mean concen-
trations for all of the organs in the central and peripheral
compartments (Fig. 2F) in the abca11/1 and abca12/2

mice. Only the lung revealed a small increase in sterol
concentration, while the adrenal showed the expected

marked reduction, as has been reported in other conditions
in the mouse where the HDL-C level was very low (41).

These concentration values, along with organ and whole
animal weights, were used to calculate the absolute size of
the cholesterol pool present in each tissue expressed as the
mg of sterol present in each organ in a 1 kg animal. These
absolute pools varied from only about 7 mg/kg in the
adrenal to 1545 mg/kg in the carcass of the control mice
(Fig. 2G, H). Importantly, except for the lung, in no tissue
of the peripheral compartment were these cholesterol
pools significantly expanded in the absence of ABCA1 func-
tion. Thus, in both the abca11/1 and abca12/2 mice, where
the whole animal pools equaled 2,552 and 2,668 mg/kg,
respectively, the total pool of cholesterol in all of the tis-
sues of the peripheral compartment equaled about 86%
of the total body pools (Fig. 2I). Clearly, loss of ABCA1
function had not led to expansion of the cholesterol pools
in these tissues of the periphery.

Rates of cholesterol synthesis in the peripheral organs
It was conceivable, however, that these pools were kept

constant by either reducing the rate of cholesterol synthe-
sis or the rate of LDL-C uptake, or both, in the face of di-
minished sterol output from these organs in the abca12/2

mice. To examine this possibility, rates of sterol synthesis
were next measured in vivo. In general, rates of cholesterol
synthesis were much higher in the central organs (Fig. 3B)
than in the peripheral tissues (Fig. 3A). This difference re-
flects the much higher rates of cholesterol turnover known
to occur in cells of the liver and gastrointestinal tract. The
rates of synthesis per gram of tissue in the peripheral
compartment varied from only 14 nmol/h in muscle to
1183 nmol/h in adrenal in the abca11/1 mice, and, with
the exception of the lung, there was no significant sup-
pression of sterol synthesis in any tissue with deletion of
ABCA1 function. In several of the central organs, the
rates of synthesis were actually slightly elevated in the
abca12/2 animals (Fig. 3B). Notably, synthesis in the adre-
nal gland was elevated 3-fold. This was anticipated and
reflected the adaptive response of the gland to reduced
HDL-C uptake in these abca12/2 animals. When these
rates were adjusted for the small differences in organ
weights, and recalculated in terms of the rate of synthesis
per whole tissue, similar trends were evident. Rather than
being suppressed, synthesis was marginally increased in
the carcass and several tissues of the central compartment
(Fig. 3D, E) so that total synthesis in the peripheral and
central tissues, as well as in the whole animal, was modestly
increased in the absence of ABCA1 function (Fig. 3F).

Finally, these values were adjusted for the small differ-
ences in whole animal weights, and the rates of [3H]water
incorporation into sterol were converted to milligrams of
cholesterol synthesized per day per kilogram of body
weight. In the peripheral compartment, these rates varied
from ,1.0 mg/day/kg in tissues like ovary and adrenal to
.35 mg/day/kg in the carcass (Fig. 3G). Again, with the
exception of the lung, these rates of synthesis were essen-
tially identical in the abca11/1 and abca12/2 mice. The ab-
solute rates of synthesis in the central tissues were much

Fig. 1. Plasma lipoprotein cholesterol concentrations in 3-month-
old female abca11/1 and abc12/2 mice maintained on a low-
cholesterol diet. Plasma was pooled from groups of six to eight
mice of each genotype and fractionated by either HPLC (A) or
by ultracentrifugation (B–D).
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higher than those in the peripheral compartment but, again,
were nearly the same in the two genotypes (Fig. 3H). Thus,
in the control mice, total synthesis in the peripheral or-
gans equaled 44.5 mg/day/kg (29% of whole body synthe-
sis), while the whole animal synthesized 150 mg/day/kg
(Fig. 3I). In the abca12/2 animals, these peripheral or-
gans synthesized 58.2 mg/day/kg (also 29% of whole
body synthesis), while the whole animal synthesized
199 mg/day/kg. Of note, while the tissues of the periph-
eral compartment accounted for ?88% of whole body
weight, they were responsible for only 29% of whole ani-
mal synthesis. Clearly, loss of ABCA1 function had not
suppressed synthesis in essentially any of these tissues.

Rates of LDL-C uptake in the peripheral and central tissues
It remained possible, however, that cholesterol acquisi-

tion through lipoprotein uptake was suppressed in the
abca12/2 mice. The next study, therefore, quantitated the
rates of receptor-mediated and bulk-phase endocytosis of

cholesterol carried in LDL in 3-month-old female mice.
In the peripheral organs, the rates of LDL clearance varied
from ?1.0 ml/h/g in muscle and various parts of the cen-
tral nervous system to 429 ml/h/g in the adrenal (Fig. 4A)
in abca11/1 animals. As expected, the liver in the central
compartment had high rates of clearance (358 ml/h/g)
per gram of tissue (Fig. 4B). In the peripheral compart-
ment, these clearance rates were either the same or higher
in the various organs of the abca12/2 mice, so that the
mean rates of clearance in all of the tissues of the periph-
eral and central compartments, as well as in the whole
animal, were elevated in the absence of ABCA1 function
(Fig. 4C). After correcting for organ size, the liver was
responsible for most LDL-C clearance (Fig. 4D, E) and,
alone, accounted for 85% and 82% of whole animal LDL-C
degradation, respectively, in the abca11/1 and abca12/2

mice (Fig. 4F).
Since the receptor-mediated component of LDL clear-

ance is saturable, the higher clearance rates seen in some

Fig. 2. Organ weights, cholesterol concentrations, and cholesterol pools in 3-month-old female abca11/1 and abca12/2 mice maintained on
a low-cholesterol diet. These organs have been divided into peripheral tissues, which largely must deliver their cholesterol to HDL for
transport to the liver for excretion, and central tissues, which can potentially deliver their cholesterol directly into the gastrointestinal tract
for excretion. The absolute weight of each tissue is shown (A, B) as well as the total weight of the peripheral and central organs (C). The
tissue identified as carcass is what remains when all other organs have been removed and consists largely of muscle, adipose tissue, skin, and
bone, including marrow. The concentration of cholesterol in each of these tissues is expressed as milligrams per gram wet weight (D, E), and
the average concentrations for all of the peripheral and central tissues and for the whole animal (F) are also illustrated. These concentration
values were multiplied by the respective organ weights to obtain the size of the cholesterol pool present in each tissue. These values, in turn,
were normalized to a constant body weight of 1 kg so that the size of the cholesterol pool present in each tissue is expressed as milligrams
per kilogram of body weight (G, H). These latter values were summed to yield the cholesterol pools present in the peripheral and central
tissues and in the whole animal (I). The sizes of the cholesterol pools in muscle and adipose tissue were not measured individually, but
these are included in the carcass. The abbreviation “nm” means not measured. The asterisk identifies those values that are significantly
different (P , 0.05) from the corresponding values in the abca11/1 mice. Each column represents the mean 6 1 SEM of data from six to
seven animals.
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tissues of the abca12/2 mice probably reflected the lower
LDL-C concentration in the plasma (Fig. 1C), rather than
an actual increase in lipoprotein uptake. When these
clearance values were multiplied by the concentration of
LDL-C in the two groups of animals and adjusted to a
constant body weight, this proved to be the case. In the
abca11/1 mice, whole animal LDL-C uptake equaled
50.5 mg/day/kg, and 86% of this took place in the liver
(43.8 mg/day/kg) (Fig. 4H, I). Whole animal LDL-C deg-
radation equaled only 24.6 mg/day/kg in the abca12/2

animals, however, so that uptake was lower in some tissues
of these mice (Fig. 4G). Notably, in the adrenal, LDL-C up-
take increased from 0.21 mg/day/kg to 0.37 mg/day/kg,
indicating that this organ actually had increased LDLR
activity in the face of the low circulating HDL-C levels.
Thus, these studies revealed that the LDL-C production
rate, which had to equal the LDL-C degradation rate, was sig-
nificantly lower in the abca12/2 animals (24.6 mg/day/kg)
compared with the control mice (50.5 mg/day/kg). Never-
theless, uptake of LDL-C in all of the tissues of the periph-
eral compartment was so small (5.4 mg/day/kg versus
3.8 mg/day/kg in the abca11/1 and abca12/2 animals, re-

spectively) that these differences contributed little to al-
terations in overall tissue cholesterol turnover.

Total cholesterol flux out of the peripheral compartment
With these data available, it was possible to calculate the

magnitude of the cholesterol flux out of all of the periph-
eral tissues each day. Since the cholesterol pools in these
organs were constant, the amount of cholesterol leaving
these tissues must equal the amount of sterol synthesized
(Fig. 3G) plus the amount taken up as LDL-C (Fig. 4G)
each day. The sum of these two values for the larger organs
and for all of the tissues in the peripheral compartment
combined are shown in Fig. 5A and B. The flux of choles-
terol out of cerebellum, brainstem, midbrain, cerebrum,
and spinal cord combined was ,1.3 mg/day/kg in both
the abca11/1 and abca12/2 mice (Fig. 5A). These rates
were higher in the spleen and kidney and equaled about
2 mg/day/kg. However, the major flux of cholesterol
came from the large tissues of the carcass, which equaled
41.5 mg/day/kg and 55.5 mg/day/kg, respectively, in the
abca11/1 and abca12/2 mice (Fig. 5A). Most importantly,
the total flux of cholesterol from all tissues of the periph-

Fig. 3. Rates of cholesterol synthesis in 3-month-old female abca11/1 and abca12/2 mice maintained on a low-cholesterol diet. Rates of
synthesis were measured in vivo and expressed as the nmol of [3H]water incorporated into sterols per hour per gram of tissue (A, B). These
data were averaged to yield the mean rates of synthesis in the peripheral and central tissues and in the whole animal (C). These values were
multiplied by the appropriate organ weights in each animal to give the rates of synthesis in each whole tissue (D, E), and these were summed
to give total rates of synthesis in the peripheral and central organs and in the whole animal (F). These rates were then extended to 24 h,
adjusted to a constant body weight of 1 kg, and converted to milligrams of cholesterol synthesized per day per kilogram (G, H). The values
in the individual tissues were summed to give absolute rates of cholesterol synthesis in the peripheral and central compartments and in the
whole animal (I). The abbreviation “nm” means not measured. The asterisk identifies those values that are significantly different (P , 0.05)
from the corresponding values in the abca11/1 mice. Each column represents the mean 6 1 SEM of data from six to seven animals.
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eral compartment equaled 49.9 mg/day/kg in the control
mice and 62.0 mg/day/kg in the animals lacking ABCA1
function (Fig. 5B).

Using these flux rates and the pool sizes (Fig. 2G) deter-
mined in each organ, the rates of cholesterol turnover in
every tissue of the peripheral compartment could be cal-
culated. The lowest rate of turnover was found in the
brain (,0.2% of the pool each day), while these rates
were higher in the carcass (?3%), kidney (?3.5%), and
spleen (?7.5%) (Fig. 5C). With the exception of the lung,
these turnover rates were the same in the two genotypes
so that overall turnover in all of the organs of the periph-
eral compartment equaled 2.2% per day and 2.8% per day
in the abca11/1 and abca12/2 mice, respectively (Fig. 5D).
Because the large sterol pool in the brain with a very slow
turnover distorted these overall calculations, turnover of
cholesterol in the tissues of the peripheral compartment
was also calculated after excluding the tissues of the cen-
tral nervous system. Under these conditions, cholesterol
turnover in the peripheral organs equaled 2.8% per day
in the abca11/1 mice and 3.4% per day in the abca12/2

animals (Fig. 5D). Thus, there was no alteration in the
flux of cholesterol from the peripheral organs or in the

turnover of tissue cholesterol pools in these organs after
loss of ABCA1 function. The only exception was the lung,
where turnover of the pool decreased from 4.8% per day
to 2.2% per day with loss of ABCA1 activity (Fig. 5C).
While not shown in Fig. 5, turnover in the central organs,
as expected, was much higher and exceeded 20% per day
in most tissues.

Net excretion of cholesterol through steroid
hormone formation

The cholesterol leaving these peripheral organs must
ultimately be excreted from the body either after conver-
sion to steroid hormones or, more importantly, through
the biliary excretion of neutral and acidic sterols. The next
experiment quantitated the flow of sterol to the adrenal
and other endocrine organs in the presence and absence
of ABCA1 function. The rate of selective cholesteryl ester
clearance into the adrenal through the activity of scav-
enger receptor class B type I equaled 260 ml/h/g and
3005 ml/h/g, respectively, in the abca11/1 and abca12/2

mice (Fig. 6A). When multiplied by the concentration of
cholesteryl ester in plasma HDL in each of these groups of
animals, the rates of cholesterol uptake into the adrenal

Fig. 4. Rates of LDL clearance and LDL-C uptake in 3-month-old female abca11/1 and abca12/2 mice maintained on a low-cholesterol diet.
Rates of LDL clearance were measured as the microliter of plasma cleared of LDL per hour per gram (A, B), and these values were averaged
to give the mean rates of clearance in the peripheral and central tissues (C). These values were then multiplied by the appropriate organ
weights in each animal to give the rates of clearance in each whole tissue (D, E), and these were summed to give total rates of clearance in
the peripheral and central tissues (F). Using the total cholesterol concentration in the LDL fraction in the plasma of these two genotypes,
these rates were extended to 24 h and adjusted to a constant body weight of 1 kg to yield the milligrams of LDL-C taken up into these tissues
each day per kilogram (G, H). These values were summed to give the absolute rates of LDL-C uptake into the peripheral and central tissues
and by the whole animal (I). The abbreviation “nm” means not measured. The asterisk identifies those values that are significantly different
(P , 0.05) from the corresponding values in the abca11/1 mice. Each column represents the mean 6 1 SEM of data from 6 to 10 animals.
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equaled 1.13 mg/day/kg in the control mice but only
0.21 mg/day/kg in the abca12/2 animals (Fig. 6B). How-
ever, as quantitated above, in response to this diminished
uptake of HDL-C, the uptake of LDL-C increased from
0.21 to 0.37 mg/day/kg (Fig. 6C), while the rate of local
synthesis increased from 0.22 to 0.60 mg/day/kg (Fig. 6D)
in the abca11/1 and abca12/2 mice, respectively. Thus, be-
cause of the marked reduction in HDL-C in the abca12/2

animals, the uptake of cholesterol from this source was
reduced by 0.92 mg/day/kg, which was not fully com-
pensated for by the increase in sterol acquisition of
0.54 mg/day/kg brought about by increased rates of
synthesis and LDL-C uptake. This observation presumably
explained the finding that plasma corticosterone levels
were maintained (Fig. 6E), yet the large pool of reserve
cholesteryl esters could not be preserved (Fig. 2D) in the
adrenal of the abca12/2 mice. Plasma estradiol (Fig. 6F)
and testosterone (Fig. 6H) levels also were normal, while
the plasma progesterone (Fig. 6G) concentration was
lower in the animals lacking ABCA1 function. Thus,
there was less cholesterol being converted to hormones
through the endocrine glands in the abca12/2 animals,
but this effect was small and the result of the marked

reduction in HDL-C concentration and so was related only
secondarily to loss of ABCA1 function.

Net excretion of cholesterol through the liver
Quantitatively, sterol excretion through the liver is far

more important than that used by the endocrine glands.
Therefore, the next studies measured the rate of choles-
terol movement from the peripheral organs through
HDL to the liver. The clearance of cholesteryl ester from
HDL into the liver equaled 53 ml/h/g in the control
mice and increased to 168 ml/h/g in the abca12/2 ani-
mals (Fig. 7A). After correcting for organ weight, these
clearance values were 72 ml/h and 248 ml/h (Fig. 7B),
respectively, in these two genotypes. When adjusted to
the concentration of cholesteryl ester in the plasma HDL
fractions of these two groups, the absolute rate of choles-
terol uptake into the liver of the abca11/1 mice equaled
44.8 mg/day/kg but was only 3.9 mg/day/kg (Fig. 7C) in
the abca12/2 mice. Thus, in the control animals, the rate
of movement of cholesterol out of the peripheral com-
partment (49.9 mg/day/kg) corresponded closely to the
amount of sterol delivered to the liver from HDL. In the
abca12/2 animals, however, there was a very large discrep-

Fig. 5. Total flow of cholesterol from the peripheral tissues. The rates of total sterol acquisition from syn-
thesis (Fig. 3G) and LDL-C uptake (Fig. 4G) were summed to obtain the amount of cholesterol that must
leave the major peripheral organs each day (A). The total flow of cholesterol from all peripheral organs,
as well as the flow from the peripheral tissues minus the brain, were also calculated (B). Each value was
divided by the size of the respective cholesterol pool in that tissue to yield the daily turnover rate (C). Simi-
larly, the mean turnover of cholesterol in all of the tissues of the periphery and in the organs of the periph-
ery excluding the brain, was also calculated (D). The asterisk identifies those values that are significantly
different (P , 0.05) from the corresponding values in the abca11/1 mice. Each column represents the
mean 6 1 SEM.
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ancy between the mass of sterol leaving the peripheral
compartment (62.0 mg/day/kg) and the amount of cho-
lesterol delivered to the liver by HDL.

Therefore, the critical issue was whether this large amount
of sterol from the peripheral compartment actually reached
the liver for excretion. In the abca12/2 mice, the size of the
bile acid pool found in the biliary system and small bowel
was slightly smaller in the abca12/2 animals (308 mg/kg)
than in the control mice (330 mg/kg) (Fig. 7D), and the
ratio of cholic acid to muricholic acid was lower (Fig. 7E).
Both of these findings suggested that the rate of bile
acid synthesis was slightly lower in the absence of ABCA1
function. Nevertheless, the molar ratios of bile acid, phos-
pholipid, and cholesterol in gallbladder bile were not dif-
ferent in the two genotypes (Fig. 7F). Most importantly,
output of fecal neutral sterols equaled 52 mg/day/kg
in the control mice, but 112 mg/day/kg in the abca12/2

animals, while acidic sterol output in these two groups
equaled 111 and 86 mg/day/kg, respectively (Fig. 7G).
Thus, total sterol excretion through the gastrointestinal
tract equaled 163 mg/day/kg in the abca11/1 mice and
198 mg/day/kg in the abca12/2 animals. These values cor-
responded closely to the rates of whole animal synthesis
(Fig. 3I) plus the small amounts of cholesterol in the diet
(?30 mg/day/kg) and confirmed that the sterol turned
over in the peripheral compartment had reached the liver
and been excreted in the abca12/2 animals despite the
fact that this flux apparently did not take place through
HDL. Finally, fractional cholesterol absorption was mod-
estly lower in the abca12/2 animals (39 6 4%) compared
with that in the control mice (58 6 4%). However, this
finding was difficult to interpret since, on the one hand,
it might have reflected an actual reduction in sterol ab-
sorption in the abca12/2 mice or, on the other, it may
have only been the result of greater dilution of the spe-
cific activity of the intraluminal cholesterol pool that
resulted from the higher rate of sterol excretion in these
animals (Fig. 7G).

DISCUSSION

These experiments provide direct, quantitative data to
support the conclusion that ABCA1 plays virtually no role
in normal turnover of cholesterol in the plasma mem-
branes of parenchymal cells in the peripheral organs. As
illustrated in Fig. 8A, as most of the sterol used in this turn-
over comes from de novo synthesis (44.5 mg/day/kg), and
not from the uptake of LDL-C (5.4 mg/day/kg) (Figs. 3I,
4I), this process is appropriately referred to as the cen-
tripetal flux of cholesterol from the peripheral tissues to
the sites of utilization and excretion in the endocrine
glands and liver. Nearly all of this flux (44.8 mg/day/kg)
(Fig. 7C) is accounted for by movement of cholesteryl
ester from HDL to the liver, while much smaller amounts
are also taken up by the endocrine tissues (not shown in
Fig. 8A). This major flux, along with additional amounts
of cholesterol synthesized in the central tissues and taken
in from the diet, fully accounts for the acidic and neutral
sterols appearing in the feces (163 mg/day/kg) of the
abca11/1 mice (Fig. 7G). In the absence of ABCA1 activity,
neither the centripetal flux of cholesterol out of the
peripheral tissues (62.0 mg/day/kg) nor the rate of fecal
sterol excretion (198 mg/day/kg) is reduced even though
there is a marked reduction in the rate of cholesteryl ester
movement through HDL to the liver (3.9 mg/day/kg).
How the remaining large amount of cholesterol reaches
the liver in the abca12/2 animals is not currently known,
although VLDL may be involved in this process since the
VLDL concentrations are elevated in the abca12/2 mouse
compared with controls.

However, this result is consistent with earlier reports that
the concentration of HDL circulating in the plasma also
plays no role in determining the rate of sterol movement
from the peripheral tissues to the liver. When the concen-
tration of HDL is varied over a wide range by variably

Fig. 6. Rates of cholesterol utilization by the adrenal and plasma
steroid hormone levels. Rates of HDL clearance were measured in
the adrenal (A), and using the concentration of cholesteryl esters
in the HDL fraction of these two genotypes, these values were used
to calculate the rate of HDL-CE uptake by this gland (B). For com-
parison, the rates of LDL-C uptake (from Fig. 4G) and cholesterol
synthesis (from Fig. 3G) are shown in C and D, respectively. The
plasma concentration of four different steroid hormones is also
shown (E–H). The asterisk identifies those values that are signifi-
cantly different (P , 0.05) from the corresponding values in the
abca11/1 mice. Each column represents the mean 6 1 SEM of
data from 6 to 10 animals in the first set of data (A–D) and from
8 to 15 mice in the second group (E–H).
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expressing CETP in the mouse, centripetal cholesterol flux
is constant (42). In the mouse that lacks apoAI and, there-
fore, has very low HDL levels, the flow of sterol from the
peripheral organs to the liver, again, is unchanged (41).
Finally, in a naturally occurring situation, the guinea pig
normally synthesizes most of the cholesterol turned over
in the organs of the periphery and transports this sterol
to the liver for excretion. This flux of sterol takes place
despite the fact that this species has little detectable HDL
circulating in the plasma (43–45). Taken together, these
many observations establish that neither ABCA1 activity
nor the level of circulating HDL determines the rate
of plasma membrane cholesterol turnover in the major
peripheral organs of the body.

Other data do support a role for ABCA1 in promoting
cholesterol movement out of tissue cells of the macro-
phage lineage (Fig. 8B) (46, 47). As most of this sterol is
presumably derived from the uptake of cholesterol carried
in LDL, this process is appropriately referred to as reverse

cholesterol transport (19, 20). When ABCA1 function is
deleted, this sterol accumulates as cholesteryl ester, and
these cells appear as lipid-laden macrophages in organs
like the lung, tonsils, spleen, lymph nodes, and intestine
(22, 48–50). Of note, alveolar macrophages make up a
large percentage of cells in the normal lung (51). It is
likely, therefore, that this process of reverse cholesterol
transport was actually identified in this organ in this study
in that, in the abca12/2 mice, the lung manifested a small
increase in its cholesterol pool (Fig. 2G), suppression of
cholesterol synthesis (Fig. 3G), and significant reduction
in cholesterol turnover (Fig. 5C). However, while there
are about 1 3 108 macrophages in the adult mouse
(52), this number represents only a small fraction of
the cells present throughout the body. Thus, the magni-
tude of this reverse cholesterol transport is probably
extremely small and essentially unmeasurable with the
techniques used in this study, particularly in the face of
the massive centripetal flow of sterol out of the periph-

Fig. 7. Rates of HDL-CE clearance and uptake by the liver, bile acid pool size and composition, and rates
of fecal sterol excretion. Rates of hepatic HDL clearance were measured (A, B) and, along with the concen-
tration of cholesteryl esters in the HDL fraction of these two genotypes, were used to calculate the rates of
HDL-CE uptake by the liver (C). The amount of bile acid present in the liver, biliary tract, and entire small
bowel combined was measured and is presented as the bile acid pool size (D). The ratio of cholic acid to
muricholic acid in this pool was also determined (E). The molar ratios of bile acid, phospholipid, and cho-
lesterol in bile obtained from the gallbladder was quantitated (F). In a separate group of animals, feces were
collected for determination of the daily output of both neutral and acidic sterols (G). The asterisk identifies
those values that are significantly different (P , 0.05) from the corresponding values in the abca11/1 mice.
Each column represents the mean 6 1 SEM of data in 6 to 10 animals in each group in the first set of data
(A–C), five animals in the second set (D, E), four animals in the third (F), and 10 animals in the last set (G).

ABCA1 and centripetal cholesterol flux 1325

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


eral parenchymal cells. This conclusion is further sup-
ported by the important observations that the plasma
HDL-C concentration is not increased by restoration of
abca11/1 bone marrow cells in the abca12/2 mouse (47)
and is not decreased by deletion of ABCA1 function in
the macrophages of the abca11/1 animal (53). Thus, there
is a process of reverse cholesterol transport from macro-
phages to the liver, but this flux is too small to be identified
in these experiments.

Another fundamentally important role of ABCA1 is to
protect newly synthesized apoAI from premature degrada-
tion (Fig. 8C). ApoAI is synthesized in both the liver and
small bowel and forms the essential backbone of circulat-
ing HDL (54, 55). However, unless immediately lipidated,
this protein is rapidly removed from the circulation by the
kidneys (56). This important process is apparently carried
out by ABCA1 expressed in both the liver and intestine
where small amounts of cholesterol and, particularly,
phospholipid are transferred to the apoAI molecule to
form nascent HDL particles. These nascent particles then

enter the circulation and presumably pick up much larger
amounts of sterol from the peripheral organs for transport
back to the liver. This protective effect of the phospholipid
and cholesterol is an important determinant of the steady-
state concentration of apoAI, and, therefore, HDL, in the
plasma. Specific deletion of ABCA1 function in either the
liver or small bowel leads to significantly lower concentra-
tions of circulating HDL-C (57, 58). However, the actual
amount of cholesterol transferred from the liver or intes-
tine to apoAI to carry out this protective function is likely
also to be very small. Most of the cholesterol present as
HDL-C in the plasma presumably comes from the periph-
eral organs. It would obviously make no physiological sense
to move large quantities of sterol from the liver and intes-
tine to HDL particles that, in turn, would be immediately
cleared back into these same organs for excretion. The fact
that the amount of cholesteryl ester moving from HDL to
the endocrine glands and liver in the abca11/1 animals
(?46 mg/day/kg) (Fig. 8A) essentially equals the flux
of sterol from all of the peripheral organs indicates that

Fig. 8. Three major pathways in which ABCA1 and HDL might be involved. The first (A) represents the centripetal movement of choles-
terol out of the parenchymal cells of the peripheral organs during plasma membrane sterol turnover. The contribution of synthesis and
LDL-C uptake to this normal turnover is shown for both the abca11/1 (numbers without parentheses) and abca12/2 (numbers in paren-
theses) animals. Also shown are the rates of cholesteryl ester movement from HDL to the liver and the rates of total sterol excretion in the
feces. The second pathway (B) represents reverse cholesterol transport from primarily macrophages in the periphery. These flux rates
are very small and essentially unmeasurable. Finally, the third pathway (C) illustrates the role of ABCA1 in transferring cholesterol and
phospholipids from cells of the liver and small bowel to newly synthesized apoAI in order to prevent its rapid degradation and excretion
by the kidneys. Again, this flux is presumably very small.

1326 Journal of Lipid Research Volume 50, 2009

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


the amount of cholesterol entering the HDL-C pool from
the liver and intestine must be very small and essentially
undetectable. Nevertheless, this role of ABCA1 in protect-
ing the apoAI synthesized in the liver and intestine is of
critical importance to the metabolism of this lipoprotein.
In the absence of this function, the marked abnormalities
in HDL turnover seen in the abca12/2 mouse and in hu-
mans with Tangier disease occurs.

Apart from these important functions of ABCA1 in pro-
tecting apoAI and in removing cholesterol from macro-
phages, these studies provide additional information on
three other aspects of cholesterol metabolism in these ani-
mals. First, the abca12/2 mice have lower plasma LDL-C
concentrations and elevated triacylglycerol levels, as do
patients with Tangier disease. In this study, the LDL-C
production rate in the abca12/2 mice was only about
half (24.6 mg/day/kg) of that found in the control mice
(50.5 mg/day/kg) (Fig. 4I), suggesting that this was the
cause of the lower circulating LDL-C level. While this
low production rate could have resulted from either re-
duced hepatic secretion of cholesterol carried in VLDL
or a decrease in the proportion of VLDL metabolized to
LDL, the fact that the plasma concentrations of lipo-
proteins in the d , 1.020 g/ml fraction and triacylglycerol
were both elevated suggests that the latter explanation is
correct. Conceivably, the very low HDL levels seen in
these mice in some manner alter the rate of VLDL con-
version to LDL.

Second, ABCA1 presumably functions on the plasma
membrane to carry out its roles in removing cholesterol
from the macrophage and in transferring sterol to apoAI
from the liver and intestinal cells. Other data, how-
ever, have suggested that this protein cycles into the late
endosomal/lysosomal compartment of cells (59) and may
also actually mediate cholesterol movement from this
organelle into the cytosolic compartment (60, 61). Nearly
every cell takes up lipoproteins containing either apoB100

or apoE through receptor-mediated and bulk-phase endo-
cytosis and processes the cholesteryl ester in these parti-
cles to unesterified cholesterol in the lysosome (11). This
unesterified sterol is then transferred to the metabolically
active pool of cholesterol in the cytosol through the con-
certed actions of two proteins, Niemann-Pick type C1
(NPC1) and NPC2 (62–64). Mutations that inactivate
either NPC1 or NPC2 lead to an age-dependent accumu-
lation of unesterified cholesterol and an increase in the
rate of cholesterol synthesis in nearly every tissue in the
body and to a massive expansion of the whole animal
cholesterol pool (65, 66). Importantly, none of these
metabolic changes occurred in the abca12/2 mice (Figs. 2,
3), indicating that ABCA1 does not play a detectable
role in the intracellular movement of sterol from the
endosomal/lysosomal compartment to the cytosol.

Third, there are now four syndromes where disordered
intracellular cholesterol metabolism leads to tissue infiltra-
tion and activation of macrophages. Mutations of lyso-
somal acid lipase cause the accumulation of cholesteryl
esters in lysosomes of these cells (67), while unesterified
cholesterol accumulates in this organelle with mutations

in NPC1 or NPC2. The macrophages of the abca12/2 mice
accumulate cholesteryl ester in the cytosolic compartment.
In all of these situations, there is apparently activation
of the macrophages with the production of many proin-
flammatory factors, such as tumor necrosis factor-a and
interleukin-6 (53, 68). It would be of considerable in-
terest, therefore, to explore the potential role of these
activated macrophages in the parenchymal cell death
seen in the arterial wall in Tangier disease, the liver and
brain in NPC disease, and in various organs in Wolman
disease. It may be of fundamental importance to under-
standing the pathogenesis of these diseases to elucidate
how disordered, intracellular sterol metabolism leads to
this activation and proinflammatory protein production
in macrophages.

In summary, while ABCA1 plays a critical role in pre-
serving apoAI and in removing cholesterol from macro-
phages, it appears to play no role in controlling the major
centripetal flux of sterol from the peripheral organs to
the endocrine glands and the liver. It seems likely that
the concept that movement of cholesterol through the
cell membrane is controlled by this protein and by the
concentration of HDL in the pericellular fluid is incor-
rect. The process of cholesterol turnover in the plasma
membrane may be so important to the integrity of the cell
that it is controlled by events within the cell rather than by
the lipoproteins present in the pericellular fluid. How-
ever, what process overcomes the activation energy for
desorption of the sterol molecule from the outer leaflet
of the membrane and what vehicle moves this cholesterol
to the sites of degradation in the absence of HDL remain
to be elucidated.
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