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Abstract

In addition to its ability to remove cholesterol from cells,
HDL also delivers cholesterol to cells through a poorly de-
fined process in which cholesteryl esters are selectively
transferred from HDL particles into the cell without the up-
take and degradation of the lipoprotein particle. The HDL-
cholesteryl ester selective uptake pathway is known to occur
in human, rabbit, and rodent hepatocytes where it may con-
tribute to the clearance of plasma cholesteryl ester. The se-
lective uptake pathway has been studied most extensively in
steroidogenic cells of rodents in which it accounts for 90%
or more of the cholesterol destined for steroid production or
cholesteryl ester accumulation. In this study we have used
apo A-I-, apo A-II-, and apo E-deficient mice created by
gene targeting in embryonic stem cells to test the impor-
tance of the three major HDL proteins in determining cho-
lesteryl ester accumulation in steroidogenic cells of the adre-
nal gland, ovary, and testis. apo E and apo A-II deficiencies
were found to have only modest effects on cholesteryl ester
accumulation. In contrast, apo A-I deficiency caused an al-
most complete failure to accumulate cholesteryl ester in ste-
roidogenic cells. These results suggest that apo A-I is essen-
tial for the selective uptake of HDL-cholesteryl esters. The
lack of apo A-I has a major impact on adrenal gland physi-
ology causing diminished basal corticosteroid production, a
blunted steroidogenic response to stress, and increased ex-
pression of compensatory pathways to provide cholesterol
substrate for steroid production. (J. Clin. Invest. 1996. 97:
2660-2671.) Key words: high density lipoprotein « selective
uptake . corticosteroids « apolipoprotein-deficient mice

Introduction

The inverse correlation between HDL levels and coronary
heart disease in humans suggests that HDL has a protective ef-
fect against the development of atherosclerosis (1, 2). This
premise is supported by recent studies showing that over-
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expression of human apo A-I in transgenic mice protects
against the development of fatty streak lesions (3) and de-
creases the extent of atherosclerosis in apo E—deficient (4, 5)
and apo(a)-transgenic mice (6). These effects of HDL may
arise through an early step in the reverse cholesterol transport
process (7) in which HDL facilitates the removal of cholesterol
from cells by acting as an acceptor of free cholesterol that de-
sorbs from the cell membrane (8). This activity of HDL may be
crucial in preventing the accumulation of cholesterol and cho-
lesteryl ester in the arterial wall as occurs in atherosclerosis. In
addition to cholesterol removal from cells, HDL also delivers
cholesterol to cells through a poorly defined process in which
cholesteryl esters are selectively transferred from HDL parti-
cles into the cell without the uptake and degradation of the li-
poprotein particle. The HDL-cholesteryl ester selective up-
take pathway is known to occur in human, rabbit, and rodent
hepatocytes (9-15) where it may contribute to the clearance of
plasma cholesteryl ester. The HDL selective uptake pathway
occurs most prominently in steroidogenic cells of mice and rats
in which it accounts for 90% or more of the cholesterol des-
tined for steroid production or cholesteryl ester accumulation,
particularly in the adrenal gland. Early studies by Gwynne et
al. (16), Andersen and Dietschy (17), and Kovanen et al. (18)
showed that adrenal glands of rats and mice could use both
LDL and HDL as a source of lipoprotein cholesterol, but
HDL was significantly more effective in supplying cholesterol
for cholesteryl ester accumulation and corticosterone produc-
tion. Gwynne and Hess (19) further demonstrated that the
HDL-mediated increase in corticosterone production in rat
adrenocortical cells greatly exceeded what could be accounted
for by HDL particle uptake. Subsequent studies in cell culture
and in vivo have shown directly that the majority of HDL-cho-
lesteryl ester uptake by adrenal cells occurs without particle
uptake (10-12, 14). These data are the basis for the hypothesis
that the HDL selective uptake pathway is the primary pathway
by which steroidogenic cells acquire cholesterol.

Despite a variety of attempts to understand the mechanism
of the HDL selective uptake process, there has been little suc-
cess in defining the protein participants on the cell surface or
on the lipoprotein particle. In this study we have used apo
A-I-, apo A-II-, and apo E—deficient mice created by gene tar-
geting in embryonic stem cells to test the importance of the
three major HDL proteins in determining cholesteryl ester ac-
cumulation in steroidogenic cells of the adrenal gland, ovary,
and testis. apo E and apo A-II deficiencies were found to have
only modest effects on cholesteryl ester accumulation. In con-
trast, apo A-I deficiency caused an almost complete failure to
accumulate cholesteryl ester in steroidogenic cells. The lack of
apo A-I has a major impact on adrenal gland physiology caus-
ing diminished basal corticosteroid production, a blunted ste-
roidogenic response to stress, and increased expression of



compensatory pathways to provide cholesterol substrate for
steroid production.

Methods

Animals. apo A-I-deficient (20) and apo A-Il-deficient (21) mice
were created by gene targeting in embryonic stem cells as described.
Detailed characterization of the apo A-I- and apo A-II-deficient
mice will be presented elsewhere (Plump, A.S., T. Hayek, A. Walsh,
and J.L. Breslow, manuscript submitted for publication and Weng,
W., T. Hayek, and J.L. Breslow, manuscript in preparation). apo E-defi-
cient mice were from the Rockefeller University colony (22). Con-
trol, apo A-I-deficient, apo A-II-deficient, and apo E—deficient mice
were on an outbred 129 X C57Bl/6 hybrid genetic background. The
compound apo A-I- and apo E-deficient mice were the second and
third generation progeny from a homozygous apo E—deficient and
homozygous apo A-I-deficient parental cross. apo E-deficient mice
were screened by PCR. apo A-I-deficient mice were screened by ge-
nomic Southern blot and/or Ouchterlony immunodiffusion using a
polyclonal chicken anti-mouse antibody supplied by Neal Azrolan
(The Rockefeller University).

Experimental treatments. Mice received standard mouse chow
and water ad libitum and were maintained on 12 h light/12 h dark cy-
cle. Experiments were initiated 2 h into the light period. For the swim
stress test (23), each mouse was bled from the retroorbital plexus into
EDTA-coated tubes immediately before and after the test which con-
sisted of a 3-min swim at 5°C followed by a 17-min rest at room tem-
perature. For the ACTH test, mice were untreated or received an in-
traperitoneal injection of either 0.2 ml saline or 0.2 ml saline
containing 100 mU ACTH (24) (Acthar, Rorer Pharmaceuticals, Fort
Washington, PA). Males and one group of females received one
ACTH injection, and one group of females received three sequential
ACTH injections at hourly intervals. Mice were killed 40 min after
the last injection by cervical dislocation and bled from the thoracic
cavity. For the dexamethasone suppression test, mice received four
subcutaneous injections of 0.1 ml saline or 0.1 ml saline containing 40
ng dexamethasone phosphate (Elkins-Sinn, Inc., Cherry Hill, NJ) at
12-h intervals. Mice were killed 12 h after the last injection.

Tissue preparation and microscopy. For light microscopy, mice
were perfused through the left ventricle with PBS followed by 4%
formaldehyde in PBS. After overnight fixation in 4% formaldehyde
in PBS, adrenal glands and ovaries were infiltrated with three
changes of 30% sucrose in PBS and quick frozen in Tissue-Tec OCT
(Miles, Elkhart, IN). 4-6-pm-thick cryostat sections were placed on
poly-L-lysine (Sigma Chemical Co., St. Louis, MO)-coated slides,
stained with oil red O, and lightly counterstained with hematoxylin
(25). Sections were examined with a Zeiss Universal microscope
equipped with an Optronics VI 470 color camera. Images were pro-
cessed with Image I software and printed with a Tektronix Phaser 11
SDX color printer.

For electron microscopy, three wild-type and apo A-I-deficient
mice were perfused at constant pressure (110 mmHg) through the left
ventricle first with 0.5 ml 0.1 M sodium cacodylate, pH 7.4, followed
by 25 ml freshly prepared 2% glutaraldehyde, 1% paraformaldehyde
in 0.1 M sodium cacodylate, pH 7.4. To facilitate orientation during
sectioning, a 1-mm disk from the center of the gland was cut into a pie
shaped wedge with the point in the medulla. Adrenal wedges were
postfixed with reduced osmium (1% aqueous osmium tetroxide,
1.5% potassium ferrocyanide) followed by block stain with 2% aque-
ous uranyl acetate. Samples were dehydrated through acetone and
embedded in Epon. Two blocks from each animal were cut at 70 nm
on an RMC 6000 ultramicrotome, mounted on 300-mesh copper
grids, stained with lead citrate, and viewed with a JOEL 1200EX ana-
lytical microscope operating at 80 kV. After locating the center of the
zona fasciculata at low power, photographs of microvillar channels
were made at X50,000 and enlarged two times. Microvillar channel
width was determined as the distance between the outer membrane
leaflets of juxtaposed microvilli forming the channel, using a 6X

loupe with graticle. Measurements were made on multiple sections
from each block for each animal. 160 measurements were made on
wild-type mice and 128 on apo A-I-deficient mice.

To determine whether the total microvillar surface area of zona
fasciculata cells was changed in apo A-I-deficient mice, using sections
from each block, the entire perimeter of several sinusoids was photo-
graphed at X20,000 and enlarged two times. The micrographs were
scanned with the HP SCANJET program via Adobe Photoshop, and
membrane length measurements were made along the subendothelial
face of the zona fasciculata cells with NIH IMAGE software. For
each cell the ratio of total microvillar membrane length to the linear
distance along the cell was calculated. Total linear membrane length
measured was 185 pm for wild-type mice and 227 pm for apo A-I-
deficient mice.

Plasma corticosteroids, adrenal gland HMG CoA reductase activ-
ity, LDL receptor, and apo E. Corticosteroids were measured as flu-
orogenic steroids following methylene chloride extraction as de-
scribed by Kowal and Fiedler (26) using corticosterone as standard.
Microsomes were prepared from adrenal glands pooled from 10 ani-
mals as described (27) except that aprotinin (10 pg/ml) was included
in all buffers. Aliquots were assayed for HMG CoA reductase activity
(27) and for LDL receptor and apo E by Western blotting (27, 28) us-
ing rabbit antisera provided by Dr. Janet Boyles for the LDL recep-
tor and by Dr. Karl Weisgraber for apo E (The Gladstone Founda-
tion Laboratories, San Francisco, CA). All assays were performed at
least twice. Results for reductase are expressed as pmol mevalonate
min~! mg protein~!, and for LDL receptor and apo E as units mg
protein~!. Units are derived from densitometry and are relative to
values (set as 1.00) for standard rat liver microsomes (LDL receptor)
or standard rat sera (apo E). Both standards are from pooled samples
from Sprague-Dawley male rats fed a chow diet. Aliquots of the stan-
dard were included in each Western blot.

Plasma and adrenal cholesterol and cholesteryl ester. Animals were
anesthetized with pentobarbital and perfused with 0.15 M NaCl, 0.001 M
EDTA via the left ventricle. Adrenal glands were dissected free of
adipose tissue, rinsed in perfusion buffer, blotted dry, and weighed.
Adrenal glands were cut into small pieces, combined with a predeter-
mined amount of coprostanol as an internal standard, and extracted
overnight in chloroform/methanol (2:1). After washing with water,
the organic phase was dried under N,, dissolved in carbon disulfide,
and separated on 100/120 chromosorb WHP coated with 3% OV-17
(Supelco Inc., Bellefonte, PA) in a gas chromatograph (Perkin Elmer
Corp., Norwalk, CT) in order to quantify free cholesterol. Parallel
samples were saponified and analyzed for total cholesterol; choles-
teryl ester was determined as the difference between total and free
cholesterol. Data are expressed as micrograms of cholesterol per mil-
ligram of tissue weight. Plasma HDL (1.063 grams/ml < p < 1.21
grams/ml) was isolated by ultracentrifugation (29), and samples
pooled from wild-type, apo A-I-, or apo A-II-deficient mice were an-
alyzed for total and free cholesterol by gas chromatography as de-
scribed above. HDL samples from individual mice were analyzed for
total cholesterol, and the cholesteryl ester content was calculated us-
ing the mean percent cholesteryl ester content in the pooled samples
(wild-type, 81%; apo A-I-deficient, 51%; apo A-II-deficient, 81%).

Results

Cholesteryl ester accumulation in apo A-I-deficient mice.
Gross examination of adrenal glands from apo A-I-deficient
mice revealed a flesh-colored organ in contrast to the white ap-
pearance of glands from wild-type mice (Fig. 1 A). Hemisec-
tion of wild-type adrenal glands showed the white appearance
in the cortex whereas the medulla was flesh colored. In con-
trast, hemisection of apo A-I-deficient adrenal glands re-
vealed a uniform fleshy appearance with a poorly discernible
margin between cortex and medulla. To determine whether
this difference in gross appearance reflected a difference in
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cholesteryl ester accumulation, cryostat sections were stained
with oil red O, a dye that detects primarily cholesteryl ester
droplets in adrenocortical cells (25, 30-32). A cross section
through a wild-type adrenal gland (Fig. 1 B) shows prominent
oil red O staining in the cortex but none in the medulla. Lipid
droplets are abundant and fill the cytoplasm of cells in the
zona fasciculata and zona reticularis but are much less abun-
dant in zona glomerulosa cells. In contrast, cortical cells of the
apo A-I-deficient gland (Fig. 1 C) are essentially devoid of
lipid staining. The section shown in Fig. 1 C is typical of male
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Figure 1. Oil red O staining of
adrenal glands from wild-type
and apolipoprotein-deficient
mice. (A) Gross morphology of
wild-type (left) and apo A-I-
deficient (right) adrenal glands.
Note white appearance of the
lipid-laden wild-type gland and
the pink flesh color of the lipid-
poor apo A-I-deficient gland.
Ruler divisions are millimeters.
(B-F) Cross sections of adrenal
glands were stained with oil red
O and counterstained with he-
matoxylin. ZG, zona glomeru-
losa; ZF, zona fasciculata; ZR,
zona reticularis; M, medulla;
scale bars are 250 pm. (B) Wild-
type; (C) apo A-I-deficient;
(D) apo A-II-deficient; (E) apo
E-deficient; (F) double homozy-
gous apo A-I- and apo E—defi-
cient.

apo A-I-deficient mice. A small amount of oil red O staining
was seen in the outermost region of the zona fasciculata in
some female apo A-I-deficient glands, but most of the cortex
was as devoid of oil red O staining as in the male. Electron mi-
croscopic examination of typical zona fasciculata cells con-
firmed an abundance of lipid droplets in wild-type glands (Fig.
2 A) and the near absence of adrenocortical lipid droplets in
the apo A-I-deficient mouse (Fig. 2 B).

The extent of cholesteryl ester depletion in apo A-I-defi-
cient mice was determined by gas chromatographic analysis of



Figure 2. Electron micrographs of zona fasciculata cells from wild-type and apo A-I-deficient mice. (A) Micrograph of wild-type zona fascicu-
lata cells showing abundant cytoplasmic lipid droplets. (B) Zona fasciculata cells from apo A-I-deficient mouse showing absence of lipid drop-

lets. S, sinusoid. Scale bars are 1 pm.

adrenal lipid extracts. When normalized to tissue wet weight,
the free cholesterol content was similar between wild-type and
apo A-I-deficient mice (data not shown); however, there were
dramatic differences in cholesteryl ester content (Fig. 3 A).
The cholesteryl ester content of apo A-I-deficient adrenal
glands was reduced by 28-fold in males and 25-fold in females.
Thus, in the absence of plasma apo A-I adrenocortical cells do
not accumulate significant amounts of cholesteryl ester.

To determine whether this deficiency in cholesteryl ester
accumulation extended to other steroidogenic cells, the choles-
teryl ester contents of ovaries and testes were also measured.
As shown in Fig. 3 B, the cholesteryl ester content of mature
cycling ovaries was reduced sixfold in apo A-I-deficient mice.
To determine which ovarian cell types were depleted of cho-
lesteryl ester in apo A-I-deficient mice, cryosections of perfu-
sion fixed ovaries were stained with oil red O. In the wild-type
ovary (Fig. 4, A, C, and E), corpora lutea, interstitial cells, and
theca cells contain abundant lipid droplets while granulosa
cells are unstained. In the apo A-I-deficient ovary (Fig. 4, B,
D, and F), corpora lutea show little or no stain (Fig. 4, A versus
B; E versus F), theca cells are devoid of stain, and interstitial
cells show greatly reduced stain (Fig. 4, C versus D). In the tes-
tis, Leydig cells are such a small fraction of the cells that mea-
surements of testis cholesteryl ester showed no difference be-
tween wild-type and apo A-I-deficient mice (Fig. 3 B).
However, oil red O staining showed that the lipid droplets nor-
mally seen only in Leydig cells in wild-type animals (Fig. 5, A
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and B) were reduced or absent in apo A-I-deficient mice (Fig.
5, C and D). These data indicate that the absence of plasma
apo A-I leads to a dramatic reduction in cholesteryl ester accu-
mulation in cells of the adrenal gland, ovary, and testis that
carry out de novo steroid synthesis from cholesterol.

The lack of cholesteryl ester accumulation in adrenocorti-
cal cells of apo A-I-deficient mice could reflect an inherent de-
fect in their ability to store cholesteryl esters or could reflect a
role of apo A-I in the process by which these cells acquire lipo-
protein cholesterol. The ability of adrenocortical cells to store
cholesteryl esters was assessed by administering exogenous
glucocorticoid (dexamethasone) to suppress adrenal cortico-
steroid synthesis via feedback inhibition at the hypothalamic-
pituitary axis. By suppressing corticosteroid synthesis, we
asked whether adrenals from apo A-I-deficient mice could
shunt precursor cholesterol into cholesteryl ester stores. As
shown in Table I, after 48 h of dexamethasone treatment,
plasma corticosteroids were reduced by four- to fivefold in
males and almost twofold in females as compared with saline-
injected controls, indicating suppression of the hypothalamic-
pituitary-adrenal axis. Adrenal free cholesterol content was
largely unchanged by dexamethasone treatment, but choles-
teryl ester content was increased 10-fold in apo A-I-deficient
males and 3.5-fold in females. After dexamethasone treat-
ment, the cholesteryl ester content of apo A-I-deficient male
adrenal glands was 41% of the value for the saline-injected
wild-type males and 22% of the value of the dexamethasone-
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Figure 3. Cholesteryl ester content of adrenal gland, ovary, and tes-
tis. (A) Adrenal gland cholesteryl ester content (pg/mg wet weight) in
wild-type (WT), apo A-I-deficient (A1), and apo A-II-deficient
(AII°) mice. Error bar = SD. (B) Cholesteryl ester content of ovary
(left ordinate) and testis (right ordinate). Other designations as in A.

injected wild-type males. These results indicate that adreno-
cortical cells of apo A-I-deficient mice are able to store significant
quantities of cholesteryl ester when the demand for steroid
production is reduced.

The deficiency in cholesteryl ester accumulation in ste-
roidogenic cells of apo A-I-deficient mice could reflect a direct
role of apo A-I in the acquisition of lipoprotein cholesterol or
could indirectly reflect the reduced levels of HDL in these ani-
mals. To examine this point, we determined cholesteryl ester
accumulation in steroidogenic cells of the apo A-II-deficient
mouse that also has reduced plasma HDL. As shown in Fig. 6,
the apo A-I-deficient mouse has 30% the level of HDL-cho-
lesterol and 20% the level of HDL-cholesteryl ester as the
wild-type mouse. As compared with the apo A-I-deficient
mouse, the apo A-II-deficient mouse has even lower HDL-
cholesterol and an equivalent level of HDL-cholesteryl ester.
Examination of the adrenal gland of the apo A-II-deficient
mouse (Fig. 1 D) showed little difference in oil red O staining
as compared with wild-type cells (Fig. 1 B) and dramatically
more staining compared with apo A-I-deficient adrenocortical
cells (Fig. 1 C). This result is also reflected in cholesteryl ester
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measurements (Fig. 3 A) which showed the adrenal glands of
male and female apo A-II-deficient mice to have 60 and 80%,
respectively, of the wild-type content of cholesteryl ester. A
similar result was seen in the Leydig cells of the testis which
showed wild-type levels of oil red O staining in apo A-II-defi-
cient mice (Fig. 5, E and F versus A and B) as compared with
the diminished staining in the apo A-I-deficient mice (Fig. 5,C
and D). Cells of the corpora luteum of apo A-II-deficient mice
also showed normal oil red O staining (Fig. 5, G versus H), and
cholesterol measurements showed the ovary of the apo A-II-
deficient mouse to have 75% of the wild-type level of choles-
teryl ester (Fig. 3 B). These data indicate that despite having
similarly reduced plasma HDL-cholesterol and -cholesteryl es-
ter as the apo A-I-deficient mouse, the apo A-II-deficient
mouse has near normal cholesteryl ester levels in the ste-
roidogenic cells of the adrenal gland, ovary, and testis. These
results indicate that the severe reduction in cholesteryl ester
accumulation in steroidogenic cells of the apo A-I-deficient
mouse is specific to the absence of apo A-I and not simply due
to the reduction in HDL levels.

Adrenocortical cells are believed to obtain HDL-choles-
teryl ester via the selective uptake pathway in which free and
esterified cholesterol are transferred from HDL particles into
the cell without uptake and degradation of the particle. This
process is believed to occur in specialized HDLfilled microvil-
lar channels that are formed by juxtaposition of adjacent mi-
crovilli (33). Microvillar channels are abundant in the suben-
dothelial space immediately adjacent to the sinusoid. To
determine whether the microvillar compartment was altered in
apo A-I-deficient mice, adrenal glands were perfusion fixed in
situ and examined by transmission electron microscopy. Fig. 7
A is a micrograph of a typical microvillar channel filled with
presumptive HDL particles (arrowheads) on a zona fasciculata
cell from a wild-type animal. In contrast, microvillar channels
from apo A-I-deficient animals (Fig. 7, B-D) appear to lack
HDL particles. In addition, the width of the microvillar chan-
nel as measured by the distance between opposing membranes
is reduced from 15 nm in the control animal to 7.8 nm in the
apo A-I-deficient mouse (Table II). Previous studies by
Reaven and colleagues (33) in rat adrenal gland showed that
microvillar channels washed free of HDL particles have a
width of 7.9 nm whereas microvillar channels filled with HDL
have a width of 15.2 nm. The 7.8-nm channel width observed in
the apo A-I-deficient mouse further suggests that these chan-
nels are devoid of HDL particles. Thus, despite only a 3.1-fold
reduction in plasma HDL-cholesterol concentration, the adre-
nal microvillar compartment of the apo A-I-deficient animal
appears to be essentially devoid of HDL particles.

We also estimated the size of the potential microvillar com-
partment by measuring the ratio of total microvillar membrane
surface length to the linear distance along the subendothelial
face of the zona fasciculata parenchymal cell. Measurements
from three animals of each genotype showed no significant dif-
ference in this ratio (control 2.70£0.16; apo A-I-deficient
2.85+0.34), suggesting that the microvillar compartment has
not been increased in the apo A-I-deficient animal.

Cholesteryl ester accumulation in apo E-deficient mice. apo
E is made at high levels by adrenal cells (32, 34, 35) and is
found prominently on the cell surface of zona fasciculata cells
(36). Studies with HepG2 cells using monoclonal antibodies to
apo E suggest that cell surface apo E may facilitate selective
uptake of HDL-cholesteryl esters (37). To determine whether



apo E is essential for cholesteryl ester accumulation in adreno-
cortical cells, oil red O staining was carried out on adrenal sec-
tions from apo E-deficient mice. As shown in Fig. 1 E, the
zona fasciculata and zona reticularis of apo E—deficient mice
are comparable in staining intensity to the corresponding cells
from wild-type mice (Fig. 1 A). Cholesteryl ester measure-
ments showed no more than 25% difference in cholesteryl es-
ter content between wild-type and apo E-deficient mice (data
not shown) indicating that apo E is not essential for cholesteryl
ester accumulation in adrenal cells. apo E—-deficient mice have
high levels (400-600 mg/dl) of non-HDL-cholesterol of which

Figure 4. Oil red O staining of
wild-type and apo A-I-deficient
ovaries. Sections of ovaries from a
mature cycling wild-type mouse
(A, C, E) and an apo A-I-deficient
mouse (B, D, F) were stained with
oil red O and counterstained with
hematoxylin. (A and B) Luteal
(CL) and interstitial cells (/C) of
wild-type ovary are heavily stained
indicating abundant cholesteryl es-
ter accumulation whereas corre-
sponding cells of apo A-I-deficient
ovary are weakly stained; F, folli-
cle; scale bar, 250 pm. (C and D)
Interstitial and theca (7) cells of
wild-type ovary are packed with
lipid droplets. Corresponding cells
of apo A-I-deficient ovary show
either no or few lipid droplets. G,
granulosa cells; scale bar, 50 wm.
(E and F) Higher magnification of
corpus luteum shows cells packed
with cholesteryl ester droplets in
wild-type ovary (E) and virtually
devoid of droplets in apo A-I-defi-
cient ovary (F). Scale bar, 10 pm.

50-100 mg/dl is present in the LDL size range that is expected
to have access to the microvillar channels of adrenal cells (33).
To determine whether such particles can donate cholesterol
for cholesteryl ester accumulation, apo A-I-deficient and apo
E—deficient mice were crossed, and animals lacking both apo
A-I and apo E were analyzed. Despite plasma cholesterol val-
ues close to 300 mg/dl and HDL levels of 10-15 mg/dl (data
not shown), oil red O staining showed the zona fasciculata and
zona reticularis cells (Fig. 1 F) to be as lacking in cholesteryl
ester droplets as the corresponding cells in apo A-I-deficient
mice (Fig. 1 C). Thus, cholesterol-enriched remnant particles
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Figure 5. Oil red O staining of Leydig cells and luteal cells. (A—F) Cross sections of testis from wild-type (A and B), apo A-I-deficient (C and
D), and apo A-II-deficient (E and F) mice were stained with oil red O and counterstained with hematoxylin. Note the heavy staining of the tri-
angular clusters of Leydig cells in the wild-type and apo A-II-deficient mice in contrast to the greatly reduced staining in the apo A-I-deficient
mouse. Scale bars, 10 um. (G and H) Corpus luteum of wild-type (G) and apo A-II-deficient () mouse show similar oil red O staining. Scale

bars, 50 pm.

Table I. Adrenal Cholesteryl Ester Accumulation after
Dexamethasone Suppression

Wild-type apo A-I-deficient
Male Female Male Female

Free cholesterol

(g/mg tissue weight)

Saline 24+03 51*05 23*0.1 33*04

DEX 23+0.2 4.1x03 28*+0.1 4.5=*0.1
Cholesteryl ester

(g/mg tissue weight)

Saline 144+14 429+94 0.6x0.1 2.2x*0.9

DEX 26.5+2.2% 36.5+5.6 5.9+02% 7.6x0.9*
Plasma corticosteroids

(ng/ml)

Saline 104%3 265+97 828 14020

DEX 24=1*  151+46f 17+£3% 79+23%

Groups of male (n = 5) or female (n = 4) mice received saline or dexa-
methasone (DEX) treatments as described in Methods after which free
cholesterol, cholesteryl ester, and serum corticosteroid measurements
were made. *P < 0.0001 compared with the respective saline group; *P =
0.078 compared with the respective saline group; ¥ P = 0.007 compared
with the respective saline group.
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that accumulate in the apo E—deficient state cannot compen-
sate for the absence of apo A-I through either the selective up-
take pathway or the LDL receptor pathway. Therefore, the
near normal level of adrenal cholesteryl ester in the apo E—defi-
cient mouse is a reflection of the presence of apo A-I and not
of remnant accumulation in the absence of apo E.

Adrenal function in apo A-I-deficient mice. To determine
if steroidogenic capacity of apo A-I-deficient mice was com-
promised, plasma corticosteroids were measured in the basal
state and in response to stress (Table IIT). Basal corticosteroid
concentrations were reduced by 40% in male apo A-I-defi-
cient mice but were not changed in females. An acute stress re-
sponse to a cold water swim test showed that both male and
female apo A-I-deficient mice achieve lower plasma cortico-
steroids than wild-type mice in response to stress (Table III).
To test whether this difference lies at the level of the adrenal
gland, mice were challenged with a pharmacological dose of
ACTH. Male apo A-I-deficient mice showed a blunted re-
sponse to ACTH with a plasma corticosteroid concentration
60% of the control value. In contrast, female apo A-I-defi-
cient mice showed no difference in plasma corticosteroids with
a single ACTH treatment, but a blunted response at 58% of
the control value was seen with three successive ACTH treat-
ments. The results of basal corticosteroid measurements, the
swim stress test, and the ACTH challenge indicate a reduction
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Figure 6. Plasma HDL-cholesterol and HDL-cholesteryl ester. Total
cholesterol was measured in HDL isolated from wild-type (WT), apo
A-I-deficient (A1’), and apo A-II-deficient (AII’) mice as described
in Methods. Adjacent bars show the calculated HDL-cholesteryl es-
ter (CE) determined as the difference between HDL-total and HDL-
free cholesterol. Error bars = SD.

in corticosteroid production capacity in apo A-I-deficient mice
with male animals more impaired than females.

Despite the absence of cholesteryl ester stores, apo A-I-
deficient mice exhibit a reduced corticosteroid response sug-
gesting the use of compensatory pathways to provide choles-
terol substrate for steroid production. In addition to obtaining
cholesterol from the HDL selective uptake pathway and from

Adrenal Cholesterol Metabolism in Apolipoprotein A-I-deficient Mice

endogenous cholesteryl ester stores, adrenocortical cells can
synthesize cholesterol and acquire lipoprotein cholesterol via
the LDL receptor pathway. To estimate the level of endog-
enous cholesterol synthesis, the activity of the rate limiting en-
zyme in the cholesterol biosynthetic pathway, 3-hydroxy-
3-methylglutaryl coenzyme A (HMG CoA) reductase, was
measured. In two experiments (Table IV), adrenal HMG CoA
reductase activity was increased by > 67-fold and > 103-fold in
male and by 5.6- and 5.8-fold in female apo A-I-deficient mice
suggesting that cholesterol synthesis is elevated in adrenal
glands of apo A-I-deficient mice. LDL receptor levels as mea-
sured by Western blot analysis were increased 2.4- and 2.2-fold
in apo A-I-deficient males and 1.1- and 1.5-fold in apo A-I-
deficient females (Table IV). Because apo E is made by
adrenocortical cells and is also a ligand for the LDL receptor,
apo E was measured by Western blot analysis in the same ex-
tracts used for LDL receptor measurements. As compared
with sex-matched controls, adrenal apo E levels were in-
creased in apo A-I-deficient mice by 4.7- and 2.4-fold in males
and by 2.1- and 1.9-fold in females (Table IV). These results
suggest that the LDL receptor pathway is increased in apo
A-I-deficient mice. Thus, adrenocortical cells compensate for
the loss of apo A-I by upregulating alternate pathways to ob-
tain cholesterol.

Discussion

The results of this study provide genetic evidence that apo A-I
is required for normal cholesteryl ester accumulation in ste-
roidogenic cells of the adrenal gland, ovary, and testis. Since

Figure 7. Microvillar channels
of wild-type and apo A-I-defi-
cient adrenal glands. (A) Mi-
crovillar channels (MVC)
formed by juxtaposed microvilli
(MV) of zona fasciculata cells in
the subendothelial space of
wild-type (A) and apo A-I-defi-
cient adrenal glands (B-D) are
shown. Arrowheads in A indi-
cate presumptive HDL parti-
cles present in microvillar chan-
nels from wild-type mice but not
apo A-I-deficient mice. Scale
bar, 25 nm.
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Table I1. Width of Microvillar Channels

Sample Mean*SD
nm
Wild-type 15.0x2.2
apo A-I-deficient 7.8+£1.8*

Microvillar channel measurements (wild-type, n = 160; apo A-I-defi-
cient, n = 128) were made as described in Methods. *P < 0.0001 as
compared with wild-type.

these cells obtain most of their lipoprotein cholesterol via the
HDL-cholesteryl ester selective uptake pathway, these results
suggest that apo A-I is critical for selective uptake and/or
channeling of HDL-cholesteryl ester to lipid droplets. The role
of apo A-I in this process clearly goes beyond its ability to de-
termine HDL levels since apo A-II-deficient mice have simi-
larly reduced HDL levels but only a modest decrease in cho-
lesteryl ester accumulation in steroidogenic cells. In addition,
adrenal cholesteryl ester is reduced by 28- and 25-fold, respec-
tively, in male and female apo A-I-deficient mice whereas
HDL-cholesterol is reduced only 3.1-fold and HDL-choles-
teryl ester 5-fold. These data point to a specific role for apo
A-Iin the HDL-cholesteryl ester selective uptake pathway.
Although the role of apo A-I in the HDL-cholesteryl ester
selective uptake pathway is unknown, three possibilities may
be suggested. In the first, apo A-I is the HDL ligand responsi-
ble for binding to a cell surface receptor directly responsible
for the selective uptake of HDL-cholesteryl ester. Previous
studies with cultured rat adrenal cells (38) and murine Y1 ad-
renal cells (39) indicate an apolipoprotein requirement for se-
lective uptake of HDL-cholesteryl ester with a preference for
apo A-I-containing as compared with apo E- or apo C—con-
taining HDL particles (38, 39). In addition, Gwynne and Ma-
haffee (40) demonstrated both high and low affinity compo-
nents to cholesteryl ester uptake by adrenocortical cells, a
result consistent with multiple modes of cell surface binding
for HDL particles. Although a specific link between an HDL
binding site and the selective uptake process has yet to be
demonstrated in steroidogenic cells, a recent report identified
the scavenger receptor SR-B1 as a potential candidate for a se-

Table I11. Basal and Stress-induced Plasma Corticosteroids

lective uptake receptor (41). In the second, apo A-I may bind
to a cell surface component that serves to concentrate HDL at
the plasma membrane to permit an independent cholesteryl
ester transfer process to occur. This would be analogous to the
proteoglycan-mediated localization of triglyceride-rich lipo-
proteins on the endothelial cell to facilitate lipolysis. The find-
ing that apo A-I-deficient mice lack HDL particles within the
adrenocortical microvillar channels, the compartment in which
selective uptake is believed to occur (33), is consistent with
apo A-I acting either as a ligand for a receptor or as a means to
localize HDL particles to the cell surface.

A third possibility is that apo A-I is responsible for quali-
ties of the HDL particle that are necessary for the selective up-
take of cholesteryl ester. Such qualities could include the sur-
face properties of the particle, the presence or absence of
inhibitory apolipoproteins, or the types of cholesteryl esters in
the HDL core. Parks et al. (42), for example, have shown that
plasma cholesteryl esters in apo A-I-deficient mice are rela-
tively more enriched in saturated fatty acids as compared with
the usual enrichment in polyunsaturated fatty acids, reflecting
the reduction in lecithin/cholesterol acyltransferase activity in
the absence of apo A-I. Using cultured adrenal cells Green
and Pittman (43) have shown a greater uptake of cholesteryl
ester from HDL particles containing esters enriched in polyun-
saturated acyl chains. From the magnitude of these differences
(42, 43), however, it is unlikely that the altered acyl chain com-
position of HDL could make more than a modest difference in
adrenal cholesteryl ester accumulation in apo A-I-deficient
mice. Nevertheless, the influence of such changes in HDL
composition has yet to be evaluated in vivo.

The apo A-I-deficient mouse shows a modest impairment in
corticosteroid production which is more pronounced in males
than females. In males, both basal and stress-induced corticoste-
roid concentrations were lower in apo A-I-deficient mice,
whereas in females reduced plasma corticosteroids were seen only
in response to stress. These differences do not appear to have a
major physiological impact on the survival of these animals un-
der normal laboratory conditions. However, it remains to be
tested whether apo A-I-deficient mice can survive prolonged
stress or have other metabolic imbalances due to impaired ad-
renal function and reduced HDL levels. HDL, for example, is
believed to protect against bacterial endotoxin-induced shock
(44), an effect that in the context of diminished corticosteroid
production might be exaggerated in apo A-I-deficient mice.

Wild-type apo A-I-deficient
Male Female Male Female

Basal 93+37 (n = 16) 194%75 (n = 9) 58+18 (n = 15)* 216£79 (n = 8)
Swim stress test 194x23 (n =17) 895109 (n =5) 147230 (n = 6)* 504=93 (n = 5)¢
ACTH test

Saline 1x 88+22 (n = 5) 30661 (n = 4) 65+9 (n = 5)! 198+61 (n = 4)1

ACTH 1x 195+38 (n = 5) 285+82 (n = 4) 126+22 (n = 5)* 233+57 (n = 4)

Saline 3x ND#* 317+104 (n = 4) ND 218+57 (n = 4)

ACTH 3% ND 36191 (n = 4) ND 21161 (n = 4)!

Plasma corticosteroids (ng/ml) were measured in the basal state and in response to a swim stress test and an ACTH test as described in Methods. *P <
0.0001 compared with respective wild-type; ¥ P < 0.01 compared with respective wild-type; $ P < 0.001 compared with respective wild-type; | P = 0.06
compared with respective wild-type; 1P < 0.05 compared with respective wild-type; **Not determined.
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Table 1V. Adrenal HMG CoA Reductase, LD L Receptor, and
apo E Levels

Wild-type apo A-I-deficient
Male Female Male Female
HMG CoA reductase (pmol mevalonate/min/mg)
Experiment 1 <1 7 67 39
Experiment 2 <1 15 103 87
LDL receptor (units/pg)
Experiment 1 0.33 0.82 0.79 0.94
Experiment 2 0.13 0.91 0.28 1.39
Adrenal apo E (units/u.g)
Experiment 1 0.10 0.28 0.47 0.59
Experiment 2 0.13 0.18 0.31 0.35

Measurements of HMG CoA reductase, LDL receptor, and apo E were
made on adrenal gland microsomes as described in Methods. Each
value is the mean of two or more determinations on microsomes pre-
pared from adrenal glands pooled from 10 animals.

Adrenocortical cells normally have four sources from
which to draw cholesterol for corticosteroid synthesis: the
HDL-selective uptake pathway, endogenous cholesteryl ester
stores, the LDL receptor pathway, and de novo cholesterol
synthesis. Under normal circumstances, adrenal cells of ro-
dents derive most of their steroidogenic cholesterol precursor
from the first two sources (10, 17-19). Despite the near ab-
sence of adrenal cholesteryl ester and the reduced levels of
HDL-cholesterol, apo A-I-deficient mice exhibit an adequate
corticosteroid response. Measurements of HMG CoA reduc-
tase activity suggest that adrenal cholesterol synthesis is mark-
edly elevated to compensate for the reduction in cholesterol
normally supplied by plasma HDL and stored cholesteryl es-
ter. Similarly, increased levels of the LDL receptor and apo E
in adrenal glands of apo A-I-deficient mice suggest that the
LDL receptor pathway also is upregulated as a compensatory
mechanism, although this increase is relatively modest. Thus,
adrenocortical cells compensate for the chronic reduction of
their major cholesterol sources by upregulating pathways that
are normally of minor importance. The compensatory re-
sponse to apo A-I deficiency to greatly increase HMG CoA re-
ductase activity is similar to that seen in response to the acute
reduction of plasma cholesterol induced by 4-aminopyrazol-
opyrimidine, a drug that blocks hepatic lipoprotein secretion
(17, 45). In contrast, the increase in the LDL receptor concen-
tration appears more modest in the apo A-I-deficient mouse
than occurs in response to 4-aminopyrazolopyrimidine (18, 46).

The relative importance of the different lipoprotein choles-
terol sources for adrenal steroidogenesis may vary among spe-
cies. Studies with the Watanabe rabbit which lacks functional
LDL receptors, for example, show normal basal corticoste-
roids, a mildly impaired corticosterone response to ACTH, re-
duced cytosolic lipid droplets, and increased levels of HMG
CoA reductase activity (47). These results suggest adequate
compensation in the absence of the LDL receptor pathway.
Bovine and ovine adrenal cells in culture can use HDL and
LDL to support steroid production (48, 49) although data to
assess the importance of each pathway in vivo are lacking.
Similarly, in humans, some studies have shown that HDL-cho-
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lesterol can support steroid production by adrenal adenoma
and fetal cells in culture although LDL is generally found to be
more effective (50-52). Because transformed and fetal cell cul-
tures may not be representative of in vivo function for many
reasons, including the fact that LDL receptor expression is
very sensitive to cell culture conditions (53), it is difficult to ex-
trapolate cell culture results to humans. Patients homozygous
for familial hypercholesterolemia show normal basal cortico-
steroids and no or only a modest reduction in response to
ACTH (54-56) suggesting little effect of removing the LDL
receptor pathway. In addition, Lovastatin treatment has no ef-
fect on adrenal responsiveness in familial hypercholester-
olemic patients (54, 55) indicating that either Lovastatin does
not effectively inhibit adrenal gland HMG CoA reductase or
that uptake of HDL-cholesteryl ester provides adrenal choles-
terol in humans. In addition, abetalipoproteinemic individuals
lacking LDL have normal basal cortisol levels and an ACTH
response that is 60% of normal (57, 58). These data also argue
that the LDL receptor pathway is not the predominant source
of adrenal gland cholesterol in vivo. These results are clearly
consistent with a major role for apo A-I and the HDL-choles-
teryl ester selective uptake pathway in the human adrenal
gland. Studies to evaluate adrenal function in the few kindreds
of apo A-I-deficient patients have not been reported. Also
lacking are data on adrenal cholesteryl ester accumulation in
human subjects lacking either apo A-I or LDL receptors. Con-
sequently, the importance of the HDL-selective uptake path-
way in human adrenocortical cholesterol metabolism has yet
to be tested.

In contrast to the effect of apo A-I deficiency, adrenal cho-
lesteryl ester accumulation is near normal in apo A-II- and
apo E-deficient mice. apo E is made at high rates by adreno-
cortical cells (32, 34, 35, 59) and is found prominently on the
plasma membrane of zona fasciculata cells in the rat (36).
These findings may indicate that apo E facilitates lipoprotein-
cholesterol uptake by adrenal cells by either the LDL receptor
pathway or the HDL selective uptake mechanism. If this is the
case, the present results suggest that apo E has an accessory
rather than a primary role in these processes. Alternatively,
apo E may primarily influence the intracellular disposition of
cholesterol as seen in murine Y1 adrenal cells expressing hu-
man apo E (60). Interestingly, mice deficient in both apo A-I
and apo E fail to accumulate cholesteryl ester in the zona retic-
ularis and zona fasciculata suggesting that cholesteryl ester—
enriched remnants cannot compensate for the absence of apo
A-I through either the selective uptake pathway or the LDL
receptor pathway.

Multiple regulated pathways exist to provide cholesterol to
steroidogenic cells. The current studies identify apo A-I as a
primary determinant of cholesteryl ester accumulation in ste-
roidogenic cells as well as of adrenal gland physiology. Addi-
tional studies with animals deficient in one or more apolipo-
proteins as well as transgenic animals expressing specific
apolipoproteins should advance our knowledge of how ste-
roidogenic cells acquire lipoprotein cholesterol through the
HDL-cholesteryl ester uptake pathway and how these cells
regulate cholesterol metabolism in vivo.
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