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Inhibitors of acyl CoA:cholesterol acyltransferase (ACAT) have attracted considerable interest as a
potential treatment for atherosclerosis. Currently available inhibitors probably act nonselectively
against the two known ACATs. One of these enzymes, ACAT1, is highly expressed in macrophages in
atherosclerotic lesions, where it contributes to foam-cell formation. In this study, we examined the
effects of selective ACAT1 deficiency in two mouse models of atherosclerosis. In the setting of severe
hypercholesterolemia caused by deficiency in apoE or the LDL receptor (LDLR), total ACAT1 defi-
ciency led to marked alterations in cholesterol homeostasis and extensive deposition of unesterified
cholesterol in the skin and brain. Bone marrow transplantation experiments demonstrated that
ACAT1 deficiency in macrophages was sufficient to cause dermal xanthomas in hyperlipidemic
LDLR-deficient mice. ACAT1 deficiency did not prevent the development of atherosclerotic lesions
in either apoE-deficient or LDLR-deficient mice, despite causing relatively lower serum cholesterol
levels. However, the lesions in ACAT1-deficient mice were atypical in composition, with reduced
amounts of neutral lipids and a paucity of macrophages in advanced lesions. Although the latter find-
ings may be associated with increased lesion stability, the marked alterations in cholesterol home-
ostasis indicate that selectively inhibiting ACAT1 in the setting of severe hyperlipidemia may have

detrimental consequences.

J. Clin. Invest. 105:711-719 (2000).

Introduction
Intracellular cholesterol esterification, catalyzed by the
microsomal enzyme acyl CoA:cholesterol acyltransferase
(ACAT) (1-3), has long been suspected of playing an
important role in atherosclerosis development. ACAT
synthesizes cholesterol esters that are incorporated into
lipoproteins and secreted from the intestine and liver,
and thus ACAT activity may modulate plasma choles-
terol levels, an important risk factor for atherosclerosis.
More directly, ACAT catalyzes the synthesis of choles-
terol esters that accumulate in macrophages (4), thereby
promoting macrophage foam-cell formation in the arte-
rial wall, a hallmark of early atherosclerotic lesions.
Because of the potential role of ACAT in atheroscle-
rosis, numerous ACAT inhibitors have been developed
as possible therapeutic drugs (5-8). In many studies in
animals, these agents both exerted hypolipidemic
effects and reduced atherosclerosis (9-11). In some
studies in cholesterol-fed rabbits, however, ACAT
inhibitors reduced atherosclerosis without lowering
plasma cholesterol levels (12, 13). Additionally, in cho-
lesterol-fed hamsters, the inhibitor CI-1011 reduced

lesion development more than expected from the
amount of cholesterol lowering (14). These findings
suggest that ACAT inhibitors reduce atherosclerosis by
directly inhibiting cholesterol esterification in
macrophage foam cells in the arterial wall. However, it
is unknown whether cholesterol ester synthesis in
macrophage foam cells by ACAT is beneficial, by limit-
ing the toxicity of cholesterol-rich lipoproteins in the
subendothelial space, or detrimental, by contributing
to an inflammatory process in atherosclerotic lesions.

Current ACAT inhibitors were developed before the
recent findings that two mammalian ACAT genes exist
(15-18) (the mouse ACAT genes have been designated
Soatl and Soat2). ACAT1 is expressed in many tissues
(15); in mice, the highest expression levels are in
macrophages, adrenal glands, dermal sebaceous glands,
and preputial glands (19). ACAT1 is also expressed in
atherosclerotic lesions (19, 20). ACAT2, however, is
expressed only in the liver and intestine (16-18). By
expressing the two mouse ACAT genes independently
in insect cells, we recently demonstrated that the two
enzymes differ in their sensitivity to specific ACAT
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inhibitors (16), although none of the inhibitors tested
were selective for either ACAT. Nevertheless, these stud-
ies suggest that pharmacological agents potentially
could be designed to inhibit specific ACAT enzymes.

To investigate the potential value of selective ACAT1
inhibition, we have used a mouse model of ACAT1 defi-
ciency (21). ACAT1-deficient (ACAT17/-) mice have
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Figure 1

Severe xanthomatosis in ACAT17/-ApoE~~ mice. (a) Four-month-old
ACAT17/-ApoE”~ mouse fed a chow diet. Note the diffuse hair loss and
excoriations due to pruritic skin lesions. (b-d) H&E-stained sections of
skin from 4-month-old, chow-fed ACAT1*/*ApoE”~ (b, xX40) and
ACAT1/-ApoE~~ (¢, X40; d, X100) mice. Marked thickening of skin was
observed in ACAT1/-ApoE~/~ mice (c), with an intense inflammatory
reaction disrupting the subcutaneous fat layer and muscularis carnosus.
Severe fibrosis was present in the deeper layers of the skin. Higher mag-
nification of the reticular dermis (d) revealed numerous cholesterol
clefts and a pleomorphic inflammatory infiltrate that included multin-
ucleated giant cells, neutrophils, mononuclear cells, and plasma cells.
(e) Skin cholesterol content of 4-month-old, chow-fed mice (n=2 in
each group). (f) H&E-stained section of brain from ACAT1-/-ApoE~/~
mouse fed a Western diet for 3 months. Note the free cholesterol crys-
tal deposits and inflammatory infiltrate near the choroid plexus.

greatly reduced cholesterol ester levels in the adrenal
cortex and in cultured peritoneal macrophages. How-
ever, their hepatic cholesterol esterification activity,
intestinal cholesterol absorption, and plasma choles-
terol levels (in 129/Sv inbred ACAT17/- mice [R.V.
Farese, Jr.,and E. Sande, unpublished observations]) are
normal. Because of their diminished foam-cell forma-
tion in macrophages and their unaltered plasma cho-
lesterol levels, ACAT 1+~ mice are ideally suited for test-
ing the hypothesis that ACAT1 deficiency in arterial
macrophages results in decreased atherosclerosis. In
this study, we tested this hypothesis by crossing
ACAT1 /- mice with two mutant mouse strains that are
susceptible to atherosclerosis: apoE-deficient (ApoE~")
mice and LDL receptor-deficient (LDLR/-) mice.

Methods

Mice. ACAT1-/- mice (21) were crossed with ApoE~/
mice (22) to generate ACAT1/-ApoE~/~ mice and
ACAT1*/*ApoE~/~ controls. The genetic background
was mixed from C57BL/6J and 129/Sv inbred strains
(063% CS7BL/6]). ACAT17/- mice were also crossed
with LDLR/~ mice to generate ACAT1/-LDLR”/~ mice
and ACAT1*/*"LDLR/- controls. The genetic back-
ground for these mice was approximately 99%
C57BL/6]. Genotyping was done by PCR for ACAT1
(21) and LDLR (23) and by Southern blotting for
apoE (22). Mice were housed in a pathogen-free facil-
ity (12-hour dark and light cycles) and had free access
to food and water. Mice were weaned onto diets at 4
weeks of age.

Diets. Excluding the bone marrow transplantation
experiment, three diets were used: rodent chow (Ral-
ston Purina, St. Louis, Missouri, USA), a customized
high-fat Western diet containing 21% (wt/wt) anhy-
drous milk fat and 0.15% (wt/wt) cholesterol (Harlan-
Teklad, Madison, Wisconsin, USA). and a synthetic
atherogenic diet containing 7.5% (wt/wt) cocoa bucter,
1.25% (wt/wt) cholesterol, and 0.5% (wt/wt) sodium
cholate (ICN Biomedicals, Aurora, Ohio, USA).

Serum and tissue lipid analyses. Blood was obtained from
the retroorbital plexus after a 4-hour fast. Colorimetric
assays were used to measure total serum cholesterol
(Spectrum kit; Abbott Diagnostics, Abbott Park, Illi-
nois, USA) and free cholesterol (WAKO Chemicals,
Neuss, Germany). Mouse serum was fractionated by
fast-performance liquid chromatography (FPLC)
through a Pharmacia Superose-6 column (Uppsala,
Sweden), and fractions were assayed for total choles-
terol concentrations. For tissue cholesterol measure-
ments, mice were sacrificed by cervical dislocation and
exsanguinated. Lipids were extracted from tissues, and
their cholesterol ester and free cholesterol contents
were measured by gas chromatography (24).

Histological analyses of tissues and atherosclerotic lesions. Tis-
sues were fixed in neutral buffered formalin, dehydrat-
ed in ethanols, transitioned into xylene, and embedded
in paraffin. Sections (6 Pm) were stained with hema-
toxylin and eosin (H&E). Alternatively, to preserve and
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accentuate neutral lipids, tissues were stained in 2%
osmium tetroxide in 0.1 M phosphate bufter (pH 7.4),
for 4-6 hours after formalin fixation. Tissues were dehy-
drated in a graded ethanol series, transitioned into
propylene oxide, and embedded in epoxy resin (Polybed
812; Polysciences, Warrington, Pennsylvania, USA). Sec-
tions (1 pm) were cut with a glass knife and stained in
warm toluidine blue. Histological analysis was per-
formed in 4-6 mice of each genotype.

For immunostaining, mouse tissues were perfusion-
fixed with 3% paraformaldehyde in PBS (pH 7.4). The
hearts and aortic roots were dissected and fixed by
immersion for 2 hours in the same fixative at 4°C,
embedded in OCT, frozen in liquid nitrogen, and sec-
tioned (10 pm) with a cryostat microtome. Sections were
immunostained with anti-mouse MOMA-2 rat mAb
(BioSource International, Camarillo, California, USA).
The primary antibody was detected by biotinylated
sheep anti-rat IgG secondary antibody (Amersham Phar-
macia Biotech, Piscataway, New Jersey, USA) followed by
horseradish peroxidase-Z-avidin and the chromogen
aminoethyl carbazole (Zymed, South San Francisco, Cal-
ifornia, USA). Hematoxylin was used as a counterstain.
Smooth muscle cells were immunostained with a mouse
mAD that recognizes human smooth muscle actin. This
antibody was conjugated directly to horseradish peroxi-
dase with a molecular stalk (EPOS/HRP; DAKO Corp.,
Carpinteria, California, USA), eliminating the need fora
secondary antibody that could immunoreact with
endogenous mouse IgG. Aminoethyl carbazole was used
as the chromogen, and hematoxylin, as a counterstain.

Bone marrow transplantation experiment. Mice were fed
a chow diet before transplantation. Bone marrow was
collected from donor ACAT1*/*LDLR/- or
ACAT1/-LDLR”/- mice by flushing femurs and tibias
with RPMI 1640 containing 2% FBS and 5 U/mL
heparin (Sigma Chemical Co., St. Louis, Missouri,
USA) (25). Four hours before transplantation, 12 male
15-week-old recipient LDLR/- mice were lethally irra-
diated with 9 Gy from a cesium Y source. Cells were
counted, resuspended in RPMI 1640 (5 x 106 cells in
300 PL), and injected into the tail vein of LDLR/- recip-
ient mice (six mice received ACAT1*/*LDLR~/- marrow,
and six mice received ACAT17/-LDLR"/~ marrow). A
week before and two weeks after transplantation,
neomycin (100 mg/L) and polymyxin B sulfate (10
mg/L) (both from Sigma Chemical Co.) in acidified
water were administered to recipient mice. After trans-
plantation, mice were fed a chow diet (PMI Feeds, Rich-
mond, Indiana, USA) for four weeks, followed by an
atherogenic butterfat diet (ICN Biomedicals) contain-
ing 19.5% fat, 1.25% cholesterol, and 0.5% cholic acid
for ten weeks. Mice were then sacrificed, and 1-inch
squares of abdominal or lesion area skin were excised,
immersion-fixed in 4% paraformaldehyde, embedded
in paraffin, sectioned, and stained with H&E. Alterna-
tively, skin samples were embedded in OCT for cryosec-
tioning and immunohistochemistry. For these experi-
ments, sections were immersed in PBS (pH 7.4), and

blocked with nonimmune goat serum before incuba-
tion for 30 minutes at 37°C with either a rabbit anti-
serum that recognizes the NH,-terminus of mouse
ACAT]1 (19) or a polyclonal rat antibody that detects
the mouse monocyte-macrophage marker MOMA-2
(Accurate Chemical & Scientific, Westbury, New York,
USA). Sections were then incubated for 30 minutes at
37°C with biotinylated polyclonal antibodies that
detect rabbit IgG or rat IgG (PharMingen, San Diego,
California, USA), followed by avidin-biotin complex
labeled with alkaline phosphatase (Vector Laboratories,
Burlingame, California, USA). Reaction products were
viewed with Fast Red TR/Naphthol AS-NX substrate
(Sigma Chemical Co.). Hematoxylin was used as a
counterstain. As a negative control, nonimmune rabbit
or rat serum was used in the place of primary antibody.

Statistical analyses. Serum and tissue cholesterol levels
are shown as mean + SD. Means were compared with
the Mann-Whitney rank-sum test.

Results

Altered cholesterol homeostasis in ACAT/~ApoE~~ mice.
ACAT1/-ApoE~/~ mice initially appeared healthy but
developed severe skin lesions within months when they
were fed a chow diet. By age 2-3 months, their fur
appeared dull and they had pruritus. Several weeks later,
hairloss and excoriations ensued (Figure 1a), which led
to severe lesions necessitating euthanasia of the mice by
age 5-6 months. Histological analysis of the skin
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Figure 2

Relatively reduced serum cholesterol levels in ACAT1-/-ApoE~/~ mice
compared with ACAT1*/*ApoE~~ mice. Serum cholesterol levels in
mice fed a chow diet (a) or a Western diet (b). (c and d) Total cho-
lesterol levels for pooled serum (n =5 in each group) fractionated by
FPLC. AP < 0.001, BP=0.002.
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Figure 3

Severe xanthomatosis in ACAT17/-LDLR”~ mice fed an atherogenic diet
for 2 months. (a) Appearance of ACAT1/-LDLR”- mouse compared
with a ACAT1*/*LDLR" littermate control. The marked skin thicken-
ing gives the ACAT17/-LDLR”/~ mouse an obese appearance. (b-d) In
H&E-stained skin sections, no abnormalities were detected in
ACAT1**LDLR”- controls (b, X40); thickened skin and inflammation
were present in ACAT17/-LDLR”~ mice (c, X40; d, X100). The marked
skin thickening in ACAT1/-LDLR"- mice (c and d) was associated with
dermal edema and a pleomorphic inflammatory infiltrate with cho-
lesterol clefts (d, thin arrows) and multinucleated giant cells (d, open
arrows). (e and f) H&E-stained sections of brain of ACAT1/-LDLR”-
mice demonstrating free cholesterol crystal deposits in the cerebellum
(e, X10) and near the choroid plexus (f, X40).

revealed marked thickening of the dermis (Figure 1, b
and c) with diffuse needle-shaped lucencies indicative
of cholesterol crystals (Figure 1d). The crystals appeared
to be predominantly extracellular and were found in or
below the reticular dermis. The free cholesterol content
of the skin of chow-fed ACAT1/-ApoE~/- mice was 6- to
7-fold higher than in control mice at age four months
(Figure 1e). The papillary dermis appeared normal, as
did the epidermis, except for marked hyperkeratosis at
the surface. The cholesterol deposition was accompa-
nied by a severe, pleomorphic inflammatory cell infil-
trate with features of acute and chronic inflammation,
including large numbers of neutrophils, numerous
multinucleated giant cells with occasional intracellular
cholesterol clefts, and frequent mononuclear cells, lym-
phocytes, and plasma cells (Figure 1d). The deeper lay-
ers of the dermis were characterized by a marked prolif-
eration of fibroblasts, and pentachrome staining
revealed extensive collagen deposition (data not shown).
Skin  abnormalities were not observed in
ACAT1**ApoE~/- or in ACAT1*/-ApoE~~ control mice.
When the ACAT17/-ApoE~~ mice were fed a Western
diet, the skin changes occurred at an earlier age
(detectable by [ weeks) and were more severe. By age
3-4 months, the skin covering the truncal region was
essentially one massive cholesterol xanthoma.

Free cholesterol crystal deposits were also found in
the brains of ACAT17/-ApoE~- mice fed a Western diet
for three months (Figure 1f). The deposits occurred
mostly near the choroid plexus. No cholesterol crystals
were observed in brains of ACAT1"/*ApoE~- control
mice. No overt changes in behavior were noted in the
ACAT1/-ApoE~” mice, although formal neurologic
testing was not performed. Other organs, including the
liver, kidneys, small intestine, muscle, lungs, spleen,
and heart, appeared normal in ACAT17/-ApoE~/~ mice
fed a chow or Western diet.

In chow-fed ACAT17/-ApoE~/~ and ACAT1*/*ApoE~/~
mice, serum cholesterol levels were similar at ages 60
and 90 days (Figure 2a). By age 120 days, however,
mean serum cholesterol levels were significantly lower
in ACAT1/-ApoE~-mice than in controls (480 * 86 vs.
738 + 151 mg/dL; P < 0.001). The disparity in choles-
terol levels was more marked and occurred at an earli-
er age in mice fed the Western diet (Figure 2b). By age
40-60 days, mean serum cholesterol levels were signif-
icantly lower in ACAT17/-ApoE”/~ mice than in
ACAT1*/*ApoE~/~ controls (1,348 + 715 vs. 2,024 £ 472
mg/dL; P=0.002). Serum cholesterol levels in the dou-
ble-knockout mice were further reduced at age 90 days
(777 £ 309 vs. 2,091 * 425 mg/dL for controls; P <
0.001) and age 120 days (793 + 142 vs. 2,054 + 575
mg/dL for controls; P < 0.001). The weights of
ACAT17/-ApoE~/- and ACAT1"/*ApoE~/~ mice fed a
high-fat diet for 3 months were similar (30.9 + 3.7 vs.
29.3 + 4 g), making it unlikely that poor nutrient intake
was responsible for the relatively decreased serum cho-
lesterol levels in ACAT1/-ApoE” mice.

The relatively lower serum cholesterol levels in the
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Relatively reduced serum cholesterol levels in ACAT1~/-LDLR/~ mice
compared with ACAT1*/*LDLR~~ mice. (a) Serum cholesterol levels
in mice fed an atherogenic diet for 2 months. (b) Total cholesterol
levels in pooled serum (n =5 in each group) fractionated by FPLC.
VLDL, very low density lipoproteins; IDL, intermediate density
lipoproteins; LDL, low density lipoproteins; HDL, high density
lipoproteins. Triangles represent values for male mice and circles rep-
resent values for females.

ACAT17/-ApoE~/- mice resulted from reduced amounts in
the VLDL and IDL fractions (Figure 2, c and d). The pro-
portion of free cholesterol in the serum was slightly high-
er in ACAT1/-ApoE~/~ mice than in ACAT1*/*ApoE~/-
mice (31.6 + 1.6% vs. 27.6 + 1.8%; P < 0.006).

Altered cholesterol homeostasis in ACATI/-LDLR~~ mice.
ACAT1/-LDLR”/- mice fed an atherogenic diet, but not
those fed a chow diet, also developed diffuse, massive
thickening of the skin compared with ACAT1*/*LDLR~/
control littermates (Figure 3, a-c). Skin thickening
became apparent after the mice had consumed the
atherogenic diet for 2 weeks. After 2 months on the diet,
the mice had to be euthanized because of inanition due
to compromised mobility. Unlike the findings in the
ACAT17/-ApoE~/~ mice, however, the skin disease in
ACAT1/-LDLR mice did not appear to be pruritic,
hair loss was scant, and skin excoriations did not occur.
On dissection, the skin appeared edematous. Histolog-
ical analysis revealed diffuse deposition of cholesterol
crystals in the dermis (Figure 3, c and d). In contrast to
what was found in ACAT1/-ApoE~/~ mice, the crystals
occurred in both the reticular and papillary dermis. A
severe, pleomorphic inflammatory reaction accompa-
nied the cholesterol deposition, but its features were dif-
ferent from those in the ACAT1/-ApoE”" mice. In
ACAT17/-LDLR 7 mice, the histological appearance was
characteristic of edema, and the inflammatory cells
were predominantly macrophages, lymphocytes, and
plasma cells, with many fewer neutrophils than in
ACAT1/-ApoE-/- skin (Figure 3d).

Crystalline deposits were also found in the brains of
all ACAT1-/-LDLR/- mice (n = 6) fed the atherogenic
diet. The deposits occurred particularly near the
choroid plexus and in the cerebellum (Figure 3, e and
f). Only one of six ACAT1*/*LDLR 7/~ control mice had
small crystals near the choroid plexus. The brain cho-
lesterol deposits might have contributed to the inani-

tion displayed by ACAT1/-LDLR /- mice; however, for-
mal neurologic testing to address this possibility was
not performed. Cholesterol deposits were not observed
in the liver, kidney, small intestine, muscle, lung,
spleen, or heart of ACAT1/-LDLR/~ mice.

Serum total cholesterol levels in mice fed the athero-
genic diet for two months were lower in ACAT1/-LDLR /-
mice than in littermate ACAT1**LDLR/- or
ACAT1*-LDLR7- controls (1,499 + 356 vs. 2,501 + 340
mg/dL; P <0.001) (Figure 4a). The lower cholesterol levels
resulted from reduced cholesterol levels in the VLDL and
IDL fractions (Figure 4b).

Dermal xanthomatosis in LDLR-deficient mice with
ACAT1I-deficient bone marrow. To determine whether
ACAT1 deficiency in skin macrophages contributed to
the development of the dermal skin lesions, we trans-
planted marrow from ACAT1/-LDLR/- mice or
ACAT1**LDLR7- controls into ACAT1**LDLR/-
recipient mice. After transplantation, mice were fed an

~~ LDLR™ donor

Macrophag_e

Figure 5

Dermal xanthomatosis in LDLR-deficient mice transplanted with
marrow from ACAT17/-LDLR”/- mice. Bone marrow was harvested
from ACAT1*/*"LDLR”- or ACAT1-/-LDLR”/~ mice and transplanted
into 15-week-old LDLR-deficient recipients. Sections of skin were
analyzed after 10 weeks of high-fat feeding. (a and b) Representative
H&E-stained sections of skin viewed at the same magnification
(%20). Note the marked thickening of the dermis in the mouse that
received ACAT17/-LDLR”~ marrow. (c and d) Immunostaining for
macrophages with MOMA-2 antiserum. Numerous macrophages
(arrows) were observed in recipients of ACAT1-/-LDLR”/- marrow. (e
and f) Immunostaining for mouse ACAT1 with an ACAT1-specific
antiserum. Specific staining for ACAT1 was observed in the dermis
only in recipients of ACAT1*/*LDLR™/~ marrow.
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Figure 6

Neutral lipid-poor atherosclerotic
lesions in ACAT1-deficient mice. (a
and b) Representative Oil-Red-O-
stained aortic lesions from 6-month-
old ACAT1**ApoE”/- (a) and
ACAT1-/-ApoE~- (b) mice fed a chow
diet. Note the pale appearance of
the ACAT17/-ApoE~/~ lesions due to a
paucity of neutral lipids that stain |
with Oil Red O. (c and d) Represen- '
tative sections of plastic-embedded,
osmium tetroxide-stained aortic I |
lesions from ACAT1*/*LDLR”- (c) o
and ACAT17/-LDLR”- (d) mice fed an
atherogenic diet for 2 months. Neu-
tral lipid droplets (thin arrows) and
numerous lucencies from cholesterol
crystals (thick arrows) are apparent @ &
in the ACAT1*/*LDR”/- lesion (c). &
ACAT17/-LDLR/- lesions were devoid i
of osmium tetroxide staining and
had fewer cholesterol crystals than
ACAT1*/*LDLR- lesions.

716

atherogenic high-fat diet for 10 weeks. By then, several
recipients of ACAT1-deficient marrow appeared to
have thickened skin. Histological analysis revealed
marked thickening of the dermis in all recipients of
ACAT1/-LDLR”/- marrow, whereas skin sections
appeared normal in ACAT1**LDLR/- recipients (Fig-
ure 5,a and b). Needle-shaped lucencies indicating cho-
lesterol crystals were observed at higher magnification
(data not shown). Sections from recipients of ACAT1-
deficient marrow had many more macrophages than
did sections from mice that received ACAT1-positive
marrow (Figure 5, c and d), consistent with a marked
inflammatory response. Staining of sections with an
antiserum recognizing ACAT1 demonstrated that the
repopulation of skin macrophages with cells from
transplanted marrow was complete (Figure 5, e and f).

Altered composition of atherosclerotic lesions in apoE-defi-
cient mice or LDLR-deficient mice lacking ACAT1. Athero-
sclerotic lesions developed in both apoE-deficient and
LDLR-deficient mice regardless of whether ACAT1
was present or deficient. Gross inspection of the aor-
tas showed smaller lesions in ACAT1/-ApoE~- mice
than in ACAT1"/*ApoE/- controls fed a Western diet
for 3 months; however, serum cholesterol levels were
also much lower in ACAT1-/-ApoE~/~ mice, making it
impossible to determine the specific effect of ACAT1
deficiency on lesion size. To circumvent this problem,
we examined lesions in a subset of 90-day-old chow-
fed ACAT17/-ApoE~/- mice with cholesterol levels sim-
ilar to those of ACAT1*/*ApoE~~ controls (Figure 2a).
However, in apoE knockout mice of that age, the small
number of lesions and the high degree of variability in
lesion size precluded a reliable quantitative analysis.
Similarly, unmatched serum cholesterol levels in

ACAT1*/*LDLR~- or ACAT1/-LDLR~- mice fed the
atherogenic diet precluded quantitative analysis of
atherosclerosis in this model. We therefore focused
our analyses on the qualitative features of atheroscle-
rotic lesions in ACAT 1-deficient mice.

Proximal aortic sections (immediately distal to the
sinus of Valsalva) were examined in apoE-deficient
mice and in LDLR-deficient mice. Early, fatty streak-
type lesions and more advanced, complex lesions were
seen in both models in the presence and absence of
ACAT1 (Figure 6). However, important differences in
lesion composition were evident in ACAT1-deficient
mice compared with their respective ACAT1*/* con-
trols. Oil-Red-O staining showed that the neutral lipid
content of aortic lesions was markedly lower in both
ACAT1-/-ApoE~- mice (compare Figure 6a with Figure
6b) and ACAT1-/-LDLR~/- mice (data not shown) than
in controls. This difference was most striking in the
early, fatty streak-type lesions, which are normally rich
in macrophage-derived foam cells. Osmium tetroxide
staining of more advanced lesions in ACAT17/-LDLR /-
mice confirmed the paucity of neutral lipids, and the
sections also exhibited fewer cholesterol crystals than
in lesions of ACAT1*/*"LDLR/- mice (Figure 6, c and d).

In both apoE-deficient and LDLR-deficient mice fed
high-fat diets, macrophage-specific immunostaining of
aortic lesions was reduced in ACAT1-deficient mice
compared with controls. In the advanced, complex
lesions frequently observed in the ACAT1*/*LDLR7/~
mice fed the atherogenic diet, macrophage staining was
present in necrotic core and subendothelial regions
(Figure 7a). In contrast, macrophage staining was vir-
tually absent in advanced lesions of ACAT1-deficient
mice (Figure 7b). In the chow-fed apoE-deficient model,
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which was characterized by more early, fatty streak-type
lesions, the reduction in macrophage staining in
ACAT1-deficient lesions was also apparent although
not as marked. Whereas ACAT1"/*ApoE~~ lesions had
macrophage staining throughout the lesions (Figure
7¢), staining was reduced in ACAT17/-ApoE~/~ lesions,
particularly in the necrotic core regions (Figure 7d).
However, macrophage staining was present in early,
fatty-streak lesions of ACAT1*/*ApoE~/~ mice (Figure
7e). Immunostaining for smooth muscle cells in lesions
showed no differences among the four genotypes of
mice (data not shown).

Discussion
In this study, selective ACAT1 deficiency in the setting of
severe hypercholesterolemia caused by apoE deficiency
or LDLR deficiency led to markedly altered cholesterol
homeostasis and extensive deposition of unesterified
cholesterol in skin and brain. ACAT1 deficiency did not
prevent the development of atherosclerotic lesions,
despite causing relatively lower serum cholesterol levels.
However, the lesions were atypical in composition, with
reduced amounts of neutral lipids
and a paucity of macrophages in the
most advanced lesions. Although
these changes could have beneficial
effects on lesion stability, the marked
alterations in cholesterol homeosta-
sis demonstrate that selectively
inhibiting ACAT1 in the setting of
severe hyperlipidemia may have detri-
mental consequences.

The xanthomatosis in hyperlipi-
demic ACAT1-deficient mice was
atypical in that it was caused by the
deposition of unesterified cholesterol
rather than cholesterol esters, which
are found in typical xanthomas that
occur in genetic disorders of choles-
terol metabolism. The free choles-
terol accumulation associated with
ACAT]1 deficiency occurred as crys-
tals, which appeared to be extracellu-
lar and accompanied by a marked
inflammatory response. Similar
pathological findings have been
reported in normolipidemic humans
with diffuse cutaneous xanthomas
(26, 27), although the etiology of
these disorders remains uncertain.

The basic pathological process in
the skin appeared to be similar in the
setting of either apoE or LDLR defi-
ciency, but the two models had dif-
ferent features. ApoE-deficient mice
lacking ACAT1 had intense skin
fibrosis and pruritus, whereas the
LDLR-deficient mice had more ede-
matous lesions. This suggests that

the lack of apoE in the skin promotes a proinflamma-
tory condition different from that promoted by LDLR
deficiency. Inflammatory skin lesions have been
described previously in both apoE-deficient mice and
LDLR-deficient mice, but these changes were only
observed microscopically after the mice had consumed
an atherogenic diet for several months (28, 29).
ACAT1-/-ApoE~~ mice had more severe skin lesions
when they were fed a high-fat diet and developed high-
er blood cholesterol levels than when they were fed a
chow diet. Similarly, skin lesions were only apparent in
ACAT17/LDLR”/- mice with marked hypercholes-
terolemia due to the atherogenic diet and were not
apparent when the mice were fed a chow diet, which
resulted in only modest hypercholesterolemia. In both
models, the deposition of unesterified cholesterol in
the skin of ACAT1-deficient mice was accompanied by
a relative reduction in serum cholesterol levels. We
therefore hypothesize that the severe hyperlipidemia
resulted in a high flux of cholesterol-containing
lipoproteins through the skin, where perhaps reverse
cholesterol transport mechanisms were overwhelmed.

Figure 7

Sk

]

Ry
‘*ﬁﬁ?ﬁﬁ
NS

ACAT17/-ApoE~~ mice (e).

The Journal of Clinical Investigation |

March 2000 |

Volume 105 | Number6

Macrophage-poor atherosclerotic lesions in ACAT1-
deficient mice. Representative MOMA-2 immunos-
tained aortic sections from ACAT1*/*LDLR”- (a) and
ACAT17/-LDLR”- (b) mice fed an atherogenic diet for
2 months and from ACAT**ApoE”/~ (¢) and
ACAT/-ApoE~~ (d and e) mice fed a Western diet for
3 months. Note the reduction in MOMA-2 staining
in the more advanced lesions in ACAT17/-LDLR"/~
mice (b) and ACAT1-/-ApoE~/~ mice (d). Staining
was less reduced in the early, fatty-streak lesions of
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In vitro studies have shown that excess cholesterol-rich
lipoproteins can be taken up by macrophages where
ACAT converts the free cholesterol to cholesterol ester,
a relatively inert compound, until the cholesterol load
can be cleared through cholesterol efflux (4). However,
if ACAT1 is absent, the accumulation of free choles-
terol may be toxic to macrophages (30-32), causing cell
death and, in the case of the skin, dermal deposition of
cholesterol crystals. The cholesterol crystals are likely
proinflammatory (33) and may stimulate macrophage
recruitment, thereby perpetuating the cycle. The bone
marrow transplantation experiment established that
macrophages are a key cell type in the dermal xan-
thomatosis (rather than dermal fibroblasts, for exam-
ple), as ACAT1-deficient macrophages were sufficient
to cause skin lesions in LDLR-deficient mice. The
decrease in serum cholesterol levels in the double-
knockout mice may have resulted from “clearance” by
the skin, which acted as a cholesterol sink. Why the
skin and the brain are the primary organs susceptible
to cholesterol deposition is unclear but may reflect the
existence of tissue-specific cholesterol clearance mech-
anisms that are overwhelmed when severe hyperlipi-
demia occurs in the setting of ACAT1 deficiency.

The loss of ACAT1 in macrophages did not prevent
lesion development in the aortic root, and thus it
appears that significant atherosclerotic lesions can
develop in the absence of cholesterol ester-rich foam
cells. Because neutral lipid staining was virtually
absent in ACAT1-deficient lesions, it is unlikely that
ACAT?2 serves a significant compensatory role in this
setting. Owing to the skin disease and relatively lower
serum cholesterol levels in the ACAT1-deficient mice,
we were unable to quantitate lesion size in these mod-
els. To circumvent this difficulty, in a separate study
we are performing quantitative atherosclerosis studies
in a bone marrow transplantation model in which
ACAT1-deficient macrophages are transplanted into
atherosclerosis-susceptible mice.

ACAT]1 deficiency caused marked qualitative differ-
ences in atherosclerotic lesions, including a lack of cho-
lesterol esters and markedly decreased macrophage
content in advanced lesions. Because macrophage
staining in ACAT1-deficient mice was present in early
lesions, but virtually absent in advanced lesions, we pre-
sume that this finding reflects progressive cell death
from free cholesterol toxicity, either through necrosis
or apoptosis, as described previously in in vitro studies
(30-32). It is also possible that the reduction in
macrophage staining represents an alteration in lesion
macrophages such that the expression of the epitope
normally recognized by the MOMA-2 antibody is
altered. Despite the lack of macrophages in advanced
lesions, ACAT1-deficient mice did develop lesions of
substantial size. Because smooth muscle cell staining
appeared to be similar in all groups, we presume that
extracellular matter or undetected cell types con-
tributed to the lesion area in ACAT1-deficient mice.
The specific cellular and extracellular composition of

ACAT1-deficient lesions remains to be further deter-
mined, as does the clinical significance of these quali-
tative changes. Cholesterol ester-rich foam cells and
their secreted products, such as matrix metallopro-
teinases, have been proposed as characteristics of areas
of lesions that might be unstable and prone to plaque
rupture (34). Thus, the altered lesion composition in
ACAT1 deficiency may be associated with more stable
lesions. This question was not directly addressed by our
studies, however, and experimental models that test
lesion stability are lacking.

In summary, ACAT1 deficiency in macrophages con-
tributed to the development of extensive xanthomato-
sis in the setting of severe hyperlipidemia caused by
apoE deficiency or LDLR deficiency. The lack of
ACAT1 did not prevent atherosclerotic lesion develop-
ment, although the lipid and cellular composition of
lesions was markedly different from that in usual
lesions. Clearly, the extensive tissue cholesterol deposi-
tion we observed occurred in the setting of total
ACAT]1 deficiency in models with marked alterations
in cholesterol metabolism (equivalent to complete
apoE deficiency or homozygous familial hypercholes-
terolemia, both of which are rare in humans). Partial
inhibition of ACAT1, like what might be achieved by a
pharmacological inhibitor, in the setting of less severe
hyperlipidemia may not result in significant xan-
thomatosis. Nonetheless, our findings suggest that the
development of specific and potent inhibitors of
ACAT1 should be approached cautiously owing to con-
cerns about possible deposition of cholesterol crystals
in tissues such as skin and brain.
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