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Background: Macrophages play central roles in the whole process of atherosclerosis.
Results: ARIA regulates macrophage foam cell formation at least in part by modulating ACAT-1 expression.
Conclusion: ARIA is a novel factor involved in the pathogenesis of atherosclerosis.
Significance: Loss of ARIA ameliorated atherosclerosis by reducing macrophage foam cell formation; inhibition of ARIA may
represent a new line of therapy against atherosclerosis.

Atherosclerosis is the primary cause for cardiovascular dis-
ease. Here we identified a novel mechanism underlying athero-
sclerosis, which is provided by ARIA (apoptosis regulator
through modulating IAP expression), the transmembrane pro-
tein that we recently identified. ARIA is expressed in macro-
phages present in human atherosclerotic plaque as well as in
mouse peritoneal macrophages. When challenged with acety-
lated LDL, peritoneal macrophages isolated from ARIA-defi-
cient mice showed substantially reduced foam cell formation,
whereas the uptake did not differ from that in wild-type macro-
phages. Mechanistically, loss of ARIA enhanced PI3K/Akt sig-
naling and consequently reduced the expression of acyl coen-
zyme A:cholesterol acyltransferase-1 (ACAT-1), an enzyme that
esterifies cholesterol and promotes its storage, in macrophages.
Inhibition of PI3K abolished the reduction in ACAT-1 expres-
sion and foam cell formation in ARIA-deficient macrophages. In
contrast, overexpression of ARIA reduced Akt activity and
enhanced foam cell formation in RAW264.7 macrophages,
which was abrogated by treatment with ACAT inhibitor. Of
note, genetic deletion of ARIA significantly reduced the ather-
osclerosis in ApoE-deficient mice. Oil red-O-positive lipid-rich
lesion was reduced, which was accompanied by an increase of
collagen fiber and decrease of necrotic core lesion in atheroscle-
rotic plaque in ARIA/ApoE double-deficient mice. Analysis of
bone marrow chimeric mice revealed that loss of ARIA in bone
marrow cells was sufficient to reduce the atherosclerogenesis in
ApoE-deficient mice. Together, we identified a unique role of
ARIA in the pathogenesis of atherosclerosis at least partly by
modulating macrophage foam cell formation. Our results indi-
cate that ARIA could serve as a novel pharmacotherapeutic tar-
get for the treatment of atherosclerotic diseases.

Atherosclerosis has prevailed for �4,000 years of human his-
tory and is the primary cause of cardiovascular disease, which is
the leading cause of death in industrialized society (1–3).
Chronic inflammation plays a fundamental role in atheroscle-
rosis, and macrophages are crucially involved in the whole
process of atherosclerosis from an early fatty streak lesion to the
rupture of advanced plaque (4, 5). Macrophages contribute to
the local inflammatory response in the subendothelial space by
producing cytokines and also play a pivotal role in the lesion
remodeling and plaque rupture by producing metalloprotein-
ases (5). Moreover, macrophages accumulate cholesterol esters
and consequently form lipid-laden foam cells, which are hall-
marks of atherosclerogenesis (6, 7).

Atherogenic lipoproteins are ingested by macrophages
through scavenger receptors such as SR-A (scavenger receptor
class A) and CD36 and delivered to the late endosome/lyso-
some, where cholesterol esters are hydrolyzed into free choles-
terol and fatty acids (4, 7). A fraction of free cholesterol under-
goes re-esterification and is subsequently stored in cytoplasmic
lipid droplets, which are catalyzed by acyl coenzyme A:choles-
terol acyltransferase-1 (ACAT-1)2 in macrophages (4, 7).
Accordingly, ACAT-1 plays a central role in macrophage foam
cell formation; therefore, inhibiting ACAT-1 has been consid-
ered a fascinating approach for the prevention and/or treat-
ment of atherosclerosis. However, the role of ACAT-1 inhibi-
tion in preventing atherosclerosis has remained controversial.
Systemic deletion of ACAT-1 modestly reduced atheroscle-
rotic lesion formation without reducing plasma cholesterol lev-
els in LDL-deficient mice (8). In contrast, ACAT-1 deletion in
macrophages increased atherosclerosis in association with
enhanced apoptosis of macrophages in the plaque (9). Pharmaco-
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logical inhibition of ACAT-1 showed different effects on athero-
sclerosis in animal models depending on chemical compound
(10–12). Finally, recent clinical trials of ACAT inhibitors for the
treatment of atherosclerosis showed negative results, yet some
beneficial effects on inflammation and endothelial function have
also been reported (13–16). Nevertheless, inhibition of ACAT-1 is
still an attractive antiatherogenic strategy because it could amelio-
rate atherosclerosis in situ independent of the serum cholesterol
levels; therefore, it may reduce the remaining risk in patients
treated with cholesterol-lowering drugs such as statins.

Recently, crucial roles of Akt in the progression of athero-
sclerosis have been reported. Loss of Akt1 leads to severe ath-
erosclerosis by increasing inflammatory mediators and reduc-
ing endothelial NO synthase (eNOS) phosphorylation in vessel
walls, suggesting that the vascular origin of Akt1 exerts vascular
protection against atherogenesis (17). On the other hand, Akt3
deficiency promotes atherosclerosis by enhancing macrophage
foam cell formation because of increased ACAT-1 expression,
suggesting that the macrophage origin of Akt3 is important to
prevent atherosclerosis (18). Therefore, Akt differentially mod-
ifies the process of atherosclerosis.

We previously identified a transmembrane protein, named apo-
ptosis regulator through modulating IAP expression (ARIA), that
modulates PI3K/Akt signaling (19). ARIA binds to phosphatase
and tensin homolog deleted on chromosome 10 (PTEN), an
endogenous antagonist for PI3K, and enhances levels of mem-
brane-associated PTEN (20). Because membrane localization is
a major determinant for PTEN activity, ARIA enhances PTEN
function, leading to inhibition of PI3K/Akt signaling (19, 20).
ARIA is highly expressed in endothelial cells; therefore, loss of
ARIA substantially enhanced angiogenesis by accelerating
endothelial PI3K/Akt signaling. Moreover, we found a signifi-
cant role of ARIA in the fine-tuning of PI3K/Akt signaling in
cardiomyocytes (21). ARIA deficiency protects the heart from
doxorubicin-induced cardiac dysfunction by reducing car-
diomyocyte death due to enhanced cardiac PI3K/Akt signaling.

In this study, we identified a previously unknown role of
ARIA in the pathogenesis of atherosclerosis. Genetic loss of
ARIA reduced atherosclerosis, and this atheroprotective effect
of ARIA deletion was likely macrophage-dependent. Mechanis-
tically, ARIA-mediated modification of PI3K/Akt signaling reg-
ulates ACAT-1 expression in macrophages, and thus modu-
lates macrophage foam cell formation in atherosclerotic
lesions. Our data suggest that ARIA is a novel pharmacothera-
peutic target for the prevention and/or treatment of cardiovas-
cular diseases.

EXPERIMENTAL PROCEDURES

Materials—Antibodies for phospho-Akt (Ser-473) and total-
Akt were obtained from Cell Signaling Technology. Antibody
for GAPDH was obtained from Millipore, and the FLAG-M2
antibody was obtained from Sigma. Anti-mouse CD68 antibody
was obtained from Santa Cruz Biotechnology. Antibody for
human ARIA (ECSM2) was obtained from Everest Biotech.
Antibody for human CD68 was obtained from Dako. Unlabeled
or Alexa Fluor 488-labeled acetylated LDL was obtained from
Life Technologies. LY294002 and ACAT inhibitor (Sandoz
58-035) were obtained from Sigma.

Cell Culture—RAW264.7 cells, a murine macrophage cell
line, were cultured in DMEM supplemented with 10% FBS. For
overexpression of ARIA, RAW cells were transfected with
ARIA cDNA subcloned into p3�FLAG-CMV-14 (Sigma) or
empty vector using Lipofectamine 2000 (Invitrogen) when they
reached �70% confluency. Fresh growth medium was given
24 h after transfection, and cells were further cultured for 24 h,
followed by protein extraction. At the time of protein extrac-
tion, both cells transfected with ARIA-FLAG or empty vector
were nearly confluent, and no significant difference of conflu-
ency was detected between the groups. Murine peritoneal
macrophages (PMs) were prepared as described previously
(22). Briefly, thioglycolate (2 ml of 3% solution in water) was
intraperitoneally injected in age- and sex-matched WT and
ARIA-deficient mice. After 3– 4 days, sterile ice-cold PBS was
injected into the cavity of each mouse, followed by gentle mas-
sage and fluid collection. Cells were collected by centrifugation
at 1,000 rpm for 6 min and then resuspended in RPMI 1640
medium supplemented with 10% FBS. The cells were plated in
6-well tissue culture plates at a density of 5.0 � 106 cells/well.
After a 2-h incubation to allow adherence, non-adherent cells
were removed by washing wells with prewarmed RPMI 1640
medium, and the adhered macrophages were cultured. The cul-
ture media were replaced every other day, and the macrophages
were used for the experiments within 5 days after harvesting.

Foam Cell Formation—Foam cell formation was performed
as described previously (22, 23). Briefly, macrophages were cul-
tured on chamber slides at a density of 5.0 � 105 cells/well and
treated with acetylated LDL (60 mg/ml) for 48 h in the presence
or absence of either LY294002 (5 �M) or ACAT inhibitor (5
�M). Cells were then stained with oil red-O to detect the lipid
accumulation. The oil red-O-positive area was measured using
the ImageJ software, and at least 5 fields and 100 cells per con-
dition were analyzed. Quantification of macrophage foam cells
was performed by calculating the mean oil red-O-positive area
per cells. To analyze the uptake of acetylated LDL, macro-
phages were treated with Alexa Fluor 488-labeled acetylated
LDL (60 mg/ml) for 24 h. Subsequently, cellular uptake of
acetylated LDL was quantitatively analyzed using a fluores-
cence microplate reader (Infinite 200 PRO, TECAN).

Human Autopsy Material—Human coronary arteries were
obtained from autopsy cases after informed consent was pro-
vided by their families. The clinical investigation conformed to
the principles outlined in the Declaration of Helsinki and was
approved by the Ethical Committee of the University of
Miyazaki.

Preparation of Retrovirus—To prepare retroviruses, cDNAs
for target genes (ARIA-FLAG or ACAT-1-FLAG) were sub-
cloned into pMSCVneo vector (Clontech). GP2-293 packaging
cells were transfected with these pMSCVneo plasmids and
pVSV-G plasmid (Clontech) using Lipofectamine 2000. In par-
allel, GP2-293 cells were transfected with empty pMSCVneo
and pVSV-G plasmids to prepare viruses for negative control.
Fresh growth medium was given 24 h after transfection, and
cells were further cultured for 24 h, followed by collection of the
virus-containing culture medium. For infection, PMs of �50%
confluency were incubated in the virus-containing medium in
the presence of 8 �g/ml Polybrene for 24 h. Subsequently, cells
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were given fresh growth medium and cultured for 24 h, fol-
lowed by protein extraction. Cells reached �80% confluency at
the time of harvest, and no significant difference of confluency
between groups was observed.

Immunoblotting—Immunoblotting was performed as reported
previously (24). Briefly, cells were lysed with radioimmunopre-
cipitation assay buffer containing protease and phosphatase
inhibitors, followed by protein quantification using DC protein
assay kit (Bio-Rad). Cell lysates containing the same amount of
proteins were subjected to SDS-polyacrylamide gel electropho-
resis, followed by transferring onto the nitrocellulose mem-
branes. The membranes were blocked with 5% nonfat milk in
TBS containing 0.05% Tween 20 at room temperature for 1 h.
Membranes were then incubated with the appropriate antibody
to detect target molecules at 4 °C for overnight. Subsequently,
membranes were incubated with secondary antibody, and the
signals were detected using ECL Western blotting detection kit
(GE Healthcare).

Immunohistochemistry—Serial sections of human coronary
arteries were prepared, followed by deparaffinization. Sections
then underwent blocking with 5% normal donkey serum and
5% bovine serum albumin in PBS following antigen retrieval
using protease K. After blocking with hydrogen peroxide and
blocking reagent for avidin/biotin (Vector Laboratories), sec-
tions were incubated with blocking reagent (negative), anti-
human ARIA (1:300), or anti-human CD68 (1:80) at 4 °C for
overnight. Signals were detected using ImmPACT 3,3�-di-
aminobenzidine (Vector Laboratories) following the reaction
with biotinylated secondary antibodies and VECTASTAIN
ABC system (Vector Laboratories). For fluorescent double
staining, sections were incubated with anti-goat IgG antibody
conjugated with Alexa Fluor 488 and anti-mouse IgG antibody
conjugated with Alexa Fluor 594 after incubation with anti-
human ARIA and anti-human CD68 antibodies, followed by
signal detection under fluorescent microscopy.

Quantitative PCR—Quantification of mRNA expression of
target genes was performed as reported previously (25). Briefly,
total RNA was extracted from cells or tissues using TRIzol
(Invitrogen), followed by purification with the RNeasy Min-
Elute cleanup kit (Qiagen). Complementary DNA was synthe-
sized from �1 �g of total RNA using the PrimeScript RT
reagent kit with gDNA Eraser (TaKaRa, Shiga, Japan). PCR
reactions were prepared using SYBR Premix Ex Taq II
(TaKaRa), followed by quantitative PCR on Thermal Cycler
Dice (TaKaRa). The nucleotide sequence of each primer is
shown in Table 1.

Atherosclerotic Lesion Analysis—All experimental protocols
were approved by the Ethics Review Committee for Animal
Experimentation of the Kyoto Prefectural University of Medi-
cine. Mice were fed with a high-cholesterol diet containing
16.5% fat and 1.25% cholesterol (Oriental Yeast, Tokyo, Japan)
for 15 weeks. For en face analysis, the entire aorta from the
heart, extending 5 mm after bifurcation of the iliac arteries and
including the subclavian right and left common carotid arteries,
was removed, dissected, and stained with oil red-O. The oil
red-O-positive atherosclerotic lesion area was measured using
the ImageJ software. For the analysis of the atherosclerotic
lesion at the aortic sinus, serial cryosections were prepared

from the region of the proximal aorta through the aortic
sinuses, and then either stained with oil red-O, hematoxylin, or
Masson’s trichrome or immunostained with an anti-CD68
antibody.

Bone Marrow Transplantation—Bone marrow transplanta-
tion was performed as described previously (20). Briefly, bone
marrow cells (BMCs) were isolated from the femurs of ApoE/
ARIA double-deficient or ApoE-deficient mice, and 5 � 106

cells per body of BMCs were transfused into recipient mice that
received 8 grays of lethal irradiation. Four weeks after BMC
transplantation, high-cholesterol diet feeding was initiated and
continued for 12 weeks, and then blood vessels were harvested.

Statistics—Differences between groups were analyzed using
the Student’s t test or one-way analysis of variance with post
hoc multiple comparison using Bonferroni’s/Dunn’s test. p �
0.05 was considered statistically significant. Data are presented
as mean � S.E.

RESULTS

ARIA Regulates PI3K/Akt Signaling in Macrophages—Macro-
phages play a central role in the pathogenesis of atherosclerosis.
We previously found modest expression of ARIA in murine
macrophage cell line PU5-1.8 (19); therefore, ARIA expression
in primary mouse PM was examined. PMs expressed ARIA at a
level similar to that in mouse aortic endothelial cells, whereas
murine macrophage cell line RAW264.7 exhibited minimal
ARIA expression (Fig. 1A).

We then examined whether ARIA is expressed in macro-
phages in human atherosclerotic plaque using immunohisto-
chemistry. Significant ARIA staining was detected in endothe-
lial cells, which is consistent with its high expression in
endothelial cells (Fig. 1B). Of note, CD68-positive macrophages
present in human plaque appeared to be positive for ARIA (Fig.
1B). Some of the ARIA-positive cells in the plaque were nega-
tive for CD68, suggesting that cells other than macrophages
may also express ARIA in atherosclerotic plaque. We also con-
firmed the ARIA expression in CD68-positive macrophages by
immunofluorescent double staining (Fig. 1C).

Furthermore, we found that ARIA expression in the aorta of
ApoE-deficient mice significantly increased during a high-cho-
lesterol diet (HCD) feeding as compared with that during a
normal chow feeding (Fig. 1D). These results suggest that ARIA

TABLE 1
Nucleotide sequence of primers

Mouse ARIA ATGTCCTTCAGCCACAGAAGCACAC
CACGTTGATGTTCCTCATGGAGATG

ACAT-1-FLAG-specific GAAGCATTCAGTGTGGTTGTACTA
TTTGTAGTCAGCCCGGGATCC

Endogenous ACAT-1-specific GCTCCTAAGGCTCCAGAAGCTGGCT
CACAGCAGGTCCTTCTGACACACCA

ACAT-1-common CTCAGCACGATCGTCGTGGACTACA
AGAGCAAGCCATGGACAAGGGAATAG

ABCA1 ATCGTGTCTCGCCTGTTCTCAGACG
CGCCTGCAGCAGGCTGTCCACAGTA

ABCG1 GTCCAACCGAGTCACCAAGGAGGCCTC
GCACTGTCTGCATTGCGTTGCATTGC

Actin CTCTCAGCTGTGGTGGTGAA
AGCCATGTACGTAGCCATCC
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has a potential role in the development of atherosclerosis by
modulating macrophage functions.

We previously reported that ARIA regulates PI3K/Akt sig-
naling in endothelial cells and cardiomyocytes in a cell-auton-
omous fashion (20, 21). Therefore, we examined whether ARIA
regulates PI3K/Akt signaling in macrophages as well. Overex-
pression of ARIA significantly reduced phosphorylation of Akt
in RAW264.7 macrophages (Fig. 1E). Overexpression of ARIA
in PMs also reduced Akt phosphorylation (Fig. 1F), whereas
genetic loss of ARIA significantly enhanced Akt phosphoryla-
tion in PMs (Fig. 1G). These results strongly suggest that ARIA
also regulates PI3K/Akt signaling in macrophages in a cell-au-
tonomous manner.

ARIA Modulates Macrophage Foam Cell Formation—Recently,
the crucial role of Akt3 in the regulation of macrophage foam
cell formation has been reported. Akt3 accelerates the degrada-
tion of ACAT-1 that catalyzes the esterification of free choles-
terols for storage into cytoplasmic lipid droplets. Accordingly,

loss of Akt3 enhanced macrophage foam cell formation by
increasing ACAT-1 expression. Because ARIA regulates PI3K/
Akt signaling in macrophages, we explored whether ARIA
modulates macrophage foam cell formation. PMs isolated from
WT and ARIA�/� mice exhibited a similar uptake of acetylated
LDL (Fig. 2A). Nevertheless, PMs isolated from ARIA�/� mice
showed a significant reduction in foam cell formation as com-
pared with PMs from WT mice (Fig. 2B). Inhibition of PI3K
abolished the reduction in foam cell formation in PMs from
ARIA�/� mice, suggesting that loss of ARIA reduced foam cell
formation by enhancing PI3K/Akt signaling in PMs (Fig. 2C).

We then examined whether ARIA modifies ACAT-1 expres-
sion in macrophages. Because all the commercially available
antibodies for ACAT-1 we used failed to detect endogenous
ACAT-1 in PMs in our experiments, we analyzed the expres-
sion levels of retrovirus-mediated recombinant ACAT-1-
FLAG in PMs. Genetic loss of ARIA caused a significant reduc-
tion in ACAT-1-FLAG protein expression in PMs, whereas

FIGURE 1. ARIA regulates PI3K/Akt signaling in macrophages. A, quantitative analysis of ARIA mRNA expression. ARIA was expressed in mouse PMs at a level
comparable with mouse aortic endothelial cells (AECs). RAW, NIH3T3, and C2C12 are cell lines for mouse macrophages, fibroblasts, and myoblasts, respectively.
Highest expression was detected in mouse endothelial cell line, C166 (n � 3 each). B, immunohistochemistry for ARIA and CD68 in human atherosclerotic
plaque. ARIA staining was detected in endothelial cells as indicated by arrowheads. CD68-positive macrophages appear to be positive for ARIA staining
(arrows). Bar: 100 �m. C, immunofluorescent staining for ARIA (green) and CD68 (red) in human atherosclerotic plaque. Most of the CD68-positive macrophages
are also positive for ARIA. Bar: 100 �m. D, expression of ARIA in the aortas of ApoE-deficient mice fed either HCD or normal chow (NC) for the indicated duration
(n � 4 each). E, immunoblotting for Akt and ARIA-FLAG. Akt activity was significantly reduced in RAW macrophages overexpressing ARIA (ARIA-OE). *, p � 0.05
(n � 8 each). F, immunoblotting for Akt and ARIA-FLAG. Akt activity was significantly reduced in PMs overexpressing ARIA (ARIA-OE). **, p � 0.01 (n � 9 each).
G, immunoblotting for Akt. PMs isolated from ARIA-deficient mice (ARIA�/�) showed significantly enhanced Akt activity as compared with that in WT macro-
phages. p-Akt, phospho-Akt; t-Akt, total Akt. **, p � 0.01 (n � 6 each). Error bars in A and D–G indicate mean � S.E.
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mRNA expression of ACAT-1-FLAG was similar between PMs
isolated from WT and ARIA�/� mice (Fig. 3, A and B). We also
confirmed that endogenous ACAT-1 mRNA as well as total
ACAT-1 mRNA (includes both endogenous and exogenous
mRNA) levels were similar between PMs isolated from WT and
ARIA�/� mice (Fig. 3B). Moreover, inhibition of PI3K abol-
ished the reduction of ACAT-1-FLAG protein expression
observed in PMs from ARIA�/� mice (Fig. 3A). We further
investigated the turnover of recombinant ACAT-1-FLAG
expressed in PMs from WT or ARIA�/� mice. ACAT-1-FLAG
degradation was significantly accelerated in ARIA�/� PMs as
compared with that in WT PMs (Fig. 3, C and D). Of note,
inhibition of PI3K abrogated the accelerated degradation of
ACAT-1-FLAG in ARIA�/� PMs (Fig. 3, C and D). These
results strongly suggest that genetic loss of ARIA reduces
ACAT-1 protein expression in PMs by accelerating its degra-
dation due to enhanced PI3K/Akt signaling.

Overexpression of ACAT-1 significantly enhanced foam cell
formation in RAW264.7 macrophages (Fig. 3E). Notably, ARIA
overexpression enhanced foam cell formation as well as
ACAT-1 overexpression, and this ARIA-mediated increase in
foam cell formation was abolished by the ACAT inhibitor (Fig.

3E). These data collectively indicate that ARIA modulates
macrophage foam cell formation by modifying ACAT-1
expression through modulating PI3K/Akt signaling in macro-
phages. Additionally, we observed that loss of ARIA did not
affect the expression of genes regulating cholesterol efflux such
as ABCA-1 and ABCG-1, which is consistent with the previous
study indicating that Akt3 does not modulate the cholesterol
efflux in macrophages (18).

Genetic Loss of ARIA Reduces Atherosclerosis—To analyze
the role of ARIA in atherosclerosis in vivo, we generated ARIA/
ApoE double knock-out (DKO) mice and fed them with an
HCD. DKO mice exhibited significantly reduced atheroscle-
rotic lesions as assessed by en face quantification of aorta as
compared with ApoE�/� mice (Fig. 4A). Histological analysis of
atherosclerotic plaques at the aortic sinus revealed that the oil
red-O-positive lipid area in the plaques was significantly
reduced in DKO mice as compared with ApoE�/� mice,
whereas macrophage infiltration in plaques assessed by CD68
immunostaining did not differ between these groups of mice
(Fig. 4, B and C). Moreover, collagen content assessed by Mas-
son’s trichrome staining increased and the necrotic core area
decreased in the plaques of DKO mice as compared with

FIGURE 2. ARIA regulates macrophage foam cell formation. A, quantitative analysis of the uptake of acetylated LDL. PMs isolated from WT or ARIA�/� mice
were treated with acetylated LDL conjugated with Alexa Fluor 488. Uptake of acetylated LDL was similar in PMs isolated from either WT or ARIA�/� mice. Bar:
50 �m. #, NS (n � 12 each). B, foam cell formation assay. PMs isolated from WT or ARIA�/� mice were treated with acetylated LDL, and their foam cell formation
was evaluated by oil red-O (ORO) staining. PMs from ARIA�/� mice showed significantly reduced foam cell formation as compared with that in PMs of WT mice.
*, p � 0.05 (n � 4 each). Bar: 20 �m. C, foam cell formation of PMs. Treatment with PI3K inhibitor (LY294002) abolished the reduced foam cell formation in PMs
from ARIA�/� mice. DMSO, dimethyl sulfoxide. **, p � 0.01 and #, NS (n � 6 each). Bar: 20 �m. Error bars in all panels indicate mean � S.E.
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ApoE�/� mice (Fig. 4, D and E). Serum lipid profiles were sim-
ilar between DKO and ApoE�/� mice fed an HCD for 15 weeks
(Fig. 4F). Similar to PMs from ARIA�/� mice, PMs from DKO
mice showed significantly reduced foam cell formation when
challenged with acetylated LDL as compared with PMs from
ApoE�/� mice (data not shown). Furthermore, resident PMs
isolated from ARIA�/� mice fed an HCD exhibited signifi-
cantly reduced foam cell formation as compared with resident
PMs from HCD-fed ApoE�/� mice (Fig. 4G). These data
strongly suggest that loss of ARIA ameliorated atherosclerosis
by reducing macrophage foam cell formation.

Atheroprotective Effects of ARIA Deletion Depend on Bone
Marrow Cells—We previously reported that ARIA is highly
expressed in endothelial cells and modulates endothelial PI3K/
Akt signaling (19, 20). Because Akt1 in blood vessels has a pro-
tective role in the progression of atherosclerosis (17), we inves-
tigated whether ARIA deficiency in macrophages is indeed

atheroprotective, by performing bone marrow transplantation
experiments. Successful bone marrow transplantation was con-
firmed by genotyping of BMCs and tails of recipient mice (Fig.
5A). ApoE�/� mice harboring DKO BMCs showed signifi-
cantly reduced atherosclerosis, whereas DKO mice trans-
planted with ApoE�/� (ARIA	/	) BMCs exhibited no signifi-
cant change in atherosclerotic lesions as compared with control
ApoE�/� mice transplanted with ApoE�/� BMCs (Fig. 5B).
Lipid accumulation was significantly reduced and collagen con-
tent increased in plaques of ApoE�/� mice having DKO BMCs
as compared with control ApoE�/� mice (Fig. 5C). In contrast,
DKO mice transplanted with ApoE�/� BMCs exhibited lipid
accumulation and collagen content in plaques at a level similar
to that in control ApoE�/� mice (Fig. 5C). These data suggest
that loss of ARIA in BMCs but not endothelial cells plays a
major role in the reduced atherosclerosis observed in DKO
mice.

FIGURE 3. ARIA regulates ACAT-1 expression in macrophages. A, immunoblotting for ACAT-1-FLAG. PMs isolated from ARIA�/� mice exhibited reduced
protein expression of ACAT-1-FLAG as compared with PMs of WT mice. **, p � 0.01 versus PMs of WT (n � 6 each). Of note, inhibition of PI3K by LY294002
abolished the reduction of ACAT-1 in PMs from ARIA�/� mice. DMSO, dimethyl sulfoxide. B, mRNA expression of ACAT-1 was not different between PMs
isolated from WT or ARIA-KO mice (n � 8 each). C, cycloheximide chase assay for recombinant ACAT-1-FLAG. PMs isolated from WT or ARIA�/� mice were
infected with ACAT-1-FLAG retrovirus and then treated with cycloheximide (50 �g/ml) in the presence or absence of PI3K inhibitor (LY294002; 5 �M) for the
indicated times. Expression of ACAT-1-FLAG was analyzed by immunoblotting. D, cycloheximide chase assay. Quantitative analysis of ACAT-1-FLAG is shown.
Degradation of ACAT-1-FLAG was significantly accelerated in PMs from ARIA�/� mice. *, p � 0.05 and **, p � 0.01 (n � 4 each). Inhibition of PI3K by LY294002
abolished the accelerated degradation of ACAT-1-FLAG in ARIA�/� macrophages. #, NS (n � 4 each). E, foam cell formation assay in RAW macrophages
transfected with ARIA (ARIA-OE) or ACAT-1 (ACAT1-OE). ARIA-OE cells showed enhanced foam cell formation, as did ACAT1-OE cells. **, p � 0.01 (n � 6 each).
Treatment with ACAT inhibitor completely abolished the enhanced foam cell formation in ARIA-OE cells as well as in ACAT1-OE cells. #, NS among groups. Bar:
50 �m. Error bars in A, B, D, and E indicate mean � S.E.
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DISCUSSION

Atherosclerosis results from the excessive lipid accumula-
tion and chronic inflammation in vessel walls and involves var-
ious cells, including endothelial cells, vascular smooth muscle
cells, and macrophages (2). Macrophages especially play a fun-
damental role in the progression of atherosclerosis by initiating
inflammation and the formation of lipid-laden foam cells (5, 7).
Inhibition of foam cell formation is a fascinating approach for
the prevention of atherosclerosis because it could directly
inhibit the atherosclerosis in situ independent of the control of
other risk factors such as serum cholesterol levels and impaired
glucose homeostasis. ACAT-1 plays a pivotal role in foam cell
formation by catalyzing the esterification of free cholesterols
for storage into cytoplasmic lipid droplets (5, 8), suggesting that
inhibition of ACAT-1 may be beneficial in preventing athero-
sclerosis. However, loss of ACAT-1 in macrophages unexpect-

edly worsened atherosclerosis, probably because of the increase
in cytotoxic free cholesterol in macrophages. These results
indicate that partial and/or moderate inhibition of ACAT-1 in
macrophages may be important in eliciting its beneficial effects
on atherosclerosis; therefore, detailed molecular mechanisms
underlying the regulation of ACAT-1 expression need to be
elucidated for the development of ideal ACAT-1 inhibitor.

Recently, the crucial role of Akt3 in the degradation of
ACAT-1 in macrophages has been reported (18). Akt3 poten-
tially phosphorylates ACAT-1, which initiates ACAT-1 poly-
ubiquitylation and subsequent proteasomal degradation. Akt3
deficiency in macrophages promoted foam cell formation and
atherosclerosis in ApoE�/� mice, suggesting that Akt-medi-
ated degradation of ACAT-1 protects vessel walls from ather-
osclerosis (18). In this study, we identified that ARIA negatively
regulates PI3K/Akt signaling and consequently modulates

FIGURE 4. Genetic loss of ARIA reduces atherosclerosis. A, en face preparation of aorta stained with oil red-O (ORO). ARIA and ApoE DKO mice showed
significantly reduced atherosclerotic lesion. **, p � 0.01 (n � 10 each). Bar: 5 mm. B, histology of plaques at the aortic sinus stained with oil red-O. Oil
red-O-positive lipid-rich lesion was significantly reduced in the plaques of DKO mice. **, p � 0.01 (n � 13 each). Bar: 100 �m. C, histology of plaques at the aortic
sinus immunostained with anti-CD68 antibody. Macrophage content in plaques at the aortic sinus was not different between ApoE�/� and DKO mice. #, NS
(n � 5 each). Bar: 100 �m. D, histology of plaques at the aortic sinus stained with Masson’s trichrome. Collagen fibers were significantly increased in the plaques
of DKO mice. *, p � 0.05 (n � 15 each). Bar: 100 �m. E, histology of plaques at the aortic sinus stained with hematoxylin and eosin. Necrotic core was significantly
reduced in the plaques of DKO mice. *, p � 0.05 (n � 10 each). Bar: 100 �m. F, serum lipid profiling of ApoE�/� or DKO mice fed a high cholesterol-diet for 15
weeks. Levels of serum cholesterol and triglycerides were similar between ApoE�/� and DKO mice (n � 10 each). G, foam cell formation of resident PMs isolated
from ApoE�/� or DKO fed an HCD. Resident PMs from DKO mice fed an HCD showed significantly reduced foam cell formation. **, p � 0.01 (n � 10 each). Error
bars in all panels indicate mean � S.E.
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ACAT-1 expression in macrophages. ARIA-mediated modifi-
cation of ACAT-1 expression altered foam cell formation, and
ARIA�/� mice exhibited significant reduction of atheroscle-
rotic lesion formation in vivo. These results indicate that ARIA
is involved in the physiological and/or pathological regulation
of ACAT-1 expression in macrophages and thus modulates
their foam cell formation.

The protective role of Akt1 in atherosclerosis has also been
reported (17). Similar to Akt3-deficient mice, Akt1-deficient
mice developed severe atherosclerosis and occlusive coronary
artery disease. However, in contrast to Akt3, bone marrow
transplantation experiments revealed that the vascular origin,
but not the macrophage origin, of Akt1 exerts vascular protec-
tion against atherosclerosis. Akt1 and Akt3 have different roles
in macrophages, presumably because of their different subcel-
lular localization (18). ARIA negatively regulates PI3K function
by increasing membrane association of PTEN (20). Because
PI3K is an upstream activator of Akt1 and Akt3, ARIA probably
modulates their activities in endothelial cells and macrophages.
However, analysis of bone marrow chimeric mice demon-
strated that macrophage-derived but not vascular-derived
ARIA significantly contributes to the progression of atheroscle-

rosis. Although vascular Akt plays a crucial role in protecting
blood vessels from atherosclerosis, it remains unclear whether
enhancing vascular Akt exerts further protection against
atherogenesis. Moreover, loss of ARIA induced a moderate
increase in Akt activity of �2-fold in endothelial cells (20);
therefore, more accentuation of Akt activity might be necessary
to exert further protective effects on atherosclerosis. In con-
trast, loss of ARIA in BMCs significantly reduced atherosclero-
sis, suggesting that the moderate activation of Akt in macro-
phages (�2.5-fold) by ARIA deletion might be sufficient to
exert atheroprotective effects. However, we cannot exclude the
possibility that bone marrow-derived cells other than macro-
phages, e.g. T-lymphocytes, play a significant role in the inhibi-
tion of atherosclerogenesis induced by ARIA deletion (26). Fur-
ther analysis, including determining the potential expression
and role of ARIA in T cells, is required to elucidate the detailed
molecular mechanism underlying the ARIA-mediated modifi-
cation of atherosclerosis.

Our data revealed a previously unknown role of ARIA in the
progression of atherosclerosis. Because the atheroprotective
effect of ARIA deletion appeared to be attributed to a reduction
in macrophage foam cell formation, inhibition of ARIA might

FIGURE 5. Loss of ARIA in bone marrow cells is sufficient to exert anti-atherogenic effects. A, successful bone marrow transplantation was confirmed by
genotyping of bone marrows and tails of recipient mice. B, en face preparation of the aorta stained with oil red-O (ORO). ApoE�/� (ARIA	/	) mice transplanted
with DKO bone marrows showed significantly reduced atherosclerosis as compared with control ApoE�/� mice transplanted with ApoE�/� bone marrows. *,
p � 0.05 and #, NS (n � 6 each). In contrast, DKO mice transplanted with ApoE�/� (ARIA	/	) bone marrow exhibited atherosclerotic lesion similar to control
mice. Bar: 5 mm. C, histology of plaques at the aortic sinus stained with oil red-O or Masson’s trichrome. ApoE�/� (ARIA	/	) mice transplanted with DKO bone
marrows showed significantly reduced oil red-O-positive lipid-rich area as compared with control ApoE�/� mice transplanted with ApoE�/� bone marrows. **,
p � 0.01 (n � 6 each). Also, ApoE�/� (ARIA	/	) mice transplanted with DKO bone marrows showed significantly increased collagen content as compared with
control mice. **, p � 0.01 (n � 6 each). In contrast, DKO mice transplanted with ApoE�/� (ARIA	/	) bone marrows exhibited oil red-O-positive lipid-rich area
and collagen content similar to control mice. #, NS (n � 6 each). Bar: 100 �m. Error bars in C indicate mean � S.E.
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prevent atherosclerosis independent of the control of risk fac-
tors such as hyperlipidemia and hyperglycemia. Moreover, we
have previously demonstrated that loss of ARIA enhanced insu-
lin sensitivity, as well as protected mice from diet-induced obe-
sity and metabolic disorders by modulating endothelial insulin
signaling and adipose tissue angiogenesis (27). Additionally,
genetic loss of ARIA ameliorated doxorubicin-induced car-
diomyopathy (21). These findings strongly suggest that ARIA is
a unique and distinctive target for the prevention and/or treat-
ment of cardiovascular diseases. However, further investigation
is required to prove its feasibility as a therapeutic target because
ARIA regulates angiogenesis, which has a significant role in
tumor growth as well.
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