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Critical role of neutral cholesteryl ester hydrolase 1 in
cholesteryl ester hydrolysis in murine macrophages®

Kent Sakai,* Masaki Igarashl Daisuke Yamamuro,* Taichi Ohshlro, Shuichi Nagashlma,
Manabu Takahashi,* Bolormaa Enkhtuvshm,’ Motohiro Seklya, Hiroaki Okazakl,

Jun-ichi Osuga,* and Shun Ishibashi®*

Division of Endocrinology and Metabolism, Depar tment of Medicine,* Jichi Medical University, Tochigi
329-0498, Japan; and Department of Metabolic Diseases,’ ¥ Graduate School of Medicine, University of Tokyo,

Tokyo 113-8655 Japan

Abstract Hydrolysis of intracellular cholesteryl ester (CE)
is the rate-limiting step in the efflux of cholesterol from
macrophage foam cells. In mouse peritoneal macrophages
(MPM:s), this process is thought to involve several enzymes:
hormone-sensitive lipase (Lipe), carboxylesterase 3 (Ces3),
neutral CE hydrolase 1 (Ncehl). However, there is some dis-
agreement over the relative contributions of these enzymes.
To solve this problem, we first compared the abilities of sev-
eral compounds to inhibit the hydrolysis of CE in cells over-
expressing Lipe, Ces3, or Ncehl. Cells overexpressing Ces3
had negligible neutral CE hydrolase activity. We next exam-
ined the effects of these inhibitors on the hydrolysis of CE
and subsequent cholesterol trafficking in MPMs. CE accu-
mulation was increased by a selective inhibitor of Ncehl,
paraoxon, and two nonselective inhibitors of Ncehl, (+)-
AS115 and (—)-AS115, but not by two Lipe-selective inhibi-
tors, orlistat and 76-0079. Paraoxon inhibited cholesterol
efflux to apoA-l or HDL, while 76-0079 did notHl These
results suggest that Ncehl plays a dominant role over Lipe
in the hydrolysis of CE and subsequent cholesterol efflux in
MPMs.—Sakai, K., M. Igarashi, D. Yamamuro, T. Ohshiro, S.
Nagashima, M. Takahashi, B. Enkhtuvshin, M. Sekiya, H
Okazaki, J-i. Osuga, and S. Ishibashi. Critical role of neutral
cholesteryl ester hydrolase 1 in cholesteryl ester hydrolysis
in murine macrophages. J. Lipid Res. 2014. 55: 2033-2040.

Supplementary key words hormone-sensitive lipase ¢ inhibitor ¢ foam
cells ¢ efflux ® paraoxon e lipoproteins ¢ ATP binding cassette
transporters

A prominent characteristic of atherosclerotic lesions is
the presence of cholesteryl ester (CE)-laden macrophage
foam cells. Foam cells develop in the vessel wall as a result of
migration of circulating monocytes into the intima, where
the monocytes differentiate into macrophages and take up

This work was supported by a Grant-in-Aid for Scientific Research and MEXT-

Supported Program for the Strategic Research Foundation at Private Universities
2011-2015 “Cooperatwe Basic and Clinical Research on Circadian Medicine”
Jfrom the Ministry of Education, Culture, Sports, Science and Technology of
Japan.

Manuscript recerved 29 January 2014 and in revised form 27 May 2014.

Published, JLR Papers in Press, May 27, 2014
DOI 10.1194/5lr.M047787

Copyright © 2014 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jinorg

101

excessive amounts of modified lipoproteins generated dur-
ing prolonged retention in the arterial walls (1). Hydrolysis
of intracellular CE is the rate-limiting step in the cholesterol
efflux from macrophage foam cells (2). As the hydrolysis of
CE takes place at neutral pH, the enzymes catalyzing it have
been collectively called neutral CE hydrolases (NCEHs).
Because this step is rate-limiting, particularly in macro-
phage foam cells (3, 4), it is important to clarify the mecha-
nisms that mediate the hydrolysis of CE in foam cells.

To date, at least three enzymes have been proposed to
serve as NCEHs in macrophages. One is hormone-sensi-
tive lipase (LIPE) (5). Another is CE hydrolase (6), which
is identical to human liver carboxylesterase 1 (CES1) (7).
Itis also identical to macrophage serine esterase 1 (8), also
known as a human ortholog of triacylglycerol hydrolase
(9). A third such enzyme is neutral cholesterol ester hy-
drolase 1 (NCEH1) (10), which is also known as KIAA1363
or arylacetamide deacetylase-like 1 (11).

Contradictory results, however, have been reported with
regard to the relative contribution of each enzyme to the
hydrolysis of CE in macrophages. Lipe is expressed in
mouse peritoneal macrophages (MPMs), and its overex-
pression inhibits the accumulation of CE in macrophages
derived from a human acute monocyte leukemia cell line,
THP-1 (12). The reported contributions of Lipe to the hy-
drolysis of CE in MPMs have varied from negligible (13,
14) to intermediate (15) to substantial (16). A mouse or-
tholog of CES1, carboxylesterase 3 (Ces3), was barely de-
tectable in MPMs (10) and had negligible NCEH activity
(17, 18). In contrast, we found that Ncehl was robustly

Abbreviations: acLDL, acetylated LDL; Ad-Ces3, adenoviruses over-
expressing Ces3; Ad-Lipe, adenoviruses overexpressing Lipe; Ad-Ncehl,
adenoviruses overexpressing Ncehl; CE, cholesteryl ester; Cesl, carbo-
xylesterase 1; Ces3, carboxylesterase 3; Lipe, hormone-sensitive lipase;
MPM, mouse peritoneal macrophage; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide; NCEH, neutral cholesteryl ester hydro-
lase; Ncehl, neutral cholesteryl ester hydrolase 1; PNPB, pnitrophenyl
butyrate; SI, selectivity index.

To whom correspondence should be addressed.
_. e-mail: ishibash@jichi.ac,jp
S The online version of this article (available at http://www jlr.org)
contains supplementary data in the form of five figures.
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expressed in MPMs as well as in atherosclerotic lesions
(10, 19). Its overexpression inhibited the accumulation of
CE in THP-1 macrophages (10), and its knockdown or
knockout significantly reduced NCEH activity of MPMs
(10, 15). Recently, however, Buchebner et al. (16) have
reported that the contribution of Ncehl to the NCEH ac-
tivity of MPMs was negligible based on the results obtained
with a different line of Neehl knockout mice.

To determine which enzyme is more relevant, we used a
pharmacological approach, which can be more advanta-
geous, because genetic modification might confound the
results by potentially leading to not only unpredictable de-
velopmental changes but also compensatory regulation of
other genes.

We selected six inhibitors, four of which have been re-
ported to have inhibitory activity toward either Ncehl or
Lipe. Cravatt and his colleagues have previously reported
that phosphatase activity of KIAA1363 (NCEHI) was in-
hibited by paraoxon (11) or AS115 (20, 21). We confirmed
the inhibitory activity of AS115 on NCEH activity of
NCHE1 (18), and 76-0079 was originally developed as a
selective inhibitor of Lipe (18, 22). Benzil inhibits CESI
(28), and orlistat inhibits pancreatic lipase (24).

METHODS

Materials

ApoA-1 from human plasma, benzil (1,2-diphenylethane-1,2-
dione), BSA fraction V (BSA), lecithin, leupeptin, orlistat, and
pnitrophenyl butyrate (PNPB) were purchased from Sigma-
Aldrich (St. Louis, MO). Thioglycollate medium I was purchased
from WAKO (Osaka, Japan). TRIzol was purchased from Invitro-
gen (Carlsbad, CA). (+)-AS115, (—)-AS115, and TO-901317 were
purchased from Cayman Chemical (Ann Arbor, MI). Paraoxon
was purchased from Santa Cruz Biotechnology (Dallas, TX). The
76-0079 (NNC 0076-0000-0079) was a gift from Novo Nordisk
(Bagsvaerd, Denmark). K-604, an ACAT1 inhibitor, was pro-
v1ded by Kowa Pharmaceuuml (Tokyo, Japan) (25). Cholesterol
[1 C]oleate and [1 C]olelc acid were purchased from Perkin
Elmer (Waltham, MA). [1,2, 6,7-" "H(N)]Cholesteryl oleate was
purchased from American Radiolabeled Chemicals (St. Louis,
MO). Anti-murine GAPDH (#2118) was purchased from Cell Sig-
naling Technology (Danvers, MA). The recombinant adenovi-
ruses overexpressing LacZ (the Escherichia coli gene encoding
B-galactosidase), Ncehl (Ad-Ncehl), Ces3, (Ad-Ces3), or Lipe
(Ad-Lipe) were described previously (10, 12, 17, 18).

Preparation of lipoproteins

After an overnight fast, blood was collected from normolipid-
emic volunteers to isolate plasma. LDL (d 1.019-1.068 g/ml) and
HDL (d 1.063~-1.21 g/ml) were isolated from the plasma by se-
quential density ultracentrifugation (26). LDL was acetylated by
repeatedly adding acetic anhydride (27).

Mice

All mice [C57BL/ /j (WT), Neehl knockout (Neeh! ") (15), and
Lipe knockout (Lipe ™) (14, 15) mice] were maintained in a tem-
perature-controlled (25°C) facility with a 12 h light/dark cycle and
given free access to food and water. Mice were maintained and cared
for according to the regulations of the Animal Care Committees of
Jichi Medical University. All animals used in these studies were male.

2034 Journal of Lipid Research Volume 55, 2014

Cells

HEK293A cells were cultured in DMEM containing 10% (v/v)
FBS and antibiotics. MPMs were obtained 3 days after a 2 ml in-
traperitoneal injection of 5% (w/v) thioglycollate broth. MPMs
were plated on 48- or 96-well plates and cultured in DMEM con-
taining 10% (v/v) FBS and antibiotics for 2 h. Thereafter, cells
were washed with PBS, and if not stated otherwise, the adherent
macrophages were maintained in DMEM supplemented with
10% (v/v) FBS and antibiotics.

Western blot analyses

Cells were sonicated in buffer A (50 mM Tris-HCI, 250 mM
sucrose, 1 mM EDTA, 2 pg/ml leupeptin, pH 7.0). Each Iysate
was separated on a 10% SDS-PAGE and transferred to a nitrocel-
lulose membrane. For detection of the proteins, the membranes
were incubated with each anti-murine Necehl (10), anti-murine
Ces3 (17), anti-murine Lipe (10), or anti-murine GAPDH at a
dilution of 1:500-4,000. Specifically bound immunoglobulins
were detected in a second reaction with a horseradish peroxi-
dase-labeled IgG conjugate and visualized by ECL detection (GE
Healthcare) with Image Quant LAS 4000 Mini (GE Healthcare).

Enzymatic assays

Whole cell lysates were prepared from transfected HEK293A
and used for the enzymatic assays. PNPB hydrolase activity was
determined as described previously (10). NCEH activity was de-
termined as described by Hajjar et al. (28), using a reaction mix-
ture containing 6.14 wM cholesterol [1-! ‘Cloleate (48.8 nGi/
pmol; 1 pCi = 37 kBq).

CE turnover assay

After incubation in DMEM containing 5 mg/ ml lipoprotein
deficient serum (LPDS) for 24 h, MPMs (1 x 10 cells/well) were
incubated in DMEM containing 10 mM [1-"*Cloleic acid-albu-
min complex (58.2 wuCi/pmol), 50 pg/ml acetylated LDL
(acL.DL), and 5 mg/ml BSA for 24 h. The cells were washed with
PBS and incubated for 12 h with DMEM containing 5 mg/ml
LPDS to allow hydxolyung CE. Lipids were extracted and re-
solved by TLC. ["“CJCE was measured by liquid scintillation
counter.

Intracellular neutral lipids stained with Oil Red O

After CE turnover assay, MPMs were washed with PBS, fixed
with 4% paraformaldehyde for 30 min, and then stained with Oil
Red O and hematoxylin eosin for microscopic analysis (IX70,
Olympus).

Cholesterol efflux assay

Cholesterol efflux was determined as described previously (15,
29) Briefly, MPMs (1 x 10° cells/well) were loaded with [1,2,6,7-
H(N)]cholestelyl oleate by incubating the cells with 50 ug/ml
acLDL. After 24 h, cholesterol efflux was initiated by the addition of
100 pg/ml HDL or 25 pug/ml apoA-1 in the presence of K-604 and
continued for 24 h. An aliquot of the medium was removed and
centrifuged at 15,000 gfor 2 min to remove cellular debris, and the
radioactivity in the supernatant was measured with a liquid scintilla-
tion counter. The cells were lysed in 0.05% SDS buffer, and the ra-
dioactivity in an aliquot of the cell lysate was measured. The percent

efflux was calculated as (media dpm)/(cell + media dpm) x 100.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay

The 3-(4,5-dimethylthiazol-2y1)-2,5-diphenyltetrazolium bromide
(MTT) cell proliferation assay kit was purchased from Cayman
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Chemical (Ann Arbor, MI). Assay was performed following the
manufacturer’s protocol. Briefly, MPMs (5 x 10* cell/well) were
incubated in DMEM containing 5 mg/ml BSA with each com-
pound for 24 h. Four hours after the addition of Dye solution,
Solubilization/Stop solution was added to the medium for mea-
surement of absorbance using a spectrometer (E Max, Molecular
Devices).

Quantitative real-time PCR

Total RNA was prepared from MPMs using TRIzol. Relative
amounts of mRNA were calculated using a standard curve or the
comparative cycle threshold method with the StepOnePlus Real-
Time PCRinstrument (Applied Biosystems) according to the man-
ufacturer’s protocol. Mouse B-actin (Acth) mRNA was used as the
invariant control. Primer sequences were as follows: Neeh! forward,
5 AGCCTGCAGTTTGAGCTTA-8'; Ncehl reverse, 5-AGAGTCG-
GTATTTCTGGAGACG-3"; Neehl probe, 5-/56-FAM/AGGCTG-
GCA/ZEN/ACGTAGGTAAACTGTT/3IABKFQ/-8’; Lipe forward,
5-CATATCCGCTCTCCAGTTGACC-3"; Lipe reverse, 5-CCT-
ATCTTCTCCATCGACTACTCC-3"; Lipe probe, 5-/56-FAM/CGA-
GGCTCC/ZEN/CTTTCCCCGAG/3IABKFQ/-3'; Abcal forward,
5 TGCCACTTTCCGAATAAAGC-3"; Abcal reverse, 5-GGAG-
TTGGATAACGGAAGCA-3"; Abcal probe, 5-ATGCCGTCTG-
CAGGAA-3'; Abcgl forward, 5-TCGAATTCAAGGACCTTTCGC-3';
Abegl reverse, 5-CCACTGTTGAATTTCCCAGA-3'; Abcgl probe,
5-TGGTGGAAGAAGAAAG-8"; Acth forward, 5-CGATGCCCT-
GAGGCTCTTT8; Actb reverse, 5-TGGATGCCACAGGATT-
CCA-3; Acth probe, 5-CCAGCCTTCCTTCTT-3".

Statistical analyses

Results are presented as the mean #+ SD. Statistical differences
between groups were analyzed by one-way ANOVA and the Dun-
nett’s multiple comparisons test. All calculations were performed

with Graph Pad Prism version 6.0 for Macintosh (MDF).

RESULTS

NCEH activity in the cells infected with Ad-Ncehl,

Ad-Ces3, and Ad-Lipe

To confirm the ability of the overexpressed enzymes to
hydrolyze CE, we infected HEK293A cells with recombi-
nant adenoviruses to overexpress Ncehl, Ces3, or Lipe.

Whole cell lysates were subjected to Western blot analyses

and measurements of enzymatic activities (supplementary

Fig. I). The Western blot analyses showed the expression

of Ncehl (45 and 50 kDa), Ces3 (60 kDa), and Lipe (80
kDa) (supplementary Fig. IA). Overexpression of all three

enzymes caused substantial increases in PNPB hydrolase
activity (Ad-Ncehl, 28.1- fold; Ad-Ces3, 26.5-fold; Ad-Lipe,
15.3-fold) (supplementary Fig. IB). NCEH activity was in-
creased 24.9-fold by overexpression of Lipe and was increased
4.4-fold by overexpression of Ncehl, but it was not increased
by overexpression of Ces3 (supplementary Fig. IC).
Therefore, we used only Ad-Ncehl and Ad-Lipe for fur-
ther studies.

Selectivity of compounds against NCEH enzymes

We compared the inhibitory effects of each compound
on NCEH enzymatic activities, which were expressed by
overexpression of Ncehl or Lipe in cell lysates. The I1C;,
values and selectivity index (SI) values are summarized in
Table 1. (+)-AS115 and (—)-AS115 inhibited NCEH activi-
ties of both Ncehl and Lipe (SI: 4.3 and 2.3, respectively).
Paraoxon selectively inhibited NCEH activities of Ncehl
(IG5, values against Ncehl: 0.003 uM; SI: 400.0). On the
other hand, orlistat and 76-0079 selectively inhibited
NCEH activities of Lipe (SI: >51.0 and 115.0, respectively).
Benzil selectively inhibited PNPB hydrolyzing activity of
Ces3.

CE turnover in MPMs

To examine whether inhibition of the hydrolysis of CE
by each compound affected cholesterol trafficking, we
labeled MPMs with oleic acid and measured the amounts
of cholesteryl oleate after exposure to each compound.
Treatment with (+)-AS115 or (—)-AS115, which are non-
selective inhibitors, and with paraoxon, which is an
Ncehl-selective inhibitor, increased CE in MPMs from
WT mice (Fig. 1A-C). Similar increase in CE was ob-
served in MPMs from Lipe /~ mice. However, these CE-
increasing effects were not observed in MPMs from
NeehI™’~ mice. These results indicate that Ncehl is criti-
cal for hydrolyzing CE and removal of cholesterol from
the cell. On the other hand, treatment with orlistat or
76-0079, which are Lipe-selective inhibitors, did not sig-
nificantly increase the CE contents in MPMs from any of
three types of mice (Fig. 1D, E). Moreover, treatment
with benzil, a Ces3-selective inhibitor, did not signifi-
cantly increase the CE content either (Fig. 1F). These
results indicate that neither Lipe nor Ces3 is significantly
involved in the process.

To rule out the possibility that the compounds affect
cholesterol trafficking via their cytotoxicity, we measured

TABLE 1. Inhibitory effect of compounds on the hydrolysis of PNPB or CE in cell lysates of HEK293A cells
overexpressing Nceh1, Ces3, or Lipe

IC;, for PNPB ICy for CE

Compound Hydrolysis (M) Hydrolysis (M) ST Selectivity

Ncehl Ces3 Lipe Ncehl - Lipe
(+)-AS115 1.2 0.5 0.6 0.3 0.07 4.3 Ncehl, Lipe
(—)-AS115 0.6 0.5 0.9 0.1 0.2 2.0 Ncehl, Lipe
Paraoxon 0.02 0.01 32.0 0.003 1.2 400.0 Ncehl
Orlistat >20.4 >20.4 19.0 >20.4 0.4 >51.0 Lipe
76-0079 >19.5 >19.5 0.1 2.3 0.02 115.0 Lipe
Benzil >47.6 0.5 >47.6 >47.6 >47.6 — —

“SI = high ICs (Ncehl or Lipe)/low IC;, (Ncehl or Lipe).

Critical role of Ncehl in CE hydrolysis in murine macrophages 2035
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MTT activities in the cells treated with the compounds.
These compounds did not show cytotoxicity against
MPMs in an MTT assay (supplementary Fig. II). To ex-

amine whether the compounds affect the expression of

each enzyme, we performed RT-PCR analysis of Ncehl
and Lipe. Paraoxon, orlistat, and 76-0079 did not affect
the expression of Necehl and Lipe (supplementary Fig.
III). On the other hand, (+)-AS115 decreased the ex-
pression of Lipe, and (—)-AS115 decreased the expres-
sion of Ncehl and Lipe at 25.6 pM. However, the effects
were not significant at the lower concentrations (0.3
and 2.6 uM). Therefore, (+)-AS115 and (—)-AS115 in-
hibited both the hydrolase activity and the expression
of Neehl and Lipe (supplementary Fig. III). Conceivably,
the inhibition of the expression of Neehl and Lipe did
not mediate the CE-increasing effects of AS115s at the
lower concentrations.

Lipid droplet accumulation in MPMs

After loading the cells with CE by incubation with
acLDL, intracellular neutral lipid droplets were stained
with Oil Red O. Treatment with (+)-AS115, (—)-AS115, or
paraoxon increased lipid droplet accumulation compared
with the control (Fig. 2A-D). On the other hand, neither
orlistat, 76-0079, nor benzil caused significant lipid drop-
let accumulation (Fig. 2E-G). These results suggest that
selective inhibition of Ncehl, but not Lipe or Ces3, in-
creased CE accumulation in MPMs,

Cholesterol efflux in MPMs

To directly investigate whether the inhibition of CE hy-
drolysis decreases the release of free cholesterol from the
cell, we measured cholesterol efflux in MPMs treated
with paraoxon, an Ncehl-selective inhibitor, and 76-
0079, a Lipe-selective inhibitor in the presence of K-604
to inhibit de novo esterification of cholesterol (Fig. 3).
When HDL or apoA-1 was used as a cholesterol acceptor,
only treatment with paraoxon decreased cholesterol ef-
flux from MPMs of WT mice (Fig. 3A, B). Similar de-
crease was observed in MPMs from Lipew/ " mice. However,
these effects of paraoxon were not observed in MPMs
from Neeh1™™ mice (Fig. 3A, B). To examine whether the
changes in cholesterol efflux are associated with changes
in the expression of Abcal and Abcgl, we measured the
expressions of these genes by RI"PCR. While TO-901317,
a liver X receptor agonist, increased the expressions of
Abcal and Abcgl, neither paraoxon nor 76-0079 affected
them significantly (supplementary Fig. IVA, B). K-604
(19.7 pM), an ACATI inhibitor, did not inhibit Ncehl
and Lipe in NCEH assay (supplementary Fig. V). These
results indicate that Ncehl is primarily involved in CE
hydrolysis and that it is the rate-limiting step in the cho-
lesterol efflux from MPMs.

DISCUSSION

Based on their selectivities on Ncehl or Lipe, the six
inhibitors were classified into four groups: (1) nonselec-
tive inhibitors [(+)-AS115 and (—)-AS115], (2) Ncehl-se-
lective inhibitor (paraoxon), (3) Lipe-selective inhibitors
(orlistat and 76-0079), and (4) inhibitor of PNPB-hydro-
lyzing activity of Ces3 (Benzil). Treatment with paraoxon,
an Ncehl-selective inhibitor, increased CE accumulation,
as shown by the accumulation of neutral lipid droplets, in
MPMs (Figs. 1C, 2D). Moreover, paraoxon decreased cho-
lesterol efflux from MPMs without changing the expres-
sion of Abcal or Abcgl (supplementary Fig. IVA B). Similar
effects were observed in MPMs from sz)e mice. In con-
trast, these effects were not detectable in MPMs from
NeehI™” mice. These results indicate that Ncehl substan-
tially contributes to the NCEH and subsequent cholesterol
efflux in MPMs, which is in good agreement with our
previous reports (15, 18). On the other hand, orlistat and
76-0079 (Lipe-selective inhibitors) did not significantly in-
crease the CE contents (Fig. 1D, E) or lipid droplets in
MPMs (Fig. 2E, F). It is possible that orlistat is not trans-
ported to the intracellular sites where Lipe is localized. In
contrast, 76-0079 has been widely used for cell-based ex-
periments showing its efficacy (18, 22). Thus, we conclude
that Lipe does not contribute to the NCEH activity in
MPMs. These observations are very consistent with the re-
sults that AS115s (nonselective inhibitors) increased CE
accumulation as much as paraoxon did. Based on these
results, we can conclude that Ncehl plays a dominant role
over Lipe in the hydrolysis of CE in MPMs.

In contrast to these current and previous observations
that Ncehl significantly contributes to CE hydrolysis in
MPMs, Buchebner et al. (16) proposed that Lipe, but not
Ncehl, is essential for the hydrolysis of CE in MPMs. It is
unclear why they reached opposite conclusions even
though they used a similar strategy: use of MPMs obtained
from genetically modified mice. We assume that the com-
pleteness of the deficiency of Ncehl/KIAA1363 might be
different between the mice used in the two labs because of
the use of different targeting vectors. Furthermore, sensi-
tivity of the assay to measure NCEH activity might have
complicated the results.

The negligible contribution of Lipe to the hydrolysis of
CE in MPMs is very consistent wuh the results of two ear-
lier studies on MPMs from sze mice (13, 14). Bucheb-
ner et al., however, reported that NCEH activity was almost
abrogated in MPMs from sze mice. We do not know
the reason for this discrepancy. Because Lipe deficiency
leads to developmental changes in several tissues such as
testis and adipose tissue (14), it is possible that Lipe defi-
ciency also causes developmental changes in the macro-
phage lineage in an age-dependent manner. If Lipe

Fig. 1. Effect of inhibitors against Ncehl and/or Lipe on CE turnover in MPMs from WT, Neeh1™, or Lipe

~ mice. MPMs were incu-

bated with [1-"*C]oleic acid in the presence of acLDL. After 24 h, MPMs were changed to new medium and incubated up to 12 h with each
inhibitor. TLC was used to separate CE from the cellular lipids. A: (+)-AS115. B: (—)-AS115. C: Paraoxon. D: Orlistat. E: 76-0079. F; Benzil.
Data are presented as the means = SD of 3-10 measurements. * P< 0.05, ** P< (.01, ##% P< 0.001, each concentration of inhibitor versus
control (determined by ANOVA followed by the Dunnett’s multiple comparisons test for A-F).
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A Control B

(+)-AS115  C

()-As115 D

E  Orlistat F 76-0079 G Benzil

deficiency somehow decreases the NCEH activity of Neehl
in macrophages under certain conditions, this may ex-
plain the contradiction stated previously.

The compounds used in the present study were not strictly
specific. Paraoxon and/or AS115, the Ncehl-inhibiting com-
pounds, also inhibit PNPB-hydrolyzing activity of Ces3 (Table 1).
Furthermore, it is well known that organophosphorus toxi-
cants, to which paraoxon belongs, target at least 50 serine

A
HDL wT

Paraoxon

Nceh1”/-

Fig. 2. Effect of inhibitors against Ncehl and/or
Lipe on neutral lipid droplet accumulation in MPMs
from WT mice. Intracellular neutral lipids were
stained with Oil Red O. A: Control (methanol). B:
(+)-AS115, 25.6 pM. C: (—)-AS115, 25.6 pM. D:
Paraoxon, 36.0 WM. E: Orlistat, 20.2 pM. F: 76-0079,
19.8 pM. G: Benuzil, 47.6 M.

50 pm

hydrolases and receptors including acetylcholinesterase,
butyrylcholinesterase, chymotrypsin, arylformamidase, and
fatty acid amide hydrolase (30). However, overexpression of
Ces3 did not show a significant NCEH activity (supplementary
Fig. IC) (17). Moreover, benzil, a Ces3-selective inhibitor, did
not inhibit the hydrolysis of CE in MPMs (Figs. 1F, 2G).
Therefore, it is unlikely that paraoxon or AS115 increased
CE accumulation by specifically inhibiting Ces3.
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Fig. 3. Effect of inhibitors against Ncehl or Lipe on cholesterol efflux in MPMs from WT, Neehl /7, or Lipe”’~ mice. MPMs were loaded
with [1,2,6,7—JH (N)]cholesteryl oleate by incubating the cells with acLDL. After 24 h, cholesterol] efflux was initiated by the addition of
HDL or apoA-1 in the presence of K-604 with each inhibitor and continued for 24 h. The percent efflux was calculated as (media dpm)/
(cell + media dpm) x 100. Cholesterol efflux was examined with paraoxon (36.0 uM), 76-0079 (19.3 pM), or methanol (control) in the
presence of HDL (A) or apoA-1 (B). Data are presented as the means = SD of three to four measurements. * P< 0.05, ##** P<(.001, each
inhibitor vs control (determined by ANOVA followed by the Dunnett’s multiple comparisons test for A).
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Recently, Marcel and his colleagues (31, 32) proposed a
novel and intriguing pathway for CE hydrolysis: autoph-
agy. In one of the key experiments, they used chloroquine
to disrupt the lysosomal pathway. Treatment with chloro-
quine increased cellular CE as much as treatment with
paraoxon did. These results were interpreted as evidence
of the involvement of autophagy in the hydrolysis of CE.
However, a high concentration of chloroquine can be-cy-
totoxic. Indeed, we found that incubation of MPMs with
30 and 100 pM chloroquine for 24 h decreased MTT activ-
ity by 60% and 90%, respectively (unpublished observa-
tions). The resulting dying cells might be taken up by
neighboring macrophages by efferocytosis, where ¢ellular
CE is directly targeted to lysosomes via fusion with phago-
somes. This pathway involves lysosomes, but certainly not
autophagy. Another caveat concerning the use of chloro-
quine is its potential effect on ataxia telangiectasia mu-
tated (ATM). Schneider etal. (33) reported that treatment
with low-dose chloroquine attenuated atherosclerosis in
apoE knockout mice by suppressing c-Jun N-terminal ki-
nase activity, which suppresses LPL activity via activating
ATM. In a pioneering paper addressing the lysosomal
pathway for CE hydrolysis, Avart and his colleagues (34)
showed that chloroquine inhibited the hydrolysis of CE
only when CE is in anisotropic inclusions. Further studies
are needed to correctly interpret the antiatherosclerotic
effect of chloroquine.

In conclusion, we show pharmacological evidence that
Ncehl has a critical role in the hydrolysis of CE in MPMs.
These findings should provide the basis for understanding
the pathophysiology of atherosclerosis and can be ex-
ploited to develop new therapeutic approaches Kl

The authors thank Dr. Hiroaki Yagyu for helpful discussion,
and Ms. Yukiko Hoshino and Mika Hayashi for technical
assistance.

REFERENCES

1. Moore, K. J., and I. Tabas. 2011. Macrophages in the pathogenesis
of atherosclerosis. Cell. 145: 341-355.

2. Brown, M. S., J. L. Goldstein, M. Krieger, Y. K. Ho, and R. G.
Anderson. 1979. Reversible accumulation of cholesteryl esters in
macrophages incubated with acetylated lipoproteins. J. Cell Biol. 82:
597-613.

3. Kritharides, L., A. Christan, G. Stoudt, D. Morel, and G. H.
Rothblat. 1998. Cholesterol metabolism and efflux in human
THP-1 macrophages. Arterioscler. Thromb. Vasc. Biol. 18: 1589-1599.

4. Ishii, I, M. Oka, N. Katto, K. Shirai, Y. Saito, and S. Hirose. 1992.
Beta-VLDL-induced cholesterol ester deposition in macrophages
may be regulated by neutral cholesterol esterase activity. Arterioscler.
Thromb. 12: 1139-1145.

. Yeaman, S. J. 2004. Hormone-sensitive lipase—new roles for an old
enzyme. Biochem. J. 379: 11-22.

. Ghosh, S. 2000. Cholesteryl ester hydrolase in human monocyte/
macrophage: cloning, sequencing, and expression of full-length
cDNA. Physiol. Genomics. 2: 1-8.

7. Long, R. M., M. R. Calabrese, B. M. Martin, and L. R. Pohl. 1991.
Cloning and sequencing of a human liver carboxylesterase isoen-
zyme. Life Sci. 48: PL43-PL49. .

8. Munger, ].S., G. P. Shi, E. A. Mark, D. T. Chin, C. Gerard, and H. A.
Chapman. 1991. A serine esterase released by human alveolar mac-
rophages is closely related to liver microsomal carboxylesterases.
J. Biol. Chem. 266: 18832-18838.

(<28

[o2]

9. Lehner, R,, and D. E. Vance. 1999. Cloning and expression of a
c¢DNA encoding a hepatic microsomal lipase that mobilizes stored
triacylglycerol. Biochem. J. 343: 1-10.

10. Okazaki, H., M. Igarashi, M. Nishi, M. Sekiya, M. Tajima, S.
Takase, M. Takanashi, K. Ohta, Y. Tamura, S. Okazaki, et al. 2008.
Identification of neutral cholesterol ester hydrolase, a key en-
zyme removing cholesterol from macrophages. J. Biol. Chem. 283:
33357-33364.

11. Nomura, D. K., D. Leung, K. P. Chiang, G. B. Quistad, B. F. Cravatt,
and J. E. Casida. 2005. A brain detoxifying enzyme for organophos-
phorus nerve poisons. Proc. Natl. Acad. Sci. USA. 102: 6195-6200.

12. Okazaki, H., J. Osuga, K. Tsukamoto, N. Isoo, T. Kitamine, Y.
Tamura, S. Tomita, M. Sekiya, N. Yahagi, Y. Iizuka, et al. 2002.
Elimination of cholesterol ester from macrophage foam cells by
adenovirus-mediated gene transfer of hormone-sensitive lipase. J.
Biol. Chem. 277: 31893-31899.

13. Contreras, J. A. 2002. Hormone-sensitive lipase is not required for
cholesteryl ester hydrolysis in macrophages. Biochem. Biophys. Res.
Commun. 292: 900-903.

14. Osuga, J., S. Ishibashi, T. Oka, H. Yagyu, R. Tozawa, A. Fujimoto,
F. Shionoiri, N. Yahagi, F. B. Kraemer, O. Tsutsumi, et al. 2000.
Targeted disruption of hormone-sensitive lipase results in male ste-
rility and adipocyte hypertrophy, but not in obesity. Proc. Natl. Acad.
Sei. USA. 97: 787-792.

15. Sekiya, M., J. Osuga, S. Nagashima, T. Ohshiro, M. Igarashi, H.
Okazaki, M. Takahashi, F. Tazoe, T. Wada, K. Ohta, et al. 2009.
Ablation of neutral cholesterol ester hydrolase 1 accelerates athero-
sclerosis. Cell Metab. 10: 219-228.

16. Buchebner, M., T. Pfeifer, N. Rathke, P. G. Chandak, A. Lass, R.
Schreiber, A. Kratzer, R. Zimmermann, W. Sattler, H. Koefeler,
et al. 2010. Cholesteryl ester hydrolase activity is abolished in
HSL—/— macrophages but unchanged in macrophages lacking
KIAA1363. J. Lipid Res. 51: 2896-2908.

17. Okazaki, H., M. Igarashi, M. Nishi, M. Tajima, M. Sekiya, S.
Okazaki, N. Yahagi, K. Ohashi, K. Tsukamoto, M. Amemiya-Kudo,
et al. 2006. Identification of a novel member of the carboxylester-
ase family that hydrolyzes triacylglycerol: a potential role in adipo-
cyte lipolysis. Diabetes. 55: 2091-2097.

18. Igarashi, M., J. Osuga, H. Uozaki, M. Sekiya, S. Nagashima, M.
Takahashi, S. Takase, M. Takanashi, Y. Li, K. Ohta, et al. 2010. The
critical role of neutral cholesterol ester hydrolase 1 in cholesterol
removal from human macrophages. Circ. Res. 107: 1387-1395.

19. Sekiya, M., J. Osuga, M. Igarashi, H. Okazaki, and S. Ishibashi.
2011. The role of neutral cholesterol ester hydrolysis in macro-
phage foam cells. J. Atheroscler. Thromb. 18: 359-364.

20. Chiang, K. P., S. Niessen, A. Saghatelian, and B. F. Cravatt. 2006.
An enzyme that regulates ether lipid signaling pathways in can-
cer annotated by multidimensional profiling. Chem. Biol. 13:
1041-1050.

21. Chang, J. W., D. K. Nomura, and B. F. Cravatt. 2011. A potent and
selective inhibitor of KIAA1363/AADACLI that impairs prostate
cancer pathogenesis. Chem. Biol. 18: 476-484.

22. Schweiger, M., R. Schreiber, G. Haemmerle, A. Lass, C. Fledelius,
P. Jacobsen, H. Tornqvist, R. Zechner, and R. Zimmermann. 2006.
Adipose triglyceride lipase and hormone-sensitive lipase are the
major enzymes in adipose tissue triacylglycerol catabolism. /. Biol.
Chem. 281: 40236-40241.

. Crow, J. A., B. L. Middleton, A. Borazjani, M. J. Hatfield, P. M.
Potter, and M. K. Ross. 2008. Inhibition of carboxylesterase 1 is
associated with cholesteryl ester retention in human THP-1 mono-
cyte/macrophages. Biochim. Biophys. Acta. 1781: 643-654.

24. Hogan, S., A. Fleury, P. Hadvary, H. Lengsfeld, M. K. Meier, J.
Triscari, and A. C. Sullivan. 1987. Studies on the antiobesity activity
of tetrahydrolipstatin, a potent and selective inhibitor of pancreatic
lipase. Int. J. Obes. 11 (Suppl. 3): 35-42.

25. Ikenoya, M., Y. Yoshinaka, H. Kobayashi, K. Kawamine, K. Shibuya,
F. Sato, K. Sawanobori, T. Watanabe, and A. Miyazaki. 2007. A
selective ACAT-1 inhibitor, K-604, suppresses fatty streak lesions
in fatfed hamsters without affecting plasma cholesterol levels.
Atherosclerosis. 191: 290-297.

26. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The distribution
and chemical composition of ultracentrifugally separated lipopro-
teins in human serum. J. Clin. Invest. 34: 1345-1353.

27. Goldstein, J. L., Y. K. Ho, S. K Basu, and M. S. Brown. 1979.
Binding site on macrophages that mediates uptake and degrada-
tion of acetylated low density lipoprotein, producing massive cho-
lesterol deposition. Proc. Natl. Acad. Sci. USA. 76: 333-337.

nNo
oo

Critical role of Ncehl in CE hydrolysis in murine macrophages 2039

107

G1L0Z ‘ez Arenige- uo ‘AdvHall TOOHOS TYOIQIN IHOIr je Bio il mmm wioy pepeojumod



SASBMB

JOURNAL OF LIPID RESEARCH

28.

29.

30.

31.

2040

htmi

Supplemental Material can be found at:
hitp:fiwww jir.org/content/suppl/2014/05/27/jir M047787.DC1

Hajjar, D. P, C. R. Minick, and S, Fowler. 1983, Arterial neutral
cholesteryl esterase. A hormone-sensitive enzyme distinct from ly-
sosomal cholesteryl esterase. . Biol. Chem. 258: 192198,

Feng, B., and 1. Tabas. 2002, ABCAl-mediated cholesterol efflux
is defective in free cholesterol-loaded macrophages. Mechanism
involves enhanced ABCAL degradation in a process requiring full
NPCI activity. [. Biol. Chem. 277: 4527143280,

Casida, J. E., and G, B. Quistad, 2005. Serine hydrolase targets
of organophosphorus toxicants. Chem. Biol. Interact. 157-158:
277-283.

Quimet, M., V. Franklin, E. Mak, X. Liao, 1. Tabas, and Y. L.
Marcel. 2011. Autophagy regulates cholesterol efflux from

Journal of Lipid Research Volume 55, 2014

32.

34,

108

macrophage foam cells via lysosomal acid lipase. Cell Metab. 13:
655-667.

Ouimet, M., and Y. L. Marcel. 2012. Regulation of lipid droplet
cholesterol efflux from macrophage foam cells. Arterioscler. Thromb.
Vase. Biol. 32: 575-581.

Schneider, J. G., B. N, Finck, J. Ren, K. N. Standley, M. Takagi, K. H.
Maclean, C. Bernal-Mizrachi, A. J. Muslin, M. B. Kastan, and C. F.
Semenkovich. 2006. ATM-dependent suppression of stress signaling
reduces vascular disease in metabolic syndrome. Cell Metab. 4: 377-389.
Avart, S. J.,, D. W. Bernard, W. G. Jerome, and J. M. Glick. 1999.
Cholesteryl ester hydrolysis in J774 macrophages occurs in the cy-
toplasm and lysosomes. [ Lipid Res. 40: 405-414.

§1L0Z ‘€z Alenige uo ‘AdvHEIT TOOHOS TVOIA3N IHOIr 18 Bioilmmm woy papeojumoq



SASBMB

JOURNAL OF LIPID RESEARCH

Y

Supplemental Material can be found at:
hhttp://www,jlr.org/contem/suppl/2014/06/02/j£r.M050864‘DC1
html

Absence of Nceh1 augments 25-hydroxycholesterol-
induced ER stress and apoptosis in macrophages®
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Abstract An excess of cholesterol and/or oxysterols in-
duces apoptosis in macrophages, contributing to the devel-
opment of advanced atherosclerotic lesions. In foam cells,
these sterols are stored in esterified forms, which are hydro-
lyzed by two enzymes: neutral cholesterol ester hydrolase 1
(Ncehl) and hormone-sensitive lipase (Lipe). A deficiency in
either enzyme leads to accelerated growth of atherosclerotic
lesions in mice. However, it is poorly understood how the
esterification and hydrolysis of sterols are linked to apop-
tosis. Remarkably, NcehlI-deficient thioglycollate-elicited
peritoneal macrophages (TGEMSs), but not Lipe-deficient
TGEMs, were more susceptible to apoptosis induced by
oxysterols, particularly 25-hydroxycholesterol (25-HC), and
incubation with 25-HC caused massive accumulation of 25-
HC ester in the endoplasmic reticulum (ER) due to its de-
fective hydrolysis, thereby activating ER stress signaling
such as induction of CCAAT/enhancer-binding protein-
homologous protein (CHOP). These changes were nearly
reversed by inhibition of ACAT1.HE In conclusion, defi-
ciency of Ncehl augments 25-HC-induced ER stress and
subsequent apoptosis in TGEMs. In addition to reducing
the cholesteryl ester content of foam cells, Ncehl may pro-
tect against the pro-apoptotic effect of oxysterols and
modulate the development of atherosclerosis.—Sekiya, M.,
D. Yamamuro, T. Ohshiro, A. Honda, M. Takahashi, M.
Kumagai, K. Sakai, S. Nagashima, H. Tomoda, M. Igarashi,
H. Okazaki, H. Yagyu, J-i. Osuga, and S. Ishibashi. Absence
of Ncehl augments 25-hydroxycholesterol-induced ER
stress and apoptosis in macrophages. J. Lipid Res. 2014.
55: 2082-2092.

This work was supported by a grant-in-aid from Research Fellowships of the Ja-
pan Society for the Promotion of Science for Young Scientists, a grant-in-aid for
Scientific Research from the Ministry of Education. and Sczemce the Program for
Promotion of Fundamental Studies in Health Sciences of the National Institute
of Biomedical Innovation (NIBIO) and JKA through its promotion funds from
KEIRIN RACE, and MEXT-Supported Program for the Strategic Research
Foundation at Private Universities 2011-2015 “Cooperative Basic and Clini-
cal Research on Circadian Medicine” from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan.

Manuscript received 12 May 2014.

Published, JLR Papers in Press, June 1, 2014
DOI 10.1194/jlr.M050864

2082 Journal of Lipid Research Volume 55, 2014

Supplementary key words KIAA1363 * arylacetamide deacetylase-like
1 ¢ atherosclerosis ® foam cells ® acyl-CoA:cholesterol acyltransferase
lipase/hormone-sensitive lipase ® oxysterols ® reverse cholesterol trans-
port * lipid droplets ® apoptosis ® neutral cholesterol ester hydrolase
1 ¢ endoplasmic reticulum

Atherosclerotic cardiovascular diseases are the leading
cause of mortality in industrialized countries, despite ad-
vances in the management of coronary risk factors. Heart
attacks arise from the thrombotic occlusion of coronary
arteries following the rupture of plaques. Characteristic of
these rupture-prone plaques is their lipid-rich nature due
to the presence of cholesteryl ester (CE)-laden macro-
phage foam cells (1).

The hydrolysis of intracellular CE, the initial step of re-
verse cholesterol transport, is catalyzed by multiple en-
zymes: neutral cholesterol ester hydrolase 1 (NCEH1) (2),
also known as KIAA1363 or arylacetamide deacetylase-like
1 (AADACLI1) (8), hormone-sensitive lipase (LIPE) (4),
and possibly carboxylesterase 1 (CESI) (5, 6). NCEHI1 is a
microsomal protein tethered to the endoplasmic reticu-
lum (ER) membrane by its N terminus with the rest of the
protein containing the catalytic domain residing in the ER

Abbreviations: acLDL, acetyl-LDL; Bip, immunoglobulin heavy
chain-binding protein; CE, cholesteryl ester; CHOP, CCAAT/en-
hancer-binding protein-homologous protein; ER, endoplasmic reticu-
lum; 25-HC, 25-hydroxycholesterol; 27-HC, 27-hydroxycholesterol;
Hmgesl, 3-hydroxy-3-methylglutaryl-CoA synthase 1; 7-KC, 7-ketocholes-
terol; LD, lipid droplet; LIPE, hormone-sensitive lipase; LPDS, lipopro-
tein deficient serum; LXR, liver X receptor; NCEH]1, neutral cholesterol
ester hydrolase 1; PPPA, pyripyropene A; Srebp, sterol regulatory ele-
ment binding protein; TEM, transmission electron microscopy; TGEM,
thioglycollate-elicited peritoneal macrophage; TUNEL, Terminal de-
oxynucleotidyl transferase-mediated dUTP nick end labeling; Xbp-1,
X- box -binding protein 1.
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lumen (7) and is robustly expressed in macrophages (2).
In addition to CE, NCEHI may catalyze the hydrolysis of
2-acetyl monoalkylglycerol (8) and TG (2). We have re-
cently reported that disruption of Neehl promotes the for-
mation of foam cells and accelerates the development of
atherosclerosis in mice lacking either Apoe or LDL recep-
tor (Ldlr) (9). In humans, NCEHI plays a more critical
role in cholesterol removal from monocyte-derived macro-
phages (10). Ultimately, however, accumulating evidence
has suggested that reverse cholesterol transport is only
one of a number of diverse functions of macrophages in
atherogenesis (11). Macrophage apoptosis is another im-
portant feature of atherosclerosis (12, 13). Interestingly,
the metabolism of cholesterol and its metabolites is closely
involved in the apoptosis of macrophages. For example,
oxysterols such as 25-hydroxycholesterol (25-HC) and
7-ketocholesterol (7-KC) are major bioactive molecules
that initiate the apoptosis of macrophages exposed to oxi-
dized LDL (14) Sinensky and his colleagues reported that
increased Ca®" influx (15) and subsequent activation of
cytosolic phospholipase A2 (cPLA2) (16), as well as in-
creased proteasomal degradation of Akt (17), underlie the
oxysterol-induced apoptosis in CHO-K1 and P388D1 cells.
They further showed that ACAT mediates the 7-KC-in-
duced apoptosis in P388D1 cells and mouse peritoneal
macrophages (18). In contrast to this pro-apoptotic role,
Rothblat and Tabas reported that ACAT can serve an anti-
apoptotic role by showing inhibition of ACAT causes
apoptosis of macrophages after exposure to acetyl-L.LDL
(acLDL) (19, 20). Tabas and colleagues further proposed
that ER stress pathways mediate apoptotic signaling in this
process (21). Thus, the role of ACATI in apoptosis may
depend on the sort of sterol, which probably explains the
conflicting results concerning the effects of ACAT1’s inhi-
bition on atherosclerosis (22, 23). Because NCEH1 coun-
teracts ACAT activity, it is possible that macrophages
lacking Ncehl are more susceptible to apoptosis, particu-
larly in response to various sterols. These considerations
have prompted us to examine the anti-apoptotic role of
Ncehl in the apoptosis of macrophages.

Herein, we demonstrate that Ncehl-deficient macro-
phages are highly susceptible to apoptosis induced by 25-
HC, and the underlying mechanism may involve the
activation of ER stress signaling due to accumulation of
25-HC ester in the ER.

MATERIALS AND METHODS

Materials

27-Hydroxycholesterol (27-HC) was purchased from Research
Plus (Bayonne, NJ); all other oxysterols and MG-132 were pur-
chased from Sigma (St. Louis, MO). Ca*free DMEM medium
was purchased from Gibco (Carlsbad, CA). K-604 (24) and CS-
505 (25) were provided by Kowa Pharmaceutical, Daiichi Sankyo
and Kyoto Pharmaceutical Industries, respectively. Pyripyropene
A (PPPA) was purified from a culture broth of the fungus Asper-
gzllus Jumigatus FO-1289 (26, 27). Cholesterol [1-"C]oleate and
[1 C]olelc acid were purchased from Perkin Elmer (Waltham,

MA). 25-HC oleate was synthesized from 25-HC and oleic acid
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 4-di-
methylaminopyrindine in dichloromethane. After reaction, 25-
HC oleate was purified by preparative TLC on silica gel (10:1
hexane:ethyl acetate). Chemical su ucture was determined by the
NMR analysis and MS. 25-HC [1 C]olcate was synthesized from
25-HC and [1— C]OICIC acid.

Lipoproteins
acL.DL and lipoprotein deficient serum (LPDS) were pre-
pared as described previously (28).

Animals

\/hce lacking Neehl (Neeh1™’™), Lipe (Lipe™’”) or both (NeehI™~
LL/)(’ ) were generated as described previously (9, 29). Mlce
used in this study were crossed onto the C57BL/6] background
for more than five generations. All experimental procedures and
handling of animals were conducted according to our institu-
tional guidelines.

Peritoneal macrophages

Thioglycollate-elicited peritoneal macrophages (TGEMs) were
obtained from 8week-old mice as described (9) and incubated in
DMEM containing 10% FCS or 10% LPDS.

Transmission electron microscopy

Cells were fixed in modified Karnovsky’s phosphate-buffered
(0.1 M) glutaraldehyde (2.5%)-paraformaldehyde (4%) mixture
at room temperature for 12 h, postfixed for 2 h in 2% osmium
tetroxide in 0.1 M phosphate buffer, dehydrated in ethanol and
propylene oxide, and embedded in Epon. The sections were cut
and then counterstained with uranyl acetate and lead citrate for
transmission electron microscopy (TEM).

Detection of DNA ladder

DNA (0.5 pg), which was extracted from the cells, was end-la-
beled with [a—: ")P]dCTP by Klenow and subjected to electropho-
resis in a 1.5% agarose gel and then transferred to nylon
membranes, as described previously (30). Mouse thymocyte
apoptotic DNA was used as a control (31).

TUNEL

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) was performed by using a kit (Takara Bio-
medicals, Tokyo). At least 1,500 cells from five random fields
were counted in each individual sample, and the percentage of
apoptotic cells was calculated as (TUNEL-positive cells)/
(TUNEL-positive cells + surviving TUNEL-negative cells).

Subcellular fractionation

Cells were sonicated in buffer A [20 mM Tris-HCl (pH 7.0),
250 mM sucrose with protease inhibitors], ultracentrifuged at
100,000 g for 45 min at 4°C, microsomal pellet was resuspended
and re-ultracentrifuged to enhance purity to give a supernatant
fraction (cysotol) and a microsomal pellet (22, 23).

TLC

Lipid was extracted from the cytosolic (100 g of protein) and
microsomal fraction (50 pg of protein), and was separated by
TLC with toluene-ethyl acetate (67:33) as the solvent. Visualiza-
tion was done with 10% sulfuric acid.

Measurements of oxysterols

Concentrations of oxysterols in subcellular fractions were mea-
sured using LC-MS/MS as described (32). After the addition of

Oxysterol-induced ER stress in Ncehl-deficient macrophages 2083
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Fig. 1.

Ncehl-deficient TGEMs are prone to apoptosis. A: TEM observation. TGEMs were incubated in

DMEM containing 10% FCS. Nuclear condensation (indicated by arrows), a characteristic feature of apop-
totic cells, was observed predominantly in NeehI-deficient TGEMs (representative images are shown). *The
apoptotic macrophage engulfed by another macrophage. B, C: DNA ladder. DNA (0.5 pg) from macro-
phages was loaded in each lane. PC denotes positive control DNA (0.5 jg) from dexamethasone-treated
thymocytes. Three wells of cells were incubated either in DMEM containing 10% FCS with or without acLDL
(100 pg/ml) for 24 h (B) orin DMEM containing 10% LPDS with vehicle or 25-HC (10 p.g/ml) for 24 h (C).
D: Four wells of cells were incubated with increasingly higher concentrations of 25-HC for 24 h. The apop-
totic cells were detected by TUNEL. Data are expressed as the mean + SEM. *P < 0.05; **P< 0.01.

deuterated internal standards and butylated hydroxytoluene, each
fraction was either hydrolyzed with 1 N ethanolic KOH and deriva-
tized into picolinyl esters, or directly converted into picolinyl esters.

Northern blot analysis
Northern blot analyses were performed as described (9).

Analysis of Xbp-1 mRNA splicing

Total RNA was reverse transcribed and amplified using a sense
primer (5-AAACAGAGTAGCAGCGCAGACTGC-3") and an anti-
sense primer (5-GGATCTCTAAAACTAGAGGCTTGGTG-3'). This
fragment was further digested by Pstl as described previously (33).

Quantitative real-time PCR

Two micrograms of total RNA were reverse-transcribed using
the ThermoScript RT-PCR system (Invitrogen). Quantitative
real-time PCR was performed using SYBR Green dye (Applied
Biosystems, Foster City, CA) in an ABI Prism 7900 PCR instru-
ment (Applied Biosystems). The relative abundance of each tran-
script was calculated from a standard curve of cycle thresholds for
serial dilutions of a cDNA sample and normalized to Rplp0 or Atcb.
Primer sequences for Abcal and 3-hydroxy-3-methylglutaryl-CoA
synthase 1 (HmgesI) were described previously (9). Other primer
sequences were as follows: immunoglobulin heavy chain-binding

2084 Journal of Lipid Research Volume 55, 2014

protein (Bip) (sense 5-TCATCGGACGCACTTGGAA-3, antisense
5-CAACCACCTTGAATGGCAAGA-3"), CCAAT/enhancer-binding
protein-homologous protein (Chop) (sense 5-GTCCCTAGCTTG-
GCTGACAGA-%’, antisense 5-TGGAGAGCGAGGGCTTTG-3),
Neehl (sense 5-AGCCTGCAGTTTGAGCTTA-3, antisense 5-AGA-
GTCGGTATTTCTGGAGACG-3"), Acatl (sense 5-GGAAGTTGG-
GTGCCACTTCG-%, antisense 5-GGTGCTCTCAGATCTTTGG-3'),
Rplp0 (sense 5-GAAGACAGGGCGACCTGGAA-3, antisense 5-TT-
GTGGCTCCCACAATGAAGC-3'), and Atch (sense 5-CGATGCCCT-
GAGGCTCTTT-%, antisense 5-TGGATGCCACAGGATTCCA-3").

Western blot analyses

TGEMs were homogenized in buffer A [50 mM Tris-HCI, 250
mM sucrose, 1 mM EDTA, 2 pg/ml leupeptin (pH 7.0)]. Ten
micrograms of proteins of whole lysates were separated by SDS-
PAGE on the NuPAGE 10% Bis-Tris gel and transferred to a ni-
trocellulose membrane. For detection of the proteins, the
membranes were incubated with each anti-murine Akt (Abcam)
or anti-murine GAPDH at a dilution of 1:1,000 in Hikari A solu-
tion (Nacalai Tesque). Specifically bound immunoglobulins
were detected in a second reaction with a horseradish peroxi-
dase-labeled IgG conjugate and visualized by ECL detection (GE
Healthcare) with Image Quant LAS 4000 Mini (GE Healthcare).
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Fig. 2. Inhibition of ACATI suppresses the augmentation of 25-HC-induced apoptosis in NeehI-deficient TGEMs. Four wells of TGEMs
were incubated in DMEM containing 10% LPDS with vehicle or 25-HC (10 pg/ml) in the presence or absence of the ACAT inhibitors:
K-604, PPPA, and CS-505 (10 p.M) for 24 h. A: The apoptotic cells were detected by TUNEL. B: Expression of Chopwas measured by RI-PCR.

Data are expressed as the mean = SEM. #¥P< 0.01; NS, a nonsignificant difference.

Statistics

Statistical differences between groups were analyzed by one-
way ANOVA and the post hoc Tukey-Kramer test or two-tailed
Student’s ttest, unless otherwise stated.

RESULTS

Ncehl deficiency increases the susceptibility of
macrophages to apoptosis

While attem))ting to examine the intracellular structures
of the Neehl’~ TGEMs using TEM, we noticed a small
number of apoptotic cells featuring condensed nuclei in
Neeh1”'~ TGEMs (Fig. 1A). Interestingly, while cellular
cholesterol loading with acL.DL did not alter the frequency
of apoptotic nuclei (Fig. 1B), treatment of Ncehl-deficient

TGEMs with 25-HC (Fig. 1C, D; Fig. 24), 7-KC (Fig. 24),
and 27-HC (data not shown) augmented apoptosis. The
Ncehl-dependent augmentation of apoptosis was not ob-
served for other compounds including lipopolysaccharide,
tunicamycin, staurosporin, 5aba-epoxycholesterol, 5B63-
epoxycholesterol, 78-hydroxycholesterol, and 24-hydroxy-
cholesterol (data not shown). The effects were far more
pronounced for 25-HC than for 7-HC and 27-HC, and de-
tectable even at a concentration of 0.1 pg/ml (0.26 pM)
(Fig. 1D), which is close to a physiological concentration of
oxysterols (0.01-0.1 uM in plasma) (34).

The augmentation of the 25-HC-induced apoptosis,
which was clearly observed in NeehI™/™ TGEMs, was not
detectable in nonelicited macrophages; treatment with 25-
HC significantly increased the number of apoptotic cells
as well as the expression of Chop, even in nonelicited WT

Oxysterol-induced ER stress in Ncehl-deficient macrophages 2085
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Xbp-1 plus unspliced Xbp-1)].

macrophages. Although the nonelicited Neehl™’™ cells
showed slightly higher expression of Chop than the non-
elicited WT cells (supplementary Fig. IA), there was no
significant difference in the number of apoptotic cells be-
tween the two types of cells after treatment with 25-HC
(supplementary Fig. IB). These results indicate that non-
elicited macrophages are more susceptible to 25-HC-in-
duced ER stress and apoptosis than elicited TGEMs. The
susceptibility may be conferred by both the lower expres-
sion of Ncehl and higher expression of Acatl (supplemen-
tary Fig. IC, D).

ACAT inhibitors suppress Ncehl-dependent macrophage
apoptosis

Membrane-bound enzyme ACAT, which is responsible
for the intracellular esterification of cholesterol, is known
to be strongly activated by oxysterols (35). Inasmuch as we
have reported that Ncehl catalyzes the intracellular hy-
drolysis of CE (2), we speculated that Ncehl also catalyzes
the intracellular hydrolysis of esterified oxysterols and that
cycles of esterification-hydrolysis could play a pivotal role
in the underlying molecular processes. Indeed, Ncehl
hydrolyzed 25-HC oleate in vitro (supplementary Fig. II).

2086 Journal of Lipid Research Volume 55, 2014

K, of Ncehl for 25-HC oleate was comparable to that for
cholesteryl oleate: 6.4 = 0.9 uM versus 6.9 + 2.3 uM. As
expected, nonselective ACAT inhibitor, CS-505, signifi-
cantly inhibited the Ncehl-dependent augmentation of
enhanced 25-HC-induced apoptosis (Fig. 2A). There are
two ACAT isozymes: ACATI and ACAT2. To determine
which isozyme mediated the 25-HC-induced apoptosis, we
further compared the effects of ACAT1-specific inhibitor,
K-604, and ACAT2-specific inhibitor, PPPA. As expected,
the augmentation of the 25-HC-induced apoptosis was spe-
cifically inhibited by K-604, but not by PPPA, corroborat-
ing the fact that ACAT] is the major isozyme of TGEMs
(36). A similar phenomenon was also observed for 7-KC.

Microsomal accumulation of 25-HC ester precedes
activation of ER stress signaling in NcehI-deficient
macrophages

Because inhibition of ACAT successfully reduced the
augmentation of the 25-HC-induced apoptosis in Neehl '~
TGEMs, we initially focused on the intracellular esterified
oxysterol content to explore the underlying mechanism.
Intracellular free 25-HC was already detectable after 1 h of
incubation, and thereafter the free 25-HC content appeared
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25-HC is a highly specific trigger for accumulation of esterified oxysterol and activation of ER stress

in Neehl-deficient TGEMs. A, B: TGEMs were incubated with various kinds of oxysterols (10 ug/ml) in the
presence or absence of CS-505 (10 uM) for 12 h. Lipids were separated by thin layer chromatography (A),
and the expression profile was examined (B). s, spliced; u, unspliced; Chol, cholesterol. Oxysterols are ab-
breviated as follows: baba, aba-epoxycholesterol; 78, 7B-hydroxycholesterol. Values above each band/spot
indicate the fold difference evaluated by densitometry. Xbp-1 splicing was assessed as the percent spliced
Xbp-1[spliced Xbp-1/ (spliced XBbp-1 plus unspliced Xbp-1)].

to remain relatively constant (Fig. 3A). A small amount of
25-HC ester was detected after 1 h of incubation mainly in
the microsomal fraction of Neehl™’~ TGEMs, and thereaf-
ter the intracellular 25-HC ester content increased gradu-
ally in Neeh1 ~/~ TGEMs. 25-HC ester was not detectable in
cells coincubated with CS-505.

The isolated microsomal fraction contains the ER,
where Ncehl resides, and changes in ER lipid composi-
tion are known to initiate ER stress (13, 37). The pro-
longed activation of ER stress signaling is also known to
lead to apoptotic cell death (38). Therefore, we examined
whether ER stress mediates the 25-HC-induced apoptosis
in Neeh1 ™/~ TGEMs. Indeed, the accumulation of 25-HC
ester preceded increased expression of ER stress markers
such as Chop, Bip, and the spliced form of X-box-binding
protein 1 (Xbp-1) (Fig. 3B). Oxysterols inhibit the pro-
cessing of sterol regulatory element binding protein
(Srebp)-2 by binding to an anchor protein called insulin
induced genes (Insigs), and block cholesterol biosynthesis
(39). Indeed, oxysterols decreased the gene expression of
an enzyme involved in cholesterol biosynthesis, Hmgcsl,
though the expression was not affected by the Ncehl geno-
type. The induction of the Chop expression was inhibited

Oxysterol-induced ER stress in Ncehl-deficient macrophages
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by K-604 and CS-505, but not by PPPA (Fig. 2B). These
results further indicate that ACAT1 mediates the augmen-
tation of the 25-HC-induced ER stress. A similar phenom-
enon was observed for 7-KC.

The augmentation of ER stress signaling in Ncehl defi-
ciency was observed specifically for 25-HC, because there
was no such robust induction of ER stress for other oxys-
terols (Fig. 4).

We also investigated whether the cholesterol biosyn-
thetic pathway is involved in the apoptotic process using
the HMG-CoA reductase inhibitor, simvastatin. Simvas-
tatin treatment increased macrophage apoptosis as re-
ported previously (40), but this was not influenced by the
presence or absence of Ncehl (Fig. 5). Furthermore, we
investigated the potential contribution of a nuclear oxys-
terol receptor, liver X receptor (LXR), which regulates
cholesterol homeostasis (41). Although a representative
target of LXR, Abcal, was upregulated by oxysterols, the
levels did not correlate with the frequency of apoptosis
(Fig. 3B, Fig. 4B).

To test whether the pathways proposed by Sinensky et al.
for oxysterol-induced apoptosis are involved in the Ncehl-
dependent augmentation of 25-HC-induced apoptosis
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(15-17), we examined the role of Ca® in the medium in
this phenomenon. Elimination of Ca® from the medium
significantly suppressed the 25-HC-mediated apoptosis in
WT macrophages, but it did not affect Ncehl-dependent
augmentation of 25-HC-induced apoptosis (supplemen-
tary Fig. IITA). Next, we examined the effects of 25-HC on
Akt degradation. In WIT TGEMs, 25-HC decreased the ex-
pression of Akt as expected, although we failed to demon-
strate that MG-132, a proteasome inhibitor, protects
against the 25-HC-dependent degradation of Akt protein.
Deletion of Neehl did not further decrease the expression
of Akt (supplementary Fig. IIIB). Therefore, it is unlikely
that either increased influx of Ca** or increased degrada-
tion of Akt is responsible for the Ncehl-dependent aug-
mentation of 25-HC-induced ER stress and subsequent
apoptosis.

Lipe is not involved in 25-HC-induced augmentation of
macrophage apoptosis

We have previously demonstrated that Lipe also plays a
crucial role in the hydrolysis of cholesterol ester in macro-
phages, although the potential impact of Lipe on foam
cell formation and atherogenesis is less than that of Nceh1
(9). However, the deficiency of Lipe did not affect either
the extent of 25-HC-induced apoptosis or the expression
of ER stress response markers (Fig. 6A, C). Consistent with
the findings, 25-HC ester did not accumulate in Lipe /~
TGEM:s (Fig. 6B).

Finally, we used LCG-MS/MS to measure 25-HC and its
esterified form more quantitatively in the TGEMs treated
with 25-HC (Fig. 7). 25-HC ester contents were profoundly
increased in both microsomal (Fig. 7A) and cytosolic (Fig. 7B)

2088 Journal of Lipid Research Volume 55, 2014

fractions of Neehl '~ and Neehl™ ";Lipe’” TGEMs. Free
25-HC contents were also significantly increased only in
the cytosolic fraction of Neehl™’™ and Neehl ™’ —;Lipe—/ -
TGEMs (Fig. 7D). There were no significant differences in
the free 25-HC contents of microsomal fractions in the
cells treated with exogenous 25-HC (Fig. 7C).

DISCUSSION

In the present study, we show that deletion of Ncehl
makes TGEMs susceptible to 25-HC-induced apoptosis.
Because the increased oxysterol-induced apoptosis was
nearly reversed by inhibition of ACAT1, we would ascribe
this phenomenon to the defective hydrolysis of esterified
oxysterols. The mRNA expression of the target molecules
of ER stress signals correlated with the apoptosis-inducing
capacity of oxysterols and preceded the occurrence of
apoptosis. Moreover, the augmented ER stress was associ-
ated with the accumulation of 25-HC ester in the ER, both
of which were suppressed by inhibition of ACAT1. These
results indicate that the oxysterolinduced apoptosis in
NcehI-deficient TGEMs is mediated by ER stress provoked
by the accumulation of esterified oxysterols in the ER.

Oxysterols are present in atherosclerotic plaques and
may play diverse roles in plaque development (42). Oxys-
terols profoundly affect cholesterol homeostasis. For ex-
ample, 25-HC potently inhibits cholesterol biosynthesis
and is cytotoxic (43, 44). This property has been utilized
to isolate mutant cells which are defective in the molecular
pathway mediating the sterol-mediated feedback inhibi-
tion of cholesterol biosynthesis (45). Subsequent works
have identified molecular defects of these mutant CHO
cells, not only in SREBP-2 (46, 47) and SREBP cleavage-
activating protein (48), but also in ACAT (49, 50). In addi-
tion to defective feedback repression of cholesterol
biosynthesis, absence of ACAT may be advantageous to
antagonize certain toxic effects of 25-HC through a path-
way distinct from 25-HC-mediated suppression of choles-
terol biosynthesis. Indeed, Freeman et al. (18) showed
that ACAT mediates oxysterol-induced apoptosis in mac-
rophages, which is largely consistent with our findings that
the Ncehl-dependent augmentation of 25-HC-induced
ER stress and apoptosis were abrogated by ACATI inhibi-
tion (Fig. 2).

Given the pro-apoptotic role of ACAT discussed above,
it is quite logical that the deficiency in NCEHI, an enzyme
mediating a counteraction against ACAT, plays an anti-
apoptotic role as we demonstrate herein. It is noteworthy
that 25-HC was extremely potent in inducing apoptosis in
Neeh1”'~ TGEMs (Fig. 1D). The increases in the amounts
of esterified forms of these oxysterols in the ER appear to
be proportional to the apoptotic death (Fig. 3). As 25-HC
stimulated ACAT activity in fibroblasts (43) as well as in a
cellfree system (51), itis plausible that 25-HC ester is most
easily accumulated in cells that lack hydrolyzing activity to-
ward 25-HC ester. Indeed, Ncehl hydrolyzes 25-HC ester
in vitro (supplementary Fig. II). In this context, it is rea-
sonable that the catalytic domain of Nceh1 resides in the
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ER lumen (7), where the majority of 25-HC ester accumu-
lates (52). The increased amounts of oxysterol esters in
the ER may trigger apoptotic signals. In addition to effi-
cient esterification of 25-HC as mentioned above, other
chemical properties of 25-HC which are not shared with
other oxysterols might account for the susceptibility to this
specific oxysterol. The esterified form of 25-HC might be
the most potent inducer of ER stress. Probably, hydroxyl
moiety at C25 is important for localization in the ER
whereby triggering ER stress.

25-HC ester also significantly accumulated in the cyto-
solic fraction of TGEMs lacking Neehl (Fig. 7B). The newly
synthesized 25-HC ester in the microsome might be read-
ily transported to and stored in lipid droplets (LDs). Inter-
estingly, Lipe deficiency did not further increase 25-HC
ester in the cytosol. Given that 25-HC ester can be hydro-
lyzed by Lipe in vitro (supplementary Fig. II), LDs contain-
ing an excess of 25-HC ester might have an inhibitory
effect on the efficient hydrolysis of 25-HC ester by Lipe. In
the cytosol, free 25-HC was also increased in TGEMs lack-
ing Neehl (Fig. 7D). We assume that enlarged LDs have
large surface area that can accommodate a large amount
of free 25-HC.

It is plausible that ER stress mediates apoptotic signal-
ing in the 25-HC-treated Neehl’~ TGEMs. The mRNA

levels of Xbp-1(s), Bip, Chop, and Gadd34 were all
significantly elevated in Ncehl-deficient TGEMs exposed
to 25-HC (Fig. 3). Xbp-1(s) is a downstream target of ino-
sitol-requiring protein-1 (IRE1), and CHOP and GADD34
are downstream targets of protein kinase RNA-like ER ki-
nase (PERK) signaling (37). BIP is an ER chaperone that
prevents activating transcription factor-6 (ATF6) from
moving to the Golgi-apparatus. Therefore, we presume
that activation of both the IRE}l and PERK arms is neces-
sary for the induction of apoptosis. In this context, Shibata
et al. (53) have recently reported that 25-HC triggers inte-
grated stress response via activation of GCN2/elF2/ATF4
in macrophages. It would be intriguing to know whether
the same pathway is activated in the Ncehl-dependent
augmentation of 25-HC-induced ER stress, although it is
beyond the scope of this study.

In our experiments, there was no discernible difference
in the expression levels of genes regulating cholesterol ho-
meostasis such as Abcal and Hmgesl between the cells with
and without Neehl, even though apoptosis is known to be
induced either by inhibition of cholesterol biosynthesis (54)
or by suppression of cholesterol efflux (55). Furthermore,
the Ncehl-dependent augmentation of 25-HC-nduced
apoptosis does not appear to involve increased Ca® influx
or increased degradation of Akt (supplementary Fig. III).

Ogxysterol-induced ER stress in Ncehl-deficient macrophages 2089
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Fig. 7. Quantification of free and esterified 25-HC in subcellular fractions. TGEMs plated at 5 x 10° cells per 6 cm dish in 5-6 dishes were
incubated with 10 pg/ml of 25-HC for 12 h. After cell fractionation, the lipids extracted from the cytosolic (B, D) and microsomal fractions
(A, C) were subjected to LC-MS/MS to measure free (C, D) and esterified forms (A, B) of 25-HC. Data are expressed as the mean = SEM,

##*P < 0.01; NS, nonsignificant difference.

As mentioned above, 25-HC is a potent stimulator of
ACAT activity (35) and markedly suppresses the SREBP-
mediated transactivation of its target genes by binding to
Insigs (39). 25-HC also binds other proteins including
LXR, cholesterol transporters, and Niemann-Pick C1 (56).
In addition to these robust biological effects of 25-HC on
cholesterol metabolism, accumulating evidence has sug-
gested that stimulation of Toll-like receptor signaling elic-
its endogenous production of 25-HC in macrophages,
thereby regulating immune and antiviral functions (57—
59). Therefore, it is plausible that hydrolysis of 25-HC
ester may be involved in the regulation of the immune sys-
tem by affecting these pathways.

Surprisingly, nonelicited peritoneal macrophages were
highly sensitive to 25-HC even in the presence of Ncehl
(supplementary Fig. I). Conceivably, both the lower ex-
pression of Ncehl and the higher expression of Acatl ren-
der nonelicited macrophages susceptible to 25-HC-induced
ER stress and apoptosis. In other words, the inflammatory
state provoked by thioglycollate changes the property of mac-
rophages making them more resistant to 25-HC as long as
Ncehl is present. Ncehl appears to protect inflammatory

2090 Journal of Lipid Research Volume 55, 2014

macrophages from oxysterol-induced apoptosis, thereby
perpetuating inflammation into chronic phase, as is ob-
served in atherosclerosis.

In conclusion, Ncehl plays a protective role in the oxys-
terol-iinduced apoptosis of macrophages. The accumula-
tion of oxysterol esters in ER activates ER stress signaling.
These findings should provide the basis for understanding
the pathophysiology of the development of atherosclerosis
and other diseases involving macrophage apoptosis. Bl
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