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 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 (AADACL1) ( 3 ), hormone-sensitive lipase (LIPE) ( 4 ), 
and possibly carboxylesterase 1 (CES1) ( 5, 6 ). NCEH1 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 
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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 purifi ed by preparative TLC on silica gel (10:1 
hexane:ethyl acetate). Chemical structure was determined by the 
NMR analysis and MS. 25-HC [1- 14 C]oleate was synthesized from 
25-HC and [1- 14 C]oleic acid.  

 Lipoproteins 
 acLDL and lipoprotein defi cient serum (LPDS) were pre-

pared as described previously ( 28 ). 

 Animals 
 Mice lacking  Nceh1  ( Nceh1   � / �  ),  Lipe  ( Lipe   � / �  ) or both ( Nceh1   � / �  ; 

 Lipe   � / �  ) were generated as described previously ( 9, 29 ). Mice 
used in this study were crossed onto the C57BL/6J background 
for more than fi ve 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 8-week-old mice as described ( 9 ) and incubated in 
DMEM containing 10% FCS or 10% LPDS. 

 Transmission electron   microscopy 
 Cells were fi xed in modifi ed Karnovsky’s phosphate-buffered 

(0.1 M) glutaraldehyde (2.5%)-paraformaldehyde (4%) mixture 
at room temperature for 12 h, postfi xed 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  � g), which was extracted from the cells, was end-la-

beled with [ � - 32 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 fi ve random fi elds 
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  � g 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 

lumen ( 7 ) and is robustly expressed in macrophages ( 2 ). 
In addition to CE, NCEH1 may catalyze the hydrolysis of 
2-acetyl monoalkylglycerol ( 8 ) and TG ( 2 ). We have re-
cently reported that disruption of  Nceh1  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, NCEH1 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 2+  infl ux ( 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-LDL 
(acLDL) ( 19, 20 ). Tabas and colleagues further proposed 
that ER stress pathways mediate apoptotic signaling in this 
process ( 21 ). Thus, the role of ACAT1 in apoptosis may 
depend on the sort of sterol, which probably explains the 
confl icting 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 Nceh1 are more susceptible to apoptosis, particu-
larly in response to various sterols. These considerations 
have prompted us to examine the anti-apoptotic role of 
Nceh1 in the apoptosis of macrophages. 

 Herein, we demonstrate that  Nceh1 -defi cient 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 2+ -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 purifi ed from a culture broth of the fungus,  Asper-
gillus fumigatus  FO-1289 ( 26, 27 ). Cholesterol [1- 14 C]oleate and 
[1- 14 C]oleic acid were purchased from Perkin Elmer (Waltham, 
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protein ( Bip ) (sense 5 ′ -TCATCGGACGCACTTGGAA-3 ′ , antisense 
5 ′ -CAACCACCTTGAATGGCAAGA-3 ′ ), CCAAT/enhancer-binding 
protein-homologous protein ( Chop ) (sense 5 ′ -GTCCCTAGCTTG-
GCTGACAGA-3 ′ , antisense 5 ′ -TGGAGAGCGAGGG CTTTG-3 ′ ), 
 Nceh1  (sense 5 ′ -AGCCTGCAGTTTGAGCTTA-3 ′ , antisense 5 ′ -AGA-
GT CGGTATTTCTGGAGACG-3 ′ ),  Acat1  (sense 5 ′ -GGAAGTTGG-
GTGCCACTTCG-3 ′ , antisense 5 ′ -GGTGCTCTCAGATCTTTGG-3 ′ ), 
 Rplp0  (sense 5 ′ -GAAGACAGGGCGACCTG GA A-3 ′ , antisense 5 ′ -T T-
GTGGCTCCCACAATGAAGC-3 ′ ), and  Atcb  (sense 5 ′ -CGATGCCCT-
GAGGCTCTTT-3 ′ , antisense 5 ′ -TG GATGCCACAGGATTCCA-3 ′ ). 

 Western blot analyses 
 TGEMs were homogenized in buffer A [50 mM Tris-HCl, 250 

mM sucrose, 1 mM EDTA, 2  � g/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). Specifi cally 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). 

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 amplifi ed using a sense 

primer (5 ′ -AAACAGAGTAGCAGCGCAGACTGC-3 ′ ) and an anti-
sense primer (5 ′ -GGATCTCTAAAACTAGAGGCTTGGTG-3 ′ ). This 
fragment was further digested by  PstΙ  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  Abca1  and 3-hydroxy-3-methylglutaryl-CoA 
synthase 1 ( Hmgcs1 ) were described previously ( 9 ). Other primer 
sequences were as follows: immunoglobulin heavy chain-binding 

  Fig.   1.  Nceh1-defi cient 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  Nceh1 -defi cient TGEMs (representative images are shown). *The 
apoptotic macrophage engulfed by another macrophage. B, C: DNA ladder. DNA (0.5  � g) from macro-
phages was loaded in each lane. PC denotes positive control DNA (0.5  � g) from dexamethasone-treated 
thymocytes. Three wells of cells were incubated either in DMEM containing 10% FCS with or without acLDL 
(100  � g/ml) for 24 h (B) or in DMEM containing 10% LPDS with vehicle or 25-HC (10  � 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.   
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TGEMs with 25-HC ( Fig. 1C, D ;   Fig. 2A  ), 7-KC ( Fig. 2A ), 
and 27-HC (data not shown) augmented apoptosis.  The 
Nceh1-dependent augmentation of apoptosis was not ob-
served for other compounds including lipopolysaccharide, 
tunicamycin, staurosporin, 5 � 6 � -epoxycholesterol, 5 � 6 � -
epoxycholesterol, 7 � -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  � g/ml (0.26  � M) 
( Fig. 1D ), which is close to a physiological concentration of 
oxysterols (0.01–0.1  � M in plasma) ( 34 ). 

 The augmentation of the 25-HC-induced apoptosis, 
which was clearly observed in  Nceh1   � / �   TGEMs, was not 
detectable in nonelicited macrophages; treatment with 25-
HC signifi cantly increased the number of apoptotic cells 
as well as the expression of  Chop , even in nonelicited WT 

 Statistics 
 Statistical differences between groups were analyzed by one-

way ANOVA and the post hoc Tukey-Kramer test or two-tailed 
Student’s  t -test, unless otherwise stated. 

 RESULTS 

  Nceh1  defi ciency increases the susceptibility of 
macrophages to apoptosis 

 While attempting to examine the intracellular structures 
of the  Nceh1   � / �   TGEMs using TEM, we noticed a small 
number of apoptotic cells featuring condensed nuclei in 
 Nceh1   � / �   TGEMs (  Fig. 1A  ).  Interestingly, while cellular 
cholesterol loading with acLDL did not alter the frequency 
of apoptotic nuclei ( Fig. 1B ), treatment of Nceh1-defi cient 

  Fig.   2.  Inhibition of ACAT1 suppresses the augmentation of 25-HC-induced apoptosis in  Nceh1 -defi cient TGEMs. Four wells of TGEMs 
were incubated in DMEM containing 10% LPDS with vehicle or 25-HC (10  � g/ml) in the presence or absence of the ACAT inhibitors: 
K-604, PPPA, and CS-505 (10  � M) for 24 h. A: The apoptotic cells were detected by TUNEL. B: Expression of  Chop  was measured by RT-PCR. 
Data are expressed as the mean ± SEM. ** P  < 0.01; NS, a nonsignifi cant difference.   
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 K m   of Nceh1 for 25-HC oleate was comparable to that for 
cholesteryl oleate: 6.4 ± 0.9  � M versus 6.9 ± 2.3  � M. As 
expected, nonselective ACAT inhibitor, CS-505, signifi -
cantly inhibited the Nceh1-dependent augmentation of 
enhanced 25-HC-induced apoptosis ( Fig. 2A ). There are 
two ACAT isozymes: ACAT1 and ACAT2. To determine 
which isozyme mediated the 25-HC-induced apoptosis, we 
further compared the effects of ACAT1-specifi c inhibitor, 
K-604, and ACAT2-specifi c inhibitor, PPPA. As expected, 
the augmentation of the 25-HC-induced apoptosis was spe-
cifi cally inhibited by K-604, but not by PPPA, corroborat-
ing the fact that ACAT1 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  Nceh1 -defi cient 
macrophages 

 Because inhibition of ACAT successfully reduced the 
augmentation of the 25-HC-induced apoptosis in  Nceh1   � / �   
TGEMs, we initially focused on the intracellular esterifi ed 
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 

macrophages. Although the nonelicited  Nceh1   � / �   cells 
showed slightly higher expression of  Chop  than the non-
elicited WT cells (supplementary Fig. IA), there was no 
signifi cant 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  Nceh1  and higher expression of  Acat1  (supplemen-
tary Fig. IC, D). 

 ACAT inhibitors suppress Nceh1-dependent macrophage 
apoptosis 

 Membrane-bound enzyme ACAT, which is responsible 
for the intracellular esterifi cation of cholesterol, is known 
to be strongly activated by oxysterols ( 35 ). Inasmuch as we 
have reported that Nceh1 catalyzes the intracellular hy-
drolysis of CE ( 2 ), we speculated that Nceh1 also catalyzes 
the intracellular hydrolysis of esterifi ed oxysterols and that 
cycles of esterifi cation-hydrolysis could play a pivotal role 
in the underlying molecular processes. Indeed, Nceh1 
hydrolyzed 25-HC oleate in vitro (supplementary Fig. II). 

  Fig.   3.  Involvement of activation of ER stress signaling is preceded by accumulation of 25-HC ester. A: 
TGEMs were incubated with 25-HC (10  � g/ml) for the indicated length of time in the presence or absence 
of CS-505 (10  � M). After cell fractionation, the lipids extracted from the cytosolic fraction (100  � g of pro-
tein) and microsomal fraction (50  � g of protein) were separated by TLC. Chol, cholesterol. B: Expression 
profi le of ER stress markers. Cells were incubated with 25-HC (10  � g/ml) in the presence or absence of CS-
505 (10  � M) for 12 h. s, spliced; u, unspliced. 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 
Xbp-1 plus unspliced Xbp-1)].   



Oxysterol-induced ER stress in Nceh1-defi cient macrophages 2087

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 Nceh1 defi -
ciency was observed specifi cally 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 infl uenced by the 
presence or absence of Nceh1 ( 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,  Abca1 , 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 Nceh1-
dependent augmentation of 25-HC-induced apoptosis 

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  Nceh1   � / �   TGEMs, and thereaf-
ter the intracellular 25-HC ester content increased gradu-
ally in  Nceh1   � / �   TGEMs. 25-HC ester was not detectable in 
cells coincubated with CS-505. 

 The isolated microsomal fraction contains the ER, 
where Nceh1 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  Nceh1   � / �   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,  Hmgcs1 , 
though the expression was not affected by the  Nceh1  geno-
type. The induction of the  Chop  expression was inhibited 

  Fig.   4.  25-HC is a highly specifi c trigger for accumulation of esterifi ed oxysterol and activation of ER stress 
in  Nceh1 -defi cient TGEMs. A, B: TGEMs were incubated with various kinds of oxysterols (10  � g/ml) in the 
presence or absence of CS-505 (10  � M) for 12 h. Lipids were separated by thin layer chromatography (A), 
and the expression profi le was examined (B). s, spliced; u, unspliced; Chol, cholesterol. Oxysterols are ab-
breviated as follows: 5 � 6 � , 5 � 6 � -epoxycholesterol; 7 � , 7 � -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)].   
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fractions of  Nceh1   � / �   and  Nceh1   � / �  ; Lipe   � / �   TGEMs. Free 
25-HC contents were also signifi cantly increased only in 
the cytosolic fraction of  Nceh1   � / �   and  Nceh1   � / �  ; Lipe   � / �   
TGEMs ( Fig. 7D ). There were no signifi cant 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  Nceh1  
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 esterifi ed 
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 oxysterol-induced apoptosis in 
 Nceh1 -defi cient TGEMs is mediated by ER stress provoked 
by the accumulation of esterifi ed 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 identifi ed 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 fi ndings that 
the Nceh1-dependent augmentation of 25-HC-induced 
ER stress and apoptosis were abrogated by ACAT1 inhibi-
tion ( Fig. 2 ). 

 Given the pro-apoptotic role of ACAT discussed above, 
it is quite logical that the defi ciency in NCEH1, 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 
 Nceh1   � / �   TGEMs ( Fig. 1D ). The increases in the amounts 
of esterifi ed forms of these oxysterols in the ER appear to 
be proportional to the apoptotic death ( Fig. 3 ). As 25-HC 
stimulated ACAT activity in fi broblasts ( 43 ) as well as in a 
cell-free system ( 51 ), it is plausible that 25-HC ester is most 
easily accumulated in cells that lack hydrolyzing activity to-
ward 25-HC ester. Indeed, Nceh1 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 

( 15–17 ), we examined the role of Ca 2+  in the medium in 
this phenomenon. Elimination of Ca 2+  from the medium 
signifi cantly suppressed the 25-HC-mediated apoptosis in 
WT macrophages, but it did not affect Nceh1-dependent 
augmentation of 25-HC-induced apoptosis (supplemen-
tary Fig. IIIA). Next, we examined the effects of 25-HC on 
Akt degradation. In WT 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  Nceh1  did not further decrease the expression 
of Akt (supplementary Fig. IIIB). Therefore, it is unlikely 
that either increased infl ux of Ca 2+  or increased degrada-
tion of Akt is responsible for the Nceh1-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 defi ciency 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 fi ndings, 25-HC ester did not accumulate in  Lipe   � / �   
TGEMs ( Fig. 6B ). 

 Finally, we used LC-MS/MS to measure 25-HC and its 
esterifi ed 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 ) 

  Fig.   5.  The evaluation of the contribution of cholesterol biosyn-
thetic pathway. Four wells of TGEMs were incubated in DMEM con-
taining 10% LPDS with compound(s) indicated below the graph 
for 24 h, and the apoptotic cells were detected by TUNEL method. 
Data are expressed as the mean ± SEM. * P  < 0.05 and ** P  < 0.01, as 
determined by ANOVA followed by the Tukey-Kramer post hoc 
test. NS, nonsignifi cant difference.   
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levels of Xbp-1(s), Bip, Chop, and Gadd34 were all 
signifi cantly elevated in Nceh1-defi cient 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 IRE1 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/eIF2/ATF4 
in macrophages. It would be intriguing to know whether 
the same pathway is activated in the Nceh1-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  Abca1  and  Hmgcs1  between the cells with 
and without  Nceh1 , even though apoptosis is known to be 
induced either by inhibition of cholesterol biosynthesis ( 54 ) 
or by suppression of cholesterol effl ux ( 55 ). Furthermore, 
the Nceh1-dependent augmentation of 25-HC-induced 
apoptosis does not appear to involve increased Ca 2+  infl ux 
or increased degradation of Akt (supplementary Fig. III). 

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 esterifi cation 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 
specifi c oxysterol. The esterifi ed 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 signifi cantly accumulated in the cyto-
solic fraction of TGEMs lacking  Nceh1  ( 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  defi ciency 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 effi cient hydrolysis of 25-HC ester by Lipe. In 
the cytosol, free 25-HC was also increased in TGEMs lack-
ing  Nceh1  ( 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  Nceh1   � / �   TGEMs. The mRNA 

  Fig.   6.  Lipe is not involved in  Nceh1 -dependent augmentation of 25-HC-induced apoptosis. TGEMs of each 
genotype (the symbol corresponding to each genotype is given in the inset, four dishes) were incubated with 
25-HC (10  � g/ml) in the presence or absence of CS-505 (10  � M) for 24 h, and the apoptotic cells were de-
tected by the TUNEL method. Data are expressed as the mean ± SEM. ** P  < 0.01. B: Lipid separation by 
TLC. C: Expression profi le of ER stress markers. Cells were incubated with 25-HC (10  � g/ml) in the pres-
ence or absence of CS-505 (10  � M) for 12 h. s, spliced; u, unspliced; Chol, cholesterol  . 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 Xbp-1 plus unspliced Xbp-1)].   
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macrophages from oxysterol-induced apoptosis, thereby 
perpetuating infl ammation into chronic phase, as is ob-
served in atherosclerosis. 

 In conclusion, Nceh1 plays a protective role in the oxys-
terol-induced apoptosis of macrophages. The accumula-
tion of oxysterol esters in ER activates ER stress signaling. 
These fi ndings should provide the basis for understanding 
the pathophysiology of the development of atherosclerosis 
and other diseases involving macrophage apoptosis.  
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