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deleterious effects of NEFA, such as impairment of 
endothelium-dependent vasodilation ( 2 ) and activation 
of proinfl ammatory responses in the vascular wall ( 3 ). In 
addition, our previous study demonstrated that palmitic 
acid (PA) upregulates lectin-like oxidized LDL receptor-1 
(LOX-1), a scavenger receptor responsible for uptake of 
oxidized LDL (oxLDL), and promotes uptake of oxLDL 
in macrophages ( 4 ). Accumulation of oxLDL in the in-
tima and subsequent uptake of oxLDL by macrophages to 
make foam cells are thought to be crucial steps in the ini-
tiation and progression of atherosclerosis. Therefore, our 
results suggest that PA may facilitate the course of athero-
sclerosis by promoting foam cell formation with enhanced 
LOX-1 expression and uptake of oxLDL. However, the 
precise mechanism underlying PA-induced LOX-1 upreg-
ulation remains to be elucidated. 

 The endoplasmic reticulum (ER) is known to integrate 
cellular responses to stress, in addition to its functions in 
protein synthesis, folding, and transportation ( 5 ). When 
excessive amounts of unfolded and misfolded proteins are 
accumulated in the ER lumen, ER stress is induced, and 
the elevated ER stress is associated with several human dis-
eases ( 6, 7 ). Under conditions that induce ER stress, the 
unfolded protein response (UPR) is activated to reduce 
the level of new protein synthesis, increase folding capac-
ity, and degrade terminally misfolded proteins ( 6 ). When 
ER stress occurs, three ER transmembrane sensors, pro-
tein kinase-like ER kinase (PERK), inositol-requiring 
kinase/endonuclease-1 (IRE-1), and activating transcrip-
tion factor-6 (ATF-6), are activated to initiate adaptive re-
sponses ( 8 ). PERK is a serine kinase that phosphorylates 
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 The elevated levels of nonesterifi ed FAs (NEFAs) ob-
served in obesity and type 2 diabetes have been suggested 
to be risk factors for cardiovascular disease ( 1 ). Although 
the mechanisms by which NEFA contributes to the patho-
genesis and/or progression of atherosclerosis are still not 
completely understood, a number of studies have shown 

���Author’s Choice—Final version full access.
 Manuscript received 26 March 2010 and in revised form 7 November 2010. 

  Published, JLR Papers in Press, November 7, 2010  
  DOI 10.1194/jlr.m007104  

 Unsaturated FAs prevent palmitate-induced LOX-1 
induction via inhibition of ER stress in macrophages 

  Junichi   Ishiyama ,  Ryoko   Taguchi ,  Yunike   Akasaka ,  Saiko   Shibata ,  Minoru   Ito ,  Michiaki   Nagasawa , 
and  Koji   Murakami   1   

 Discovery Research Laboratories,  Kyorin Pharmaceutical Co., Ltd. , 2399-1 Nogi-machi, Shimotsuga-gun, 
Tochigi 329-0114,  Japan  

 Abbreviations: ATF-6, activating transcription factor-6; CHOP, 
C/EBP homologous protein; eIF2 a , eukaryotic translation initiation 
factor 2 a ; ER, endoplasmic reticulum; IRE-1, inositol-requiring kinase/
endonuclease-1; JNK, c-JUN N-terminal kinase; LA, linoleic acid; 
LOX-1, oxidized LDL receptor-1; NEFA, nonesterifi ed FA; OA, oleic 
acid; oxLDL, oxidized LDL; PA, palmitic acid; PBA, 4-phenylbutyric 
acid; PERK, protein kinase-like ER kinase; P/S, penicillin/streptomycin; 
TUDCA, sodium tauroursodeoxycholate; UPR, unfolded protein 
response. 

    1  To whom correspondence should be addressed.    
     e-mail: kouji.murakami@mb.kyorin-pharm.co.jp 

��Author’s Choice



300 Journal of Lipid Research Volume 52, 2011

supplemented with 10% FBS and 1% penicillin/streptomycin 
(P/S) at 37°C under 5% CO 2 . Differentiation of THP-1 cells was 
induced by treatment with 100 nM PMA (Sigma) in RPMI-1640 
supplemented with 10% FBS and 1% P/S for 48 h. After 48 h of 
differentiation, the cells were used for the experiments. 

 Real-time PCR 
 Total RNA was isolated and treated with DNase using a Qiagen 

RNeasy mini kit (Qiagen; Valencia, CA) according to the manu-
facturer’s instructions. RNA was reverse transcribed using a high-
capacity cDNA reverse transcription kit (Applied Biosystems; 
Foster City, CA). Quantitative gene expression analysis was per-
formed by real-time PCR on an AB 7500 fast real-time PCR system 
(Applied Biosystems). PCR was performed using TaqMan gene 
expression assays of LOX-1 (Hs00234028_m1 and Mm00454586_
m1). The 18S rRNA (Hs99999901_m1) was amplifi ed in the same 
reaction to act as a reference. 

 IRE-1, PERK, and ATF-6 siRNA 
 THP-1 cells were transfected after 48 h differentiation with 10 

nM Stealth Select RNAi (Invitrogen) directed against IRE-1 
(HSS140847, HSS176615), PERK (HSS190343, HSS190344), or 
ATF-6 (HSS117915, HSS177036) using Lipofectamine RNAiMAX 
transfection reagent (Invitrogen) for 48 h. Subsequently, cells 
were treated with 200  m M PA for 8 h, and RNA was harvested. 
Stealth RNAi Negative Control Duplex (Low GC) was used as a 
negative control. 

 Western blotting 
 Cells were washed with ice-cold PBS then lysed in cold cell lysis 

buffer containing 25 mM Tris-HCl (pH 8.0), 10 mM EGTA, 10 mM 
EDTA, 1% NP-40, 100 mM NaF, 10 mM Na 4 P 2 O 7 , 10 mM Na 3 VO 4 , 
1 mM PMSF, 2 ng/ml aprotinin, and 10 mM  b -glycerophosphate. 
Protein concentration was measured using a BCA protein assay 
reagent kit (Pierce Chemical; Rockford, IL). The cell lysates were 
then subjected to SDS-PAGE followed by Western blotting. Anti-
gen-antibody complexes were detected using an appropriate 
HRP-labeled secondary antibody with the ECL detection system 
(Amersham Biosciences; Piscataway, NJ) according to the manu-
facturer’s protocol. The resulting bands were analyzed densi-
tometrically using ImageQuant software (Molecular Dynamics; 
Sunnyvale, CA). 

 oxLDL uptake 
 Cells were incubated with 200  m M PA for 24 h in DMEM sup-

plemented with 2% FBS. In addition, 25  m g/ml DiI-oxLDL was 
then added to the media and incubated for a further 4 h at 37°C. 
The cells were washed with ice-cold PBS and lysed in 2 mM SDS. 
Fluorescence in the lysate was determined with excitation and 
emission wavelengths of 530 and 590 nm, respectively. The re-
sults were normalized to total cell protein concentration. 

 Preparation of peritoneal macrophages 
 Total peritoneal cells were harvested by washing the peritoneal 

cavity of adult male C57BL/6J mice with ice cold PBS. Collected 
peritoneal cells were centrifuged and suspended in RPMI-1640 
containing 10% FBS and 1% P/S (complete medium). Cells were 
plated in 24-well tissue culture plates at a density 1.5 × 10 6  cells/
well, and then cultured at 37°C under 5% CO 2  for 2 h to allow 
macrophages to adhere to culture dishes. To purify macrophages, 
nonadherent cells were removed by three washings with RPMI-
1640. The cells were cultured at 37°C under 5% CO 2  for 7 h and 
used for the studies. All animal procedures used in this study were 
conducted according to the guidelines of the Animal Ethical 
Committee of Kyorin Pharmaceutical Co., Ltd. 

eukaryotic translation initiation factor 2 a  (eIF2 a ) to at-
tenuate general protein synthesis. IRE-1 interacts with the 
adaptor protein TNF receptor-associated factor-2, leading 
to an interaction with a mitogen-activated protein kinase 
kinase kinase, ASK-1, which subsequently phosphorylates 
c-JUN N-terminal kinase (JNK). C/EBP homologous pro-
tein (CHOP) is a proapototic bZIP transcriptional factor 
that is mainly regulated by ATF-4- and ATF-6-dependent 
pathways upon ER stress. Prolonged ER stress can lead to 
apoptosis ( 9 ). Chronic conditions associated with diabetes 
and obesity, such as low-grade infl ammation, hyperglyce-
mia, and hyperlipidemia have recently been shown to in-
duce ER stress ( 10 ). ER stress is activated in macrophages 
from atherosclerotic lesions in mice and humans ( 11–15 ), 
and reduction of ER stress in macrophages alleviates ath-
erosclerosis in mice ( 14, 16 ), suggesting that macrophage 
ER stress may contribute to the pathogenesis of atheroscle-
rosis, especially linking macrophage apoptosis to plaque 
vulnerability. In addition to the role of ER stress in the 
induction of apoptosis, there is evidence showing that 
ER stress increases expression of the scavenger receptors 
CD36 and SR-A in macrophages ( 12, 17 ), suggesting that 
ER stress promotes foam cell formation. 

 Recent studies have shown that PA induces ER stress in 
macrophages ( 14 ) as well as pancreatic  b -cells ( 9 ) and liver 
cells ( 18 ). Therefore, to elucidate the underlying mecha-
nisms, we fi rst examined whether ER stress is involved in 
PA-induced upregulation of LOX-1. Moreover, it has been 
reported that unsaturated FAs such as oleic acid (OA) and 
linoleic acid (LA) have protective effects against the lipo-
toxic effects of the saturated FA, PA ( 19, 20 ). Therefore, 
we examined whether unsaturated FAs could inhibit the 
induction of LOX-1, and how ER stress is modifi ed by un-
saturated FAs. Here we have demonstrated that pharmaco-
logical manipulation and siRNA treatment to reduce ER 
stress response mitigates PA-induced LOX-1 upregulation, 
and that the unsaturated FAs OA and LA counteract the 
effects of PA through inhibition of ER stress. 

 MATERIALS AND METHODS 

 Materials 
 Sodium tauroursodeoxycholate (TUDCA), 4-phenylbutyric 

acid (PBA), and NEFA (PA, OA, and LA) were purchased from 
Sigma-Aldrich (St. Louis, MO). Stock solutions (5 mM) of NEFA 
were made by mixing 0.1 M NEFA and 5% BSA. Thapsigargin, 
salubrinal, and SP600125 were purchased from Calbiochem (San 
Diego, CA). Antibodies against PERK, eIF2, phospho-eIF2, and 
CHOP were purchased from Cell Signaling Technology (Beverly, 
MA). Antibodies against LOX-1,  b -actin, and phospho-PERK 
were obtained from R&D Systems (Minneapolis, MN), Sigma-
Aldrich, and Santa Cruz Biotechnology (Santa Cruz, CA), respec-
tively. DiI-oxLDL was purchased from Biomedical Technologies 
(Stoughton, MA).  

 Cell culture 
 The human monocytic leukemia cell line THP-1 and the mu-

rine macrophage cell line Raw264.7 were obtained from the 
American Type Culture Collection (Manassas, VA). THP-1 cells 
were maintained in RPMI-1640 medium (Invitrogen; Carlsbad, CA) 
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regulation of LOX-1 was induced by PA in a concentration-
dependent manner (50–200  m M); 200  m M PA-induced 
LOX-1 induction was evident as early as 3 h, and the maxi-
mum induction was observed 8 h after PA treatment ( Fig. 
1C ). Comparing the time course of ER stress activation with 
LOX-1 induction, ER stress markers became evident at an 
earlier time point than LOX-1 induction. Because we con-
fi rmed activation of ER stress response preceding LOX-1 
induction, we next examined whether alleviation of ER 
stress could mitigate PA-induced LOX-1 upregulation. As 
indicated in  Fig. 1D , the two chemical chaperones, PBA and 
TUDCA, small compounds that facilitate proper protein 
folding and stability, signifi cantly inhibited PA-induced 
LOX-1 upregulation. In addition, the reported UPR signal 
inhibitor, salubrinal, also signifi cantly reduced the induc-
tion of LOX-1. Consistent with the inhibitory effects on 
LOX-1 upregulation, treatment of the cells with PBA, 
TUDCA, or salubrinal reduced levels of PERK phosphoryla-
tion in the PA-treated cells ( Fig. 1E ). These results indicated 
that alleviation of ER stress could mitigate PA-induced 
LOX-1 upregulation. In addition, we investigated the effect 
of the JNK inhibitor SP600125 on PA-induced LOX-1 in-
duction, because the AP-1 site, which is activated by JNK, is 

 Statistical analysis 
 To determine the signifi cance of differences among multi-

ple groups, data were analyzed by one-way ANOVA followed by 
Dunnett’s test.  P  < 0.05 was considered statistically signifi cant. 

 RESULTS 

 Alleviation of ER stress mitigates PA-induced LOX-1 
upregulation in macrophages 

 To elucidate the contribution of ER stress to PA-induced 
LOX-1 upregulation, we fi rst examined whether PA (50–
200  m M) induces ER stress in macrophage-like THP-1 cells. 
Under these experimental conditions, no obvious cytotoxic-
ity was observed when cell viability was determined by the 
XTT assay; however, signifi cant reduction in cell viability 
was detected at higher concentrations (500  m M). As shown 
in    Fig. 1A, B  , treatment of the cells with PA induced ER 
stress in a time-dependent and concentration-dependent 
manner, as determined by phosphorylation of PERK, eIF2 a , 
and JNK as well as induction of CHOP. These ER stress 
markers were evident as early as 1 h after PA treatment and 
reached the maximum level at 8 h. On the other hand, up-

  Fig.   1.  Alleviation of endoplasmic reticulum (ER) stress mitigates palmitic acid (PA)-induced oxidized LDL 
receptor-1 (LOX-1) upregulation in THP-1 cells. A: Cells were treated with 200  m M PA, and ER stress markers 
were analyzed by Western blot. eIF2 a , eukaryotic translation initiation factor 2 a ; JNK, c-JUN N-terminal kinase; 
CHOP, C/EBP homologous protein. B: Western blot analysis of ER stress markers in cells stimulated with PA 
for 6 h at the indicated concentrations. C: (upper) LOX-1 gene expression in cells stimulated with PA for 24 h 
at the indicated concentrations. LOX-1 expression was quantifi ed by real-time PCR and normalized relative to 
18S rRNA. Data are expressed as means ± SE of three independent experiments. *  P  < 0.05, **  P  < 0.01 versus 
Cont   (lower). Time course of changes in PA (200  m M)-induced LOX-1 upregulation. Data are averaged values 
from two experiments. D, E: Effects of 4-phenylbutyric acid (PBA), sodium tauroursodeoxycholate (TUDCA), 
and salubrinal on PA-induced LOX-1 upregulation. THP-1 cells were stimulated with 200  m M PA in the pres-
ence or absence of 4-phenylbutyric acid (PBA) (20 mM), TUDCA (2 mM), and salubrinal (40  m M). LOX-1 
expression (D) and phosphorylation of protein kinase-like ER kinase (PERK) (E) were analyzed by real-time 
PCR and Western blot, respectively. Data in D are expressed as means ± SE of fi ve independent experiments. 
**  P  < 0.01 versus PA. F: Concentration-dependent inhibition of PA-induced LOX-1 induction by SP600125. 
Data are expressed as means ± SE of three independent experiments. **  P  < 0.01 versus PA.   
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These results suggest that the IRE-1 and PERK pathways 
mainly contribute to PA-induced LOX-1 upregulation. 

 ER stress caused by thapsigargin treatment upregulates 
LOX-1 expression 

 Because studies using inhibitors and siRNAs for ER stress 
response suggested the contribution of ER stress response 
to LOX-1 upregulation, we investigated whether a well-
known ER stress inducer, thapsigargin, upregulates LOX-1 
expression. Treatment of the cells with thapsigargin up-
regulated LOX-1 expression in a concentration-dependent 
manner 24 h after treatment  (  Fig. 4A  ), accompanying 
phosphorylation of PERK, eIF2 a , and JNK, as well as induc-
tion of CHOP ( Fig. 4B ). These observations suggested that 
ER stress caused by thapsigargin treatment may bring about 
upregulation of LOX-1 expression. To confi rm this possi-
bility, the effects of inhibition of ER stress on thapsigargin-
induced LOX-1 upregulation were examined. As shown in 
 Fig. 4C , both PBA and TUDCA signifi cantly suppressed 
thapsigargin-induced LOX-1 upregulation. 

 OA and LA inhibit PA-induced LOX-1 upregulation and 
enhanced uptake of oxLDL 

 Unsaturated FAs such as OA and LA are known to show 
a protective effect on lipotoxic effects induced by PA ( 19, 
20 ); however, the effects of these unsaturated FAs on PA-
induced LOX-1 upregulation have not yet been explored. 
As shown in    Fig. 5A  , upregulation of LOX-1 expression 
was signifi cantly prevented by concomitant application of 
either 200  m M OA or 200  m M LA to the PA (200  m M)-
treated cells. The inhibitory effects of OA and LA were 
concentration dependent (2–200  m M;  Fig. 5B ) and could 
be observed throughout the experimental period (4 h–24 h, 
 Fig. 5C ). Prevention of LOX-1 induction by these unsatu-
rated FAs was also confi rmed by Western blot at the pro-
tein level ( Fig. 5D ). In accordance with upregulation of 
LOX-1 gene expression and protein level, PA promoted 
uptake of oxLDL, and both LA and OA prevented this en-
hancement of oxLDL induced by PA treatment ( Fig. 5E ). 

 OA and LA inhibit PA-induced activation of ER stress 
markers 

 Our results indicating the involvement of ER stress in 
PA-induced LOX-1 upregulation prompted us to investi-
gate whether OA and LA could inhibit activation of ER 
stress markers caused by PA treatment. As shown in    Fig. 
6A  , treatment with 200  m M PA induced phosphorylation 
of PERK and eIF2 a  at 8 h, and these increments in phos-
phorylation levels were markedly inhibited by concomi-
tant treatment with either OA (200  m M) or LA (200  m M). 
In addition, OA and LA almost completely prevented PA-
induced CHOP induction ( Fig. 6A ). Densitometric analy-
sis showed that there were obvious trends for OA and LA 
to reduce ER stress markers, although the data did not 
reach statistical signifi cance ( Fig. 6B ). 

 OA and LA prevent thapsigargin-induced ER stress and 
LOX-1 upregulation 

 To defi ne whether OA and LA can inhibit LOX-1 up-
regulation by alleviation of ER stress, the effects of OA and 

found within the LOX-1 promoter region. As shown in  Fig. 
1F , SP600125 prevented PA-induced LOX-1 in a concentra-
tion-dependent manner. 

 PA-induced LOX-1 upregulation is inhibited by salubrinal 
and SP600125 in primary mouse macrophages 

 To confi rm whether PA upregulates LOX-1 in primary 
mouse macrophages obtained from the peritoneal cavity, 
as in the case of THP-1 cells, macrophages were treated 
with 200  m M PA, and the expression level of LOX-1 was 
determined. As shown in     Fig. 2A  , 200  m M PA enhanced 
LOX-1 expression in primary macrophages. We then ex-
amined the effects of salubrinal and SP600125 on PA-
induced LOX-1 upregulation. Concomitant treatment of 
the cells with either salubrinal or SP600125 signifi cantly 
abrogated PA-induced LOX-1 induction ( Fig. 2B ). 

 IRE-1 and PERK are involved in PA-induced LOX-1 
upregulation 

 Because studies using inhibitors for ER stress suggested 
the contribution of ER stress to LOX-1 upregulation, we 
next investigated the effects of gene silencing of three ma-
jor UPR pathways (IRE-1, PERK, and ATF6) on PA-induced 
LOX-1 upregulation. For this purpose, we used two differ-
ent siRNA constructs to knock down each gene expression 
of IRE-1, PERK, and ATF-6. As shown in    Fig. 3A  , IRE-1 gene 
silencing by IRE siRNA 1 and IRE siRNA 2 reduced PA-
induced LOX-1 by 69.8% and 91.6% ( P  < 0.05), respectively. 
When PERK gene expression was suppressed by either 
siRNA, almost complete inhibition of LOX-1 induction was 
observed (96.3% and 99.4%,  P  < 0.05;  Fig. 3B ). Activation 
of the IRE-1 and PERK pathways by PA stimulation was sup-
ported by phosphorylation of JNK and PERK, respectively 
( Fig. 1A ). In contrast to IRE-1 and PERK, siRNAs directed 
against ATF-6 failed to lower PA-induced LOX-1 signifi -
cantly ( Fig. 3C ). All siRNAs used in this study showed effi -
cient inhibition of each target gene expression ( Fig. 3D–F ). 

  Fig.   2.  Salubrinal and SP600125 inhibit PA-induced LOX-1 up-
regulation in primary mouse macrophages. A: Primary mac-
rophages obtained from mouse peritoneal cavity were stimulated 
with 200  m M PA for 6 h, and LOX-1 expression was quantifi ed by 
real-time PCR and normalized relative to 18S rRNA. B: Primary 
macrophage cells were stimulated with 200  m M PA in the presence 
or absence of salubrinal (40  m M) or SP600125 (40  m M). After 6 h 
incubation, cells were harvested and LOX-1 expression was quanti-
fi ed. Data are expressed as means ± SE (n = 3). *  P  < 0.05, **  P  < 
0.01 versus PA,  #   P  < 0.05 versus Cont.   
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amined the contribution of the ER stress response to 
PA-induced LOX-1 upregulation in the present study. Our 
results demonstrated that the ER stress response contrib-
utes to the upregulation of LOX-1. This was supported by 
a number of observations. First, treatment of macrophage 
cells with PA resulted in activation of ER stress markers 
and phosphorylation of PERK, eIF2a, and JNK. Second, 
activation of these ER stress markers preceded LOX-1 up-
regulation. Third, the concentration of PA (100 and 200 
 m M) that caused activation of ER stress markers also in-
duced upregulation of LOX-1. Fourth, pharmacological 
manipulation to reduce the ER stress response, such as 
treatment with PBA, TUDCA, and salubrinal, alleviated 
PA-induced LOX-1 upregulation. Fifth, siRNA directed 
against IRE-1 and PERK, important molecules in ER stress 
response pathways, alleviated PA-induced LOX-1. Sixth, a 
well-known ER stress inducer, thapsigargin, also increased 
the level of LOX-1 expression. These results suggest that 
PA causes upregulation of LOX-1 via activation of the ER 
stress response. To our knowledge, this is the fi rst study to 
show a relationship between ER stress response and regu-
lation of LOX-1 expression. However, ER stress may not be 
the only mechanism underlying PA-induced LOX-1 up-
regulation, because PA could induce LOX-1 at 50  m M, 
whereas ER stress markers appeared only at 100  m M. The 
concentration of PA used in the current study can be con-
sidered within the pathophysiological range because it is 

LA on ER stress-induced upregulation of LOX-1 were ex-
amined. As shown in    Fig. 7A  , OA (200  m M) and LA (200 
 m M) completely inhibited upregulation of LOX-1 expres-
sion induced by 2  m M thapsigargin. To confi rm inhibition 
of ER stress response by OA and LA, the effects of OA and 
LA on activation of ER stress markers induced by thapsi-
gargin treatment were examined. Thapsigargin (2  m M) 
induced phosphorylation of PERK, eIF2 a , and JNK 24 h 
after the treatment in THP-1 cells, and the activation of 
these ER stress markers was alleviated by concomitant ap-
plication of OA (200  m M) or LA (200  m M) to the thapsi-
gargin-treated cells ( Fig. 7B ). Our data showed that OA 
and LA prevented upregulation of LOX-1 and ER stress 
response induced by thapsigargin, another ER stress in-
ducer, indicating that OA and LA exert inhibitory effects 
on PA-induced LOX-1 upregulation through the mecha-
nisms associated with alleviation of ER stress. 

 DISCUSSION 

 It has been suggested that elevated levels of NEFA are 
associated with increased risk of cardiovascular disease 
( 1 ). However, the precise mechanism by which NEFA pro-
motes cardiovascular disease has not been clarifi ed. Previ-
ously, we found that PA enhanced LOX-1 expression and 
promoted uptake of oxLDL in macrophages ( 4 ). To eluci-
date the underlying mechanism of these effects, we ex-

  Fig.   3.  PA-induced LOX-1 is suppressed by siRNA directed against inositol-requiring kinase/endonu-
clease-1 (IRE-1) and PERK. THP-1 cells were transfected with siRNA for 48 h directed against IRE-1 (A), 
PERK (B), and activating transcription factor-6 (ATF-6) (C), and LOX-1 expression was analyzed by real-time 
PCR after PA stimulation (200  m M, 8 h), and normalized relative to 18S rRNA. Expression of the target gene 
of each siRNA, IRE-1 (D), PERK (E), and ATF-6 (F), was also quantifi ed. Data are expressed as means ± SE 
of three independent experiments. **  P  < 0.01, *  P  < 0.05 versus Cont siRNA.   
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ity was observed upon stimulation with 200  m M PA (data not 
shown), whereas upregulation of LOX-1 occurred. A higher 
concentration (500  m M) of PA caused signifi cant reduction 
of cell viability (data not shown). These observations indi-
cate that PA induces upregulation of LOX-1 at a lower con-
centration than apoptosis induction. Hence, it is possible 
that accumulated oxLDL in atherosclerotic lesions could fa-
cilitate macrophage apoptosis via upregulated LOX-1. This 
hypothesis is supported by the observation that LOX-1 ex-
pression in atherosclerotic plaques is positively correlated 
with plaque instability in an animal atherosclerosis model 
( 26 ). Accordingly, the macrophage ER stress response-
induced upregulation of LOX-1 may also be related to 
plaque vulnerability by facilitating macrophage apoptosis in 
addition to its promotional effect on foam cell formation. 

 Among the major ER stress response pathways, PERK-
eIF2 a -ATF-4, ATF-6, IRE-1-XBP-1, and IRE-1-JNK, only the 
AP-1 site, which is activated by JNK, can be found within 
the LOX-1 promoter region. In addition, the LOX-1 pro-
moter does not include the CHOP-C/EBP motif. In our 
study, PA-induced LOX-1 induction was concentration-
dependently inhibited by SP600125 ( Fig. 1F ), suggesting 
an important role of JNK in PA-induced LOX-1 upregula-
tion. It is reported that activation of JNK occurs down-
stream of the PERK pathway ( 27, 28 ), as well as the IRE-1 
pathway. Consistent with these observations, knockdown 
of PERK and IRE-1 using siRNA signifi cantly reduced PA-
induced LOX-1 induction ( Fig. 3A, B ). Therefore, PERK- 
and IRE-1-dependent activation of JNK may play an 
important role in PA-induced LOX-1. Involvement of AP-1 
site activation is indicated in high-glucose-induced LOX-1 
( 29 ), in accordance with our results. In addition to the 
involvement of the JNK-AP-1 pathway, we previously dem-
onstrated that inhibition of p38 decreased the extent of 
PA-induced LOX-1 induction ( 4 ). In liver cells, mitochon-
drial dysfunction activates the ER stress response accom-
panying p38 activation, and alleviation of ER stress using a 

reported that postprandial plasma concentration of NEFA 
reaches about 1 mM ( 21 ) in type 2 diabetes, and PA is the 
most abundant NEFA ( � 28%) in plasma ( 22 ). In addition 
to regulation of LOX-1, there have been several reports that 
ER stress response enhances the levels of expression of the 
scavenger receptors CD36 ( 17 ) and SR-A ( 12 ) in mac-
rophages. These studies show that tunicamycin and choles-
terol loading enhance expression of CD-36 and SR-A via ER 
stress, respectively. In our previous study, PA upregulated 
only LOX-1, but not other scavenger receptors such as CD36, 
SR-AI, SR-BI, and CD68 ( 4 ). The difference in scavenger re-
ceptor induced by ER stress among the studies may be ex-
plained by the difference in the ER stress inducer used in 
these studies. These observations, together with our fi ndings, 
suggest that uptake of oxLDL by macrophages, leading to 
foam cell formation, may be promoted by the ER stress re-
sponse through upregulation of scavenger receptors. 

 Recent studies have shown that elevation of ER stress 
markers in macrophages infi ltrating atherosclerotic lesions 
can be detected in both humans and mice ( 15, 23 ). It was 
also demonstrated that markers of the ER stress response are 
notably elevated in macrophages from both early and ad-
vanced atherosclerotic lesions in a murine model of athero-
sclerosis ( 23 ). There is a striking correlation between ER 
stress markers and plaque vulnerability ( 15 ). More recently, 
treatment with the chemical chaperone PBA to alleviate ER 
stress was shown to result in a dose-dependent reduction in 
macrophage ER stress and apoptosis in atherosclerotic le-
sions in apolipoprotein E knockout mice ( 14 ). Consistent 
with these results, our fi ndings of ER stress-mediated LOX-1 
upregulation in macrophages suggested that the ER stress 
response may contribute to the progression of atheroscle-
rotic lesions by enhancing foam cell formation. In addition 
to its role in oxLDL uptake, LOX-1 has been demonstrated 
to modulate apoptosis in cardiomyocytes ( 24 ). LOX-1 medi-
ates oxLDL-induced apoptosis in endothelial cells ( 25 ). In 
our study, neither increase in caspase-3 activity nor cell toxic-

  Fig.   4.  ER stress caused by thapsigargin upregulates LOX-1 expression. A: LOX-1 expression in THP-1 
cells stimulated with thapsigargin for 24 h at the indicated concentrations was analyzed by real-time PCR. 
Data are expressed as means ± SE of three independent experiments. **  P  < 0.01 versus Cont. B: THP-1 cells 
were incubated with 2  m M thapsigargin for the indicated periods, and cell lysates were subjected to Western 
blot analysis for phospho-PERK and  b -actin. C: Effects of PBA and TUDCA on thapsigargin-induced LOX-1 
expression. THP-1 cells were stimulated with 2  m M thapsigargin in the presence or absence of PBA and 
TUDCA for 24 h. LOX-1 expression was quantifi ed by real-time PCR and normalized relative to 18S rRNA. 
Data are expressed as means ± SE of three independent experiments. **  P  < 0.01 versus thapsigargin.   
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partially decreased by addition of the inhibitor of p38, 
SB203580, to PA-treated cells, whereas treatment with PBA 
or TUDCA failed to mitigate activation of p38 (data not 
shown). Taken together, it is plausible that signaling path-
ways involving ER stress and activation of MAP kinases play 
an important role in PA-induced LOX-1 upregulation. 

chemical chaperone reduces p38 activation ( 30 ). It has 
been shown that activation of p38 is necessary for CHOP 
induction in cholesterol-loaded macrophages ( 31 ). These 
observations suggest a link between the ER stress response 
and activation of mitogen-activated protein (MAP)   ki-
nases. In our study, the level of PERK phosphorylation was 

  Fig.   5.  Oleic acid (OA) and linoleic acid (LA) inhibit PA-induced LOX-1 upregulation. A: LOX-1 gene expres-
sion in THP-1 cells stimulated with 200  m M PA in the presence or absence of OA (200  m M) and LA (200  m M) 
for 24 h. LOX-1 expression was quantifi ed by real-time PCR and normalized relative to 18S rRNA. Data are ex-
pressed as means ± SE from four independent experiments. **  P  < 0.01 versus PA. B: Concentration-dependent 
inhibition of PA-induced LOX-1 upregulation by OA and LA. LOX-1 expression in THP-1 cells stimulated with 
200  m M PA in the presence or absence of OA and LA at the indicated concentration for 24 h. Data are expressed 
as means ± SE of three independent experiments. **  P  < 0.01, *  P  < 0.05 versus PA  . C: Time course of changes 
in LOX-1 expression in THP-1 cells stimulated with 200  m M PA with or without OA (200  m M) and LA (200  m M). 
Data are average values from two independent experiments. D: (top) Representative Western blot for LOX-1 
from three independent experiments, which showed the same trends as in cells treated with 200  m M PA for 24 
h. (bottom) Bar graphs show the results of densitometric analysis of Western blots for LOX-1 protein. Data are 
expressed as means ± SE from three independent experiments. E: PA promotes uptake of oxidized LDL (ox-
LDL), and OA or LA prevents enhanced uptake of oxLDL. Cells were incubated with 200  m M PA in the presence 
or absence of 200  m M OA or LA for 24 h, followed by incubation with DiI-labeled oxLDL for 4 h. After washing 
and lysis, fl uorescence of DiI in the lysate was measured at 530/590 nm. Data are expressed as means ± SE of 
three independent experiments.  ##     P  < 0.01 versus control group (Cont), **  P  < 0.01 versus PA.   

  Fig.   6.  OA and LA inhibit PA-induced activation of 
ER stress markers. A: THP-1 cells were incubated with 
200  m M PA in the presence or absence of OA (200 
 m M) and LA (200  m M) for 8 h, and cell lysates were 
subjected to Western blot analysis for ER stress mark-
ers. Data show representative Western blots from 
three independent experiments that showed the 
same trends. B: Bar graphs show densitometric analy-
sis of Western blots. Data are expressed as means ± SE 
from three independent experiments.   
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 Saturated FAs, including PA, have been suggested to 
have deleterious effects on pancreatic  b  cells ( 9 ), endothe-
lial cells ( 2, 20 ), preadipocytes ( 32 ), and macrophages ( 3, 
4 ). These adverse effects have been linked to the patho-
genesis of metabolic diseases such as type 2 diabetes and 
atherosclerosis. In contrast, unsaturated FAs such as LA 
and OA have previously been shown to exert protective 
effects against the toxic effects of saturated FAs ( 19, 20 ). 
In the present study, we showed that OA and LA inhibited 
PA-induced LOX-1 upregulation by alleviation of ER stress. 
There are also several lines of evidence suggesting benefi -
cial effects of unsaturated FA in clinical settings. Laaksonen 
et al. ( 36 ) reported that dietary LA intake may have sub-
stantial cardioprotective benefi t. The inverse associa-
tion of dietary LA intake with incident coronary heart 
disease was indicated in the Nurses’ Health Study ( 37 ). 
These observations suggest that changes in the levels of 
unsaturated FAs may affect the risk of cardiovascular dis-
ease. The ratio of PA to LA can change substantially with 
diet and may be related to insulin sensitivity ( 38 ). The el-
evated ratio of saturated FA to unsaturated FA associated 
with increased stearoyl CoA desaturase activity was ob-
served in the lipid composition of macrophages from FA 
binding protein-4 (aP2) knockout mice compared with 
those from wild-type controls ( 14 ). Taken together, these 
observations suggest that not only dietary intake but also 
altered regulation of intracellular lipid metabolism may af-
fect the ratio of saturated to unsaturated FA in lipid com-
position, which, in turn, could affect the risk of metabolic 
diseases such as atherosclerosis and type 2 diabetes. 

 In conclusion, our results indicated that ER stress plays a 
critical role in PA-induced LOX-1 upregulation in mac-
rophage cells. Because elevation of ER stress markers is ob-
served in early and advanced atherosclerotic lesions ( 23 ) 
and there are correlations between ER stress markers and 
plaque vulnerability ( 15 ), the upregulation of macrophage 
LOX-1 caused by ER stress may contribute to the progres-
sion of atherosclerosis by enhancement of foam cell forma-
tion and plaque vulnerability. Our results also indicated that 
the unsaturated FAs OA and LA could prevent PA-induced 
LOX-1 induction through suppression of ER stress. These 
results suggest that changes in the ratio of saturated FA to 
unsaturated FA in lipid composition brought about by di-
etary intake or altered metabolic processes could modulate 
the course of atherosclerosis. Our fi ndings may offer a new 
mechanism to explain in part the relationship between ele-
vated NEFA and increased risk of cardiovascular disease.  

 The authors thank Akiko Umei for technical support. 
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