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Disturbed blood flow with low-oscillatory shear stress 
(OSS) is a predominant atherogenic factor leading to dys-
functional endothelial cells (ECs). Recently, it was found 
that disturbed flow can directly induce endoplasmic reticu-
lum (ER) stress in ECs, thereby playing a critical role in the 
development and progression of atherosclerosis. Ursode-
oxycholic acid (UDCA), a naturally occurring bile acid, has 
long been used to treat chronic cholestatic liver disease 
and is known to alleviate endoplasmic reticulum (ER) 
stress at the cellular level. However, its role in atheroscle-
rosis remains unexplored. In this study, we demonstrated 
the anti-atherogenic activity of UDCA via inhibition of dis-
turbed flow-induced ER stress in atherosclerosis. UDCA 
effectively reduced ER stress, resulting in a reduction in 
expression of X-box binding protein-1 (XBP-1) and CEBP-
homologous protein (CHOP) in ECs. UDCA also inhibits 
the disturbed flow-induced inflammatory responses such 
as increases in adhesion molecules, monocyte adhesion 
to ECs, and apoptosis of ECs. In a mouse model of dis-
turbed flow-induced atherosclerosis, UDCA inhibits ather-
omatous plaque formation through the alleviation of ER 
stress and a decrease in adhesion molecules. Taken to-
gether, our results revealed that UDCA exerts anti-
atherogenic activity in disturbed flow-induced atheroscle-
rosis by inhibiting ER stress and the inflammatory re-
sponse. This study suggests that UDCA may be a thera-
peutic agent for prevention or treatment of atherosclerosis. 
 
 
INTRODUCTION 
1 
Atherosclerosis is an inflammatory vascular disease that devel-
ops preferentially in areas of disturbed flow. Endothelial cells 
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(ECs) that exist in the innermost layers of blood vessels are 
exposed to fluid shear stress that modulates endothelial func-
tion and vascular pathophysiology (Cunningham and Gotlieb, 
2005). Many previous studies have shown that the expression 
levels of anti-atherogenic genes are upregulated in laminar 
shear stress (LSS) with high and undirected flow, whereas 
disturbed flow with low or irregular flow upregulates expression 
of atherogenic genes (Dai et al., 2004; Heo et al., 2014; 
Passerini et al., 2004). Therefore, disturbed flow is a main 
cause of atherosclerosis.  

The activation of the unfolded protein response (UPR), re-
ferred to as ER stress, plays a pivotal role in the development 
and progression of atherosclerosis (Hotamisligil, 2010; Tabas, 
2009). ER stress is an adaptive response to maintain ER ho-
meostasis, but prolonged ER stress triggers apoptosis and 
ROS generation (Scull and Tabas, 2011; Zhou et al., 2005). In 
particular, prolonged elevation of CHOP triggers apoptosis 
through effects on intracellular calcium metabolism and by 
alterations in Bcl family members (Lin et al., 2007; Timmins et 
al., 2009; Zinszner et al., 1998) .  

Recently, many studies have shown that disturbed flow di-
rectly induces ER stress and promotes progression of athero-
sclerosis. Zeng et al. (2009). reported that disturbed flow trig-
gers ER stress via activation of XBP-1, resulting in the induc-
tion of apoptosis in ECs. In in vivo swine models, the endo-
thelium of athero-susceptible regions with disturbed flow 
showed upregulation of genes associated with ER stress 
(Civelek et al., 2009).  

UDCA, a hydrophilic bile salt, has been widely used for the 
treatment of certain cholestatic liver diseases such as primary 
biliary cirrhosis and chronic viral hepatitis (Beuers et al., 1998; 
Lindor, 2007). UDCA exerts cytoprotective activity including 
anti-apoptotic and anti-inflammatory effects, but these activities 
have previously been described only in hepatocytes. Some 
researchers have reported on the effects of UDCA in cardio-
vascular diseases. UDCA increases nitric oxide production and 
inhibits endothelin-1 production in human vascular ECs (Ma et 
al., 2004). Taurin-conjugated ursodeoxycholic acid (TUDCA) 
inhibits neointimal hyperplasia by reducing the proliferation of 
and inducing apoptosis in the vascular smooth muscle cells of 
rats subjected to carotid artery balloon injury (Kim et al., 2011). 
Chemical chaperones, including 4-phenylbutyric acid and 
TUDCA, have been shown to alleviate ER stress. These facts 
suggest the possibility that UDCA might exert cytoprotective 
effects in cardiovascular diseases such as atherosclerosis. 
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However, the effects and mechanisms of action of UDCA in 
atherosclerosis are not fully explored.  

In this study, we demonstrate that UDCA has anti-atherogenic 
effects by blocking the ER stress and inflammatory response 
induced by disturbed flow in ECs. UDCA suppressed the de-
velopment of atherosclerotic lesions in a mouse model of dis-
turbed flow-induced atherosclerosis, at least partially inhibiting 
the activation of XBP-1 and CHOP in the ER stress pathway, 
thereby down-regulating adhesion molecule expression. There-
fore, UDCA may be a potential therapeutic agent for prevention 
or treatment of atherosclerosis.  

 
MATERIALS AND METHODS 
 
Cell culture and UDCA treatment 
Human umbilical vein endothelial cells (HUVECs) were cultured 
in Medium 200 with 5% (v/v) fetal bovine serum and low-serum 
growth supplement (LSGS; Cascade Biologics)(Ha et al., 2008). 
The human leukemic monocyte lymphoma cell line, U937 cells, 
were purchased from the Korean Cell Line Bank (KCLB) and 
cultured in RPMI-1640 medium (Gibco) with 10% (v/v) FBS at 
37°C under 5% (v/v) CO2. UDCA was kindly provided by Dae-
woong Pharmaceutical Co. Ltd. UDCA (100 μM) was dissolved 
in DMSO and administered simultaneously with exposure to 
fluid shear stress.  
 
Fluid shear stress experiments 
Confluent HUVECs cultured in 60-mm dishes were exposed to 
fluid shear stress as indicated. Cells were exposed to flow in a 
cone-and-plate viscometer. We used a unidirectional steady 
flow (shear stress of 15 dyne/cm²) for LSS, and a bidirectional 
disturbed flow (shear stress of ± 5 dyne/cm²) for OSS, as previ-
ously described (Ha et al., 2013). 
 
Animal model of atherosclerosis induced by disturbed 
flow  
The animal study was performed in accordance with the Guide-
lines for Animal Experiments of the Animal Experimentation 
Ethics Committee of Ewha Womans University. We generated 
a model of atherosclerosis induced by disturbed flow in mouse 
by partial carotid artery ligation. Male ApoE KO (Central Lab 
Animal) mice were ligated at 6 weeks of age. In this model, the 
endothelium of partially ligated LCA was exposed to low-OSS, 
endothelial dysfunction was induced within 1 week, and rapid 
atherosclerosis developed within 2 weeks. Partial ligation of 
LCA was carried out as described in a previous study (Nam et 
al., 2009). The mice with partially ligated LCA were divided into 
two groups, a control group fed a high fat diet (HFD) and a 
UDCA-treated group fed an HFD with 0.5% UDCA (equal to 
approximately 400-600 mg/kg/day/mouse), both for 2 weeks. 
Carotid arteries were isolated for Oil-red-O and immunohisto-
chemical staining. 
 

Western blotting 
Cells were harvested and lysed with RIPA buffer containing 1% 
(v/v) protease inhibitor- and phosphatase inhibitor-cocktail 
(GenDEPOT). Briefly, lysates were centrifuged at 13,000 rpm 
for 30 min and supernatants were collected. Protein concentra-
tions in cell lysates were measured using a BCA protein assay 
kit (Thermo Scientific). Equal amounts of protein were subject-
ed to SDS-PAGE gel electrophoresis. Total protein expression 
was normalized to GAPDH to control for loading. Antibodies 
were used to detect expression levels of phospho-PERK (San-
ta Cruz Biotechnology, 1:500), phospho-eIF2α(Santa Cruz 

Biotechnology, 1:1000), CHOP (Santa Cruz Biotechnology, 
1:500), XBP-1 (Abcam, 1:500), p50 ATF6 (IMGENEX, 1:1000), 
eNOS (Cell signaling Technology, 1:1000), phospho-eNOS 
(Ser1177) (Cell signaling Technology, 1:1000), KLF2 (Abcam, 
1:1000), VCAM-1 (Abcam, 1:1000), ICAM-1 (Santa Cruz Bio-
technology, 1:1000), and GAPDH (Santa Cruz Biotechnology, 
1:1000). 
 

Reverse transcription-polymerase chain reaction (RT-PCR) 
Total cellular RNA was extracted from HUVECs using a Total 
RNA Isolation Kit (Qiagen) according to the manufacturer’s 
instructions. Complementary DNA (cDNA) was synthesized 
using M-MLV reverse transcriptase (Promega) and oligo-dT 15 
primer (Promega). cDNA was amplified by PCR over 30 cycles. 
The following oligonucleotide primers were used in this study: 
Human eNOS: sense 5′-TGATGCATTGGATCTTTGGA-3′ and 
antisense 5′-CCATGTTACTGTGCGTCCAC-3′; Human KLF2: 
sense 5′-CCTCCCAAACTGTGACTGGT-3′ and antisense 5′-
ACTCGTCAAGGAGGATCGTG-3′; Human VCAM-1: sense 5′- 
CCGGATTGCTGCTCAGATTGGA-3′ and antisense 5′-AGCG 
TGGAATTGGTCCCCTCA-3′; Human ICAM-1: sense 5′-GG 
CCTCAGTCAGTGTGA-3′ and antisense 5′-AACCCCATTCAG 
CGTCA-3′; Human GAPDH: sense 5′-GAGTCAACGGATTTG 
GTCGT-3′ and antisense 5′-TTGATTTTGGAGGGATCTCG-3′. 
 
Monocyte adhesion assay  
HUVECs were cultured under LSS or OSS conditions for 24 h 
with or without UDCA, after which U937 cells were added to the 
dishes followed by incubation for 30 min at 37°C. The unbound 
cells were removed by washing three times with serum-free 
medium. The adherent cells were counted in five randomly 
selected optical fields in each well. Phase-contrast microphoto-
graphs of the cells in the plates were taken using an Olympus 
CKX41 inverted microscope (Olympus America).  
 
Assessment of apoptosis  
Apoptotic cells were assessed by an Annexin V-FITC apoptosis 
detection kit (Sigma-Aldrich) according to the manufacturer’s 
instructions. In brief, HUVECs were cultured under LSS or OSS 
conditions for 48 h with or without UDCA. Cells of each group 
were harvested, washed twice with cold 2% FBS in PBS, re-
suspended in 500 μl binding buffer containing 5 μl of Annexin 
V-FITC conjugate and 10 μl Propidium Iodide (PI) solution, and 
then incubated in the dark at room temperature for 10 min. The 
apoptotic cells in each group were analyzed using Cell Quest 
software on a FACScan flow cytometer (Becton Dickinson). A 
total of 10,000 cells per group were analyzed to quantify the 
percentage of cells that were Annexin-V- or PI-positive.  
 
Quantitation of atherosclerotic lesions  
Both ligated LCA and non-ligated RCA from mice fed an HFD 
with or without 0.5% (w/v) UDCA were harvested after perfu-
sion with saline and then were immediately embedded in OCT 
medium and frozen. After fixation with 4% paraformaldehyde, 
the sections were stained with Oil-red-O (Bucciarelli et al., 
2002). The sizes of atherosclerotic lesions were measured 
using Image J software.  
 
Immunofluorescence staining  
Carotid arteries were embedded in OCT medium and then 
frozen. Sections of 7 μm in thickness were prepared. After fixa-
tion with 4% paraformaldehyde, the sections were blocked with 
10% normal serum of goat or donkey in PBS for 1 h. Tissue 
sections were stained with rabbit anti-XBP-1 (1:50), rabbit anti-
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CHOP (1:50), mouse anti-CD68 (1:50), rabbit anti-VCAM1 
(1:50), and rat anti-ICAM1 (1:50), overnight at 4°C. Samples 
were incubated for 2 h with secondary antibody (anti-mouse 
IgG-R, anti-rabbit IgG-R, or anti-rat IgG-R) in darkness. Nuclei 
were counterstained with DAPI (100 ng/ml; Santa Cruz Bio-
technology) for 8 min in the dark. After mounting, tissue slides 
were observed using an Olympus BX51 (Olympus America).  
 
Statistical analysis 
All data are expressed as means ± SEMs and represent data 
from at least three independent experiments. Quantitative vari-
ables were tested using the nonparametric Mann-Whitney U 
test. Differences between groups were considered to be signifi-
cant at p < 0.05.  
 
RESULTS 
 
UDCA reduces OSS-induced ER stress in ECs 
Disturbed flow increases activation of XBP-1 expression and 

splicing in ER stress response in ECs (Zeng et al., 2009), re-
sulting in the progression of atherosclerosis. Furthermore, 
many studies have reported that UDCA has anti-inflammatory 
and anti-apoptotic effects in hepatocytes via inhibition of ER 
stress. So, we explored the possibility that UDCA could inhibit 
ER stress induced by disturbed flow in ECs. To do this, HU-
VECs were cultured under LSS or OSS conditions. We con-
firmed the effects of fluid shear stress on ER stress response in 
ECs. ER stress levels were measured by quantifying the classi-
cal markers of the UPR pathway, including phospho-PERK, 
phospho-eIF2α, XBP-1, p50 ATF6, and CHOP. As shown in Fig. 
1B, OSS-cultured ECs showed increases in expression of 
XBP-1 and CHOP compared to static conditions. In contrast, 
expression of XBP-1 was decreased, but there was no change 
in CHOP expression in ECs under LSS conditions (Fig. 1A). 
The changes in flow pattern did not affect other ER stress 
markers such as phospho-PERK, phosphor-eIF2α, and p50 
ATF6 (Supplementary Fig. 1). Next, we explored the effects of 
UDCA on disturbed flow-induced ER stress. UDCA treatment 

Fig. 1. Effects of UDCA on OSS-
induced ER stress in endothelial 
cells. HUVECs were cultured 
under static, LSS, or OSS condi-
tions for the indicated time with or 
without UDCA (100 μM). The 
expression levels of ER stress 
markers, including XBP-1 and 
CHOP, were detected by Western 
blotting. (A, B) Expressions of ER 
stress markers in endothelial cells 
under fluid conditions. *P < 0.05, 
Static vs. LSS or OSS. Error bars: 
SEMs. (C-E) Expressions of XBP-
1and CHOP in endothelial cells 
under fluid conditions with or with-
out UDCA. Representative images 
from at least three experiments are 
shown. *P < 0.05, Static vs. Static 
+ UDCA or OSS. #P < 0.05, OSS 
vs. OSS + UDCA. Error bars, 
SEMs 
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reduced disturbed flow-induced expression of XBP-1 and 
CHOP in dose-dependent manner, which were most significant-
ly reduced at 100 μM of UDCA (Figs. 1C-1E). These results 
suggest that OSS can induce ER stress and UDCA can inhibit 
OSS-induced ER stress in ECs. 
 
UDCA inhibits the OSS-induced inflammatory response in 
ECs 
Recently, it was reported that ER stress-mediated pro-
inflammatory responses are interconnected through various 
mechanisms, and may also affect the progression of athero-
sclerosis (Tabas, 2010; Zhang and Kaufman, 2008). Since 
UDCA inhibited OSS-induced ER stress in ECs, we explored 

the effects of UDCA on OSS-induced inflammatory responses. 
It is well known that OSS downregulates anti-inflammatory 
genes such as eNOS and KLF2, and upregulates pro-
inflammatory genes, such as various adhesion molecules 
(VCAM-1 and ICAM-1) (Chien, 2007). The levels of protein and 
mRNA expression in eNOS and KLF2 were significantly re-
duced in OSS-cultured ECs. However, UDCA successfully 
recovered decreases in levels of protein and mRNA expression 
of eNOS and KLF2 in ECs under OSS conditions (Fig. 2A). 
Additionally, many studies have shown that eNOS phosphory-
lation is an important factor to regulate eNOS activity. OSS 
impaired Nitric oxide (NO) production in ECs through downreg-
ulation in levels of expression and phosphorylation of eNOS at  

Fig. 2. Effects of UDCA on OSS-induced 
inflammation in endothelial cells. (A, B) 
Expressions of anti-inflammatory (eNOS 
and KLF2) and pro-inflammatory (VCAM-1 
and ICAM-1) genes involved in atheroscle-
rosis. HUVECs were cultured under flow or 
static conditions after pretreatment with 
UDCA (100 μM) for 2 h. The levels of 
mRNAs encoding eNOS, KLF2, VCAM-1, 
ICAM-1, and GAPDH (internal control) were 
measured after 8 hours of flow condition by 
Reverse transcription (RT)-PCR. The ex-
pression levels of eNOS, KLF2, VCAM-1, 
and ICAM-1 were measured after 24 h of 
flow condition by Western blotting. Repre-
sentative images and quantitative data are 
shown. *P < 0.05, Static vs. Static + UDCA 
or OSS. #P < 0.05, OSS vs. OSS + UDCA. 
Error bars: SEMs. (C) Monocyte adhesion to 
endothelial cells. HUVECs were exposed to 
LSS or OSS conditions with or without 
UDCA for 24 h. U937 cells were added to 
endothelial cells and adherent monocytes 
were counted in five random optical fields in 
each dish. *P < 0.05, Static vs. OSS. #P < 
0.05, OSS vs. OSS + UDCA. Error bars, 
SEMs. 
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serine 1177 (Gambillara et al., 2006). So, we next examined 
the effects of UDCA on phosphorylation of eNOS at serine 
1177 in ECs under OSS conditions. As shown in Supplemen-
tary Fig. 2, phosphorylation level of eNOS at serine 1177 was 
reduced under OSS at 30 min. However, UDCA successfully 
recovered phosphorylation level of eNOS at serine 1177 in ECs 
which were decreased under OSS conditions. In expression of 
pro-inflammatory genes, the increases in protein and mRNA 
levels of VCAM-1 and ICAM-1, triggered by OSS conditions, 
were significantly inhibited by UDCA (Fig. 2B). To assess the 
functional relevance of UDCA-mediated suppression of the 
increase of adhesion molecules by OSS, adhesion of mono-
cytes to ECs was evaluated under LSS and OSS conditions 
with or without UDCA. As shown in Fig. 2C, the adhesion of 
monocytes to ECs was markedly increased in OSS-cultured 
ECs compared to LSS-cultured ECs, but was significantly inhib-
ited by UDCA. Taken together, these results indicate that 
UDCA exerts anti-inflammatory effects via inhibition of the ex-
pression of adhesion molecules induced by OSS.  
 
UDCA inhibits OSS-induced apoptosis in ECs 
Prolonged activation of the ER stress pathway can lead to 
apoptosis in various cell types and contribute to the progression 
of atherosclerosis. The overexpression of XBP-1 in ECs trig-
gers endothelial apoptosis via a reduction in expression of en-

dothelial junctional adhesion protein VE-cadherin (Zeng et al., 
2009). Also, CHOP induces apoptosis by promoting protein 
synthesis and oxidative stress (Marciniak et al., 2004; Scull and 
Tabas, 2011; Thorp et al., 2009). Since UDCA inhibited ER 
stress and reduced expression levels of XBP-1 and CHOP 
induced by disturbed flow, we examined the effects of UDCA 
on disturbed flow-induced apoptosis in ECs. To assess these 
effects, the ECs cultured under LSS or OSS conditions with or 
without UDCA were double-labeled with Annexin V-FITC/PI, 
and analyzed by flow cytometry. In OSS-cultured ECs, the 
numbers of cells positive for Annexin V-FITC or PI were signifi-
cantly increased compared to ECs under static or LSS condi-
tions. In contrast, ECs under LSS conditions showed the lowest 
rate of endothelial apoptosis. However, UDCA treatment re-
duced OSS-induced apoptosis in ECs (Fig. 3). It is surmised 
that the reduction in OSS-induced apoptosis in ECs by UDCA 
was due to suppression of the OSS-induced expression of 
XBP-1 and CHOP. These results suggest that UDCA may have 
anti-atherogenic effects via a reduction of OSS-induced apop-
tosis in ECs.  
 
UDCA reduces atherosclerotic plaque formation induced 
by disturbed flow in mice 
To evaluate the role played by UDCA in disturbed flow-induced 
atherosclerotic plaque formation, we compared the atheroma-

Table 1. Metabolic parameters after 2 weeks of study in partially carotid artery ligated ApoE KO mice, with or without UDCA treatment (n = 5 
per group).  

HFD HFD + UDCA P value 
Total cholesterol 1740 ± 15 mg/dl 1261 ± 147 mg/dl 0.0040 
Triglyceride 89 ± 23 mg/dl 91 ± 39 mg/dl 0.5000 

HDL 356 ± 173 mg/dl 77 ± 14 mg/dl 0.0040 

LDL 1300 ± 228 mg/dl 681 ± 69 mg/dl 0.0040 
Data are expressed as mean ± SEM. Values were measured in plasma samples. Quantitative variables were compared using the nonpara-
metric Mann-Whitney test. Differences between groups were considered to be significant at P < 0.05. 

Fig. 3. Effects of UDCA on OSS-induced apoptosis in endothelial cells. HUVECs were cultured under LSS or OSS conditions for 48 h with or 
without UDCA (100 μM). (A) Apoptosis was assessed by Annexin-V/PI staining using flow cytometry. (B) Quantification of apoptotic cell pro-
portions (% values). Representative images from at least three experiments and quantitative data are shown. *P < 0.05, Static vs. Static + 
UDCA or OSS. #P < 0.05, OSS vs. OSS + UDCA. Error bars, SEMs. 
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tous plaque formation in control and UDCA-treated mice with 
partially ligated LCA. The size of atheromatous plaque for-
mation was measured by Oil red O staining. In lipid parameters 
in mice, UDCA-treated HFD group showed lower cholesterol 
levels in comparison to HFD group except triglyceride (Table 1). 
The HFD group showed severe atheromatous plaque formation 
in ligated LCA compared to non-ligated RCA. In contrast, the 
UDCA-treated HFD group showed significantly less plaque 
formation in ligated LCA, even in non-ligated RCA (Figs. 4A 
and 4B). To explore whether UDCA could inhibit disturbed flow-
induced ER stress in ligated LCA of mice, we next observed the 
expression levels of ER stress markers using immunofluores-
cence staining. The expression levels of XBP1 and CHOP 
were significantly lower in the UDCA-treated HFD group than 
the HFD group (Figs. 4C and 4E). In addition, subsequent ex-
pression levels of adhesion molecules (VCAM-1 and ICAM-1) 
and infiltration of macrophages (CD68) were detected in ligated 
LCA. However, the adhesion molecules and infiltration of mac-
rophage were not detectable, or were significantly lower, in the 

UDCA-treated HFD group (Figs. 4D and 4E). These results 
suggest that UDCA reduces atherosclerotic plaque formation 
via the inhibition of ER stress and inflammatory response in-
duced by disturbed flow.  

 
DISCUSSION 
 
In the present study, we found that UDCA exerts anti-atherogenic 
effects in atherosclerosis induced by disturbed flow. UDCA 
inhibited disturbed flow-induced ER stress, resulting in reduc-
tions in XBP-1 and CHOP expression levels. Also, inflammato-
ry responses including increases in adhesion molecules, mon-
ocyte adhesion to ECs, and apoptosis of ECs in OSS condi-
tions were reduced by UDCA. In a mouse model of disturbed 
flow-induced atherosclerosis, UDCA inhibited atheromatous 
plaque formation and expression of adhesion molecules 
through the alleviation of ER stress.  

Vascular ECs are directly exposed to changes in fluid shear 
stress, which modulates the function of ECs by activating 

Fig. 4. Effects of UDCA on 
atherosclerotic plaque 
formation in mice with 
partially ligated left carotid 
artery (LCA). Male ApoE 
KO mice were partially 
ligated in the LCA and fed 
an HFD with or without 
0.5% (w/v) UDCA (400- 
600 mg/kg/day/mouse) for 
2 weeks. (A, B) Quantifi-
cation of atherosclerotic 
lesions in carotid arteries. 
The ligated LCA and non-
ligated RCA (right carotid 
artery) of mice were iso-
lated and frozen. Frozen 
sections from both carotid 
arteries were stained with 
Oil red O. To better under-
stand the effect of UDCA 
in disturbed flow-induced 
atherosclerotic plaque 
formation, the plaque 
areas were compared 
between the HFD and 
U D C A - t r e a t e d  H F D 
groups. Plaque area pro-
portions (% values) were 
quantified using Image J 
software. *P < 0.05, RCA 
vs. LCA. #P < 0.05, HFD 
vs. HFD + UDCA. Error 
bars: SEMs. (C, D, and 
E) Immunofluorescence 
staining in carotid arteries 
of mice. ER stress mark-
ers (XBP-1 and CHOP) 
(C) adhesion molecules,

(VCAM-1 and ICAM-1) and a macrophage marker (CD68) (D) are indicated by red signals. The green color is autofluorescence from 
elastic tissue in the vessel walls. DAPI staining of nuclei is shown in blue and merged images are also presented (magnification, ×100). 
Representative images from at least three experiments are shown. (E) Quantification of red fluorescence intensity in ligated LCA. *P < 
0.05, HFD vs. HFD + UDCA. Error bars, SEMs. 
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mechano-sensors, signaling pathways, and expression of 
genes. Disturbed flow causes endothelial dysfunction and that 
dysfunction is a critical event in atherosclerosis (Chien, 2007; 
2008). There are numerous pieces of evidence that the ER 
stress pathway is chronically activated in atherosclerotic lesion-
al cells, particularly endothelial cells and macrophages (Tabas, 
2010). To this point, inhibition of ER stress induced by dis-
turbed flow has a strategic importance in the prevention and 
treatment of atherosclerosis. However, there is little evidence 
regarding any direct correlations between disturbed flow and 
ER stress in ECs. Recently, disturbed flow was found to directly 
cause sustained activation of XBP-1 and GRP78 in the ER 
stress response (Feaver et al., 2008; Zeng et al., 2009). We 
obtained similar results in that disturbed flow induced activation 
of the ER stress pathway and elevated the levels of XBP-1 and 
CHOP. Furthermore, we found that UDCA effectively inhibited 
ER stress, which was induced by disturbed flow in ECs. 

In addition, it was recently shown that the ER stress pathway 
is directly involved in the induction of inflammation (Zhang and 
Kaufman, 2008). In our results, expression levels of pro-
inflammatory genes such as adhesion molecules, VCAM-1 and 
ICAM-1, which were increased in OSS conditions, were signifi-
cantly suppressed with UDCA treatment. The results of a mon-
ocyte adhesion assay in ECs were consistent with a reduction 
in expression of adhesion molecules by UDCA. Furthermore, 
expression levels of anti-inflammatory genes such as eNOS 
and KLF2 were elevated with UDCA treatment in OSS condi-
tions. Moreover, UDCA remarkably recovered the decreased 
phosphorylation level of eNOS at serine 1177 in ECs under 
OSS conditions, which is known to involve in regulation of 
eNOS activity. Therefore, our results imply that UDCA exhibits 
anti-atherogenic activity by blocking ER stress and the subse-
quent inflammatory response caused by disturbed flow.  

Severe or prolonged ER stress activates the CHOP pathway 
and it plays crucial roles in the development and progression of 
cardiovascular and metabolic diseases. The ER stress-CHOP 
pathway is involved in ER stress-mediated cell damage and it 
induces apoptosis in various cells (Gotoh et al., 2011). Fur-
thermore, overexpression of XBP-1 in ECs induces apoptosis 
via decreased expression of VE-cadherin in ECs. Silencing with 
siRNA specific for CHOP inhibited ER stress-induced apoptosis 
in ECs and elevated cell viability (Kim et al., 2007). In the pre-
sent study, we attained similar results, in which UDCA reduced 
activation of XBP-1 and CHOP in OSS conditions, resulting in a 
decrease of disturbed flow-induced endothelial apoptosis. Tak-
en together, our results suggest that UDCA reduces disturbed 
flow-induced endothelial apoptosis via reduced expression of 
XBP-1 and CHOP, caused by inhibition of ER stress in ECs 
under disturbed flow.  

Consistent with previous studies, we confirmed the presence 
of increased atheromatous plaque formation, elevated levels of 
ER stress markers, increased expression of adhesion mole-
cules, and increased infiltration of macrophages in a mouse 
model of disturbed flow-induced atherosclerosis. In the UDCA-
treated HFD group of mice, atheromatous plaque formation 
was nearly undetectable rather than significantly reduced. The 
cholesterol profiles was still high levels (over 15-fold in total 
cholesterol level and 20-fold in LDL) in comparison with them of 
wild type mice, even though UDCA-treated HFD group have 
shown lowered cholesterol levels than the HFD group. In this 
point, remarkable reduction in atheromatous plaque formation 
in UDCA-treated HFD group is considered that it is just not 
caused by lowered cholesterol levels. We have found that ER 
stress markers and the inflammatory response were either 

undetectable or significantly decreased in the UDCA-treated 
HFD group. These results can afford explanations a significant 
reduction in atheromatous plaque formation in UDCA-treated 
HFD group. In present study, we could not investigate the func-
tional mechanism of UDCA in lipid metabolism. Further studies 
are required to elucidate the mechanisms of UDCA in lipid me-
tabolism, which may increase our understanding in anti-
atherogenic activities of UDCA. These results suggest that 
UDCA might inhibit the development of atherosclerosis caused 
by disturbed flow by blocking ER stress and its downstream 
inflammatory response.  

In conclusion, we found that UDCA exerts an anti-
atherogenic activity in atherosclerosis by inhibiting the ER 
stress and inflammatory response induced by disturbed flow. 
This study suggests that UDCA may be useful as a therapeutic 
agent for prevention or treatment of atherosclerosis.  

 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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