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Abstract

Purpose The role of endoplasmic reticulum (ER) stress in cardiovascular disease is now recognized. Tauroursodeoxycholic
acid (TUDCA) is known to have cardiovascular protective effects by decreasing ER stress. This study aimed to assess the
ability of TUDCA to decrease ER stress, inhibit dedifferentiation of vascular smooth muscle cells (VSMCs), and reduce
in-stent restenosis.

Methods The effect of TUDCA on dedifferentiation of VSMCs and ER stress was investigated in vitro using wound-healing
assays, MTT assays, and western blotting. For in vivo studies, 18 rabbits were fed an atherogenic diet to induce atheroma
formation. Bare metal stents (BMS), BMS+TUDCA or Firebird stents were implanted in the left common carotid artery.
Rabbits were euthanized after 28 days and processed for scanning electron microscope (SEM), histological examination (HE),
and immunohistochemistry.

Results In vitro TUDCA (10-1000 pmol/L) treatment significantly inhibited platelet-derived growth factor (PDGF)-BB-induced
proliferation and migration in VSMCs in a concentration-dependent manner and decreased ER stress markers (IRE1, XBP1,
KLF4, and GRP78). In vivo, we confirmed no significant difference in neointimal coverage on three stents surfaces; neointimal
was significantly lower with BMS+TUDCA (1.6+0.2 mm?) compared with Firebird (1.90+0.1 mm?) and BMS 2.3+
0.1 mmz). Percent stenosis was lowest for BMS+TUDCA, then Firebird, and was significantly higher with BMS (28 +4%,
35£7%, 40 £ 1%; respectively; P < 0.001). TUDCA treatment decreased ER stress in the BMS+TUDCA group compared with
BMS.

Conclusions TUDCA inhibited dedifferentiation of VSMCs by decreasing ER stress and reduced in-stent restenosis, possibly
through downregulation of the IRE1/XBP1 signaling pathway.

Keywords Vascular smooth muscle cells - Tauroursodeoxycholic acid - Dedifferentiation - In-stent restenosis - Endoplasmic
reticulum stress - IRE1/XBP1 signaling pathway
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statistics indicate that the probability of stent restenosis in-
creases significantly in patients with a DES after 24 months
[12]. Although biodegradable stents have recently been devel-
oped and marketed for stent restenosis, it takes a long time for
these scaffold materials to be completely absorbed. Compared
with previous stents, biodegradable stents are thicker, which
can easily cause local blood flow disorders and thrombus for-
mation [13]. Existing methods to prevent the occurrence of
stent restenosis are unsatisfactory. Strategies to further inhibit
stent restenosis are needed. Unraveling the mechanisms in-
volved in vascular smooth muscle cell (VSMC) phenotypic
switch is an important step towards gaining a better under-
standing of the pathophysiology of these disorders and ulti-
mately determining effective strategies for their treatment and
prevention.

Mature, normal VSMCs are highly specialized cells with
differentiated, resting, and contracted phenotypes; they exhibit
elevated levels of contractile proteins, such as «-smooth muscle
actin («-SMA) and calmodulin (Cal). The destruction of local
intimal integrity and the exposure of the muscular layer after
interventional treatment cause local platelet aggregation and the
release of platelet-derived growth factor (PDGF) and inflam-
matory factors, which strongly induce dedifferentiation of
VSMCs and their migration to the lumen. In the present study,
PDGF-BB was selected to induce VSMC dedifferentiation
in vitro.

Tauroursodeoxycholic acid (TUDCA), a conjugated bile
acid, has been used effectively for the treatment of primary
sclerosing cholangitis and primary biliary cirrhosis [14-17];
the mechanism of action of TUDCA is attenuation of endo-
plasmic reticulum (ER) stress. Because TUDCA has various
regulatory cell functions, namely, anti-inflammatory and im-
munomodulatory effects [18], many studies have investigated
the potential of TUDCA in the treatment of extrahepatic dis-
eases [19]. Cho JG et al. reported that TUDCA promoted blood
vessel repair by recruiting vasculogenic progenitor cells [20].
Ma J et al. reported that TUDCA inhibited iNOS expression to
protect cardiovascular cells [21]. It also has been reported that
TUDCA could be used to prevent isolated cardiac ischemia
and reperfusion injury [22]. Adjuvant treatment of TUDCA
has been shown to reduce the incidence of acute cardiac allo-
graft rejection. Kim SY et al. indicated that TUDCA sup-
pressed neointimal hyperplasia after vascular injury [23].

The effect of TUDCA on modulation of VSMC dediffer-
entiation and ER stress remains unknown and the role of
TUDCA in inhibiting in-stent restenosis has not been con-
firmed. In this study, we tested whether TUDCA treatment
could interfere with PDGF-BB-induced proliferation and mi-
gration of VSMCs. We also investigated the effect of TUDCA
on ER stress markers, IRE1, XBP1, KLF4, and GRP78
in vitro. TUDCA was tested in vivo to determine a potential
role in inhibiting in-stent restenosis. Our study will help to
evaluate the potential use of TUDCA as a new DES.
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Methods

Cell Culture and Identification Rat VSMCs were isolated from
thoracic aortas of male SD rats using an improved tissue-
sticking method developed in our previous studies, then cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS) at 37 °C in a humid
atmosphere with 5% CO,. Immunocytochemical detection of
the contractile marker protein x-SMA was used to identify
primary VSMCs. VSMCs were cultured to 70-80%
confluency (passage numbers 4—7) and serum-starved over-
night before use in experiments. Cells were then pretreated
with different concentrations of TUDCA (1 umol/L,
10 pmol/L, and 100 pumol/L, respectively) for 24 h before
24 h incubation with PDGF-BB (20 ng/mL).

Atherosclerotic Rabbit Model Stent Implantation Protocols
used for all animal studies were approved by the Zhejiang
University Animal Policy and Welfare Committee and com-
plied with the NIH guidelines (Guide for the Care and Use of
Laboratory Animals).

New Zealand White Rabbits (2.0-3.0 kg, Dashi Juxin
Rabbit Farms, Xinchang Country, Zhejiang Province, China)
were randomly divided into three groups: BMS (n = 6; BMS,
Mluti-Link Vision, Abbott Vascular, USA), BMS+TUDCA
(n=6; BMS, Mluti-Link Vision, Abbott Vascular, USA;
TUDCA, Taurolite, Bruschettini S.R.L, Genova, Italy),
Firebird (n = 6; Firebird, MicroPort, China). All rabbits were
fed a high fat and cholesterol diet (1% cholesterol, 5% peanut
oil, and 10% egg yolk powder) to induce atheroma formation
(atherogenic diet). After 1 week of feeding the atherogenic
diet, the rabbits were anesthetized with 4 mg/kg of 4% chloral
hydrate solution injected into their ear veins. After the left
external carotid artery was exposed, a SF Fogarty embolecto-
my catheter was introduced through an external carotid
arteriotomy incision, advanced to the common carotid artery,
and BMS or Firebird stents were implanted. The BMS+
TUDCA group was given 100 mg/kg oral TUDCA for 28 days
[23]. All animals received postoperative 40 mg aspirin and
70 mg Ticagrelor daily. Firebird is the first generation of do-
mestic DES produced by MicroPort and approved by State
Food and Drug Administration (SFDA). The surface of
Firebird is evenly coated with rapamycin and the polymer that
controls rapamycin release. It has been used extensively in
China and many studies have shown that Firebird can reduce
the incidence of in-stent restenosis [24-26]; Firebird was used
as a positive control in our experiments.

Euthanasia and Fixation After stent implantation, animals
were maintained on an atherogenic diet for an additional
28 days (total of 5 weeks). At the end of the 5 weeks, the
rabbits underwent overnight fasting, then were anesthetized
with 4 mg/kg of 4% chloral hydrate solution in their ear veins.
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The rabbit’s neck skin was incised, and the left common ca-
rotid artery was obtained and perfused at 80 mmHg (dripping
from a height of %2 m) with Ringer’s lactate until the perfus-
ate from the jugular vein was clear of blood.

Scanning Electron Microscopy The stented arterial segments
were fixed in glutaraldehyde solution and longitudinally
bisected to expose the luminal surface and then photographed.
A scanning electron microscope (SEM) was used to observe
the cell coverage on the surface of the stents at incremental
magnifications of x 30, x 1000, and x 3000.

Immunohistochemistry Tissue samples of stented arterial
segments preserved in 10% formalin solution were
dehydrated and embedded in paraffin using standard
methods. The paraffin sections were deparaffinized using
standard methods then immersed in distilled water.
Paraffin sections were then rinsed in phosphate buffered
solution with Tween (PBS-T, 3 x 5 min) and blocked with
3% peroxide-methanol at room temperature for endogenous
peroxidase ablation. All of the following steps were carried
out in a moist chamber. Tissues were first incubated with
blocking buffer (normal goat serum) at room temperature
for 20 min, goat serum was then discarded and primary
antibody diluted in PBS (0.01 M PBS, pH 7.4) was added,
the tissues were incubated overnight at 4 °C. Next, tissues
were rinsed in PBS-T (3 x 5 min) and incubated with horse
radish peroxidase (HRP)-conjugated secondary antibody at
37 °C for 30 min. Tissues were next rinsed in PBS-T (3 x
5 min) and the color was developed using 3,3-diaminoben-
zidine (DAB) for 10 min at room temperature in the dark.
After coloration, tissues were rinsed with the distilled water
and processed for hematoxylin staining, dehydration, clear-
ing and mounting with neutral gums. Finally, the tissue
samples were evaluated using a microscope (Leica
DM3000 Germany). The specific antibodies used in this
study were: anti-a-SMA (Abcam, ab21027), anti-IRE1
(Abcam, ab48187), anti-XBP1 (Abcam, ab37152), anti-
KLF4 (Abcam, ab215036), anti-GAPDH (Abcam,
ab8245), HRP-conjugated goat anti-rabbit (Gene Tech,
GK500710), and HRP-conjugated goat anti-mouse (Gene
Tech, GK500710).

Histological Evaluation Stented sections were stained with he-
matoxylin and eosin. Cross-sectional areas (stent area and
lumen) of each section were measured using digital morphom-
etry. Percentages of stenosis were calculated using the follow-
ing formulas: (neointimal volume) = (stent area) — (lumen)
and (percentage stenosis) = (neointimal volume) / (stent ar-
ea) x 100(%). Inflammation and foamy macrophage infiltra-
tion within the neointimal (representing neoatherosclerosis)
were examined on hematoxylin and eosin stained sections of
each stent part (proximal, middle, distal).

MTT Assay VSMCs that were between passages 3 and 7 were
serum-starved overnight followed by 0.25% trypsin digestion
of the cell monolayer. DMEM (high-glucose) containing 10%
FBS was added to the cell suspension then the cells were
counted. Each well was seeded with 5 x 10* cells (in
200 puL) in a 96-well culture plate. In the experimental group,
cells were pretreated with different TUDCA concentrations
(1 pumol/L, 10 umol/L or 100 umol/L) for 24 h then PDGF-
BB (20 ng/mL) was added for 12, 24, or 48 h. In the control
group, cells were cultured without any treatment. In the
PDGF-BB group, cells were treated only with PDGF-BB
(20 ng/mL, 12, 24, or 48 h). Both experimental and control
groups were cultured at 37 °C with 5% CO,. After treatment,
MTT solution (20 nL) was added and the cells were incubated
for 4 h. Next, the medium was carefully removed and 150 uL
DMSO was added to each well followed by gentle rotation on
an orbital shaker for 10 min at room temperature. A micro-
plate reader (Bio-Rad, Hercules, CA, USA) was used to de-
termine absorbance at 490 nm.

Wound-Healing Assay VSMCs were cultured to 90% conflu-
ence, serum-starved, then treated with hydroxyurea overnight
for synchronization and growth inhibition. A wound was cre-
ated in the VSMC monolayer using a sterile 100-pL pipette
tip. PBS was used to flush the 6-well plate and wash away cell
debris. After addition of various test articles, cells were ana-
lyzed at 0 and 24 h post-wounding using a Nikon microscope
(Nikon Corporation, Tokyo, Japan) equipped with Image-pro
plus 6.0 software (Media Cybernetics Inc., Bethesda, MD,
USA). The ratio of cell recovery area to whole wound area
was used to evaluate cell migration.

Western Blot VSMCs were grown in DMEM with 10% FBS.
Before processing the cells for Western blot, the culture me-
dium was removed and cells were washed three times with
PBS. VSMCs were then lysed with lysis buffer (Beyotime,
Haimen, China) on ice for 30 min followed by ultrasonication.
Cell lysates were centrifuged at 12,000xg for 15 min at 4 °C.
Equal amounts of soluble protein were separated by 12%
SDS-PAGE and protein bands were electro-transferred onto
polyvinylidene fluoride membranes. The membranes were
blocked with 5% skim milk, followed by primary antibody
incubation overnight. Secondary antibodies conjugated with
HRP were used in these experiments. An ECL chemilumines-
cence detection kit was used to visualize the target proteins as
well as the internal control. Protein bands were obtained by
autoradiography and analyzed by Quantity One 4.4 (Bio-Rad,
Hercules, CA, USA). The specific antibodies used in this
study were: anti-a-SMA (Abcam, ab21027), anti-Cal
(Abcam, ab45689), anti-osteopontin (OPN) (Abcam,
ab8448), anti-IRE1 (Abcam, ab48187), anti-XBP1 (Abcam,
ab37152), anti-KLF4 (Abcam, ab215036), anti-GAPDH
(Abcam, ab8245), HRP-conjugated goat anti-rabbit
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(Beoyotime, A0208) and HRP-conjugated goat anti-mouse
(Beoyotime, A0216).

Statistical Analysis Each in vitro experiment was repeated at
least three times using a fresh batch of cells for each experi-
ment. SPSS 19.0 statistical software (SPSS Inc., Chicago, IL,
USA) was used to perform statistical analyses. Data are
expressed as means + standard deviation (SD). Multiple group
comparisons were achieved using a one-way analysis of var-
iance (ANOVA), followed by Bonferroni post-hoc tests.
Unpaired Student’s ¢ test was used for two-group compari-
sons. The BMS group was used as a control and compared
with various DES groups. P < 0.05 was considered statistical-
ly significant.

Results

VSMC Identification Most VSMCs in primary cell culture
show a contractile phenotype with a long spindle or spindle
appearance. The contractile phenotype of VSMCs mainly ex-
presses «x-SMA, calponinl, and smooth muscle myosin heavy
chain. Logarithmic phase VSMCs showed “peak” and
“valley” growth, were positive for x-SMA immunocyto-
chemical staining and had abundant filamentous parallel stain-
ing in the cytoplasm which was distributed along the longitu-
dinal axis of the cells. Nuclear counterstaining was performed
using DAPI.

TUDCA Inhibited PDGF-BB-Induced VSMC Dedifferentiation
VSMCs were pretreated with 1, 10, or 100 mmol/L TUDCA
then stimulated with PDGF-BB (20 ng/mL) for 24 h. PDGF-
BB-induced VSMC proliferation and migration was inhibited

in cells pretreated with TUDCA compared with those that
were not in wound-healing and MTT assays. This inhibition
was concentration-dependent (Fig. 1a, b; P <0.05).

TUDCA May Inhibit PDGF-BB-Induced VSMC Dedifferentiation
via IRE1/XBP1 Signaling VSMCs pretreated with 0, 1, 10, or
100 mmol/L of TUDCA followed by stimulation with PDGF-
BB (20 ng/mL) for 48 h were processed for western blotting.
Western blot results showed that VSMCs reduced «-SMA and
Cal protein expression levels but increased OPN protein ex-
pression in the PDGF-BB group compared with the control
group, which indicates that PDGF-BB induced dedifferentia-
tion of VSMCs. The expression levels of «-SMA and Cal
protein were increased and OPN was reduced in cells that
received PDGF-BB and were pretreated with TUDCA.
These results indicate that TUDCA inhibited PDGF-BB-
induced VSMC dedifferentiation in a concentration-
dependent manner (Fig. 2, P <0.05).

To further explore the cellular mechanisms by which
TUDCA inhibits PDGF-BB-induced VSMC dedifferentia-
tion, we measured the ER stress markers IRE1, XBP1,
KLF4, and GRP78. As shown in Fig. 3, IRE1, XBPI1,
KLF4, and GRP78 proteins levels in TUDCA group
VSMCs were significantly lower than those in the PDGF-
BB-induced group; this effect was concentration-dependent
(Fig. 3, P<0.05). These results indicate that TUDCA
inhibited PDGF-BB-induced VSMC dedifferentiation by de-
creasing ER stress and that the mechanism may involve down-
regulation of the IRE1/XBP1 signaling pathway.

Scanning Electron Microscopy, Histological Evaluation, and
Immunohistochemistry New Zealand rabbits fed an athero-
genic diet were implanted with BMS, BMS+TUDCA or
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Fig. 1 Taurousodeoxycholic acid inhibits PDGF-BB-induced VSMC de-
differentiation. Control, VSMCs were cultured without any treatment;
PDGF-BB, VSMCs were treated only with PDGF-BB (20 ng/mL);
Tauroursodeoxycholic acid, VSMCs were pretreated with
variousconcentrations (1, 10, and 100 pmol/L) of tauroursodeoxycholic
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acid followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. a
Wound-healing assay was employed to evaluate migrationin VSMCs
(*P < 0.05 vs control group; *P < 0.05 vs treatment with PDGF-BB alone;
n =3). b MTT assay was used to assess the proliferation of VSMCs
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Firebird stents in the left common carotid arteries. Vessels
with stents were removed 4 weeks later for SEM, histological
evaluation (HE), and immunohistochemistry.

SEM showed that all stent struts had been completely cov-
ered by endothelial cells and the stent struts could be seen
from the cross section of the blood vessel (Fig. 4a). The panel
insets are representative images from proximal and distal re-
gions showing endothelial cells, smooth muscle cells, surface
thrombi and inflammatory cells with an increased SEM mag-
nification (Fig. 4b).

Representative HE images for four BMS, five BMS+
TUDCA and five Firebird stents harvested from rabbits eutha-
nized at 28 days are shown in Fig. 5. Two rabbits died of
infection and one rabbit died from an unknown cause (possi-
bly an embolism). All stent types showed various extents of
inflammation and neoatherosclerosis. Morphometric analysis
revealed that the stent area was bigger in the Firebird group
compared with both BMS and BMS+TUDCA (stent area:
Firebird 6.1 +0.3 mm®, BMS 5.7+ 0.2 mm’, BMS+TUDCA
5.8+0.2 mm’; P<0.001) (Table 1). In contrast, the neointi-
mal area was the largest in animals with a BMS, followed by
Firebird and BMS+TUDCA; the difference in the neointimal
area of the three groups were statistically significant (stent
area: Firebird 1.9+0.1 mm?, BMS 2.3+0.1 mm®, BMS+
TUDCA 1.6 +0.2 mm?; P<0.001) (Table 1). The percentage
of restenosis was highest in the BMS group and lowest in the
BMS+TUDCA group (stent area: Firebird 35 7%, BMS 40
+ 1% BMS+TUDCA 28 +£4%; P<0.001).
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Fig. 2 Taurousodeoxycholic acid inhibits PDGF-BB-induced VSMC de-
differentiation. Control, VSMCs were cultured without any treatment;
PDGF-BB, VSMCs were treated only with PDGF-BB (20 ng/mL);
Tauroursodeoxycholic acid, VSMCs were pretreated with various con-
centrations (1, 10, and 100 umol/L) of tauroursodeoxycholic acid follow-
ed by stimulation with PDGF-BB (20 ng/mL) for 24 h. a, b, ¢, d Western
blot was employed to quantitate the expression levels of contractile pro-
teins (*P < 0.05 vs control group; *P < 0.05 vs treatment with PDGF-BB
alone; n=3)

We also showed that in the atherosclerotic rabbit model,
VSMCs dedifferentiate. Immunohistochemistry showed that
the BMS group had a reduced expression level of x-SMA and
an increased expression level of IRE1, XBP1, KLF4, and
GRP78 proteins compared with the other two groups. In the
BMS+TUDCA and Firebird groups, the expression level of
IREIL, XBP1, and KLF4 were decreased, while the expression
level of x-SMA was increased. TUDCA and rapamycin could
inhibit the dedifferentiation of VSMCs (Fig. 6).

Discussion

PCI reduces the mortality rate of myocardial infarction. The
purpose of stent implantation is to resolve stenosis and save
patients with acute myocardial infarction. However, over time,
in-stent restenosis has become a common problem. Studies
have shown that in patients with DES, the 10-year stent reste-
nosis is approximately 22%. Repeated stent implantation not
only increases the financial burden for the patient but also
threatens the patient’s life. Therefore, it is necessary to fully
understand the mechanism of in-stent restenosis so new drugs
that can inhibit in-stent restenosis can be identified or more
effective DESs can be designed.

Owen et al. used cell lineage tracing technology to show
that VSMCs formed more than 80% of the intimal hyperpla-
sia; this finding improved our understanding of the impor-
tance of VSMCs in vascular diseases [27]. Dedifferentiation
of VSMCs is a key event in the development of atherosclero-
sis as it inhibits VSMC phenotype switching, reduces the pro-
liferation and migration of the VSMCs and is an effective way
to reduce neointimal hyperplasia and inhibit in-stent resteno-
sis. It is well known that shear stress regulates the proliferation
and migration of VSMCs through mechanisms that involve
PDGF and matrix metalloproteinase-2 (MMP-2) through the
nitric oxide signaling pathway [28-31]. PDGF-BB can transi-
tion VSMCs from a differentiated to a dedifferentiated pheno-
type [32]. In vitro, we found that PDGF-BB induced prolifer-
ation and migration in smooth muscle cells and reduced the
levels of differentiation-specific contractile proteins ax-SMA
and Cal. In vivo, an atherosclerotic rabbit model showed that
the level of the differentiation-specific contractile protein oc-
SMA was lowest in the BMS group; conversely, the expres-
sion of a-SMA in BMS+TUDCA and Firebird stents was
increased.

TUDCA is a hydrophilic bile acid and has been used in the
clinic for many years to treat a variety of liver diseases includ-
ing the dissolution of gallstones and hepatitis C viral infection
[14, 33, 34] and has been shown to be quite safe. Kim et al.
reported that TUDCA can reduce neointimal hyperplasia by
decreasing ER stress [23]. ER stress occurs in cells that are
affected by abnormal environmental stimuli which results in
instability of the intracellular environment, increased
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Fig. 3 Taurousodeoxycholic acid inhibits PDGF-BB-induced VSMC de-
differentiation via IRE1/XBP1 signaling. Control, VSMCs were cultured
without any treatment; PDGF-BB, VSMCs were treated only with
PDGF-BB (20 ng/mL); Tauroursodeoxycholic acid, VSMCs were
pretreated with various concentrations (1, 10 and 100 pmol/L) of
tauroursodeoxycholic acid followed by stimulation with PDGF-BB
(20 ng/mL) for 24 h. a, b, ¢, d, e Western blotting was applied to assess

misfolded or unfolded polypeptide chains and a decline in the
ER folding function, ultimately causing an abnormal accumu-
lation of non-functional proteins in the lumen of the ER. ER
stress can induce a self-protection reaction in the cell, unfold-
ed protein response (UPR) activation, which can activate three
distinct ER membrane-spanning signal molecules, namely,
IREI1, PKR-like ER kinase (PERK), and activating transcrip-
tion factor 6 (ATF6) [35]. Some studies indicate that TUDCA
is a potent reducer of ER stress [35-37], Hua Y et al. reported
that TUDCA activated all three UPR pathways (PERK, IRE1,
and ATF6) [35]. Consistent with previous reports, our study

IRE1, XBP1, KLF4, GRP78 protein levels in VSMCs treated with vari-
ous concentrations of tauroursodeoxycholic acid followed by stimulation
with PDGF-BB. Tauroursodeoxycholic acid treatment resulted in IREI,
XBP1, KLF4, and GRP78 protein levels significantly lower compared
with PDGF-BB group values, in a concentration-dependent manner.
(*P < 0.05 vs control group; *P < 0.05 vs treatment with PDGF-BB alone;
n=3)

showed that TUDCA activated one of the URP pathways,
IRE1, resulting in reduced expression of IRE1 in both
in vitro and in vivo experiments, while the levels of anti-tu-
bulin, x-SMA, and Cal were increased.

As an important transcription factor in ER stress, XBP1
plays a key role in disease. XBP1 mRNA is full-length in
the absence of ER stress and is generally considered not to
have a translation function. However, ER stress activates
IRE1 cleavage enzyme activity which induces a 26-base de-
letion of XBP1 mRNA. This smaller mRNA is transcribed
and translated into a functional XBP1 protein [38]. Zeng

Firebird

Fig. 4 The upper panels show corresponding radiographic images of
each stent. a The surfaces of the three stents (BMS, BMS+TUDCA,
Firebird) are covered by endothelial cells. b The panel insets are
representative images at higher magnification (x 3500) from proximal
and distal regions showing thrombi, inflammatory cells, and endothelial
cells. The pictures of endothelial cells, smooth muscle cells, surface
thrombi, and inflammatory cells after magnified the shooting multiple
of SEM
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Fig. 5 Representative histological images of 4 BMS, 5 BMS+ TUDCA,
and 5 Firebird stents harvested from animals euthanized at 28 days. All
stent types showed various extents of inflammation and
neoatherosclerosis
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Table 1  Characteristics of tested stents

Variable BMS (n=4) BMS+TUDCA Firebird
(n=5) (n=5)

Stent area (mm?) 5702 5802 6.1+03

Neointima (mm?) 23+0.1 1.6 £0.2 1.9 £0.1

Stenosis (%) 40 + 1 28 +4 35+7

et al. observed that XBP1 was particularly highly expressed in
plaque-prone areas such as bifurcation or flexion, and overex-
pression of XBP1 aggravated aortic plaque progression in
Apoe—/— mice and promoted intimal hyperplasia [39]. Xv Q
et al. found that XBP1 in the damaged arterial region was
significantly higher in mice subjected the arterial injury mouse
model and that inhibiting the expression of XBP1 in the in-
jured area could significantly reduce intimal hyperplasia [39].
Consistent with these reports, the present study indicated that
in vivo XBP1 was significantly elevated in the atherosclerotic
plaque area, and that expression of XBP1 in the BMS group
was higher than that in the BMS+TUDCA and Firebird
groups. In the in vitro study, TUDCA inhibited the expression
of XBP1.

Mosbah et al. reported that TUDCA could activate all three
branches of UPR and their downstream targets, as well as
inducing ER stress, evidenced by CHOP and GRP78 upregu-
lation. Consistent with this report, this study demonstrated that
TUDCA reduced the proliferation and migration of VSMCs
induced by PDGF-BB and that TUDCA inhibited dedifferen-
tiation of VSMCs [40]. In addition, TUDCA reduced

expression of GRP78 in both in vitro and in vivo studies.
Interestingly, we found that KLF4 had the same expression
pattern as IRE1 and XBP1. KLF4, IRE1, and XBP1 are likely
to interact in VSMCs and affect the phenotype of these cells in
in-stent restenosis.

With DES reducing the rates of in-stent restenosis, there is
a concern about the increased risks of late stent thrombosis
related to delayed endothelialization [9, 41, 42]. Causes of late
stent thrombosis include strut malapposition [43], longer stent,
and longer lesion length [11] and drug inhibition. In the pres-
ent study, the stent surfaces in the BMS+TUDCA and Firebird
groups were covered by endothelial cells, and there was no
significant difference compared with the BMS group. To our
surprise, in the BMS+TUDCA group, the neointimal area was
smaller than that in the BMS and Firebird groups; the percent-
age of stenosis was also significantly lower in the BMS+
TUDCA group than in the BMS and Firebird groups.
Sufficient neointimal hyperplasia can easily lead to in-stent
restenosis while deficient neointimal hyperplasia can easily
lead to late thrombosis. Our study showed that TUDCA could
achieve a good balance between in-stent restenosis and late
thrombosis.

As with all preclinical studies using animals, rabbit com-
mon carotid artery models may not adequately represent the
biological response of atherosclerotic arteries in humans. In
our study, there was no significant difference in the coverage
of endothelium among three groups, so the ability of TUDCA
to inhibit early intimal hyperplasia could not be compared.
Because of limited technology and funding, we could not
produce a TUDCA-DES, which limits the interpretation of

KLF4

GRPT78

Fig. 6 Tauroursodeoxycholic acid has the same inhibitory effect on
PDGF-BB-induces VSMC dedifferentiation as rapamycin. a, b, ¢, d,
and e In BMS, the expression of SMA in blood vessels decreased, and

the expression of IRE1, XBP1, KLF4, and GRP78 increased. In contrast,
in BMS+TUDCA and Firebird, the expression of SMA increased in
blood vessels, IRE1, XBP1, KLF4, and GRP78 expression decreased
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our study. In this study, we used two different DESs, applying
different stent platforms that may also have an impact on the
final experimental results. Finally, the role of TUDCA in re-
ducing ER stress through the IRE1/XBP1 pathway needs fur-
ther confirmation.

Conclusion

Treatment with TUDCA in vitro significantly inhibited the
proliferation and migration of VSMCs and decreased multiple
ER stress markers (IRE1, XBP1, KLF4, and GRP78), which
may indicate the involvement of the IRE1/XBP1 signaling
pathway. Furthermore, in vivo, the BMS+TUDCA group
showed the lowest percentage of stenosis compared with the
Firebird and BMS groups.
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