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The orphan nuclear receptor Nur77 inhibits low shear
stress-induced carotid artery remodeling in mice
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Abstract. Shear stress, particularly low and oscillatory shear
stress, plays a critical pathophysiological role in vascular remod-
eling-related cardiovascular diseases. Growing evidence suggests
that the orphan nuclear receptor Nur77 [also known as TR3 or
nuclear receptor subfamily 4, group A, member 1 (NR4A1)] is
expressed in diseased human vascular tissue and plays an impor-
tant role in vascular physiology and pathology. In the present
study, we used a mouse model of flow-dependent remodeling
by partial ligation of the left common carotid artery (LCCA) to
define the exact role of Nur77 in vascular remodeling induced
by low shear stress. Following vascular remodeling, Nur77
was highly expressed in neointimal vascular smooth muscle
cells (VSMCs) in the ligated carotid arteries. The reactive
oxygen species (ROS) levels were elevated in the remodeled
arteries in vivo and in primary rat VSMCs in vitro following
stimulation with platelet-derived growth factor (PDGF). Further
in vitro experiments revealed that Nur77 expression was rapidly
increased in the VSMCs following stimulation with PDGF and
H,0,, whereas treatment with N-acetyl cysteine (NAC, a ROS
scavenger) reversed the increase in the protein level of Nur77
induced by H,0,. Moreover, Nur77 overexpression markedly
inhibited the proliferation and migration of VSMCs, induced
by PDGF. Finally, to determine the in vivo role of Nur77 in
low shear stress-induced vascular remodeling, wild-type (WT)
and Nur77-deficient mice were subjected to partial ligation of
the LCCA. Four weeks following surgery, in the LCCAs of the
Nur77-deficient mice, a significant increase in the intima-media
area and carotid intima-media thickness was noted, as well as
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more severe elastin disruption and collagen deposition compared
to the WT mice. Immunofluorescence staining revealed an
increase in VSMC proliferation [determined by the expression
of proliferating cell nuclear antigen (PCNA)] and matrix metal-
loproteinase 9 (MMP-9) production in the Nur77-deficient mice.
There was no difference in the number of intimal apoptotic cells
between the groups. Taken together, our results indicate that
Nur77 may be a sensor of oxidative stress and an inhibitor of
vascular remodeling induced by low shear stress. Nur77, as well
as its downstream cell signals, may thus be a potential therapeutic
target for the suppression of vascular remodeling.

Introduction

Vascular remodeling is a complex pathophysiological process
which is implicated in a number of cardiovascular diseases,
such as atherosclerosis, hypertension, and restenosis following
angioplasty. There is considerable evidence indicating that
shear stress, particularly low and oscillatory shear stress, plays
a critical role in vascular remodeling. For example, clinical
and pathological data have revealed that atherosclerotic
lesions occur preferentially at bifurcations and branch points,
suggesting that low and disturbed shear stress correlate with
vascular remodeling and atherogenesis (1). Even in healthy
subjects, carotid intima-media thickness (IMT), a surrogate
marker for early atherosclerosis, has been linked to low shear
stress in the common carotid artery (2). In addition, shear
stress is also responsible for the vascular remodeling associ-
ated with restenosis following angioplasty (3,4).

Vascular remodeling induced by low shear stress involves
multiple cell types, processes, various genes and signaling
pathways. Of these, the excessive proliferation and migration of
vascular smooth muscle cells (VSMCs) are the main pathological
events leading to neointima formation and lumen narrowing. It
is well known that platelet-derived growth factor (PDGF) is the
major driving factor promoting abnormal VSMC proliferation
and migration involved in vascular remodeling (5). Additionally,
low shear stress promotes the production of reactive oxygen
species (ROS) in a direct or indirect manner, and ROS can
function as an intracellular second messenger to regulate many
downstream signaling pathways, including those modulating the
proliferation and migration of VSMCs (6,7). Therefore, identi-
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fying new genes and signaling pathways that can indicate changes
in wall shear stress or ROS levels and subsequently control the
development of vascular remodeling is of great interest.

Nuclear receptors are a superfamily of transcription factors
that are involved in diverse pathological functions. Several
members of this superfamily play pivotal roles in atherosclerosis
and vascular remodeling and have emerged as potential thera-
peutic targets for the treatment of cardiovascular diseases (8-10).
The orphan nuclear receptor, Nur77 [also known as TR3 or
nuclear receptor subfamily 4, group A, member 1 (NR4A1)], is
an immediate early gene that plays a crucial role in the func-
tional regulation of cell differentiation, proliferation, apoptosis,
and inflammation. Previously, the biological effects of Nur77
in cardiovascular diseases, including atherosclerosis, vascular
remodeling, cardiac ischemia/reperfusion injury and cardiac
hypertrophy, have gained considerable attention (11-13).In 2000,
Nur77 was first identified as one of 40 smooth muscle activation-
specific genes (smags) in activated VSMCs, and it was noted
that it is expressed in atherosclerotic lesions (14). Moreover, it
has also been noted that Nur77 inhibits VSMC proliferation
and attenuates neointima formation (15). Consistent with this
previous study, more recent research from the same group indi-
cated that Nur77 inhibits outward remodeling in SMC-specific
overexpression of Nur77 transgenic mice (16). However, the
direct role of Nur77 in the PDGF-induced VSMC proliferation
and migration and vascular remodeling induced by low shear
stress has not been extensively investigated as of yet.

In this study, we used a mouse model of vascular remod-
eling, which was induced by partial ligation of the left common
carotid artery (LCCA). To the best of our knowledge, this is the
first study that used Nur77-deficient mice to define the precise
role of Nur77 in vascular remodeling induced by low shear
stress. Our results suggest that oxidative stress is an important
trigger for the upregulation of Nur77 during vascular remod-
eling, which in turn suppresses the proliferation and migration
of VSMCs and the development of vascular remodeling.

Materials and methods

Mice. All animal experiments were performed according
to the Shanghai Jiao Tong University School of Medicine
(Shanghai, China) guidelines for the ethical care of animals.
The protocol was approved by the Committee on the Ethics
of Animal Experiments of the Shanghai Jiao Tong University
School of Medicine [Permit no. (2013)-75]. Wild-type (WT)
and Nur77 knockout (Nur77-KO) mice with a C57BL/6 back-
ground were purchased from Jackson Laboratory, (Bar Harbor,
ME, USA) and were bred at Shanghai Biomodel Organism
Science & Technology Development Co., Ltd. Male WT and
Nur77-KO mice (6-8 weeks of age, weighing 20-25 g) were
used in this study and were randomly assigned to 2 groups
(n=8 per group): partial ligation of the LCCA and the sham-
operated control. All surgical procedures were performed under
a dissecting microscope. All animals were sacrificed 4 weeks
after the procedure.

Animal surgery. Partial ligation of the LCCA induces low
shear stress in the LCCA and was performed as described
previously (17). In brief, the mice were anesthetized with an
intraperitoneal injection of pentobarbital sodium (50 mg/kg), and
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body temperature was maintained at 37°C using heating pads.
After blunt dissection to expose the distal branches of the LCCA,
blood flow was reduced by ligating all branches of the LCCA
apart from the left thyroid artery. After ensuring that blood flow
was present, the incision was closed with a suture. Sham ligation
involved placing sutures, but no ligation was undertaken.

Tissue collection and processing. The mice were perfused
with ice-cold isotonic saline, after which some left carotid
arteries were isolated and stored at -80°C until use. Others
were fixed with 4% paraformaldehyde overnight, and were then
embedded in optimal cutting temperature compound (OCT).
OCT-embedded sections (8-um-thick) were cut for use every
200 pm over a 2 mm length of carotid artery, from the distal
bifurcation of carotid artery specimens.

Histological staining. The OCT-embedded sections were
stained with hematoxylin and eosin (H&E; Sigma, St. Louis,
MO, USA) using a standard protocol. Picrosirius red (Sigma) and
Verhoeff-Van Gieson (Genmed Scientifics, Arlington, VA, USA)
stains were used for staining collagen and elastin, respectively.
For staining collagen, the sections were fixed with 4% parafor-
maldehyde for 20 min and then washed with double-distilled
water 3 times for 5 min. The sections were then immersed in
0.1% picric acid (Sigma) solution and dehydrated using absolute
ethyl alcohol (Zhenxing Chemical, Shanghai, China) after being
washed twice with 0.5% acetic acid. Elastin was determined
according to the manufacturer's instructions provided with the
Elastin Stain kit (Genmed Scientifics). All images were captured
using an Olympus digital camera (Olympus, Tokyo, Japan) and
analyzed using ImagePro Plus software.

Immunofluorescence staining. OCT-embedded sections were
washed with phosphate-buffered saline (PBS) and then fixed in
4% paraformaldehyde for 20 min, after which time the sections
were permeabilized with 0.2% Triton X-100 (Sigma) for 8 min.
The sections were blocked with 5% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA) for 30 min and incubated with
primary antibodies against Nur77 (1:100; #ab13851; Abcam,
Cambridge, UK), smooth muscle (SM)-a-actin (1:300; #ab21027,
Abcam), matrix metalloproteinase-9 (MMP-9) (1:100; #ab38898;
Abcam) and proliferating cell nuclear antigen (PCNA) (1:100;
#AJ1594a; Abgent, San Diego, CA, USA) overnight, followed by
further staining with secondary antibodies labeled with red fluo-
rescence (1:300; #A31570; donkey-anti-mouse; 555 nm) and green
fluorescence (1:300; #A21206; donkey-anti-rabbit; 488 nm) (both
from Invitrogen, Carlsbad, CA, USA) for 60 min. After staining
the nuclei with 4,6-diamidino-2-phenylindole (DAPI; blue fluo-
rescence; Beyotime, Shanghai, China), the fluorescence signal
was acquired using a confocal microscope (Zeiss LSM 710; Carl
Zeiss, Oberkochen, Germany).

Terminal deoxynucleotidyltransferase-mediated dUTP
nick-end labelling (TUNEL) assay. TUNEL staining was
performed using the In Situ Cell Death Detection kit (Roche
Diagnostics, Madison, WI, USA). Briefly, the LCCA segments
were fixed in 4% paraformaldehyde for 20 min and permeabi-
lized with 0.1% Triton X-100 and 0.1% sodium citrate in PBS
on ice for 2 min. Tissue samples were then incubated with
TUNEL reagent at 37°C for 50 min. Following incubation, the
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nuclei were stained with DAPI for another 8 min. Images were
acquired using a confocal microscope (Zeiss LSM 710).

Detection of ROS. 2'/7'-Dichlorodihydrofluorescein diace-
tate (DCFH-DA; Sigma) was used to measure the ROS
levels in the cultured VSMCs, as previously described (18).
Dihydroethidium (DHE; Sigma) staining was used for the
in situ detection of ROS levels in frozen tissue sections, which
were mounted in OCT-embedding compound and frozen at
-20°C. Briefly, unfixed frozen cross-sections were incubated
with DHE (5 ymol/l) at 37°C for 30 min in a humidified chamber
protected from light, followed by a 5-min wash in PBS. Images
were obtained by confocal microscopy (Zeiss LSM 710).

Cell culture. Primary VSMCs were isolated from the thoracic
aortic arteries of Sprague-Dawley rats (6-8 weeks of age) using
mechanical dissociation, as previously described (19). Briefly,
the medial layer of the rat thoracic aorta was isolated surgically
and minced into approximately 1-mm? pieces, which were plated
into 6-cm dishes for culture in DMEM with 10% FBS, 100 U/
ml penicillin, 100 ug/ml streptomycin, and incubated at 37°C,
5% CO,. VSMCs were characterized by immunofluorescence
staining for SM-a-actin. VSMCs at passages 3-8 were used
in all experiments. Twenty-four hours prior to drug treatment,
the VSMCs were transferred to serum-free medium for the
duration of the experiment. The VSMCs were treated with the
vehicle (solvent control) or various reagents, including PDGF
(R&D Systems, Minneapolis, MN, USA), H,O, (Sigma) and the
antioxidant, N-acetyl cysteine (NAC; Sigma), as described in
the figure legends.

Western blot analysis. Whole cell lysates were prepared and
quantitated by Bradford assay. Equal amounts of protein per
lane were subjected to SDS-PAGE, transferred onto a nitrocel-
lulose membranes, and western blot analysis was performed
using antibodies against Nur77 (1:1,000; #ab109180; Abcam),
B-actin (1:5,000; #ab6276; Abcam), GFP (1:1,000; #ab290;
Abcam), PCNA (1:1,000; #AJ1594a; Abgent), cyclin D1
(1:1,000; #2978; Cell Signaling Technology, Danvers, MA,
USA) and horseradish peroxidase-conjugated secondary
antibodies (1:5,000; #115-035-003/111-035-003, Jackson
ImmunoResearch Laboratories, West Grove, PA, USA).
Protein bands were detected using enhanced chemilumines-
cence (Millipore, Billerica, MA, USA), and quantification
was performed using Quantity One 4.4.0 software (Bio-Rad,
Hercules, CA, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted from the cells using
TRIzol reagent (Invitrogen) according to the manufacturer's
instructions. The purity of the total RNA was assessed by
ultraviolet spectrophotometry. Total RNA (2 pg) was reverse
transcribed into cDNA. cDNA was then used as the template
in a 20-ul qPCR reaction, which was completed using the
ABI Prism 7300 real-time PCR system (Applied Biosystems,
Foster City, CA, USA). The primers used were as follows:
f-actin forward, 5'-GGC ATC GTC ACC AAC TGG GAC-3'
and reverse, 5'-CGA TTT CCC GCT CGG CCG TGG-3%
Nur77 forward, 5'-GCT CAT CTT CTG CTC AGG CCT-3' and
reverse, 5-CAG ACG TGA CAG GCA GCT GGC-3.
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Cell counts and cell counting kit-8 (CCK-8) assay. For cell
counts, primary rat VSMCs were plated into a 24-well plate
and were infected with green fluorescent protein (GFP)-Nur77
adenovirus (Ad-GFP-Nur77) and GFP control adenovirus
(Ad-GFP) for 48 h. The cells were subsequently stimulated with
PDGF (20 ng/ml) for another 24 h. The cells were then tryp-
sinized and counted using a hemocytometer and an Olympus
inverted microscope. For the CCK-8 assay, primary VSMCs
were plated into a 96-well plate. The cells were infected with
adenovirus and stimulated with PDGF as mentioned above. Cell
proliferation was assessed by CCK-8 assay (Yeasen, Shanghai,
China), according to the manufacturer's instructions.

In vitro scratch-wound assay. The primary rat VSMCs were
cultured on 6-well plates and infected with Ad-GFP-Nur77 or
Ad-GFP for 48 h. Confluent cells were growth-arrested and
scraped using sterilized 10-ul pipette tips, washed with PBS,
and stimulated with PDGF (20 ng/ml) for 24 h. The cells were
visualized on an Olympus inverted microscope.

Statistical analysis. Values are expressed as the means + stan-
dard error of the mean (SEM). Differences between groups
were compared by two-tailed Student's t-tests. All tests were
two-sided, and a value of p<0.05 was considered to indicate a
statistically significant difference.

Results

Nur77 is highly expressed in neointimal VSMCs in the ligated
carotid arteries following vascular remodeling induced by low
shear stress. Partial ligation of the LCCA was performed to
induce low shear stress and to generate a model of carotid artery
remodeling, as previously described (17). As shown in Fig. 1A,
partial carotid ligationresulted in significant vascular remodeling,
as assessed by H&E staining and quantification of the intima-
media area (20,324.65+1,143.16 vs. 32,793.74+1,940.77 ym?,
p<0.05) and IMT (12.35+1.29 vs. 25.16+£2.02 ym, p<0.05).
Accordingly, in the ligated carotid arteries, we noted severe
elastin disruption and more collagen deposition, as assessed
by Verhoeff-Van Gieson staining and picrosirius red staining,
respectively (Fig. 1B).

To determine whether Nur77 plays a role in the vascular
remodeling induced by low shear stress, we examined the
expression of Nur77 in neointimal VSMCs in the ligated
carotid arteries by dual immunofluorescence staining with
specific antibodies against Nur77 or SM-a-actin. As shown in
Fig. 1C, Nur77 was highly expressed in the neointimal VSMCs
in the ligated carotid arteries following vascular remodeling
compared to the VSMCs in the arteries from the sham-operated
control. Moreover, Nur77 was localized predominantly in the
neointimal VSMC:s in the ligated carotid arteries.

Nur77 expression is upregulated by PDGF in a ROS-dependent
manner in primary rat VSMCs. PDGF is known to be involved
in vascular remodeling induced by low shear stress (20).
Therefore, we examined the expression of Nur77 in rat VSMCs
in response to PDGF stimulation. As shown in Fig. 2A,
stimulation with PDGF (20 ng/ml) induced a rapid increase in
Nur77 mRNA levels, peaking at 1 h. Subsequently, the protein
expression of Nur77 was examined by western blot analysis
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Figure 1. Expression of Nur77 in neointimal vascular smooth muscle cells (VSMCs) following vascular remodeling induced by low shear stress (LSS).
(A) Representative images of H&E staining (scale bar, 100 ym) and quantification of the intima-media area and intima-media thickness in the control (Con)
and LSS groups ('p<0.05, n=8). (B) Representative images of Verhoeff-Van Gieson staining (VVG) and picrosirius red staining (PSR) (scale bar, 100 gm) and
quantification of the collagen area (‘p<0.05, n=8). (C) Representative images of dual immunofluorescence staining of Nur77 and smooth muscle (SM)-a-actin,
and quantification of percentage of Nur77-positive cells and the ratio of Nur77-positive area to the a-actin-positive area ("p<0.05, n=6). Values represent the
means + SEM.
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Figure 2. Platelet-derived growth factor (PDGF) induces Nur77 expression in primary rat vascular smooth muscle cells (VSMCs). (A and B) Primary rat VSMCs
were serum-starved for 24 h and then stimulated with PDGF (20 ng/ml) for the indicated periods of time. (A) mRNA and (B) protein levels of Nur77 were quanti-
fied by RT-qPCR and western blot analysis, respectively (‘p<0.05). (C) Primary rat VSMCs were treated with increasing concentrations of PDGF for 1 h. Protein
expression of Nur77 was examined by western blot analysis. (D) Representative confocal images of rat VSMCs treated with the vehicle or PDGF (20 ng/ml) for
1 h and stained for Nur77 (green) and nuclei (blue). Values represent the means + SEM. Con, control.
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Figure 3. Upregulation of Nur77 is reactive oxygen species (ROS)-dependent in primary rat vascular smooth muscle cells (VSMCs). (A) Primary rat VSMCs
were treated with platelet-derived growth factor (PDGF) (20 ng/ml) for 30 min. ROS levels were detected by flow cytometry following DCFH-DA staining.
(B) Representative images of dihydroethidium (DHE) staining (scale bar, 100 xm) and quantification of DHE staining intensity in control (Con) and low shear
stress (LSS) groups (‘p<0.05, n=6). (C) Primary rat VSMCs were treated with increasing concentrations of H,O, for 1 h. And protein expression of Nur77 was
examined by western blot analysis. (D) Primary rat VSMCs were stimulated with H,O, (100 M) for the indicated periods of time. Protein expression of Nur77
was examined by western blot analysis. (E) Primary rat VSMCs were treated with vehicle or 5 mM N-acetyl cysteine (NAC) for 6 h prior to H,0, stimulation for
another 1 h. Protein expression of Nur77 was examined by western blot analysis (‘p<0.05). Values represent the means + SEM.

and immunofluorescence staining. As shown in Fig. 2B and C,
PDGF stimulation led to rapid increase in the protein expression
of Nur77 in a dose-dependent manner. Immunofluorescence
staining revealed similar results (Fig. 2D).

A growing body of evidence indicates that oxidative stress
plays a critical pathophysiological role in vascular remod-
eling (21-24). Therefore, to determine whether Nur77 expression
is mediated by oxidative stress, we examined whether Nur77
expression was induced following an induction of ROS produc-
tion. As shown in Fig. 3A, stimulation with PDGF increased the
intracellular ROS levels in vitro in the primary VSMCs. Similarly,
the ROS levels were significantly increased in the ligated carotid
arteries (Fig. 3B). Furthermore, we examined the expression of
Nur77 in response to H,O, stimulation. The results revealed that
H,0, stimulation induced an upregulation in Nur77 expression
in a dose-dependent manner (Fig. 3C). An obvious increase in
Nur77 protein expression was noted following 15 min of expo-
sure to H,0,, and reached a plateau at 1 h (Fig. 3D). Moreover,
the upregulation of Nur77 expression was blocked by treatment
with the antioxidant, NAC (Fig. 3E), suggesting that the upregu-
lation of Nur77 is ROS-dependent. Taken together, these results
suggest that ROS may be the direct or indirect reason for the
upregulation of Nur77 during vascular remodeling.

Nur77 inhibits the PDGF-induced proliferation and migra-
tion of VSMCs. To establish the functional significance of
Nur77, we examined the effects of Nur77 overexpression on
the PDGF-induced proliferation and migration of VSMCs. We
infected the VSMCs with Ad-GFP-Nur77 or Ad-GFP (Fig. 4A).
As shown in Fig. 4B and C, the Ad-GFP-Nur77-infected cells

exhibited decreased proliferation following stimulation with
PDGF compared with the Ad-GFP-infected cells. Consistent
with this result, the levels of cyclin D1 and PCNA, which reflect
the ability of VSMCs to proliferate, were markedly decreased
in the Ad-GFP-Nur77-infected cells (Fig. 4D). Additionally,
the in vitro scratch-wound assay revealed decreased VSMC
migration in the Ad-GFP-Nur77-infected cells compared with
the Ad-GFP-infected cells (Fig. 4E). These results suggest that
Nur77 inhibits the proliferation and migration of VSMCs.

Nur77 deletion enhances vascular remodeling induced by low
shear stress. In order to further define the in vivo role of Nur77
in vascular remodeling induced by low shear stress, partial
carotid ligation was performed in age- and gender-matched WT
and Nur77-deficient mice. Four weeks following surgery, the
Nur77-deficient mice exhibited markedly enhanced vascular
remodeling compared with the WT mice, as assessed by
H&E staining (Fig. 5A). Quantitative morphometric analysis
revealed a marked increase in the intima-media area (38,08
042,317 vs. 29,420+1,851 pm?, p<0.05) and IMT (52.01+3
27 vs. 29.54+2.76 pm, p<0.05) in the ligated carotid arteries
from the Nur77-deficient mice compared to those from the
WT mice (Fig. 5A). Verhoeff-Van Gieson staining revealed more
severe elastin disruption following partial carotid ligation in the
Nur77-deficient mice (Fig. 5B). Similarly, picrosirius red staining,
indicating collagen deposition, was more pronounced in the
ligated carotid arteries from the Nur77-deficient mice (Fig. 5B).

Dual immunofluorescence staining for PCNA and
SM-a-actin was performed in the ligated carotid arteries. The
ratio of the PCNA-positive area to the SM-a-actin-positive



1552
GFP-Nur?7
1 GFP-Nur77
c 55 1m crp *
(1]
3
510
s
8 0s
=
3
o 0.0
PDGF
D &
& ol
&

Con

GFP

GFP-Nur77

YU et al: Nur77 INHIBITS LOW SHEAR STRESS-INDUCED VASCULAR REMODELNG

) GFP-Nur77 *

GFP-Nur77
Liges i &0 'mm GFP

o

E 8

Te

2

£ 4

=2

c

3 2

[&]

0

Con

PDGF

Migrated cell number

Figure 4. Nur77 inhibits platelet-derived growth factor (PDGF)-induced vascular smooth muscle cell (VSMC) proliferation and migration in primary VSMCs
in vitro. (A) Representative images of green fluorescent protein (GFP)-Nur77 adenovirus (Ad-GFP-Nur77) and GFP control adenovirus (Ad-GFP) infection in
VSMCs in vitro. (B and C) Representative images of (B) cell density and quantification, as measured by cell count and (C) cell counting kit-8 (CCK-8) assay
in Ad-GFP-Nur77-infected cells compared with Ad-GFP-infected cells upon PDGF (20 ng/ml) stimulation (‘p<0.05). (D) Western blot analysis measuring
levels of GFP-Nur77, cyclin D1 and proliferating cell nuclear antigen (PCNA). $-actin was used as an internal control. (E) Representative images of the in vitro
scratch-wound assay and quantification of number of migrated cells ("p<0.05). Values represent the means = SEM. Con, control.

A WT

Nur77"

Con

100 pm

100 um

LSS

100 pm

25pum

100 pm

Nur77™"

25pm

Intima-media area

50000 o N7
40000 L2
% 30000
320000
10000
0
Con LSS
M
@ 60
SE N
B3 y Nur?? -
Ewn 40
()]
o] |
Eg 20
TO
“£ 0
Con LSS
T
(0]
5 100 *
m
@
23 8 |
0]
S 40
SE
SE 23
° WT Nur777
2

Figure 5. Nur77 deletion enhances vascular remodeling induced by low shear stress (LSS) in vivo. (A) Representative images of H&E staining (scale bar, 100 zm)
and quantification of the intima-media area and intima-media thickness in wild-type (WT) and Nur77-deficent mice (‘p<0.05, n=8). (B) Representative images
of Verhoeff-Van Gieson (VVG) staining (scale bar, 25 ym), picrosirius red staining (PSR) (scale bar, 100 #m), and quantification of collagen area in WT and
Nur77-deficent mice ("p<0.05, n=8). Arrows point to disrupted elastin structure. Values represent the means + SEM.Con, control.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 36:

1547-1555, 2015 1553

A DAPI PCNA DAPI+PCNA  a-aclin+PCNA
- @100- «
= S5 80
100um + = 601
100 t 3
Z T 401
- o =]
~ a's 20
= o
z < 4l
WT  Nur77”
B WT nr7e C »5§ 50 -
Lo 40/ D
_ o E WT Nur77"
E QE 30;
[m)] cc
= 20 T
M Z
i Ly S5 104 a
3 [~
Fg O
_| S
w
= *
= 30
o2 a
O =
o o 20+ =
- o g
5 L E10{
=~ ==
+ E [
x £
g E 0 T
WT  Nur77*

Figure 6. Nur77 deletion enhances vascular smooth muscle cells (VSMCs) proliferation and matrix metalloproteinase (MMP) expression. (A) Representative images
of dual immunofluorescence staining of proliferating cell nuclear antigen (PCNA) and smooth muscle (SM)-a-actin (scale bar, 100 #m) and quantification of the ratio
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(scale bar, 100 #m) and (C) quantification of the percentage of TUNEL-positive nuclei ('p<0.05, n=6). (D and E) Representative images of (D) immunofluorescence
staining of MMP-9 (scale bar, 100 zzm) and (E) quantification of ratio of the MMP-9-positive area to intima area ("p<0.05, n=6). Values represent the means + SEM.

area was significantly increased in the ligated carotid arteries
from the Nur77-deficient mice compared to those from the
WT mice (73.17+1.89 vs. 51.50+3.18%, p<0.05) (Fig. 6A).
On the contrary, there was no significant difference observed
in the number of apoptotic vascular cells between the
Nur77-deficient and WT mice (Fig. 6B and C). Moreover,
immunofluorescence staining for MMP-9 revealed that the size
of the MMP-9-positive area in the intima area was significantly
increased in the ligated arteries from the Nur77-deficient
mice compared to those from the WT mice (25.79+2.69 vs.
11.46+0.96%, p<0.05) (Fig. 6D and E). Taken together, these
results suggest that Nur77 inhibits vascular remodeling induced
by low shear stress in vivo by suppressing VSMC proliferation
and MMP-9 production.

Discussion

Vascular remodeling is an important common pathophysiolog-
ical process which is associated with a number of cardiovascular
diseases. Moreover, vascular remodeling is a complex and
heterogeneous process, which can be triggered and worsened by
various cardiovascular risk factors, such as local hemodynamic
dysfunction, hypertension and dyslipidemia. Also, shear stress,

particularly low and oscillary shear stress, is known to play a
crucial pathophysiological role in vascular remodeling-related
cardiovascular complications, such as carotid IMT, coronary
atherosclerosis, and even restenosis following angioplasty (1-4).

The most important finding of the current study is that, for
the first time (to the best of our knowledge), we demonstrate that
Nur77 deletion enhances vascular remodeling induced by low
shear stress. The ligated carotid arteries from Nur77-deficient
mice exhibited enhanced VSMC proliferation and MMP-9
production compared with those from WT mice. Furthermore,
when the VSMCs were infected with Ad-GFP-Nur77, they
exhibited a significantly decreased proliferation and migration
following stimulation with PDGF. These findings demonstrate
that Nur77 is an important negative regulator of the prolifera-
tion and migration of VSMCs and the development of low shear
stress-induced vascular remodeling. Although some previous
studies have examined the role of Nur77 in the biological
behaviors of VSMCs and vascular remodeling (15,16,25,26),
this study, to the best of our knowledge, is the first to use
Nur77-deficient mice to investigate the role which Nur77 plays
in vascular remodeling induced by low shear stress, which
may be the most common situation to mimic human vascular
remodeling. This observation is consistent with the findings
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of previous studies (14-16) and strongly suggests that Nur77
inhibits the development of vascular remodeling.

Another important finding of this study was that the
upregulation of Nur77 was ROS-dependent. We were able to
demonstrate that Nur77 expression was increased in primary
VSMCs following stimulation with PDGF or following vascular
remodeling in vivo. In line with our data, it has been previously
demonstrated that Nur77 expression is induced by diverse
stimuli, including inflammatory stimuli, growth factors and
cytokines, and it is also upregulated during atherosclerosis
and vascular remodeling (15,27,28). However, the underlying
mechanisms through which Nur77 expression is regulated
remain unclear. Previous research has suggested that oxidative
stress is critical in vascular remodeling-related cardiovascular
diseases (29). Accumulating data indicate that various risk
factors can trigger vascular remodeling through the excessive
generation of ROS (30). In this study, we observed increased
levels of ROS both following stimulation of primary VSMCs
in vitro with PDGF and following flow-induced vascular
remodeling in vivo. Based on this result, we suggest that oxida-
tive stress is the common reason for the upregulation of Nur77
during vascular remodeling. In the present study, we provided
evidence that Nur77 acts as a sensor of oxidative stress and
subsequently mediates the suppression of VSMC proliferation
and migration following vascular remodeling induced by low
shear stress.

From a therapeutic standpoint, our results have clinical
implications for the treatment of vascular remodeling-related
cardiovascular diseases. Modulating the expression or tran-
scriptional activity of Nur77 represents a novel approach
to inhibiting vascular remodeling. Pires et al demonstrated
that the enhanced transcriptional activity of Nur77 by
6-mercaptopurine exerted protective effects against neointima
formation (31). Moreover, it was demonstrated that a-lipoic
acid, which enhanced the cytoplasmic localization of Nur77 in
VSMCs, triggered VSMC apoptosis and inhibited neointima
formation in rat carotid arteries following balloon injury (32).
Coupled with our new data, these findings suggest that Nur77
is a potential therapeutic target in the treatment of vascular
remodeling-related cardiovascular diseases, such as atheroscle-
rosis and restenosis following angioplasty.

In conclusion, in the present study, we demonstrate that
Nur77 deletion enhances vascular remodeling induced by
low shear stress. Our findings indicated that oxidative stress
is the common trigger for the upregulation of Nur77 during
vascular remodeling. Moreover, it can be noted that the
increased ROS-dependent expression of Nur77 in turn inhibits
the proliferation and migration of VSMCs and the development
of vascular remodeling induced by low shear stress. Our study
identified Nur77 as a potential novel therapeutic target for
vascular remodeling. However, the identity of the downstream
targets of Nur77 and the detailed mechanisms through which
VSMC:s function is regulated remain to be elucidated.
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