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Abstract
Restenosis after angioplasty of peripheral arteries is a clinical problem involving oxidative
stress. Hydrogen sulfide (H,S) participates in oxidative stress regulation and activates

Impact statement

This work advances the field of vascular
pharmacology as it addresses the issue of
neointimal hyperplasia, which is a severe

problem that results in restenosis after
percutaneous transluminal angioplastic
surgery. The effectiveness of vascular
surgery is impacted negatively because of
this phenomenon, and a solution is
urgently needed. Here, we report in a rat
model of angioplasty-induced vessel injury
that hydrogen sulfide (H,S) counteracts
post-percutaneous transluminal angio-
plasty neointimal formation and inflamma-
tion. Importantly, we demonstrated that the
action of H,S requires Nrf2 signaling and is
associated with the regulation of oxidative
stress and inflammation via the nuclear
factor-kappa B signaling pathway.
Notably, our findings offer a potential
strategy to address post-vascular surgery
restenosis, which remains a clinical
problem.

nuclear factor erythroid 2-related factor 2 (Nrf2). This study investigated the effect of H,S
and Nrf2 on restenosis-induced arterial injury. Using an in vivo rat model of restenosis, we
investigated whether H,S inhibits restenosis after percutaneous transluminal angioplasty
(PTA) and the oxidative stress-related mechanisms implicated therein. The involvement of
Nrf2 was explored using Nrf2-shRNA. Neointimal formation and the deposition of elastic
fibers were assessed histologically. Inflammatory cytokine secretion and the expression of
proteins associated with oxidative stress and inflammation were evaluated. The artery of rats
subjected to restenosis showed increased arterial intimal thickness, with prominent elastic
fiber deposition. Sodium hydrosulfide (NaHS), an H,S donor, counteracted these changes in
vivo. Restenosis caused a decrease in anti-oxidative stress signaling. This phenomenon was
inhibited by NaHS, but Nrf2-shRNA counteracted the effects of NaHS. In terms of inflamma-
tion, inflammatory cytokines were upregulated, whereas NaHS suppressed the induced
inflammatory reaction. Similarly, Nrf2 downregulation blocked the effect of NaHS. In vitro
studies using aortic endothelial and vascular smooth muscle cells isolated from experimental

animals showed consistent results as those of in vivo studies, and the participation of the nuclear factor-kappa B signaling pathway
was demonstrated. Collectively, H,S played a role in regulating post-PTA restenosis by alleviating oxidative stress, modulating anti-
oxidant defense, and targeting Nrf2-related pathways via nuclear factor-kappa B signaling.
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Introduction

Revascularization after the occurrence of peripheral vascu-
lar disease is usually required for patients with resistance to
conservative therapies.! To induce revascularization, per-
cutaneous transluminal angioplasty (PTA) is a minimally
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invasive procedure that is often carried out to treat athero-
sclerotic lesions in cerebrovascular, peripheral, and coro-
nary vessels.” However, the application of PTA is largely
limited in peripheral vascular disease because of the high
risk of restenosis,” which is a major complication of PTA.*
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Smooth muscle cell proliferation and matrix formation,
which result in neointimal hyperplasia, may be key
processes in the development of post-PTA restenosis.” In
addition, negative remodeling, which leads to constriction
of an entire vessel, is implicated in post-PTA restenosis.®

Oxidative stress is reportedly involved in the develop-
ment of restenosis. During the treatment of patients with
peripheral arterial disease, PTA induces local generation of
reactive oxygen species (ROS) such as H,O,, which has
been shown to stimulate vascular smooth muscle cell
growth.” Nuclear factor-erythroid 2-related factor 2 (Nrf2)
is a leucine zipper redox-susceptible transcription factor
that is abundantly expressed in most tissues and regulates
the induction of cytoprotective and anti-oxidant genes.® Its
interaction with the Kelch-like ECH-associated protein 1
system forms a critical cytoprotective mechanism against
oxidative stress, with additional functions in reducing
inflammation.”'® Nrf2 plays essential roles in regulating
redox homeostasis and inflammatory conditions, including
pulmonary fibrosis, cigarette-induced emphysema, colonic
inflammatory injury, and experimental sepsis.'

As a mediator of Nrf2 signaling, hydrogen sulfide (H,S)
is a potent cardiovascular protective agent responsible for
the upregulation of anti-oxidant proteins.'® Previous stud-
ies have shown that increased H,S bioavailability and Nrf2
activation significantly improved left ventricular function'*
and attenuated tobacco-induced oxidative stress and
emphysema in mice.'® Moreover, deactivation of the nucle-
ar factor-kappa B (NF-xB) signaling pathway has been
shown to inhibit restenosis in injured arteries by mediating
vascular inflammation.’® Compounds such as androgra-
pholide'” and neferine'® have been shown to suppress arte-
rial restenosis by blocking NF-«B, further accentuating the
potential of the NF-kB pathway as a target in anti-restenosis
therapy.

We have previously demonstrated the protective effect
of H)S against balloon injury-induced restenosis via
Nrf2-related anti-oxidative stress mechanisms.'® Herein,
we speculated that the NF-xB may be involved in the effects
of the H,S/Nrf2 axis in attenuating post-PTA restenosis. To
verify this, we constructed an in vivo model of restenosis
and combined NaHS (a donor of H,S used to simulate the
effects of H,S) treatment with Nrf2 interference to investi-
gate the regulation of restenosis-induced ROS. In vitro
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studies were correspondingly performed using aortic
endothelial cells and vascular smooth muscle cells isolated
from experimental animals. In particular, we evaluated the
pathological changes induced by post-PTA restenosis and
examined the proteins that mediate redox balance and
inflammatory response in vivo and in vitro. The role of
NF-«B signaling was elucidated in correlation with the
unique functions and mechanisms of H,S and Nrf2 in atten-
uating restenosis-induced arterial injury.

Materials and methods

Establishment of in vivo post-PTA restenosis model

All animal experiments were performed in accordance with
the National Institute of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Animal
Experimental Ethical Inspection of the Laboratory Animal
Centre, Huazhong Agricultural University (ID: HZAUMO-
2017-028). Adult male Sprague Dawley rats (1 =50, 250-
280g), which have been routinely used to establish
models of restenosis,””*' were obtained from Chongqing
Medical University (Chongqging, China). The animals
were maintained in a specific-pathogen-free laboratory
with a regular 12h/12 h light/dark cycle at an average
temperature of 25°C and 40-70% relative humidity. To
establish the in vivo restenosis model, the animals were
randomly divided into five groups (n =10 per group) and
subjected to treatment as outlined in Figure 1. Control
rats were subjected to sham operation and sacrificed after
four weeks (C-4W). For restenosis modeling, rats were sub-
jected to PTA and sacrificed after four weeks (RS-4W). After
PTA, the rats were treated with saline (RS-4W + saline),
NaHS only (RS-4W + NaHS), or a combination of NaHS
and Nrf2-shRNA (RS-4W + Nrf-2-shRNA + NaHS).

To perform PTA, balloon angioplasty of the carotid
artery was conducted on the experimental rats, which
were anesthetized by intraperitoneal injection of 3% phe-
nobarbital at 40 mg/kg. A balloon catheter was introduced
through the right external carotid artery into the aorta, and
the balloon was inflated with controlled pressure at 2 atm.
The inflated balloon was pushed and pulled through the
lumen three times to damage the vessel. After 20min,
the catheter was removed, the artery was ligated, and the
wound was closed. Penicillin was applied locally to
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Figure 1. Outline of treatments and groupings for in vivo post-PTA restenosis modeling in male Sprague Dawley rats. C-4W: control rats sacrificed at four weeks;

RS-4W: post-PTA restenosis modeling for four weeks.
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prevent infection. The control rats were anesthetized and
underwent surgical procedure without balloon injury.
Arterial pressure and heart rate were monitored indirectly
using a tail-cuff plethysmographic technique. For experi-
ments involving Nrf2-shRNA, each rat was injected with
4x10" particles of adenoviral Nrf2-shRNA (sequence:
GGGTAAGTCGAGAAGTGTTTG) through the tail vein
after PTA surgery. NaHS (30 mmol/kg, #13590, Sigma-
Aldrich, St. Louis, MO) or saline was administered once a
day for four weeks.

Visualization of arterial intima after PTA

After the establishment of the restenosis model, the rats
were sacrificed at four weeks for histological and morpho-
metric analyses of the arterial intima. The arterial tissues
located in the focus of restenosis (1 cm from the aorta) were
removed and quickly fixed in either Bouin’s fluid (48h at
room temperature) or 8% formaldehyde in phosphate-
buffered saline (PBS, pH 7.4) for 48h at 4°C. Samples
retrieved from the same location were embedded in paraf-
fin blocks at 56°C, and 5-pm-thick serial sections were cut at
1-mm intervals using a Reichert-Jung 2030 microtome.
Deparaffinized sections were subjected to hematoxylin
and eosin (HE) staining for morphological characterization
and Verhoeff’s staining for the evaluation of elastic fiber
deposition. Image of HE and Verhoeff’s staining were cap-
tured using an optical microscope at 100x and 200x mag-
nification, respectively. Intimal and medial thicknesses
were measured by analyzing three sections from each
animal using Image]. Ten areas from each cross-sectional
HE image were selected while ensuring that the distribu-
tion of thicknesses was taken into consideration, and the
intimal/medial thickness ratio was calculated.

Determination of the expression of pro-inflammatory
cytokines and related factors

Enzyme-linked immunosorbent assay (ELISA) was per-
formed to evaluate the presence of pro-inflammatory fac-
tors and related proteins in arterial tissues. The protein
levels of interleukin (IL)-1P, IL-6, intercellular cell adhesion
molecule (ICAM)-1, and vascular cell adhesion molecule
(VCAM)-1 in the plasma were quantified using
Quantikine ELISA kits (Elabscience, Wuhan, China)
according to the manufacturer’s instructions. Absorbance
was read at 450nm using a DR-200Bs microplate reader
(Wuxi Hiwell Diatek Instruments Co. Ltd., Wuxi, China).

In vitro cell culture and transfection

For the in vitro experiments, rat aortic endothelial cells
(RAECs) and rat vascular smooth muscle cells (RVSMCs)
were obtained from the thoracic aorta of rats subjected to
post-PTA restenosis as previously described.”>* The tho-
racic and abdominal aorta were extracted from the rats
under a sterile environment and rinsed three times with
PBS. For RAECs, peripheral connective tissue and fat
were removed using ophthalmic forceps, and residual
blood was rinsed from the arterial lumen. One end of the
aorta was sutured with a round needle through a silk

thread, which was carefully pulled through the lumen.
The arterial intima is flipped and the ends of the artery
were ligated with the silk thread. The artery was placed
into polylysine-coated T25 flasks with Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum,
100 U/mL penicillin, and 100 U/mL streptomycin and cul-
tured for 6 h at 37°C in a humidified environment contain-
ing 5% CO,. After the tissue has adhered, the culture
medium was replaced every three days. After two weeks,
cells crawling out of the tissue block were collected. For
RVSMCs, the middle layer of the thoracic and abdominal
aorta was extracted from the rats under a sterile environ-
ment and rinsed three times with PBS. The clean tissue
block was placed into a Petri dish with 2mL of high-
glucose Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum, 100U/mL penicillin, and
100U/mL streptomycin and cut into smaller blocks
(I mm x I mm x 1mm) using ophthalmic scissors. The tis-
sues were placed into polylysine-coated T25 flasks and the
subsequent steps were the same as those for RAECs. For the
in vitro experiments, the cells were either treated with var-
ious concentrations of H,S (50, 100, or 200 umol/L) or trans-
fected with Nrf2 overexpression (Nrf2, sequence GI:
402692377) or interference (Nrf2-siRNA, sequence:
GGGTAAGTCGAGAAGTGTTTG) vectors and their
respective negative controls (NCs). For Nrf2 overexpres-
sion or interference, both cell types were transfected with
the Nrf2 overexpression vector (Qiagen, Dusseldorf,
Germany) or Nrf2-siRNA (Qiagen), using Lipofectamine
2000 reagent according to the manufacturer’s instructions.

Evaluation of RAEC and RVSMC migration and
proliferation

RAEC and RVSMC migration was evaluated using a
scratch assay. Isolated RAECs or VSMCs were seeded in a
six-well plate at 1 x 10° cells/well and cultured overnight.
On the next day, a scratch was made swiftly in the cell
monolayer in each well using a pipette tip placed perpen-
dicular to the well plate. Unattached cells were washed
away with PBS, and the remaining cells in the wells were
subjected to the appropriate treatments (H,S at various con-
centrations or Nrf2 overexpression/interference) using
serum-free medium. Images of the scratched area were
acquired immediately (0h) or 48h after scratching. The
experiment was performed in triplicate and the width of
the scratch gap was quantified using Image].

To evaluate cell proliferation, isolated RAECs or
RVSMCs were seeded in 96-well plates at 3 x 10° cells/
well (100 pL per well) and incubated overnight at 37°C in
5% CO, to allow the cells to adhere. The cells were then
subjected to the appropriate treatments (H,S at various con-
centrations or Nrf2 overexpression/interference) and fur-
ther cultured for 24, 48, or 96 h. At the indicated time points,
10pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) reagent (M1025, Solarbio) was
added to each well, and the cells were cultured for another
4 h. Thereafter, the liquid was removed from the wells and
150 pL of dimethyl sulfoxide (D2650, Sigma-Aldrich) was
added to each well. After 10min of incubation with



shaking, the absorbance of the wells was measured at
490nm using a plate reader. The experiment was per-
formed in triplicate.

The 5-ethynyl-2’-deoxyuridine (EdU) cell proliferation
assay was performed using the Cell-Light EAU Apollo567
In Vitro Kit (Ribobio) according to the manufacturer’s
instructions. After the RAECs or RVSCMs were treated in
a 96-well plate for the indicated amount of time, 100 pL of
0.05mmol EdU solution (prepared in culture medium) was
added to the cells and incubated for 2h. Then, 100 uL of
fixative solution was added to each well for 30 min, after
which 2mg/mL glycine was added and the plate was
gently shaken for 5min. The fixed cells were washed with
PBS and permeabilized with 100 pL of 0.5% Triton X-100 in
PBS per well for 10 min. After washing with PBS, 100 uL of
1x Apollo® dye solution was added to each well and the
cells were incubated at room temperature in the dark for 30
with gentle shaking. The dye was then removed and the
cells were washed three times with 100 pL of 0.5% Triton X-
100 in PBS in each well. Nuclear counterstaining was per-
formed by adding 100 pL of Hoechst 33258 solution in each
well for 30 min in the dark at room temperature with gentle
shaking. The cells were washed three times with PBS and
observed under a fluorescence microscope. The percentage
of cells showing positive EdU staining was counted and
analyzed using Image] software.

Evaluation of oxidative stress and inflammation-related
signaling

The expression of relevant anti-oxidant factors and
inflammation-related NF-xB signaling components was
assessed by western blot. Protein extracts (20 ug) prepared
from tissue and cell samples were separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride membranes
(Millipore, MA, USA). The membranes were blocked
with 10% milk in Tris-buffered saline (pH 7.6) containing
0.1% Tween-20, incubated with specific antibodies
overnight at 4°C, and incubated with horseradish
peroxidase-conjugated secondary antibody for 2h at room
temperature. Polyclonal primary antibodies against the fol-
lowing proteins were used: Nrf2 (ab137550, Abcam,
Cambridge, UK), heme oxygenase-1 (HO-1, Abcam), gluta-
thione (GSH, Abcam), cystathionine-y-lyase (CSE, ab80643,
Abcam), superoxide dismutase (SOD, Abcam), catalase
(CAT, Abcam), NF-xB p65 subunit (ab16502, Abcam),
NF-kB p50/105 subunit (ab32360, Abcam), and GAPDH
(Cell Signaling Technology, MA, USA). The immunoreac-
tive proteins were visualized using enhanced chemilumi-
nescence (Millipore) and Image] software was used for
densitometric analysis. The experiment was performed in
triplicate.

Statistical analysis

The data were analyzed using OriginPro 8.0 and are
expressed as the mean + standard deviation. Analysis of
variance (repeated measures for scratch assay, two-way
for MTT and EdU assay, and one-way for all other assays)
followed by Tukey’s post-hoc multiple comparisons
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test was performed to compare the means between more
than two groups. P<0.05 was considered statistically
significant.

Results

H.S alleviated post-PTA restenosis-induced intimal
hyperplasia

Intimal hyperplasia, which is the thickening of the arterial
intima, is an indicator of restenosis development. To verify
that restenosis was induced and explore the effects of NaHS
and Nrf2 on restenosis-induced intimal hyperplasia, histo-
logical analysis was performed to evaluate tissue morphol-
ogy and the distribution of elastic fibers. HE staining
(Figure 2(a)) revealed that compared with control rats
(C-4W), the arterial intima thickness increased significantly
in the artery of rats four weeks post-PTA (RS-4W), confirm-
ing the successful induction of restenosis. The administra-
tion of NaHS significantly reduced the thickness of the
arterial intima, but Nrf2 interference using shRNA did
not seem to significantly affect the action of NaHS on neo-
intimal formation, possibly due to insufficient silencing. In
terms of elastic fiber deposition, Verhoeff’s staining
revealed that post-PTA restenosis resulted in a thick layer
of dense elastic fibers (Figure 2(b)). While NaHS decreased
the thickness of the fiber layer, Nrf2 interference using
shRNA counteracted the effect of NaHS. We quantified
the intimal (Figure 2(c)) and medial (Figure 2(d)) thickness
from the HE images and calculated the intimal/medial
ratio (Figure 2(e)) from this data. Post-PTA restenosis
caused a remarkable increase in the arterial intimal thick-
ness, whereas NaHS successfully decreased the intimal
thickness. There was no difference in terms of medial thick-
ness, but the intimal/medial thickness demonstrated the
clear effect of NaHS in reducing neointimal hyperplasia
formation post-PTA.

Nrf2 interference blocked the effect of H>S on redox
balance and inflammation in rats subjected to post-PTA
restenosis

To determine the effect of Nrf2 and H,S on oxidative stress,
we examined the expression of Nrf2 in the different exper-
imental groups. Nrf2 interference using shRNA caused a
significant reduction in the expression of Nrf2, as verified
by Figure 3(a) and (b). At fourweeks post-PTA, Nrf2
expression was downregulated but was restored by
NaHS, whereas Nrf2 interference counteracted the effect
of NaHS (Figure 3(c) and (d)). At the same time, we exam-
ined the expression of HO-1, GSH, CSE, SOD, and CAT,
which are factors involved in anti-oxidant defense.
Similar to Nrf2, the expression of the abovementioned pro-
teins was downregulated at four weeks post-PTA, indicat-
ing the inhibition of anti-oxidant mechanisms and
implying the corresponding promotion of ROS production.
However, the expression of these proteins was restored by
NaHS, whereas Nrf2 interference greatly suppressed the
effect of NaHS.

To determine the effect of Nrf2 and H,S on inflammatory
response, we examined the levels of pro-inflammatory
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Figure 2. Histological evaluation of rat arteries after percutaneous transluminal angioplasty. (a) HE staining of arterial morphology. The analysis was performed after
induction of restenosis, and the arterial intima was stained in rose-pink. Restenosis caused an obvious increase in the intimal thickness, whereas NaHS counteracted
this effect. Magnified areas show clear distinction between the intimal and medial layers. Scale bar, 100 um. (b) Verhoeff’s staining of elastic fiber deposition in arterial
tissues. The analysis was performed after induction of restenosis, and elastic fibers were stained in blue-black. Scale bar =50 um. (c) Intimal and (d) medial thicknesses
were measured by selecting 10 areas from each cross-sectional HE image while ensuring that the distribution of thicknesses was taken into consideration, and the
(e) intimal/medial thickness ratio was calculated. The data are presented as the mean + standard deviation (n = 10). *P < 0.05 (Tukey’s post-hoc multiple comparisons
test). C-4W: control rats sacrificed at four weeks; RS-4W: post-PTA restenosis modeling for four weeks; HE: hematoxylin and eosin. (A color version of this figure is

available in the online journal.)

cytokines IL-1B and IL-6 in the arterial tissues extracted
from the different experimental groups (Figure 4). ELISA
indicated that the expression of the abovementioned cyto-
kines was upregulated at four weeks post-PTA but was
suppressed by NaHS, whereas Nrf2 interference reversed
the effect of NaHS. In addition, the expression of VCAM-1
and ICAM-1 was upregulated. NaHS exerted the same
effects on VCAM-1 and ICAM-1 as it did on the pro-
inflammatory cytokines by suppressing their expression,
whereas Nrf2 interference suppressed the effect of NaHS.

H.S and Nrf2 promoted RAEC migration and
proliferation but attenuated those of RVSMCs

Endothelial cell dysfunction contributes to the develop-
ment of restenosis, wherein the rapid proliferation of vas-
cular smooth muscle cells is a hallmark feature.

To investigate the mechanisms of action exerted by
Nrf2 and NaHS on post-PTA restenosis in vitro, aortic
endothelial cells and vascular smooth muscle cells were
isolated from rats (RAECs and RVSMCs, respectively)
that were subjected to post-PTA restenosis. The RAECs
and RVSMCs were then subjected to H)S treatment
(100 pmol/L), Nrf2 overexpression (Nrf2), or Nrf2 interfer-
ence (Nrf2-siRNA) in vitro. Cell response was evaluated
using scratch assay for migration and MTT and Edu assay
for proliferation. We noticed that RAECs treated with H,S
or Nrf2 migrated more rapidly compared to non-treated
control RAECs, closing the scratched gap more efficiently
up to 48h after cell scratching (Figure 5(a) and (b)).
However, Nrf2-siRNA did not exert a strong influence on
RAEC migration. Concurrently, both H,S and Nrf2 were
able to promote RAEC proliferation for up to 96 h, whereas
Nrf2-siRNA suppressed RAEC proliferation (Figure 5(c)
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Figure 3. Western blot characterization of Nrf2 and anti-oxidant factors. (a) The expression of Nrf2 in rats after Nrf2-shRNA transfection. Four shRNAs were applied
and successful transfection is indicated by the downregulation of Nrf2 expression. (b) Quantification of the results in (a). Nrf2-shRNA 2 was chosen as it showed the
highest transfection efficiency. (c) Effect of NaHS and Nrf2 interference on redox balance in rats subjected to post-PTA restenosis. The expression of Nrf2 and the anti-
oxidant factors HO-1, GSH, CSE, SOD, and CAT in rats subjected to restenosis and treated with NaHS, with or without Nrf2-shRNA transfection, was measured and
quantified. In each case, the level of the anti-oxidant factor was decreased by restenosis, whereas the administration of NaHS significantly upregulated its expression.
In addition, the effect of NaHS was attenuated to some degree by the presence of Nrf2-shRNA. (d) Quantification of the protein band gray values. The data are
presented as the mean + standard deviation (n=10). *P < 0.05 (Tukey’s post-hoc multiple comparisons test). C-4W: control rats sacrificed at four weeks; RS-4W:
post-PTA restenosis modeling for four weeks; HO-1: heme oxygenase-1; GSH: glutathione; CSE: cystathionine-y-lyase; SOD: superoxide dismutase; CAT: catalase;
GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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Figure 4. Effect of NaHS and Nrf2 interference on inflammation in rats subjected to post-PTA restenosis. Plasma levels of (a) IL-1, (b) IL-6, (c) VCAM-1, and (d) ICAM-
1 were measured by ELISA and quantified. In each case, the level of the inflammatory factor was increased by restenosis, whereas the administration of NaHS
significantly downregulated its expression. In addition, the effect of NaHS was counteracted to some degree by the presence of Nrf2-shRNA. The data are presented
as the mean + standard deviation (n = 10). *P < 0.05 (Tukey’s post-hoc multiple comparisons test). C-4W: control rats sacrificed at four weeks; RS-4W: post-PTA
restenosis modeling for four weeks; IL: interleukin; ICAM-1: intercellular cell adhesion molecule; VCAM-1: vascular cell adhesion molecule.

and (d)). On the other hand, RVSMCs showed the opposite
trend as RAECs. Specifically, we observed that H,S and
Nrf2 halted RVSMC migration, resulting in impaired gap
closure 48h after scratching (Figure 5(e) and (f)).
Meanwhile, Nrf2-siRNA induced rapid closure of the
scratched gap in RVSMCs. In terms of proliferation, H,S
and Nrf2 halted RVSMC proliferation compared to that of
control cells, whereas Nrf2-siRNA greatly enhanced
RVSMC proliferation for up to 96h (Figure 5(g) and (h)).
Interestingly, these results signify that H,S administration
or Nrf2 overexpression had the ability to restore RAEC

function post-PTA while at the same time disrupting the
profuse and undesired growth of RVSMCs.

Nrf2 interference disrupted redox and inflammatory
signaling in RAECs and RVSMCs

To further understand the role of Nrf2 and NaHS in post-
PTA restenosis, in vitro investigations were performed to
evaluate changes in the redox and inflammatory signaling
pathways. Isolated RAECs and RVSMCs were either
treated with NaHS (H,S) at various concentrations
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Figure 5. Effect of NaHS and Nrf2 on the migration and proliferation of RAECs and RVSMCs. (a, €) Scratch assay to assess the migration of RAECs and RVSMCs
subjected to no treatment (control), H,S administration (100 umol/L), Nrf2 overexpression (Nrf2), or Nrf2 interference (Nrf2-siRNA). Images were taken immediately and
48 h after scratching. (b, f) Quantification of gap closure after 48 h of scratching in RAECs and RVSMCs. (c, g) MTT assay of the relative proliferation of RAECs and
RVSMCs over 96 h. Absorbance was measured at 24, 48, and 96 h. (d, h) EdU assay of the relative proliferation of RAECs and RVSMCs over 96 h. Absorbance was
measured at 24, 48, 72, and 96 h. H,S and Nrf2 promoted the migration and proliferation of RAECs but inhibited those of RVSMCs, whereas Nrf2-siRNA inhibited the
migration and proliferation of RAECs and enhanced those of RVSMCs. The data are presented as the mean =+ standard deviation (n = 3). *P < 0.05 (Tukey’s post-hoc

)

multiple comparisons test); P < 0.05 compared to control at the same time point (Tukey’s post-hoc multiple comparisons test); “P < 0.05 compared to control at 96 h
(Tukey’s post-hoc multiple comparisons test). RAECs: rat aortic endothelial cells; RVSMCs: rat vascular smooth muscle cells.

(50, 100, or 200 pmol/L) or transfected with Nrf2 overex-
pression/interference (Nrf2/Nrf2-siRNA) vectors. Western
blot revealed that the expression of Nrf2, HO-1, GSH, CSE,
SOD, and CAT was increased by H,S in a concentration-
dependent manner in RAECs (Figure 6(a)) and RVSMCs

(Figure 6(b)). In addition, the expression of these factors
was upregulated and downregulated by Nrf2 and Nrf2-
siRNA, respectively, in both cell types. As an indicator of
inflammatory signaling, the p65 and p50/105 subunits of
NF-xB, a regulator of inflammatory response, were
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Figure 6. Effect of NaHS and Nrf2 on redox signaling in RAECs and RVSMCs. The expression of Nrf2, HO-1, GSH, CSE, SOD, and CAT after H,S treatment (50, 100,
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this figure is available in the online journal.)

subsequently assessed. In accordance with the in vivo
results of pro-inflammatory cytokine expression, the
expression of p65 and p50/105 NF-kB was decreased by
H,S in a concentration-dependent manner in both RAECs
(Figure 7(a)) and RVSMCs (Figure 7(b)). In addition, p65
NF-«xB was downregulated and upregulated by Nrf2 over-
expression and interference, respectively, compared to the
NC in both cell types. However, the changes in p50/105
NF-«xB induced by Nrf2 overexpression and interference
appeared to be inconsistent or random, which may signify
that Nrf2 only specifically targeted the p65 subunit of NF-
kB and not p50/105.

Discussion

While PTA is widely used in the treatment of cardiovascu-
lar diseases because of its high rates of technical success,* it
exhibits certain limitations. In peripheral, cerebrovascular,
and coronary circulation, post-PTA restenosis is a major
drawback.”Drug-eluting stents have been proposed as a
method of addressing the issue of restenosis, but the opti-
mization of stent design to fulfill the requirements of func-
tionality and long-term biological stability remains
challenging.” Contemporary strategies of combatting
restenosis include steroid pulse therapy,®® viral gene
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therapy,” and targeted nanogel systems of drug delivery.”®
Despite these recent advances, clinical progress remains
slow, and effective techniques to prevent the development
and exacerbation of restenosis are constantly sought after.
We hereby sought a way of mitigating the negative conse-
quences of post-PTA restenosis, such as intimal hyperpla-
sia, ROS production, and inflammation. To this end, we
took advantage of chemical agents known to regulate oxi-
dative stress and inflammation, namely Nrf2 and H,S. ROS
generation has been shown to be suppressed by the Nrf2
pathway.? In addition, H,S has been reported as a potent
cardiovascular protective agent and plays vital roles in

regulating vasodilation, angiogenesis, oxidative stress,
and inflammation.*® We aimed to gain valuable insights
on the specific mechanisms through which these agents
modulate oxidative stress and the consequential indica-
tions on inflammatory response. Thus, our approach
involved Nrf2 silencing or interference via shRNA (in
vivo) and siRNA (in vitro) techniques, while NaHS was

used as a donor of exogenous H,S.

We previously demonstrated that NaHS-mediated
generation of H,S exerted protective effects against balloon

injury-induced restenosis

by preventing neointimal

hyperplasia, and this was associated with the activation
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of Nrf2/hypoxia-inducible factor 1 signaling.'” Based on
previous work, we herein aimed to further elucidate the
regulation of anti-oxidant defense and inflammatory
response by Nrf2 in restenosis, specifically focusing on
the NF-xB pathway. Through our current study, we
observed obvious arterial intimal hyperplasia four weeks
after experimental rats were subjected to PTA, which was
a sign of restenosis. As anticipated, NaHS effectively
reduced the thickness of the arterial intima. We next veri-
fied that anti-oxidant defense was weakened in rats sub-
jected to post-PTA restenosis, which was accompanied by
elevated inflammatory response. Anti-oxidant defense was
successfully restored by NaHS treatment, with concurrent
attenuation of inflammatory response. We note also that the
effect of NaHS on anti-oxidant defense was partially
blocked when Nrf2 was silenced and that NF-kB signaling
activation was involved in this process. It is important to
point out that the Nrf2 silencing strategy used in our study
did not abrogate the protective effect of NaHS against neo-
intimal hyperplasia, contrary to our initial hypothesis. This
result was unexpected because although Nrf2 silencing did
regulate the markers of oxidative stress, it did not affect
neointimal hyperplasia, which is driven by oxidative
stress. Thus, we cannot conclude from this work that
NaHS protection is directly linked to Nrf2.

A thorough understanding of oxidative stress signaling
is crucial as it has been implicated in a variety of pathogenic
processes, including those involved in degenerative dis-
eases, atherosclerosis, and inflammation.>'"*? Likewise, the
development and progression of restenosis has been shown
to involve oxidative stress.>® Therein, various enzymes and
factors participate in ROS scavenging and anti-oxidant
defense, including HO-1, GSH, CSE, SOD, and CAT. HO-
1 is a redox-sensitive inducible stress protein that degrades
heme into CO, iron, and biliverdin®***® and possesses the
ability to counteract oxidative stress.®® It is an important
component of the intracellular anti-oxidant system,*” and
its activity is usually mediated by inducers related to Nrf2,
such as melatonin.”®* Similarly, GSH is an anti-oxidant
factor that has critical functions in the maintenance of
redox homeostasis,® whereas CSE is a pyridoxal-5-
phosphate-dependent enzyme that produces H,S through
interaction with B-synthase.*' Furthermore, SOD and CAT
are classic anti-oxidant enzymes that protect cells from oxi-
dative damage."

With regards to these anti-oxidant factors, their associa-
tion with restenosis has been previously reported. Liu et al.
showed that HO-1 activation alleviated vascular stenosis
induced by balloon surgery in rabbits, and the mechanism
was related to NF-kB signaling.*” In a study of post-
angioplasty restenosis, Durand et al. reported that
adenovirus-mediated gene transfer of CAT and SOD was
an effective strategy in reducing oxidative stress, inflamma-
tion, and restenosis.*> Vast evidence has also demonstrated
the protective effect of these anti-oxidant factors in various
types of cells. In particular, resveratrol has been reported to
protect human lens epithelial cells against induced H,O,-
induced oxidative stress by upregulating HO-1, CAT, and
SOD-1.** Furthermore, it protected lung epithelial cells
against cigarette-induced oxidative stress by inducing

GSH biosynthesis via the activation of Nrf2.** Moreover,
fucoidan reduced oxidative stress by upregulating HO-1
and SOD-1,* and H,S is generated predominantly via
CSE and is cardioprotective via pathways associated with
Nrf2/NF-«B.*

Increased expression of anti-oxidant proteins implicates
potential resistance to oxidative stress, which may be medi-
ated by Nrf2. In particular, the induction of SOD1, CAT, and
HO-1 has been shown to be dependent on the activation of
Nrf2 in a study of cardioprotection mediated by protea-
some inhibition.*” Nrf2 activation also reportedly upregu-
lated expression of HO-1, among other anti-oxidant
proteins, to impair the growth of smooth muscle cells and
attenuate oxidative stress in the aorta of rabbits.*® We
showed in vivo and in vitro that H,S treatment resulted in
increased Nrf2 expression and enhanced the expression of
the aforementioned anti-oxidant factors (HO-1, GSH, CSE,
SOD, and CAT) in rats subjected to post-PTA restenosis.
This phenomenon is a clear indication of the interplay
between H,S and Nrf2, which may synergistically affect
ROS production (Figure 8). In addition, the fact that Nrf2
interference blocked anti-oxidant signaling implicates that
in the absence of Nrf2, anti-oxidant factors are unable to
exert their full protective effects against ROS-induced cell
damage. This consequently supports the hypothesis that
Nrf2 is required in anti-oxidant defense and in turn, we
can reasonably propose that H,S is involved in restenosis
attenuation through its positive regulatory relationship
with Nrf2.

Inflammation has been suggested as a mechanism impli-
cated in restenosis.*’ Thus, anti-inflammatory therapy has
been proposed as a way of reducing or preventing

Exogenous

Nrf2
AN

rans) |

Stenosis

Figure 8. Proposed mechanism through which exogenous H2S mediates Nrf2-
induced anti-oxidant defense and attenuates inflammatory signaling. H2S con-
tributes to reduced oxidative stress via nuclear translocation and activation of
Nrf2, resulting in the activation of downstream anti-oxidant factors including HO-
1, GSH, CSE, SOD, and CAT to lower ROS production. Subsequently, the
reduction in ROS levels leads to the inhibition of NF-xB signaling and suppres-
sion of pro-inflammatory genes such as interleukins. As a result, restenosis is
alleviated. ARE: anti-oxidant response element; ROS: reactive oxygen species;
IL: interleukin; HO-1: heme oxygenase-1; GSH: glutathione; CSE: cystathionine-
y-lyase; SOD: superoxide dismutase; CAT: catalase; NF-xB: nuclear factor-
kappa B. (A color version of this figure is available in the online journal.)



restenosis.”” Vascular inflammation was identified as a cor-
nerstone of the restenosis process after balloon angioplasty
or stent implantation.”® In particular, NF-kB participates in
the onset of multiple forms of vascular pathobiology,
including inflammation.”*** These processes are associated
with important and well-identified pro-inflammatory cyto-
kines, including IL-1B and IL-6,>* which consequently
increase the protein expression of VCAM-1 and ICAM-
1.° We further examined the inflammatory response
induced by post-PTA restenosis and observed the signifi-
cant induction of the abovementioned pro-inflammatory
cytokines and proteins. The negative regulatory relation-
ship between Nrf2 interference and H,S in inflammatory
signaling is an additional evidence of the positive interplay
between Nrf2 and H,S, which was previously elucidated in
the study of oxidative stress signaling. Moreover, the in
vitro study revealed that H,S attenuated the expression of
NEF-xB (p65 and p50/105 subunits) in RAECs and RVSMCs.
While Nrf2 overexpression and interference appeared to
also regulate p65 NF-xB, the effect of Nrf2 on the p50/105
subunit seemed to be random, suggesting that Nrf2-
regulated inflammatory signaling may involve only the
p65 but not the p50/105 subunit. Based on previous knowl-
edge of the correlation between NF-«kB signaling and
inflammatory response, and in conjunction with previous
discussions on inflammation, our findings confirm the
validity of this proposed correlation. In other words, H,S
and Nrf2 regulate the activity of NF-kB via the p65 subunit,
corresponding to diminished inflammatory response.

Our study is limited in several aspects. The major draw-
back is that the in vivo interference strategy did not achieve
sufficient silencing of Nrf2 and as a result, the effect of
Nrf2-shRNA on neointimal formation and restenosis was
not demonstrated. Thus, the hypothesis that NaHS requires
Nrf2 to inhibit neointimal hyperplasia was not validated
here. Higher doses of viral injection or different interfer-
ence sequences should be considered in future research to
further explore this issue. In addition, healthy rat vessels
were injured as a method of creating a model of restenosis,
on the basis that neointimal hyperplasia and vessel damage
are phenomena involved in real-life cases of restenosis.
Establishing the model with atherosclerotic rat vessels or
vessels with an existing stenosis would increase the rigor of
the model and yield results that are more representative of
a clinical restenosis scenario. Furthermore, systemic effects
such as blood pressure and systemic oxidative stress were
not considered in the current research. As the active agents
were administered systemically in the in vivo experiments,
the sensitivity of the animals to systemic changes may play
a part in regulating immune or inflammatory response,
in turn affecting the degree of restenosis or neointimal
hyperplasia. The three abovementioned issues were not
addressed or explored in the current study because of
technical limitations that will be included in prospective
experimental designs for follow-up studies.

In conclusion, our results demonstrated that H,S atten-
uated oxidative stress and inflammation in post-PTA reste-
nosis. We propose that the mechanisms through which H,S
exerts its effects require the participation of the NF-kB sig-
naling pathway. Even though some evidence seems to

Ling et al. H.S regulates restenosis via Nrf2

imply that Nrf2 regulates the anti-oxidant effects of
NaHS, the limitations with Nrf2 silencing prevent us
from establishing a mechanistic relationship between
NaHS, Nrf2, and the development of neointimal hyperpla-
sia. We suggest that H,S could be a potentially effective
agent in preventing the development of post-PTA resteno-
sis, but whether the underlying mechanisms are associated
with the upregulation of Nrf2 need to be further investigat-
ed and verified.
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