Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 6384803, 15 pages
https://doi.org/10.1155/2020/6384803

Research Article

Hindawi

FNDC5 Attenuates Oxidative Stress and NLRP3 Inflammasome
Activation in Vascular Smooth Muscle Cells via Activating the

AMPK-SIRT]1 Signal Pathway

Bing Zhou ! Yun Qiu,1 Nan Wu,! Ai-Dong Chen,! Hong Zhou,' Qi Chen,’ Yu-Ming Kang,3

Yue-Hua Li,” and Guo-Qing Zhu 1.2

'Key Laboratory of Targeted Intervention of Cardiovascular Disease, Collaborative Innovation Center of Translational Medicine for
Cardiovascular Disease, and Department of Physiology, Nanjing Medical University, Nanjing, Jiangsu 211166, China

Department of Pathophysiology, Nanjing Medical University, Nanjing, Jiangsu 211166, China

Department of Physiology and Pathophysiology, Cardiovascular Research Center, Xi’an Jiaotong University School of Medicine,

Xi’an 710061, China

Correspondence should be addressed to Guo-Qing Zhu; gqzhucn@njmu.edu.cn

Received 30 September 2019; Revised 18 March 2020; Accepted 16 April 2020; Published 19 May 2020

Guest Editor: Fiona L. Wilkinson

Copyright © 2020 Bing Zhou et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Vascular oxidative stress and inflammation play a major role in vascular diseases. This study was aimed at determining the
protective roles of fibronectin type III domain-containing 5 (FNDC5) in angiotensin II- (Ang II-) induced vascular oxidative
stress and inflammation and underlying mechanisms. Wild-type (WT) and FNDC5”" mice, primary mouse vascular smooth
muscle cells (VSMCs), and the rat aortic smooth muscle cell line (A7R5) were used in the present study. Subcutaneous infusion
of Ang II caused more serious hypertension, vascular remodeling, oxidative stress, NLRP3 inflammasome activation, AMPK
phosphorylation inhibition, and SIRT1 downregulation in the aorta of ENDC5”" mice than those of WT mice. Exogenous
FNDC5 attenuated Ang Il-induced superoxide generation, NADPH oxidase 2 (NOX2) and NLRP3 upregulation, mature
caspase-1, and interleukin-1f3 (IL-1f) production in A7R5 cells. The protective roles of FNDC5 were prevented by SIRT-1
inhibitor EX527, AMPK inhibitor compound C, or integrin receptor inhibitor GLPG0187. FNDC5 attenuated the Ang II-
induced inhibition in SIRTI activity, SIRT1 protein expression, and AMPKa phosphorylation in A7R5 cells, which were
prevented by compound C, EX527, and GLPG0187. FNDC5 deficiency deteriorated Ang II-induced oxidative stress, NLRP3
inflammasome activation, AMPK phosphorylation inhibition, and SIRT1 downregulation in primary aortic VSMCs of mice,
which were prevented by exogenous FNDC5. These results indicate that FNDC5 deficiency aggravates while exogenous FNDC5
alleviates the Ang II-induced vascular oxidative stress and NLRP3 inflammasome activation via the AMPK-SIRT1 signal
pathway in VSMCs.

1. Introduction

Chronic vascular inflammation greatly contributes to the
pathogeneses of hypertension, atherosclerosis, and aortic
aneurysm [1-3]. Accumulated studies in animals and
humans have revealed a great contribution of inflammation
to vascular oxidative stress [4-6]. Anti-inflammation thera-
pies have protective effects in cardiovascular diseases, and
normalization of oxidative stress is an essential characteristic
of these therapies [7]. Oxidative stress represents excessive

intracellular reactive oxygen species (ROS), which promotes
inflammation, and greatly assists in the pathogenesis of car-
diovascular diseases [8]. The ROS are important oxidative
stressors implicated in driving vascular diseases by promoting
vascular inflammation, increasing the proliferation, migration,
and apoptosis of the vascular smooth muscle cells (VSMCs),
and thereby stimulating vascular remodeling [9-11].
Renin-angiotensin system (RAS) plays an important role
in the pathogenesis of cardiovascular diseases, and interven-
tion of the RAS plays beneficial effects in cardiovascular
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diseases [12]. Angiotensin II (Ang II) is a key effector peptide
of the RAS, which promotes VSMC proliferation, migration,
apoptosis, oxidative stress, and inflammation as well as vas-
cular remodeling [13]. Ang II stimulates the ROS production
primarily through nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (NOXs) and induces inflammation
which is closely related to the activation of nod-like receptor
protein 3 (NLRP3) inflammasome in VSMCs and arteries
[14]. NLRP3 inflammasome is a cytosolic protein complex
including NLRP3, ASC, and caspase-1 [15]. When the
inflammasome is assembled, procaspase-1 turns to its active
form caspase-1, which further converts pro-interleukin-1p
(pro-IL-1p) into its active form IL-1f3, and thus triggers
inflammatory responses [16]. The inflammasome activation
plays roles in the phenotypic transformation and prolifera-
tion of VSMCs in hypertension [17]. ROS serve as a trigger-
ing factor to activate NLRP3 inflammasome [18, 19].
Application of antioxidants to scavenge excessive ROS atten-
uates inflammatory responses via inhibiting NLRP3 inflam-
masome activation [20-22].

Fibronectin type III domain containing 5 (FNDC5) is a
transmembrane protein, and irisin is a peptide from the
cleavage of the extracellular domain of FNDCS5 [23]. FNDC5
attenuates the disturbance of glucose and lipid metabolism,
insulin resistance, and hepatosteatosis [24-26]. It inhibits
inflammation in adipose tissues of high-fat diet-induced obe-
sity rats [27] and in adventitial fibroblasts of spontaneously
hypertensive rats (SHR) [28]. However, it is still undeter-
mined whether FNDC5 would attenuate oxidative stress
and inflammation in VSMCs. This study concentrates on
the roles of FNDC5 in Ang II-induced oxidative stress and
inflammation and its underlying mechanisms in rat aortic
smooth muscle cell line (A7R5), VSMCs, and aortas of
wild-type (WT) mice and ENDC5”" mice.

2. Materials and Methods

2.1. Animals. Male wild-type (WT) and FNDC5"" mice on a
C57BL/6 background were available from Nanjing Medical
University (Nanjing, Jiangsu, China). The experiments con-
formed to the Guide for the Care and Use of Laboratory Ani-
mal (US National Institutes of Health, NIH publication, 8th
edition, 2011). The mice were housed in a temperature-
controlled room with a 12h light-dark cycle and free access
to standard chow and tap water. The mice were euthanized
with an intravenous injection of an overdose of pentobarbital
sodium (200 mg/kg) at the end of the experiment.

2.2. Cell Culture and Treatment. The rat aortic smooth mus-
cle cell line (A7R5) was obtained from American Type Cul-
ture Collection (Manassas, VA, USA). Primary mouse
VSMCs were isolated from the thoracic aorta of WT and
FNDC5”" mice aged 8 weeks and cultured as described previ-
ously [29]. The VSMCs between the second and sixth pas-
sages were used for the present study. The cells with a
density at 80-90% were treated with Ang II (100nM) for
24h to induce oxidative stress and inflammation in
VSMCs [30-34].
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2.3. Mouse Model of Hypertension. Ang II was utilized to
induce hypertension accompanied with vascular remodeling,
oxidative stress, and inflammation [35-38], which is a better
animal model of human essential hypertension [39]. The WT
and FNDC5™" mice were subjected to subcutaneous infusion
of saline or Ang IT (400 ng/kg/min for 2 weeks) with an osmotic
minipump (ALZET 1002, Durect Corporation, Mountain
View, CA, USA) [39]. The blood pressure of tail artery was
examined in a conscious state with a noninvasive computerized
tail-cuff system (NIBP, AD Instruments, Sydney, Australia).
The data were obtained by averaging 10 measurements [40].

2.4. Western Blot Analysis. VSMCs or aortic media were
homogenized in lysis buffer. The supernatant was extracted,
and the total protein was measured. Protein was separated
by SDS-PAGE and transferred to PVDF membranes. The
bands were visualized with the Enhanced Chemilumines-
cence Detection Kit (Thermo Scientific, Rockford, IL, USA).
Antibodies against NLRP3 (No. ab214185), SIRT1 (No.
ab110304), FNDC5 (No. ab174833), and NOX2 (No.
ab129068) were purchased from Abcam (Cambridge, MA,
USA). Antibodies against p-AMPK (4184S) and p-actin
(No. 3700S) were acquired from Cell Signaling Technology
(Beverly, MA, USA). IL-1 antibody (No. sc-12742) and
caspase-1 antibody (No. sc-56036) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The for-
mer detected pro-IL-1f at 31KDa and IL-1f at 17KDa,
and the latter showed procaspase-1 at 45KDa and caspase-
1 at 10KDa. Antibodies against AMPK (No. 10929-2-AP),
NOX4 (No. 14347-1-AP), and ASC (No. 10500-1-AP) were
purchased from Protein Tech Group Inc. (Chicago, IL, USA).

2.5. Masson’s Staining. Aortas of mice were prefixed, and the
paraffin-embedded sections were stained with Masson’s tri-
chrome staining as we previously reported [41, 42]. The
images were collected with a light microscope (BX-51, Olym-
pus, Tokyo, Japan). The aortic medium thickness and
medium area were used as indexes of vascular remodeling.

2.6. DHE Fluorescence Staining. Dihydroethidium (DHE)
fluorescence staining was used to evaluate intracellular ROS
levels [43, 44]. For VSMCs, cells (3 x 10° cells/mL) were
seeded in the six-well plates and incubated with DHE
(10 M) in PBS at 37°C for 30 min in a dark and humidified
container and, then, washed twice with cold PBS. For aortas,
the sections were embedded in OCT and then incubated with
DHE (10 uM) for 5 min at room temperature and rinsed two
times with PBS. The fluorescence was detected under excita-
tion at 518 nm and emission at 605nm with a fluorescence
microscopy (DP70, Olympus Optical, Tokyo, Japan).

2.7. RT-PCR. Total RNA was exacted with a Trizol reagent
(Life Technologies, Gaithersburg, MD, USA). Reverse tran-
scriptase reactions were done using the PrimeScript RT
reagent Kits (No. R122-01, Vazyme Biotech, Nanjing, China).
RT-PCR was performed using Quantitative PCR with SYBR
Premix Ex Taq™ (TaKara, Otsu, Shiga, Japan) and ABI
PRISM 7500 sequence detection PCR system (Applied Biosys-
tems, Foster City, CA, USA). The quantitative data were
obtained with the AACT method and normalized to GAPDH.
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FiGure 1: FNDCS5 deficiency deteriorates Ang II-induced hypertension and vascular remodeling in mice. Ang II was infused subcutaneously
with a micro-osmotic pump at 400 ng/Kg/min for 2 weeks in wild-type mice (WT) and FNDC5 knockout mice (KO). (a) Systolic blood pressure
(SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) in caudal artery were measured in awake state. (b) Representative
images of Masson’s staining of aorta. (c) Bar graph showing the Masson’s staining analysis for media thickness and area in aorta. (d) FNDC5
mRNA and protein expressions. Values are mean + SE. *P < 0.05 vs WT; "P < 0.05 vs Ctrl; *P < 0.05 vs 0 wks. 1= 6 per group.

The primer sequences for FNDCS5 are listed in a supplemen-
tary material (Supplementary Table 1).

2.8. Measurement of SIRT1 Activity. SIRT1 activity was mea-
sured using the SIRT1 Activity Assay Kit (No. ab156065,
Abcam, Cambridge, USA) following the manufacturer’s
protocol.

2.9. NLRP3 Immunofluorescence Staining. A7R5 cells were
grown on glass cover slips in a 6-well plate (100,000 cells/-
well). The cells with a density of 80-90% were treated with

PBS or FNDCS5 (200 nM) for 2 h followed by PBS or Ang II
(100 nM) for 24 h. The cells were washed with PBS for three
times, fixed with 10% formaldehyde for 10 min, and rinsed
with deionized water and permeabilized with 0.5% Triton-
X-100 in PBS for 5min. After blocking in filtered 3% bovine
serum albumin for 1h, cells were incubated with NLRP3
antibody (No. AMAB90569, 1 :100; Sigma-Aldrich, St. Louis,
MO, USA) overnight at 4°C and then incubated with second-
ary antibody for 1h at room temperature. DAPI (4'6-diami-
dino-2-phenylindole), a blue-fluorescent DNA stain, was
used for nuclear staining [45].
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FiGure 2: FNDC5 deficiency deteriorates Ang II-induced oxidative stress and NLRP3 inflammasome activation in aorta of mice. Ang II was
infused subcutaneously with a microosmotic pump at 400 ng/Kg/min for 2 weeks. (a) Representative images showing the ROS detected by
dihydroethidium (DHE) staining. (b) Bar graph showing the relative fluorescence intensity of DHE. (c¢) NOX2 protein expression. (d)
NLRP3, pro-IL-1f, and IL-1f3 protein expressions. (e) Phosphorylated AMPKa. (f) SIRTI protein expression. Values are mean + SE.

*P<0.05 vs WT; TP <0.05 vs Ctrl. n=4 per group.

2.10. Chemicals. FNDC5 and Ang IT were bought from Sigma
Inc. (St. Louis, MO, USA). Compound C, GLPG0187, and
EX527 were bought from MedChem Express (Greenville,
SC, USA).

2.11. Statistical Analysis. Experimenters were blind to group
assignment and outcome assessment. Comparisons between
two groups were made by Student’s -test. One-way or two-
way ANOVA was used for multiple comparisons followed
by the post hoc Bonferroni’s test. All data were expressed as
mean + SE. The P value less than 0.05 was considered statis-
tically significant.

3. Results

3.1. FNDC5 Deficiency Promotes Ang II-Induced
Hypertension and Vascular Remodeling in Mice. Hyperten-
sion and vascular remodeling were induced by subcutaneous
infusion of Ang II with a microosmotic pump for 2 weeks in
wild-type mice (WT) and FNDC5 knockout mice (KO). PBS
served as a control of Ang II. FNDC5 deficiency had no sig-
nificant effects on blood pressure in the PBS-treated mice
but aggravated Ang II-induced hypertension (Figure 1(a)).
Ang Il resulted in vascular remodeling in the aorta evidenced
by increased aortic medium thickness and area in both WT
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FiGure 3: FNDCS5 attenuates Ang II-induced oxidative stress in A7R5 cells. The cells were treated with FNDC5 (200 nM) for 2 h followed by
Ang I (100 nM) for 24 h. (a) Representative images showing the ROS detected by dihydroethidium (DHE) staining. (b) Bar graph showing
the relative fluorescence intensity of DHE. (c¢) NOX2 and NOX4 protein expressions. (d) FNDC5 mRNA and protein expressions. Values are

mean + SE. *P < 0.05 vs Ctrl; TP < 0.05 vs PBS. n =4 per group.

and FNDC5 knockout mice, but the effects of Ang II were
greater in FNDC5 knockout mice than those of WT mice
(Figures 1(b) and 1(c)). On the other hand, Ang II infusion
for 2 weeks reduced FNDC5 mRNA and protein expression
in WT mice (Figure 1(d)).

3.2. FNDCS5 Deficiency Aggravates Ang II-Induced Oxidative
Stress and NLRP3 Inflammasome Activation in Mice. Sub-
cutaneous infusion of Ang II for two weeks increased ROS
production and NOX2 protein expression in the aortic
media of both WT and FNDC5 knockout mice. The
changes were greater in FNDC5 knockout mice than those
of WT mice (Figures 2(a)-2(c)). Similarly, Ang II-induced
NLRP3 and pro-IL-1f upregulation and IL-1f production
were amplified in FNDC5 knockout mice compared with
WT mice (Figure 2(d)). SIRT1 is a NAD"-dependent dea-

cetylase that is responsible for deacetylating the proteins
responsible for cellular regulation. It has been found that
AMPKa, overexpression improves postoperative cognitive
dysfunction via the AMPK-SIRT1 and autophagy signaling
pathways [46]. Activation of SIRT1 attenuates Klotho
Deficiency-induced hypertension and arterial stiffness
[47]. An interesting question is whether AMPK is associ-
ated with the effects of FNDC5 on oxidative stress and
inflammation. We found that Ang II-induced inhibition
in the AMPKa phosphorylation and SIRTI expression
were intensified in FNDC5 knockout mice (Figures 2(e)
and 2(f)).

3.3. FNDCS5 Inhibits Ang II-Induced Oxidative Stress in A7R5
Cells. Ang II was utilized to induce oxidative stress and
inflammation in VSMCs [30-34]. DHE fluorescence staining
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F1GURE 4: FNDCS5 attenuates Ang II-induced NLRP3 inflammasome activation in A7R5 cells. The cells were treated with FNDC5 (200 nM)
for 2h followed by Ang II (100nM) for 24h. (a) NLRP3, ASC, procaspase-1, caspase-1, pro-IL-14, and IL-1f protein expressions. (b)
Representative images showing the immunofluorescence for NLRP3. Values are mean + SE. *P < 0.05 vs Ctrl; "P < 0.05 vs PBS. n=4 per

group.

showed that exogenous FNDC5 inhibited Ang II-induced
ROS production (Figures 3(a) and 3(b)). FNDC5 prevented
Ang II-induced NOX2 upregulation but had no significant
effect on Ang II-induced NOX4 upregulation (Figure 3(c)).
Ang II treatment for 24h had no significant effects on
FNDC5 mRNA and protein expressions (Figure 3(d)), while
AngII treatment for 72 h reduced FNDCS5 protein expression
(Supplementary Figure 1).

3.4. FNDC5 Prevents Ang II-Induced NLRP3 Inflammasome
Activation in A7R5 Cells. FNDC5 inhibited Ang II-induced
upregulation of NLRP3, caspase-1, and mature IL-1 but
had no significant effects on Ang II-induced upregulation

of ASC, procaspase-1, and pro-IL-1f (Figure 4(a)). These
results indicate that exogenous FNDC5 inhibits Ang II-
induced NLRP3 inflammasome activation, which may be
related to its downregulation effect on NLRP3. The findings
were further confirmed by immunofluorescence data that
FNDC5 prevented the Ang II-induced NLRP3 expression
(Figure 4(b)).

3.5. Inhibition of AMPK Prevents the Effects of FNDC5 in
A7R5 Cells. FNDCS5 had no significant effect on AMPK« pro-
tein expression but prevented the Ang II-induced AMPKa
phosphorylation inhibition in A7R5 cells (Figure 5(a)). Com-
pound C, a cell-permeable AMPK inhibitor, attenuated the
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F1GURE 5: Inhibition of AMPK with compound C abolishes the protective effects of FNDC5 in Ang II-treated A7R5 cells. The cells were
treated with combined compound C (20 uM) and FNDC5 (200nM) for 2h followed by Ang II (100 nM) for 24h. (a) Phosphorylated
AMPKa and AMPKa protein expression. (b) Representative images showing the ROS detected by dihydroethidium (DHE) staining. (c)
Bar graph showing the relative fluorescence intensity of DHE. (d) NOX2 expression. (e¢) NLRP3, pro-IL-1f3, and IL-1 protein
expressions. (f) SIRT1 activity and SIRT1 protein expression. Values are mean + SE. *P < 0.05 vs Ctrl; TP <0.05 vs PBS. ¥P<0.05 vs

FNDC5. n =4 per group.

roles of FNDCS5 in inhibiting the Ang II-induced ROS pro- ~ FNDC5 attenuates Ang II-induced oxidative stress and
duction (Figures 5(b) and 5(c)), NOX2 wupregulation  inflammation by restoring the AMPKa phosphorylation.
(Figure 5(d)), and NLRP3 and mature IL-1$ upregulation = Furthermore, Ang II inhibited SIRT1 activity and protein
(Figure 5(e)) in A7R5 cells. These results indicate that expression which were attenuated by FNDCS5, and the effects
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of FNDC5 were further abolished by the treatment with com-
pound C (Figure 5(f)).

3.6. Inhibition of SIRTI Abolishes the Effects of FNDC5 in
A7R5 Cells. EX527, a selective inhibitor of SIRT1, abolished
the roles of FNDC5 in inhibiting the Ang II-induced ROS
production (Figures 6(a) and 6(b)), NOX2 upregulation
(Figure 6(c)), and NLRP3 and mature IL-1/3 upregulation
(Figures 6(d) and 6(e)) in A7R5 cells. These results indicate
that FNDCS5 attenuates Ang II-induced oxidative stress and
inflammation via the AMPKa-SIRT1 pathway.

3.7. Inhibition of Integrins Prevents the Effects of FNDCS5 in
A7R5 Cells. Integrins are heterodimeric cell surface adhesion
receptors that are involved in activating intracellular signal-
ing pathways associated with cell proliferation, adhesion,
migration, spreading, differentiation, and survival [48].
Integrins play a critical role in eliciting a protective response
to oxidative damage in epidermal cells [49] and are essential
for leukocyte adhesion and migration in various inflamma-
tory diseases [50]. Recently, it has been found that integrins
are the receptors of irisin in adipose tissues and osteocytes
[51]. We suspect that integrins might be involved in the
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effects of FNDC5. Thus, GLPG0187, a broad spectrum integ-
rin receptor antagonist [52], was used to determine whether
integrins were mediated the effects of FNDC5. Just as
expected, GLPGO0187 prevented the roles of FNDCS5 in atten-
uating the Ang Il-induced upregulation of NOX2 and
NLRP3 and the production of the ROS and IL-1f in A7R5
cells (Figures 7(a)-7(d)). Furthermore, GLPG0187 abolished
the roles of FNDCS5 in attenuating the Ang II-induced inhibi-
tion in AMPKa phosphorylation and SIRT1 activity and
expression in A7R5 cells (Figures 7(e)-7(f)). Inhibition of
AMPK, SIRT-1, or integrin receptors had no significant
effects on FNDC5 expression in Ang II-treated A7R5 cells
(Supplementary Figure 2).

3.8. FNDC5 Prevents Ang II-Induced Oxidative Stress and
NLRP3 Inflammasome Activation in Primary VSMCs of WT
and FNDC5 Knockout Mice. Ang II had no significant effect
on FNDC5 mRNA and protein expressions in the primary
VSMCs of WT and FNDC5 knockout mice (Figure 8(a)).
Exogenous FNDCS5 attenuated Ang II-induced ROS produc-
tion and NOX2 upregulation in VSMCs of both WT and
FNDCS5 knockout mice (Figures 8(b) and 8(d)). It also pre-
vented the Ang II-induced NLRP3 upregulation and IL-1p3
production in the VSMCs (Figure 8(e)). Moreover, Ang II-
induced inhibition in AMPKa phosphorylation, SIRT1 activ-
ity, and expression were attenuated by FNDC5 treatment
(Figures 8(f) and 8(g)).

4. Discussion

Vascular oxidative stress and inflammation are closely
related with vascular remodeling in cardiovascular diseases
such as hypertension, atherosclerosis, vascular restenosis,
and diabetic vascular complications [7]. Intervention of vas-
cular oxidative stress and inflammation attenuate vascular

remodeling in these diseases [11, 13]. Our previous studies
showed the beneficial roles of FNDCS5 in attenuating the dis-
turbance of glucose and lipid metabolism, insulin resistance,
and hepatosteatosis [24-26]. Recently, we found that FNDC5
reduced NOX2-derived ROS production, NLRP3 inflamma-
some activation, and phenotypic transformation in the
adventitial fibroblasts of SHR [28]. VSMCs are the dominant
cellular constituent of arteries and play critical roles in vascu-
lar remodeling. Ang II induces oxidative stress, inflamma-
tion, proliferation, and migration of VSMCs and greatly
contributes to vascular remodeling in hypertension and other
vascular diseases [14, 53]. Based on the importance of
VSMCs and Ang II in vascular remodeling, it is very impor-
tant to explore whether FNDCS5 has a protective role in atten-
uating Ang II-induced oxidative stress and inflammation in
VSMCs. The primary novel findings in the present study
are that FNDC5 deficiency aggravates Ang II-induced hyper-
tension, vascular oxidative stress, NLRP3 inflammasome
activation, and vascular remodeling in mice, and that exoge-
nous FENDCS5 alleviates the Ang II-induced oxidative stress
and NLRP3 inflammasome activation in VSMCs. These
results suggest that FNDC5 might be a promising therapeuti-
cal strategy in attenuating vascular oxidase stress and inflam-
mation in vascular diseases.

Ang II increases NOX activity, ROS production, and
inflammation mediated by AT, receptors [54, 55]. It inhibits
AMPK activation in VSMCs of SHR [56]. AMPKaw, overex-
pression increased the phosphorylated AMPK and SIRT1
expressions in the hippocampus of rats [46]. In the present
study, Ang II inhibited AMPKa phosphorylation and SIRT1
expression and activity, which were prevented by FNDC5.
Inhibition of AMPK or SIRT1 prevented the beneficial
roles of FNDC5 in attenuating Ang II-induced NOX2
and NLRP3 upregulation and ROS production but had
no significant effects on FNDC5 expression. Furthermore,
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F1GURE 8: FNDCS5 prevents the enhanced oxidative stress and NLRP3 inflammasome activation in Ang II-treated VSMCs of FNDC5™" mice.
The primary VSMCs of the WT and FNDCS5 knockout (KO) mice were treated with PBS or FNDC5 (200 nM) for 2 h followed by PBS or Ang
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(DHE) staining. (c) Bar graph showing the relative fluorescence intensity of DHE. (d) NOX2 protein expression. (e) NLRP3, pro-IL-1f3, and
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inhibition of AMPK abolished the roles of FNDC5 in pre-
venting Ang Il-induced SIRT1 downregulation. These
findings suggest that the roles of FNDC5 in attenuating
vascular oxidative stress and NLRP3 inflammasome activa-
tion are mediated by the AMPK-SIRT1 pathway. It is
noted that FNDC5 prevented Ang Il-increased NOX2
upregulation rather than NOX4 upregulation, suggesting
that the role of FNDC5 in attenuating ROS production
is mediated by inhibiting Ang II-increased NOX2 upregu-
lation. It is known that high blood pressure contributes to
oxidative stress and inflammation. In the present study,
Ang II treatment caused more severe hypertension, vascu-
lar remodeling, oxidative stress, and inflammasome activa-
tion in FNDC5 knockout mice than those in WT mice. It
is probably that FNDC5 deficiency aggravates Ang II-
induced oxidative stress and inflammasome activation,
and Ang II-induced hypertension also promotes oxidative
stress and inflammasome activation. On the other hand,
the enhanced oxidative stress and inflammasome activa-
tion in FNDC5 deficiency mice exacerbates hypertension
and vascular remodeling.

Recently, it has been found that inhibition of integ-
rins blocks signaling and function of irisin, a cleaved
peptide from FNDCS5, in osteocytes and fat cells [51].
We found that inhibition of integrins with GLPGO0187,
a broad inhibitor of integrin family receptors, abolished
the protective roles of FNDC5 in Ang II-induced
AMPK-SIRT1 inhibition, oxidative stress, and inflamma-
tion but had no significant effects on FNDC5 expression.
The findings suggest that the effects of FNDC5 are medi-
ated by integrins, which was supported by the findings
that inhibition of integrins blocks signaling and function

of irisin, a cleaved peptide from FNDCS5, in osteocytes
and fat cells [51], and that AMPK mediates the roles of
FNDC5 in attenuating adipose tissue inflammation [27].
However, it is unknown whether the effects of FNDC5
are caused directly by acting on integrins or indirectly by
its cleaved peptide irisin acting on the integrins, which is
a limitation in the present study. On the other hand,
Ang II treatment for 4h and 24h in VSMCs had no sig-
nificant effects on FNDC5 expressions, while Ang II treat-
ment for 72h in VSMCs or Ang II infusion for 2 weeks in
mice significantly reduced the aortic FNDC5 expressions.
These results suggest that Ang II has no direct inhibitory
effect on FNDC5 expressions in VSMCs, and the down-
regulation of FNDC5 in the sustained Ang II-treated
VSMCs or Ang II-infused mice may be caused by its sec-
ondary effects.

5. Conclusions

FNDCS5 deficiency exacerbates oxidative stress and NLRP3
inflammasome activation in VSMCs, while exogenous
FNDC5 alleviates the Ang II-induced oxidative stress and
NLRP3 inflaimmasome activation in VSMCs. Integrin-
mediated AMPK-SIRT1 activation is involved in the protec-
tive effects of FNDC5 on vascular oxidative stress and NLRP3
inflammasome activation.
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protein expressions in Ang II-treated A7R5 cells. The cells
were treated with compound C (20 uM), EX527 (25 uM), or
GLPGO0187 (1nM) for 2h followed by Ang II (100 nM) for
24h. Values are mean + SE. No significant difference was
found among groups. n = 3 per group. Supplementary Table
1: primers for real-time quantitative PCR analysis.
(Supplementary Materials)

References

[1] H.N. Siti, Y. Kamisah, and J. Kamsiah, “The role of oxidative
stress, antioxidants and vascular inflammation in cardiovascu-
lar disease (a review),” Vascular pharmacology, vol. 71, pp. 40-
56, 2015.

[2] D.N. Meijles and P. J. Pagano, “Nox and inflammation in the
vascular adventitia,” Hypertension, vol. 67, no. 1, pp. 14-19,
2016.

[3] J. L. Zhuo, “SH2B3 (LNK) as a novel link of immune signaling,
inflammation, and hypertension in dahl salt-sensitive hyper-
tensive rats,” Hypertension, vol. 65, no. 5, pp. 989-990, 2015.

[4] P. Marchio, S. Guerra-Ojeda, J. M. Vila, M. Aldasoro, V. M.
Victor, and M. D. Mauricio, “Targeting early atherosclerosis:
A focus on oxidative stress and inflammation,” Oxidative med-
icine and cellular longevity, vol. 2019, Article ID 8563845, 32
pages, 2019.

[5] P. Wenzel, S. Kossmann, T. Munzel, and A. Daiber, “Redox
regulation of cardiovascular inflammation - Immunomodula-
tory function of mitochondrial and Nox-derived reactive oxy-
gen and nitrogen species,” Free Radical Biology and Medicine,
vol. 109, pp. 48-60, 2017.

[6] A.Sturza, C. M. Popoiu, M. Ionici et al., “Monoamine oxidase-
related vascular oxidative stress in diseases associated with
inflammatory burden,” Oxidative medicine and cellular longev-
ity, vol. 2019, Article ID 8954201, 8 pages, 2019.

[7] S. Steven, K. Frenis, M. Oelze et al., “Vascular inflammation
and oxidative stress: Major triggers for cardiovascular disease,”
Oxidative medicine and cellular longevity, vol. 2019, Article ID
7092151, 26 pages, 2019.

[8] M. Obradovic, M. Essack, S. Zafirovic et al., “Redox control of
vascular biology,” BioFactors, vol. 46, no. 2, pp. 246-262, 2020.

[9] A. B. Garcia-Redondo, A. Aguado, A. M. Briones, and
M. Salaices, “NADPH oxidases and vascular remodeling in

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

13

cardiovascular diseases,” Pharmacological research, vol. 114,
pp. 110120, 2016.

B. G. Durgin and A. C. Straub, “Redox control of vascular
smooth muscle cell function and plasticity,” Laboratory inves-
tigation, vol. 98, no. 10, pp. 1254-1262, 2018.

C. M. Sena, A. Leandro, L. Azul, R. Sei¢a, and G. Perry, “Vas-
cular oxidative stress: Impact and therapeutic approaches,”
Frontiers in physiology, vol. 9, p. 1668, 2018.

B. S. van Thiel, I. van der Pluijm, L. te Riet, ]. Essers, and A. H.
J. Danser, “The renin-angiotensin system and its involvement
in vascular disease,” European journal of pharmacology,
vol. 763, no. Part A, pp. 3-14, 2015.

M. Pacurari, R. Kafoury, P. B. Tchounwou, and K. Ndebele,
“The renin-angiotensin-aldosterone system in vascular
inflammation and remodeling,” International journal of
inflammation, vol. 2014, Article ID 689360, 13 pages, 2014.

A. Nguyen Dinh Cat, A. C. Montezano, D. Burger, and R. M.
Touyz, “Angiotensin II, NADPH oxidase, and redox signaling
in the vasculature,” Antioxidantse» Redox Signaling, vol. 19,
no. 10, pp. 1110-1120, 2013.

E.I Elliott and F. S. Sutterwala, “Initiation and perpetuation of
NLRP3 inflammasome activation and assembly,” Immunolog-
ical reviews, vol. 265, no. 1, pp. 35-52, 2015.

T. B. Kang, S. H. Yang, B. Toth, A. Kovalenko, and D. Wallach,
“Activation of the NLRP3 inflammasome by proteins that sig-
nal for necroptosis,” in Methods in enzymology, vol. 545,
pp- 67-81, Academic Press, 2014.

H.J. Sun, X. S. Ren, X. Q. Xiong et al., “NLRP3 inflammasome
activation contributes to VSMC phenotypic transformation
and proliferation in hypertension,” Cell Death ¢ Disease,
vol. 8, no. 10, p. e3074, 2017.

G. H. Zheng, Q. Shan, J. J. Mu et al., “Purple sweet potato color
attenuates kidney damage by blocking VEGFR2/ROS/NLRP3
signaling in high-fat diet-treated mice,” Oxidative medicine
and cellular longevity, vol. 2019, Article ID 5189819, 16 pages,
2019.

J.H. Jun, J. K. Shim, J. E. Oh, E.J. Shin, E. Shin, and Y. L. Kwak,
“Protective effect of ethyl pyruvate against myocardial ische-
mia reperfusion injury through regulations of ROS-related
NLRP3 inflammasome activation,” Oxidative medicine and
cellular longevity, vol. 2019, Article ID 4264580, 8 pages, 2019.
T. Sho and J. Xu, “Role and mechanism of ROS scavengers in
alleviating NLRP3-mediated inflammation,” Biotechnology
and applied biochemistry, vol. 66, no. 1, pp. 4-13, 2019.

J. M. Abais, M. Xia, Y. Zhang, K. M. Boini, and P. L. Li, “Redox
regulation of NLRP3 inflammasomes: ROS as trigger or effec-
tor?,” Antioxidants & Redox Signaling, vol. 22, no. 13,
pp. 1111-1129, 2015.

L. Minutoli, D. Puzzolo, M. Rinaldi et al., “ROS-mediated
NLRP3 inflammasome activation in brain, heart, kidney, and
testis ischemia/reperfusion injury,” Oxidative medicine and cel-
lular longevity, vol. 2016, Article ID 2183026, 10 pages, 2016.
P. Bostrom, J. Wu, M. P. Jedrychowski et al., “A PGCl-a-
dependent myokine that drives brown-fat-like development
of white fat and thermogenesis,” Nature, vol. 481, no. 7382,
pp. 463-468, 2012.

X. Q. Xiong, D. Chen, H. J. Sun, L. Ding, J. J. Wang, and
Q. Chen, “FNDCS5 overexpression and irisin ameliorate gluco-
se/lipid metabolic derangements and enhance lipolysis in obe-
sity,” Biochimica et Biophysica Acta (BBA) - molecular basis of
disease, vol. 1852, no. 9, pp. 1867-1875, 2015.


http://downloads.hindawi.com/journals/omcl/2020/6384803.f1.pdf

14

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

T.Y. Liu, C. X. Shi, R. Gao, H.J. Sun, X. Q. Xiong, and L. Ding,
“Irisin inhibits hepatic gluconeogenesis and increases glycogen
synthesis via the PI3K/Akt pathway in type 2 diabetic mice and
hepatocytes,” Clinical science, vol. 129, no. 10, pp. 839-850,
2015.

T.Y. Liu, X. Q. Xiong, X. S. Ren et al,, “FNDCS5 alleviates hepa-
tosteatosis by restoring AMPK/mTOR-mediated autophagy,
fatty acid oxidation, and lipogenesis in mice,” Diabetes,
vol. 65, no. 11, pp. 3262-3275, 2016.

X. Q. Xiong, Z. Geng, B. Zhou et al., “ENDCS5 attenuates adi-
pose tissue inflammation and insulin resistance via AMPK-
mediated macrophage polarization in obesity,” Metabolism,
vol. 83, no. 6, pp. 31-41, 2018.

L. Ling, D. Chen, Y. Tong et al., “Fibronectin type III domain
containing 5 attenuates NLRP3 inflammasome activation
and phenotypic transformation of adventitial fibroblasts in
spontaneously hypertensive rats,” Journal of hypertension,
vol. 36, no. 5, pp. 1104-1114, 2018.

M. Clément, J. Chappell, J. Raffort et al., “Vascular smooth
muscle cell plasticity and autophagy in dissecting aortic aneu-
rysms,” Arteriosclerosis, thrombosis, and vascular biology,
vol. 39, no. 6, pp. 1149-1159, 2019.

F. Zhang, X. Ren, M. Zhao, B. Zhou, and Y. Han, “Angioten-
sin-(1-7) abrogates angiotensin II-induced proliferation,
migration and inflammation in VSMCs through inactivation
of ROS-mediated PI3K/Akt and MAPK/ERK signaling path-
ways,” Science reports, vol. 6, no. 1, p. 34621, 2016.

H. Lee, S. A. Ham, M. Y. Kim et al., “Activation of PPARS
counteracts angiotensin II-induced ROS generation by inhibit-
ing racl translocation in vascular smooth muscle cells,” Free
radical research, vol. 46, no. 7, pp. 912-919, 2012.

T. Zhou, M. Zhang, L. Zhao, A. Li, and X. Qin, “Activation of
Nrf 2 contributes to the protective effect of Exendin-4 against
angiotensin II-induced vascular smooth muscle cell senes-
cence,” American journal of physiology-cell physiology,
vol. 311, no. 4, pp. C572-C582, 2016.

S.Y. Zeng, L. Yang, C. L. Hong et al., “Evidence that ADAM17
mediates the protective action of CGRP against angiotensin II-
induced inflammation in vascular smooth muscle cells,” Medi-
ators of inflammation, vol. 2018, Article ID 2109352, 10 pages,
2018.

C. Li,]. He, X. Zhong, H. Gan, and Y. Xia, “CX3CL1/CX3CR1
axis contributes to angiotensin II-induced vascular smooth
muscle cell proliferation and inflammatory cytokine produc-
tion,” Inflammation, vol. 41, no. 3, pp. 824-834, 2018.

Q. N. Diep, F. Amiri, R. M. Touyz et al., “PPARalpha activator
effects on Ang II-induced vascular oxidative stress and inflam-
mation,” Hypertension, vol. 40, no. 6, pp. 866871, 2002.

Z. G. Zhao, H. F. Wang, Y. W. Wang et al., “The mechanisms
of Ang II-induced hypertensive vascular remodeling under
suppression of CD68 in macrophages,” European review for
medical and pharmacological sciences, vol. 22, no. 18,
Pp. 6093-6099, 2018.

N. Muraya, D. Kadowaki, S. Miyamura et al., “Benzbromarone
attenuates oxidative stress in angiotensin ii- and salt-induced
hypertensive model rats,” Oxidative medicine and cellular lon-
gevity, vol. 2018, Article ID 7635274, 8 pages, 2018.

D. Chen, Y. H. Zang, Y. Qiu et al., “BCL6 attenuates prolifera-
tion and oxidative stress of vascular smooth muscle cells in

hypertension,” Oxidative medicine and cellular longevity,
vol. 2019, Article ID 5018410, 9 pages, 2019.

(39]

(40]

[41]

[42]

[43]

(44]

[45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

Oxidative Medicine and Cellular Longevity

R. A. Gonzalez-Villalobos, T. Janjoulia, N. K. Fletcher et al.,
“The absence of intrarenal ACE protects against hyperten-
sion,” Journal of clinical investigation, vol. 123, no. 5,
pp. 2011-2023, 2013.

A.D. Chen, S.]. Zhang, N. Yuan et al,, “;,,;oensin AT1recep-
tors in paraventricular nucleus contribute to sympathetic acti-
vation and enhanced cardiac sympathetic afferent reflex in
renovascular hypertensive rats,” Experimental physiology,

vol. 96, no. 2, pp. 94-103, 2011.

Z. D. Fan, L. Zhang, Z. Shi, X. B. Gan, X. Y. Gao, and G. Q.
Zhu, “Artificial microRNA interference targeting AT, recep-
tors in paraventricular nucleus attenuates hypertension in
rats,” Gene therapy, vol. 19, no. 8, pp. 810-817, 2012.

X.-S. Ren, Y. Tong, Y. Qiu et al, “MiR155-5p in adventitial
fibroblasts-derived extracellular vesicles inhibits vascular
smooth muscle cell proliferation via suppressing angiotensin-
converting enzyme expression,” Journal of Extracellular Vesi-
cles, vol. 9, no. 1, article 1698795, 2019.

N. Wu, C. Ye, F. Zheng et al., “MiR155-5p inhibits cell migra-
tion and oxidative stress in vascular smooth muscle cells of
spontaneously hypertensive rats,” Antioxidants, vol. 9, no. 3,
p. 204, 2020.

Y. Qiu, F. Zheng, C. Ye et al., “Angiotensin type 1 receptors
and superoxide anion production in hypothalamic paraventri-
cular nucleus contribute to capsaicin-induced excitatory renal
reflex and sympathetic activation,” Neuroscience Bulletin,
vol. 2020, 2020.

E. Di Marco, S. P. Gray, K. Kennedy et al., “NOX4-derived
reactive oxygen species limit fibrosis and inhibit proliferation
of vascular smooth muscle cells in diabetic atherosclerosis,”
Free Radical Biology and Medicine, vol. 97, pp. 556-567, 2016.

W.]J. Yan, D. B. Wang, D. Q. Ren et al., “AMPKa1 overexpres-
sion improves postoperative cognitive dysfunction in aged rats
through AMPK-Sirtl and autophagy signaling,” Journal of
Cellular Biochemistry, vol. 120, no. 7, pp. 11633-11641, 2019.

D. Gao, Z. Zuo, J. Tian et al., “Activation of SIRT1 attenuates
Klotho deficiency-induced arterial stiffness and hypertension
by enhancing AMP-activated protein kinase activity,” Hyper-
tension, vol. 68, no. 5, pp. 1191-1199, 2016.

B. Alday-Parejo, R. Stupp, and C. Ruegg, “Are integrins still
practicable targets for anti-cancer therapy?,” Cancers, vol. 11,
no. 7, p. 978, 2019.

M. Im and L. Dagnino, “Protective role of integrin-linked
kinase against oxidative stress and in maintenance of genomic
integrity,” Oncotarget, vol. 9, no. 17, pp. 13637-13651, 2018.

D. N. Edwards and G. J. Bix, “The inflammatory response after
ischemic stroke: targeting 82 and f1 integrins,” Frontiers in
Neuroscience, vol. 13, p- 540, 2019.

H. Kim, C. D. Wrann, M. Jedrychowski et al., “Irisin mediates
effects on bone and fat via aV integrin receptors,” Cell,
vol. 175, no. 7, pp. 1756-1768.e17, 2018.

G. A. Cirkel, B. M. Kerklaan, F. Vanhoutte et al, “A dose
escalating phase I study of GLPG 0187, a broad spectrum
integrin receptor antagonist, in adult patients with progres-
sive high-grade glioma and other advanced solid malignan-
cies,” Investigational New Drugs, vol. 34, no. 2, pp. 184-192,
2016.

S. Masi, M. Uliana, and A. Virdis, “Angiotensin IT and vascular
damage in hypertension: Role of oxidative stress and sympa-
thetic activation,” Vascular Pharmacology, vol. 115, pp. 13-
17, 2019.



Oxidative Medicine and Cellular Longevity

(54]

(55]

(56]

K. K. Griendling, C. A. Minieri, J. D. Ollerenshaw, and R. W.
Alexander, “Angiotensin II stimulates NADH and NADPH
oxidase activity in cultured vascular smooth muscle cells,” Cir-
culation Research, vol. 74, no. 6, pp. 1141-1148, 1994.

A. Sifi, S. Adi-Bessalem, and F. Laraba-Djebari, “Role of angio-
tensin II and angiotensin type-1 receptor in scorpion venom-
induced cardiac and aortic tissue inflammation,” Experimental
and Molecular Pathology, vol. 102, no. 1, pp. 32-40, 2017.

H. Y. Kim, H. J. Cha, and H. S. Kim, “CCL5 upregulates acti-
vation of AMP-activated protein kinases in vascular smooth

muscle cells of spontaneously hypertensive rats,” Cytokine,
vol. 67, no. 2, pp. 77-84, 2014.

15



	FNDC5 Attenuates Oxidative Stress and NLRP3 Inflammasome Activation in Vascular Smooth Muscle Cells via Activating the AMPK-SIRT1 Signal Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Cell Culture and Treatment
	2.3. Mouse Model of Hypertension
	2.4. Western Blot Analysis
	2.5. Masson’s Staining
	2.6. DHE Fluorescence Staining
	2.7. RT-PCR
	2.8. Measurement of SIRT1 Activity
	2.9. NLRP3 Immunofluorescence Staining
	2.10. Chemicals
	2.11. Statistical Analysis

	3. Results
	3.1. FNDC5 Deficiency Promotes Ang II-Induced Hypertension and Vascular Remodeling in Mice
	3.2. FNDC5 Deficiency Aggravates Ang II-Induced Oxidative Stress and NLRP3 Inflammasome Activation in Mice
	3.3. FNDC5 Inhibits Ang II-Induced Oxidative Stress in A7R5 Cells
	3.4. FNDC5 Prevents Ang II-Induced NLRP3 Inflammasome Activation in A7R5 Cells
	3.5. Inhibition of AMPK Prevents the Effects of FNDC5 in A7R5 Cells
	3.6. Inhibition of SIRT1 Abolishes the Effects of FNDC5 in A7R5 Cells
	3.7. Inhibition of Integrins Prevents the Effects of FNDC5 in A7R5 Cells
	3.8. FNDC5 Prevents Ang II-Induced Oxidative Stress and NLRP3 Inflammasome Activation in Primary VSMCs of WT and FNDC5 Knockout Mice

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

