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Abstract

Background and Purpose Inactivation of Cys674 (C674) in the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2 (SERCA2)

by causing the accumulation of intracellular Ca2+ to activate calcineurin-mediated nuclear factor of activated T-lymphocytes

(NFAT)/NF-κB pathways, resulted in the phenotypic modulation of smooth muscle cells (SMCs) to accelerate angiotensin II-

induced aortic aneurysm. Our goal was to investigate the mechanism involved. Experimental Approach We used heterozygous

SERCA2 C674S knock-in (SKI) mice, where half of C674 was substituted by serine, to represent partial irreversible oxidation

of C674. The aortas of SKI mice and their littermate wild-type mice were collected for RNA sequencing, cell culture, protein

expression, luciferase activity and aortic aneurysm analysis. KEY RESULTS Inactivation of C674 inhibited the promoter

activity and protein expression of PPARγ, which could be reversed by inhibitors of calcineurin or NF-κB. Overexpression of

PPARγ2 inhibited the phenotypic modulation of SKI SMCs. Pioglitazone, the activator of PPARγ, blocked the activation of

NFAT/NF-κB, inhibited SMC phenotypic modulation, and ameliorated angiotensin II-induced aortic aneurysms in SKI mice.

CONCLUSIONS AND IMPLICATIONS The inactivation of SERCA2 C674 promotes the development of aortic aneurysm

by disrupting the balance between PPARγ and NFAT/NF-κB. Our study highlights the importance of C674 redox status in

regulating PPARγ to maintain aortic homeostasis.
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Abstract

Background and Purpose

Inactivation of Cys674 (C674) in the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2 (SERCA2) by
causing the accumulation of intracellular Ca2+ to activate calcineurin-mediated nuclear factor of activated
T-lymphocytes (NFAT)/NF-κB pathways, resulted in the phenotypic modulation of smooth muscle cells
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(SMCs) to accelerate angiotensin II-induced aortic aneurysm. Our goal was to investigate the mechanism
involved.

Experimental Approach

We used heterozygous SERCA2 C674S knock-in (SKI) mice, where half of C674 was substituted by serine, to
represent partial irreversible oxidation of C674. The aortas of SKI mice and their littermate wild-type mice
were collected for RNA sequencing, cell culture, protein expression, luciferase activity and aortic aneurysm
analysis.

KEY RESULTS

Inactivation of C674 inhibited the promoter activity and protein expression of PPARγ, which could be
reversed by inhibitors of calcineurin or NF-κB. Overexpression of PPARγ2 inhibited the phenotypic modula-
tion of SKI SMCs. Pioglitazone, the activator of PPARγ, blocked the activation of NFAT/NF-κB, inhibited
SMC phenotypic modulation, and ameliorated angiotensin II-induced aortic aneurysms in SKI mice.

CONCLUSIONS AND IMPLICATIONS

The inactivation of SERCA2 C674 promotes the development of aortic aneurysm by disrupting the balance
between PPARγ and NFAT/NF-κB. Our study highlights the importance of C674 redox status in regulating
PPARγ to maintain aortic homeostasis.

KEY WORDS

SERCA2, aortic aneurysm, smooth muscle, phenotypic modulation, PPARγ, NFAT, NF-κB.

Summary

‘What is already known’

The inactivation of SERCA2 Cys674 by causing the accumulation of intracellular Ca2+ to activate calcineurin-
mediated NFAT/NF-κB pathways, results in SMC phenotypic modulation to accelerate aortic aneurysm.

‘What this study adds’

• Inactivation of SERCA2 Cys674 causes the imbalance between PPARγ and NFAT/NF-κB in SMCs,
leads to the sustained activation of NFAT/NF-κB.

• Activation of PPARγ could restore this balance, thus suppresses SMC phenotypic modulation and
aortic aneurysm formation caused by the inactivation of SERCA2 Cys674.

‘Clinical significance’

• Increase levels of ROS irreversibly oxidize Cys674in SERCA2 to promote the development of aortic
aneurysm by suppressing PPARγ.

• Activating PPARγ contributes to controlling aortic aneurysm by restricting SMC phenotypic modula-
tion.

• PPARγ and SERCA2 may be potential therapeutic targets for aortic aneurysm.

Abbreviations

C674, Cys674; Col I, collagen type I; Col III, collagen type III; CsA, cyclosporin A; DAPI, 4’,6-diamidino-
2-phenylindole; FPKM, expected number of fragments per kilobase of transcript sequence per millions base
pairs sequenced; HE, hematoxylin/eosin; ICAM1, intercellular adhesion molecule 1; LDLR-/-, LDL receptor-
deficient; MYOCD, myocardin; NFAT, nuclear factor of activated T-lymphocytes; OPN, osteopontin; PDTC,
pyrrolidinedithiocarbamic acid; S674, Ser674; SERCA, sarco/endoplasmic reticulum calcium ATPase; SKI,
SERCA2 C674S knock-in; SMCs, smooth muscle cells; VCAM1, vascular cell adhesion molecule 1; VVG,
Verhoeff-Van Gieson; WT, wild-type

1 | Introduction
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Aortic aneurysm is a fatal vascular disease, lack of effective drug treatment, surgery is the only choice.
Most aortic aneurysms are asymptomatic before catastrophic complications such as dissection or rupture
occur. Although surgery can stabilize large aneurysms, the recurrence rate and mortality rate are still high.
Therefore, it is urgent to clarify the molecular mechanism of the occurrence and development of aortic
aneurysm and determine the target of intervention.

Smooth muscle cells (SMCs) located in the media of aorta are key to the vascular remodeling of aortic
aneurysm. Most SMCs are in the state of differentiation under physiological conditions to maintain the
elasticity and tensile strength of the vascular wall. However, SMCs have significant phenotypic plasticity
and can quickly adapt to environmental fluctuation signals. The transition of SMCs from a differentiated
state to a dedifferentiated state is called phenotypic modulation, characterized by enhanced proliferation,
migration, and expression of fibrotic and inflammatory proteins, which is the key cellular basis of aortic
aneurysm (Ailawadi et al., 2009). Myocardin (MYOCD) is a differentiation marker of SMCs, and its deletion
in SMCs causes severe aortic aneurysm (Tang et al., 2008). Matrix cytokine osteopontin (OPN) is a marker
of dedifferentiation of SMCs, and its serum level predicts the progression of aortic aneurysm (Golledge et
al., 2007). Collagen type I and type III (Col I , Col III ) correlate well with the size of aortic aneurysm, and
they are also SMC dedifferentiation markers (Meng et al., 2014; Wang et al., 2012a) .MMP2 degrades elastin
and collagen (mainly Col IV in basal laminae), destroys vascular integrity, critical in angiotensin II-induced
aortic aneurysm (Wang et al., 2012b). NF-κB is a transcriptional factor and its activation favors its nuclear
translocation to up-regulate the gene expression of MMP2, vascular cell adhesion molecule 1 (VCAM1) and
intercellular adhesion molecule 1 (ICAM1) , promotes SMC proliferation, migration, and inflammation (de
Winther et al., 2005; Monaco et al., 2004; Tsai et al., 2017). NF-κB is up-regulated in the aortic aneurysm
wall, and inhibition of NF-κB decreases the size of aortic aneurysm (Miyake et al., 2007).

Sarco/endoplasmic reticulum calcium ATPase (SERCA) is a key enzyme to maintain calcium homeostasis
by taking up Ca2+ from cytosol to sarcoplasmic reticulum and endoplasmic reticulum. SERCA2 is the
main subtype of SERCA in the vasculature, and the S -glutathiolation of the amino acid residue Cys674

(C674) is key to increase the activity of SERCA2 under physiological conditions (Adachi et al., 2004; Tong
et al., 2008), but this post-translational protein modification is prevented by the irreversible oxidation of
C674 thiol in pathological situations characterised by high levels of ROS, such as aging, diabetes mellitus,
atherosclerosis, and hypertension (Adachi et al., 2004; Liu et al., 2020; Qin et al., 2013; Ying et al., 2008),
which are risk factors for aortic aneurysm. We have reported that the irreversible oxidation of C674 occurred
broadly in mouse and human aortic aneurysms (Que et al., 2020). We used heterozygous SERCA2 C674S
knock-in (SKI) mice, where half of C674 was substituted by serine, to represent partial irreversible oxidative
inactivation of C674 under pathological conditions. The inactivation of C674 by causing the accumulation
of intracellular Ca2+ to activate Ca2+-dependent calcineurin that promoted the nuclear translocation of
nuclear factor of activated T-lymphocytes (NFAT) and NF-κB, therefore down-regulated the expression
of MYOCD, while up-regulated the expression of OPN, MMP2, Col I, Col III, and VCAM1, accelerated
SMC proliferation, migration and macrophage adhesion to SMCs, and exacerbated angiotensin II-induced
aortic aneurysm (Que et al., 2020). We hypothesize that inactivation of SERCA2 C674 not only activates
NFAT/NF-κB, but also inhibits the protective factors that restrict the phenotypic modulation of SMCs,
thus accelerating the occurrence of aortic aneurysm. This study was designed to elucidate the downstream
targets of C674 in regulating SMC phenotypic modulation and aortic aneurysm.

2 | Methods

2.1 | Animals

All animal care and study protocols complied with the guidelines of the ethical use of animals and were
approved by the Animal Care and Use Committee (Third Military Medical University, Chongqing, China).
All efforts were made to minimize animal suffering and reduce the number of animals used. Animal studies
are reported in compliance with the ARRIVE guidelines and with the recommendations made by the British
Journal of Pharmacology (BJP) (Kilkenny et al., 2010; McGrath & Lilley, 2015). Experimental protocols
and design adhere to BJPguidelines (Curtis et al., 2015).
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Mice were bred and housed in the laboratory animal room at Chongqing University under specific pathogen-
free conditions. Mice were kept in open polypropylene cages with clean chip bedding. The animal room was
maintained at a controlled temperature (22 ± 3 °C) and a 12 hr cycle of light and dark. Five mice in each
cage were free to drink water and were fed on a regular diet (0.3–0.8% sodium, 1.0–1.8% calcium, 0.6–1.2%
phosphorus, Beijing Keao Xieli Feed Corporation, China) unless otherwise indicated. To obtain tissues, all
mice were killed by i.p. injection with 2,2,2-tribromoethanol (250 mg·kg-1, Sigma-Aldrich, Cat# T48402).

2.2 | SERCA2 C674S knock-in mouse construct

All mice used in this study were of C57BL/6J background (RRID: IMSR JAX:000664 ) and were originally
obtained from The Jackson Laboratory (Bar Harbor, Maine, USA). The construct of the SKI mouse (RRID:
MGI:5780876 ) was generated as previously described (Thompson et al., 2014). Briefly, the genetic variation
is TGT at C674 to TCC (Ser674 [S674]) in exon 14 of SERCA2. The presence of the C674S mutation was
verified by sequencing of both genomic DNA and cDNA from heart. Homozygous SKI mice died before
birth, so only heterozygous SKI mice that express 50% of C674 and 50% of S674 were used in this study, and
their littermate wild-type (WT) mice without S674 were used as controls. For aneurysm studies, SKI mice
were mated with LDL receptor-deficient (LDLR-/-, The Jackson Laboratory, RRID: IMSR JAX:002207)
mice susceptible to aortic aneurysms to obtain SKI/LDLR+/- mice, which were further mated with LDLR-/-

mice to obtain SKI/LDLR-/- mice. All mice used for aneurysm studies were derived from mating between
SKI/LDLR-/- mice and LDLR-/- mice, and the littermate LDLR-/- mice acted as controls.

2.3 | RNA sequencing and bioinformatics

Aorta of 4-month-old male from LDLR-/- or SKI/LDLR-/- mice were homogenized in Trizol for RNA isolation
using the Direct-zol RNA MiniPrep Kit (Zymo Research, Irvine, CA). RNA sequencing was done in Novogene
Bioinformatic Technology Co. Ltd (Beijing, China). Briefly, construction of RNA sequencing library was
performed on an Illumina(r) Hiseq platform. Paired-end clean reads were aligned to the mouse genome
(GRCm38, RRID:SCR 002344), using TopHat v2.0.12. The reads numbers mapped to each gene were
quantified using HTSeq v0.6.1. The expected number of fragments per kilobase of transcript sequence per
millions base pairs sequenced (FPKM) of each gene was calculated based on the length of the gene and
reads count mapped to this gene that reflects the relative gene expression level. Differentially expressed
genes between LDLR-/- and SKI/LDLR-/- mice were analysed using DESeq R package (1.18.0). Gene
set enrichment analysis was performed on differentially expressed genes (altered > 1.5 fold) to test for
enrichment of specific ontologies (Subramanian et al., 2005), and the Kyoto encyclopedia of genes and
genomes (http://www.genome.jp/kegg/) was used to perform pathway analysis.

2.4 | Real-time quantitative PCR

Total RNA was isolated from aorta using TRIzol reagent (Invitrogen, Cat# 15596026) and retro-transcribed
to cDNA using cDNA PCR kit (Takara Bio Inc., Cat# RR037Q). Real-time quantitative PCR was per-
formed using SYBR-Green-based detection (Takara Bio Inc., Cat# RR420L) with primers commercially
synthesized (Sangon Biotech, China). The primer sequences from 5’ to 3’ are: 1) PPARγ2 forward, TCGCT-
GATGCACTGCCTATG, PPARγ2 reverse, GAGAGGTCCACAGAGCTGATT; 2) internal control β-actin
forward, AGAGGGAAATCGTGCGTGAC, β-actin reverse, CAATAGTGATGACCTGGCCGT. Real time
quantitative PCR was performed using the following cycling conditions: denaturation, annealing, and ex-
tension at 95°C, 57°C and 72°C for 10 s, 30 s, and 10 s, respectively, for 40 cycles. Relative expression of
PPARγ2 was analysed using the comparative Ct method (2-Ct).

2.5 | Aortic SMC culture

Aortic SMCs were isolated from 8-week-old male WT and SKI mice as previously described (Tong et al.,
2015) and cultured in DMEM supplemented with 10% FBS (ExCell Bio, Cat# FSP500), 100 U/mL penicillin
and 100 μg/mL streptomycin at 37°C in a humidified atmosphere containing 5% CO2. SMC phenotype was
confirmed by α-smooth muscle actin immunostaining. Cells from passages 3 to 8 were used. All SMCs used
were isolated from C57BL/6J background due to the SMCs from LDLR-/- background were infeasible for
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further studies after subculture. Using different genetic background for mechanism study is commonly used
in literature (Nakao et al., 2017). In some experiments, SMCs were administrated with pioglitazone (10 μM,
MCE, Cat# U72107), or pyrrolidinedithiocarbamic acid (PDTC, ammonium salt, 10 μM, Macklin, Cat#
A800469) for 48 hr, before being collected for Western blot analysis or cell function studies. DMSO served
as a solvent control, and its final concentration was less than 0.1%.

2.6 | Western blot

Aortas or SMCs cultured in 0.2% FBS DMEM overnight were lysed in RIPA buffer (Enogene, Cat#
E1WP106). Experimental details of Western blots are in accordance with BJP guidelines (Alexander et
al., 2018). In some experiments, protein was extracted from the nucleus and cytoplasm by using the protein
extraction kit (Beyotime Biotechnology, Cat# P0027). Proteins were separated by SDS-PAGE electrophore-
sis using standard methods, transferred to PVDF membrane, and immunoblotted with specific antibodies
overnight at 4 °C against PPARγ (detect both PPARγ1 and PPARγ2, Engene, Cat# E2A6073, 58 kDa,
RRID:AB 2861246 ), MYOCD (Abcam, Cat# Ab107301,100 kDa, RRID:AB 11128102 ), OPN (Protein-
tech, Cat# 22952-1-AP, 44 kDa, RRID:AB 2783651 ), MMP2 (Proteintech, Cat# 10373-2-AP, 64 kDa,
RRID:AB 2250823 ), Col I (Engene, Cat# E110154C, 139 kDa, RRID:AB 2861247 ), Col III (Abcam, Cat#
Ab7778, 139 kDa, RRID:AB 306066 ), p65NF-κB (Engene, Cat# E011014, 65 kDa, RRID:AB 2861239 ),
phosphorylated p65NF-κB (Engene, Cat# E1A2006V, 65 kDa, RRID:AB 2861248 ), VCAM1 (Engene,
Cat# E90279, 72 kDa, RRID:AB 2861237 ), ICAM1 (Engene, Cat# E301187, 82 kDa, RRID:AB 2861238
), NFAT4 (Abcam, Cat# Ab93628, 117 kDa, RRID:AB 10714571 ), GAPDH (Engene, Cat# E1C604, 37
kDa, RRID: AB 2814765 ), Histone H3 (Engene, Cat# E11-0434B, 17 kDa, AB 2861240 ), followed by
incubation with HRP-conjugated goat anti-rabbit secondary antibody (Sino Biological Inc., Cat# SSA003,
RRID:AB 2814815 ) 1 hr at room temperature. Proteins were visualized with an X-ray film system (Fu-
jifilm, Japan) or ChemiDoc Touch System (Bio-Rad, USA). Band density was quantified by NIH ImageJ
software (RRID:SCR 003070 , https://imagej.net/) and normalized to GAPDH or Histone H3.

2.7 | ὃνστρυςτιον ανδ δετεςτιον οφ λυςιφερασε ρεπορτερ οφ μουσε ΠΠΑΡγ2 προμοτερ

There are two NFAT binding (TTTTCC) sites in the human PPARγ2 promoter (distal -299 to -294 bp and
proximal -146 to -141 bp) to fully regulate its expression in adipocytes (Kim et al., 2010) and hepatoma
cells (Yang et al., 2003). However, these two NFAT binding sites haven’t been reported in mouse PPARγ2
promoter. We compared the sequence of mouse and human PPARγ2 promoters from -2000 to +45 bp and
found that there were two potential NFAT binding sites in mouse PPARγ2 promoter, of which -395 to -390
bp (TTTTCT) was homologous to human distal NFAT site, and -238 to -233 bp (TTTTCC) was homologous
to human proximal NFAT site. These two NFAT binding sites also covered the NF-κB binding sequence
(TTTCC). Mouse liver genomic DNA was extracted as template to amplify the promoter sequence of PPARγ2
from -630 to +45 bp that contains the putative NFAT/NF-κB binding sites and its 5’- untranslated region
(GenBank, AY243584.1) with forward primer (5’AGAACATTTCTCTATCGATAGGTACC TAGAATTTG-
GATAGCAGTAAC3’) containing Kpn I digestion site and reverse primer containing Hind III digestion site
(5’ACCAACAGTACCGGAATGCCAAGCTT AACAGCATAAAACAGAGATTTG3’).

The amplified DNA fragments were digested by Kpn I (BioLabs, Cat# R0142S) and Hind III (BioLabs,
Cat# R0104S), and purified. The pLG4.19 basic plasmid vector (Promega, Cat# E6741) containing firefly
luciferase sequence was digested with Kpn I and Hind III to obtain the linearized vector. A PPARγ2-pLG4.19
plasmid containing mouse PPARγ2 promoter (-630 to +45 bp) and firefly luciferase was obtained by mix-
ing purified PPARγ2 promoter fragment, linearized pLG4.19 and assembly reagent (TransGene Biotech,
Cat# CU101) for 15 min at 50 °C. PCR and sequencing confirmed that the PPARγ2-pLG4.19 firefly lu-
ciferase plasmid was constructed correctly. Large scale amplification of PPARγ2-pLG4.19 plasmid was
carried out in TransT1 Escherichia coli. For mouse PPARγ2 promoter activity assay, 1 μg PPARγ2-pLG4.19
firefly luciferase and 100 ng pRL-TK renilla luciferase plasmid control (Promega, Cat# E2241) were co-
transfected into SMCs (8 × 105 cells per 60 mm dish) using SuperFect Transfection Reagent (Qiagen,
Germany, Cat# 301305) as per manufacturer’s recommendations. Luciferase activities were measured using
the Dual-Luciferase reporter assay kit (Beyotime Biotechnology, Cat# RG027) 72 hr after transfection. The
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ratio of firefly to renilla luciferase luminescence was calculated as indicative of PPARγ2 promoter activity.
In some experiments, SMCs were treated cyclosporin A (CsA, 1 μM) or PDTC (10 μM) for 24 hr before
measuring the activity of PPARγ2 promoter.

2.8 | Οvερεξπρεσσιον οφ ΠΠΑΡγ2 ιν ΣΜ῝ς

The PPARγ2 plasmids (ORIGENE, Cat# MR208132) or its control CMV-GFP plasmids (ORIGENE, Cat#
PS100040) were transfected into SKI SMCs according to Effectene® Transfection Reagent Handbook (Qia-
gen, Cat#301305). The fluorescence intensity of GFP was observed by fluorescence microscope (Leica, DMi8)
to evaluate the transfection efficiency. SMCs were collected 48 hr later for protein analysis and cell function
studies.

2.9 | Cell proliferation assay

A tetrazolium-based non-radioactive proliferation assay kit (Quick Cell Proliferation Assay Kit II, BioVision,
Cat# K301-500) was used to determine the cell number according to the manufacturer’s protocol (Tong et al.,
2016). SKI SMCs were seeded in 96-well plate at a density of 5 × 103 cells per well in DMEM supplemented
with 0.2% FBS overnight. Cell proliferation was stimulated by medium supplemented with 10% FBS, and
0.2% FBS medium was used as a control. PDTC (10 μM) or pioglitazone (10 μM) was added to the culture
media. DMSO served as a solvent control. Culture medium with high or low serum was changed daily. The
cell number in each well was determined 72 hr later.

2.10 | Wounded monolayer migration assay

SKI SMCs were pretreated with PDTC (10 μM) or pioglitazone (10 μM) for 48 hr before migration assay
(Tong et al., 2016). DMSO acted as solvent control. 106 cells/well in 12-well plates were seeded in 0.2% FBS
DMEM overnight to reach confluence, then scratch wounds were applied to SMC monolayer with a pipette
tip. Immediately after scratching, the cells were treated with 10% FBS DMEM to stimulate cell migration.
Photographs were taken at 0 hr and 6 hr at three fixed locations along the scratch with a light microscope
and analyzed using NIH Image J software.

2.11 | Macrophage adhesion assay

Bone marrow-derived mononuclear cells were isolated from the femurs of WT mice and cultured in high-
glucose DMEM supplemented with 10% FBS and 20% L929-conditioned medium for 5 days; at this point,
adherent mononuclear cells are macrophages. SKI SMCs were pretreated with PDTC (10 μM) or pioglitazone
(10 μM) for 48 hr before macrophage adhesion assay. DMSO acted as solvent control. For macrophage
adhesion assay (Tong et al., 2016), SMCs were plated in 12-well plate, at a density of 106 cells/well, in 0.2%
FBS DMEM until confluent. Macrophages (5 × 105 cells/well) were added to SMCs and incubated for 1 hr;
the media was removed and SMCs washed 3 times with PBS to remove unbound macrophages. Four images
were taken in each well and the number of bound macrophages was counted per image area.

2.12 | Angiotensin II-induced aortic aneurysm

Male WT and SKI mice in LDLR-/- background at 7 weeks old (18–22 g) were fed on a Western diet (21%
w/w milk fat, 0.15% w/w cholesterol, Beijing Keao Xieli Feed Corporation) for 7 days and then received
subcutaneous implantation of ALZET osmotic pumps (Model 2004, DURECT Corporation, USA), delivering
angiotensin II (1.44 mg*kg-1*day-1, dissolved in saline)(Bhamidipati et al., 2014). Before implantation, mice
were given buprenorphine (0.08 mg*kg-1, s.c.) as analgesic, and during pump implantation, they were
anaesthetised with isoflurane (1.5%) inhalation. The mouse back was depilated with depilatory ointment.
After disinfection with iodophor, the pump was implanted subcutaneously into the back of the mouse. The
incision was sealed with sterile sutures and disinfected with iodophor. Buprenorphine (0.08 mg*kg-1, s.c.,
every 8 hr) was given to the mouse the first day after surgery. The mice were monitored every day in the first
week after operation. Seven days after angiotensin II infusion, SKI mice were randomly given pioglitazone
(15 mg*kg-1*day-1, suspended in 200 μL sterile water, n = 11) or solvent control sterile water (200 μL, n
= 11), and WT mice were given sterile water (200 μL,n = 11). They were given by gavage once a day.

6



P
os

te
d

on
A

u
th

or
ea

28
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

86
33

75
.5

50
73

75
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Western diet was applied during the whole experiment. 28 days after the infusion of angiotensin II, mice
were killed and perfused with ice-cold PBS, and then the connective tissue was removed to expose the whole
aorta and its collateral branches and digital images were acquired for aneurysm analysis using an Olympus
microscope (model SZX16). Aneurysms are defined as enlargements > 50% diameter compared to littermate
controls without angiotensin II infusion. The composition of aneurysms was evaluated according to the type
of aneurysm, including the ruptured aneurysm, unruptured aneurysm, and non-aneurysm. The survival
rate and incidence of aneurysm were monitored and calculated. The number of aneurysms per mouse was
counted. The length of aneurysm was measured according to the scale with CellSens standard software 1.12
(RRID:SCR 014551 , Olympus).

2.13 | Histology and immunohistochemistry

Aneurysms were carefully dissected and fixed in 4% paraformaldehyde overnight, followed by 30% sucrose
solution for 24 hr before embedding in optimum cutting temperature compound to prepare serial frozen
sections at a thickness of 7 μm. Remaining portions of the aorta were snap-frozen in liquid nitrogen and
stored at -80 °C for protein analysis. Twenty serial sections of the largest aneurysm for each mouse were
prepared and stained individually with hematoxylin/eosin (HE), Verhoeff-Van Gieson (VVG) and Masson’s
trichrome for morphological analysis, elastin assessment and collagen deposition, respectively. The area of
aneurysm was measured according to the scale with CellSens standard software. The collagen deposition was
scored on a scale of 1 to 4, with 1- < 25% area in medium layer was occupied by collagen, 2–25-50% collagen
deposition, 3–50-75% collagen deposition, and 4- > 75% collagen deposition. Elastin lamellae were evaluated
using a grade of I to IV, with I- intact internal elastic lamina, II- mild elastin fragmentation, III- severe
elastin digestion, and IV- severe elastin digestion with visible ruptured sites. The collagen deposition and
elastin degradation scores among different observers blinded to the experimental groups were comparable;
data are expressed as the mean value of different observers’ scores.

2.14 | Measurement of plasma cholesterol and triglycerides

Mice were sacrificed and blood was drawn from the right atrium into EDTA-containing tubes, for lipid
measurements. Plasma was prepared via centrifugation at 850 ×g for 15 min at 4 °C and stored at -20 °C.
Measurements were carried out using the Infinity Cholesterol and Triglycerides measurement kits (Thermo
Scientific, USA, Cat# TR13421, Cat# TR22421), based on the absorbance of samples normalized to the
absorbance of a known concentration of a calibrator provided with the kit.

2.15 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of theBJP on experimental design and
analysis in pharmacology (Curtis et al., 2018). All studies were designed to generate groups of equal size,
using randomization and blinded analysis. Group size is the number of independent values, and statistical
analysis was carried out using these independent values. Sample sizes in each group subjected to statistical
analysis were determined based on our previous studies, preliminary results, and power analysis (Curtis
et al., 2015). Statistical analysis was undertaken only using these independent values with n [?] 5. Fold
change over control was used in Western blot and gene analysis to avoid the larger variation among different
experiments. The mean values of the control group were normalized to 1. In the figures, the Y axis shows the
ratio of the experimental group to that of the corresponding matched control values and is labelled as “fold
matched control values.” All results were expressed as mean +- SEM. Statistical analysis was performed
using GraphPad Prism 7.00 (RRID:SCR 002798 , http://www.graphpad.com/). Unpaired Student’s t test
was used to analyse data from two groups. Differences among multiple groups were analysed by one-way
ANOVA with Bonferroni post hoc analysis. Chi-square test was used to analyse the composition of aneurysm,
the elastin degradation, and the incidence of aneurysm. Survival rate was noted in Kaplan-Meier analysis
and comparisons were performed using the log-rank test. For angiotensin II-induced aortic aneurysm, data
analysis (survival rate, incidence, elastin degradation, number of aneurysms) was performed on 11 mice in
each group. In the characteristic analysis of aneurysms (diameter, area, length, collagen deposition), mice
died of ruptured aneurysms (4 SKI mice treated with solvent control) and mice without aneurysms (3 WT
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mice treated with solvent control and 2 SKI mice treated with pioglitazone) were excluded. For determining
whether groups differ, the level of probability was set at P < .05 to constitute the threshold for statistical
significance.

2.16 | Materials

Angiotensin II was supplied by BACHEM (Cat# H-1705.0100).Pioglitazone was supplied by MCE (Cat#
U72107). PDTC was supplied by Macklin (Cat# A800469). Buprenorphine was supplied by Sigma-Aldrich
(Cat# BP1062). CsA was supplied by MCE (Cat# HY-B0579).

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHAR-
MACOLOGY (RRID:SCR 013077 ) (Harding et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20 (Alexander et al., 2019).

3 | Results

3.1 | Ιναςτιvατιον οφ ΣΕΡ῝Α2 ῝674 συππρεσσες ΠΠΑΡγ βψ αςτιvατιον οφ

ςαλςινευριν/ΝΦΑΤ/ΝΦ-κΒ πατηωαψς

Our previous study indicates that the inactivation of C674 by causing the accumulation of intracellular
Ca2+ to activate calcineurin-mediated NFAT/NF-κB pathways, resulted in SMC phenotypic modulation
to accelerate aortic aneurysm. In order to study the mechanism, we first performed RNA sequencing.
Bioinformatics analysis showed that inactivation of C674 had a wide range of effects on gene expression, and
a variety of signaling pathways were affected, among which PPAR signaling pathway was the most closely
related to the SMC phenotypic modulation (Figure 1A). PPAR belongs to the nuclear receptor superfamily,
including PPARα, PPARβ and PPARγ. FPKM values showed that inactivation of C674 had no effect on
ΠΠΑΡα (WT: 1.49 ± 0.28; SKI: 1.06 ± 0.11) and ΠΠΑΡβ (WT: 25.13 ± 2.22; SKI: 29.74 ± 2.93), but
decreased PPARγ2 (WT: 5.65 ± 0.68; SKI: 2.44 ± 0.21). The down-regulation of PPARγ2 was further
confirmed at both mRNA level by real-time quantitative PCR (Figure 1B) and protein level by Western blot
(Figure 1C) in aorta of SKI mice.

Activation of calcineurin or NF-κB inhibited the expression of PPARγ in adipocytes (Liu et al., 2007) and
pulmonary artery SMCs (Xie et al., 2017). To explore whether C674 inactivation regulates the transcription
of PPARγ2 by affecting its promoter activity, we constructed a mouse PPARγ2 promoter from -630 to +45 bp,
containing NFAT/NF-κB binding sites. Compared with WT SMCs, the activity of PPARγ2 promoter in SKI
SMCs was down-regulated (Figure 1D), which could be reversed by either calcineurin inhibitor CsA or NF-κB
inhibitor PDTC (Figure 1E). Correspondingly, compared with WT SMCs, the protein expression of PPARγ
was down-regulated in SKI SMCs, which could be reversed by either CsA (Figure 1F) or PDTC (Figure 2A),
suggesting that PPARγ might be the downstream target of calcineurin/NFAT/NF-κB pathways. We have
reported that inactivation of C674 decreased the expression of MYOCD, increased the expression of OPN,
MMP2, Col I, Col III, phosphorylated p65NF-κB, VCAM1, and ICAM1, accelerated SMC proliferation,
migration and macrophage adhesion to SMCs, and all these characters could be reversed by CsA (Que et
al., 2020). CsA inhibits the nuclear translocation of NFAT4 and NF-κB in SKI SMCs (Que et al., 2020).
Here we showed that NF-κB inhibitor PDTC had similar effect to CsA in SKI SMCs (Figure 2), further
supporting that the activation of NF-κB pathway caused by inactivation of C674 promoted SMC phenotypic
modulation. These results indicate that inactivation of C674 promotes the binding of NFAT/NF-κB to
PPARγ2 promoter by increasing the nuclear translocation of NFAT/NF-κB, thus negatively regulating the
transcription of PPARγ2, resulting in the decrease of PPARγ protein expression.

3.2 | Τηε δοων-ρεγυλατεδ ΠΠΑΡγ2αςςουντς φορ τηε πηενοτψπις μοδυλατιον οφ ΣΚΙ
ΣΜ῝ς

ΠΠΑΡγ prevents the dedifferentiation of SMCs, restricts SMC proliferation, migration and the activation
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of inflammatory pathway (Abe et al., 2003; Hamblin et al., 2009). The two isoforms of PPARγ, PPARγ1
and PPARγ2, differ at their N terminal. The protective effect of PPARγ1 on the phenotypic modulation of
SMCs was studied (Halabi et al., 2008; Hu et al., 2008; Meredith et al., 2009). However, the role of PPARγ2
in the regulation of SMC phenotype is still unclear. Although PPARγ2 has 30 more amino acids than
PPARγ1, it has similar DNA binding area and ligand binding region to PPARγ1 (Werman et al., 1997). In
SKI SMCs, overexpression of PPARγ2 increased the expression of MYOCD and decreased the expression of
OPN, MMP2, Col I, Col III, phosphorylated p65NF-κB, VCAM1 and ICAM1 (Figure 3A), and inhibited cell
proliferation, migration, and macrophage adhesion to SMCs (Figure 3B-D). This provides direct evidence
that PPARγ2 inhibits the phenotypic modulation of SMCs, and indicates that the decrease of PPARγ2 is
accountable for the phenotypic modulation of SKI SMCs.

3.3 | Αςτιvατιον οφ ΠΠΑΡγ πρεvεντς ΣΜ῝ πηενοτψπις μοδυλατιον ανδ ρεπρεσσες τηε
αςτιvιτιες οφ ΝΦΑΤ/ΝΦ-κΒ ιν ΣΚΙ ΣΜ῝ς

Next, we used PPARγ activator pioglitazone to compensate for the down-regulation of PPARγ expression in
SKI SMCs. Activation of PPARγ by pioglitazone in SKI SMCs, similar to the overexpression of PPARγ2,
also increased the expression of MYOCD and decreased the expression of OPN, MMP2, Col I, Col III,
phosphorylated p65NF-κB, VCAM1 and ICAM1 (Figure 4A), and inhibited cell proliferation, migration,
and macrophage adhesion to SMCs (Figure 4B-D), which further confirmed the contribution of the down-
regulated PPARγ in promoting the phenotypic modulation of SKI SMCs.

Though PPARγ could be a downstream target of calcineurin/NFAT/NF-κB signaling pathways, in return it
could also interfere with NFAT and NF-κB to repress their activities (Blanquart et al., 2003). Inactivation
of C674 increases the nuclear translocation of NFAT4 and NF-κB to be active (Que et al., 2020). As shown
in Figure 5, the activation of PPARγ by pioglitazone could inhibit the nuclear translocation of NFAT4
and NF-κB in SKI SMCs, suggesting the mutual negative regulation between NFAT/NF-κB and PPARγ in
SMCs.

3.4 | Αςτιvατιον οφ ΠΠΑΡγ βψ πιογλιταζονε αμελιορατεδ ανγιοτενσιν ΙΙ-ινδυςεδ αορτις
ανευρψσμ ιν ΣΚΙ μιςε

Activation of PPARγ by pioglitazone protected the formation and rupture of experimental aortic aneurysms
in mice (Golledge et al., 2010; Shimada et al., 2015). Next, we used LDLR-/- background mice for angiotensin
II-induced aortic aneurysm analysis, and pioglitazone or solvent control administered 7 days after angiotensin
II infusion (Figure 6A). After 28 days of angiotensin II infusion, there was no difference in body weight,
plasma levels of triglyceride and cholesterol among WT mice treated with solvent control, SKI mice treated
with solvent control, and SKI mice treated with pioglitazone (Table 1).

During 28-day angiotensin II infusion, all WT mice treated with solvent control (11 out of 11) and SKI mice
treated with pioglitazone (11 out of 11) survived, while 7 out of 11 SKI mice treated with solvent control
survived (Figure 6B). As shown in Figure 6C, 8 out of 11 WT mice treated with solvent control developed
aortic aneurysms. In contrast, all SKI mice treated with solvent control (11 out of 11) developed aortic
aneurysms, in which 4 of them had early death due to the aneurysm rupture. Pioglitazone slightly decreased
the incidence of aortic aneurysms in SKI mice (9 out of 11) comparable to WT mice treated with solvent
control. Compared with WT mice treated with solvent control, SKI mice treated with solvent control had
severer aortic aneurysm, of which 4 out of 11 had ruptured aneurysms. Pioglitazone ameliorated aortic
aneurysms in SKI mice with improved composition of aortic aneurysm comparable to WT mice treated with
solvent control (Figure 6D). Accordingly, SKI mice treated with solvent control had a higher grade of elastin
degradation and a slight increase of collagen deposition than WT mice treated with solvent control, and
pioglitazone treatment could reverse the increased elastin degradation and collagen deposition in SKI mice
comparable to WT mice treated with solvent control (Figure 6E&F).

Mice (4 out of 11 SKI mice treated with solvent control) that died of aneurysm rupture and mice without
aneurysm (3 out of 11 WT mice treated with solvent control and 2 out of 11 SKI mice treated with piogli-
tazone) during the 28-day angiotensin II infusion were excluded from aneurysm size analysis. The largest
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aneurysm in each mouse was analyzed. Compared with WT mice treated with solvent control, in SKI mice
treated with solvent control, the diameter of aneurysm, the outer area of aneurysm, and the media area with
aneurysm, all showed a trend of increase, while the lumen area showed a trend of decrease, and all these
characters of SKI mice could be reversed by pioglitazone treatment (Figure 7A). The length and number
of aneurysms were significantly larger in SKI mice treated with solvent control compared with WT mice
treated with solvent control, while pioglitazone treatment reduced the length and number of aneurysms in
SKI mice (Figure 7B&C).

In SKI non-aneurysmal aortas infused with angiotensin II, though pioglitazone had no effect on the protein
expression of PPARγ compared with solvent control, it did increase the expression of MYOCD and decrease
the expression of OPN, MMP2, Col I, Col III, phosphorylated p65NF-κB, VCAM1, and ICAM1 (Figure
8), further supporting the regulation of PPARγ on these aneurysm-related proteins in vivo . These results
indicated that inactivation of C674 by downregulation of PPARγ to promote the phenotypic modulation
of SMCs, thus aggravated angiotensin II-induced aortic aneurysms, and pioglitazone by suppressing these
aneurysm-related proteins to improve aortic aneurysms.

4 | Discussion and conclusion

SERCA2 is the main subtype of SERCA in the vascular system to maintain calcium homeostasis. The C674
in the SERCA2 is evolutionarily conserved. We previously reported that the irreversible oxidation of C674
occurred broadly in mouse and human aortic aneurysms (Que et al., 2020). Using SKI mice to mimic the
persistent oxidative inactivation of C674, we find that inactivation of C674 promotes the development of aortic
aneurysm by inducing SMC phenotypic modulation, which is caused by the accumulation of intracellular
Ca2+ that activates Ca2+-dependent calcineurin to promote the nuclear translocation of NFAT and NF-κB
to be active. In this study, we found that the enhanced activation of NFAT/NF-κB pathways by C674
inactivation suppressed the expression of PPARγ. In SKI mice, activation of PPARγ blocked the activation
of NFAT/NF-κB, inhibited SMC phenotypic modulation, and ameliorated angiotensin II-induced aortic
aneurysms, suggesting that the down-regulation of PPARγ by C674 inactivation is critical to SMC phenotypic
modulation and is responsible for the accelerated aortic aneurysm in SKI mice. Our result indicates that
the redox state of C674 in the SERCA2 is pivotal in maintaining the balance between calcineurin-mediated
NFAT/NF-κB pathways and PPARγ. Inactivation of C674 promotes the development of aortic aneurysm by
inducing SMC phenotypic modulation, which is caused by the imbalance between the enhanced activation
of calcineurin-mediated NFAT/NF-κB pathways and the reduced expression of PPARγ.

PPARγ is a key downstream target of C674 inactivation, which triggers the phenotypic modulation of SMCs
and induces aortic aneurysm. PPARγ has two major isoforms, PPARγ1 and PPARγ2, whose differ at N
terminal. The expression levels of PPARγ1 and PPARγ2 are similar in human SMCs (Limor et al., 2008).
PPARγ prevents the dedifferentiation of SMCs, restricts SMC proliferation, migration and the activation of
inflammatory pathways (Hamblin et al., 2009). In vascular SMCs, dysregulation of PPARγ upregulates pro-
tein expression of inflammatory factors, MMPs and OPN, enhances cell proliferation and migration (Halabi
et al., 2008; Hasan et al., 2015; Meredith et al., 2009). Overexpression of PPARγ1 attenuates atherosclerosis
and stabilizes vulnerable plaques (Hu et al., 2008). Lack of SMC PPARγ1 enhances SMC proliferation
and migration, promotes the vascular remodeling (Halabi et al., 2008; Meredith et al., 2009), confirming
the protective effect of PPARγ1 in SMC phenotypic modulation. Rosiglitazone and pioglitazone, activators
of both PPARγ1 and PPARγ2, are beneficial in experimentally reducing aortic aneurysms (Blanquart et
al., 2003; Chen et al., 2015). The polymorphism of PPARγ2 (Pro12Ala) is associated with a higher risk of
cardiovascular diseases, particularly myocardial infarction (Li et al., 2015). However, it’s not clear whether
PPARγ2 contributes to SMC phenotypic modulation and aortic aneurysm formation. The RNA sequencing
result indicated that PPARγ2 was down-regulated by C674 inactivation. In SKI SMCs, overexpression of
PPARγ2 inhibited the expression of aneurysm-related proteins and restricted SMC phenotypic modulation.
Our data provides a direct evidence of PPARγ2, similar to PPARγ1, in restricting SMC phenotypic modula-
tion. The reduced PPARγ2 is responsible for SKI SMC phenotypic modulation. This highlights the critical
role of PPARγ regulated by the redox state of C674 in maintaining aortic homeostasis.
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NFAT and NF-κB share a number of properties, including similar DNA binding domains and rapid nuclear
translocation to response external stimulus (Serfling et al., 2004). Activation of calcineurin or NF-κB inhibits
the expression of PPARγ in adipocytes (Liu et al., 2007) and pulmonary artery SMCs (Xie et al., 2017).
The regulation of NFAT or NF-κB on PPARγ promoter activity hasn’t been reported in aortic SMCs. Here
we showed that both the activity of PPARγ2 promoter and the protein expression of PPARγ decrease in
SKI SMCs, which are reversed by either calcineurin inhibitor or NF-κB inhibitor, suggesting that PPARγ2
may be a downstream target of calcineurin/NFAT/NF-κB signaling pathways and be negatively regulated,
in contrast to the positive regulation of PPARγ2 promoter activity by NFAT in human adipocytes (Kim et
al., 2010) and hepatoma cells (Yang et al., 2003). This diversity may be due to different species, cell types,
cofactors and other factors, such as various subtypes and concentrations of NFAT.

Though PPARγ could be a downstream target of calcineurin/NFAT/NF-κB signaling pathways, in return
it could also interfere with NFAT and NF-κB (Blanquart et al., 2003). The activated PPARγ physically
associates with NFAT and blocks NFAT DNA binding and transcriptional activity in T lymphocyte (Yang
et al., 2000). In SMCs, PPARγ inhibits NF-κB activity by promoting nuclear export of p65NF-κB, which
is abolished by dominant-negative mutation in PPARγ1 (Mukohda et al., 2017). In SKI SMCs, overex-
pression of PPARγ2 or activation of PPARγ inhibits the expression of phosphorylated p65NF-κB, further
confirmed the mutual negative regulation between PPARγ and NF-κB. Activation of PPARγ could inhibit
the nuclear translocation of NFAT4 and NF-κB in SKI SMCs. Although NFAT/NF-κB and PPARγ can neg-
atively regulate each other, we infer that inactivation of C674 firstly activates intracellular Ca2+-dependent
calcineurin/NFAT/NF-κB pathways to suppress PPARγ due to its fundamental function in controlling the
concentration of intracellular Ca2+. In return, the down-regulated PPARγ further enhances the nuclear
retention of NFAT/NF-κB, thus shifting the balance between NFAT/NF-κB and PPARγ to the continuous
activation of NFAT/NF-κB, consequently promoting SMC phenotypic modulation and aortic aneurysm for-
mation. Overexpression or activation of PPARγ could break this vicious circle and thus protect from SMC
phenotypic modulation and aortic aneurysm.

Angiotensin II is a common reagent for inducing aortic aneurysms in rodents through complex mechanisms,
including activation of calcineurin and NFAT4 in arterial smooth muscle (Nieves-Cintron et al., 2007), acti-
vation of NF-κB (Tsai et al., 2017), and down-regulation of PPARγ (Subramanian et al., 2012). Activation
of PPARγ improves angiotensin II-induced aortic aneurysm (Golledge et al., 2010; Motoki et al., 2015).
We have reported that angiotensin II could induce ROS production and cause the irreversible oxidation of
C674 in aorta (Que et al., 2020). As data not shown, we found that angiotensin II downregulated PPARγ
in SMCs. Our study provided another mechanism for angiotensin II to downregulate PPARγ, that is, to
activate calcineurin/NFAT/NF-κB pathways by causing irreversible oxidization of C674, thereby inhibiting
PPARγ. Inactivation of C674 in SKI mice might have a synergetic effect with angiotensin II to aggravate
aortic aneurysm.

Here, we used a relatively low dose of pioglitazone (15 mg·kg-1*day-1) instead of the most commonly used
dose (50 mg*kg-1*day-1) to activate PPARγin vivo to minimize its effect on metabolism. Pioglitazone is
usually given before the infusion of angiotensin II to prevent the formation of aortic aneurysm (Golledge et
al., 2010). In this study, pioglitazone was used 7 days after angiotensin II infusion to observe the preventive
and therapeutic effects of PPARγ activation on aortic aneurysm. Our results indicate that early treatment
with pioglitazone can completely reverse the deterioration of aortic aneurysm in SKI mice, similar to that in
WT mice, suggesting that PPARγ activator or SERCA2 activator might be used in the treatment of early
aortic aneurysm. CDN1163 is a non-specific SERCA activator (Cornea et al., 2013), and its effect on aortic
aneurysm hasn’t been reported. However, as the structure of CDN1163 shows the potential of cytotoxicity,
there is also a need to develop other chemicals to selectively stimulate SERCA2. At present, we are testing
whether CDN1163 and other potential SERCA activators can reverse the phenotypic modulation of SKI
SMCs for further application in vivo .

In summary, our data provide direct evidence of the redox status of C674 in SERCA2 in maintaining
aortic homeostasis by keeping the balance between NFAT/NF-κB and PPARγ. The irreversible oxidative

11
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inactivation of SERCA2 C674 by increased levels of ROS under aortic aneurysm-prone conditions, such
as hypertension and aging, activates Ca2+-dependent calcineurin-mediated NFAT/NF-κB pathways that
suppresses the expression of PPARγ, which in return causes the sustained activation of NFAT/NF-κB, leads
to the phenotypic modulation of SMCs, results in exacerbated aortic aneurysm. Pharmacological activation
of PPARγ could restore the balance between NFAT/NF-κB and PPARγ to break this vicious circle, thus
protecting against SMC phenotypic modulation and aortic aneurysm caused by the inactivation of SERCA2
C674. PPARγ and SERCA2 may be potential therapeutic targets for aortic aneurysm.
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Figure legends

FIGURE 1 Inactivation of SERCA2 C674 suppresses PPARγ by activation of calcineurin/NFAT/NF-κB
pathways. (a) The main signaling pathways from the Kyoto encyclopedia of genes and genomes pathway
enrichment analysis in duplicate aorta samples of WT and SKI mice in LDLR-/-background. (b) The mRNA
levels of PPARγ2 in aortas of WT and SKI mice in LDLR-/- background. (c) Representative Western blots of
PPARγ from the aorta of WT and SKI mice in LDLR-/- background, and quantification of band intensities in
graph. (d) The mouse PPARγ2 promoter activity in aortic SMCs. (e) Effects of CsA or PDTC on PPARγ2
promoter activity in SKI aortic SMCs. (f) Representative Western blots of PPARγ from aortic SMCs and
the quantification of band intensities in graph. (b)-(f), mean ± SEM, unpaired Student’s t test, *P < .05,
significantly different as indicated, n = 5

FIGURE 2 Activation of NF-κB accounts for the phenotypic modulation of SKI aortic SMCs. (a) Repre-
sentative Western blots from SKI aortic SMCs treated with PDTC and quantification of band intensities in
graph. Mean ± SEM, unpaired Student’s t test, *P< .05, significantly different as indicated, n = 5. (b) Cell
proliferation. (c) Cell migration. (d) Macrophage adhesion to aortic SMCs. (b)-(d), mean ± SEM, unpaired
Student’s t test, *P < .05, significantly different as indicated,n = 6

FIGURE 3 The down-regulated PPARγ2 accounts for the phenotypic modulation of SKI SMCs. (a)
Representative Western blots from SKI aortic SMCs transfected with PPARγ2 plasmids and quantification
of band intensities in graph. Mean ± SEM, unpaired Student’s t test, *P < .05, significantly different as
indicated,n = 5. (b) Cell proliferation. (c) Cell migration. (d) Macrophage adhesion to aortic SMCs. (b)-(d),
mean ± SEM, unpaired Student’st test, *P < .05, significantly different as indicated, n = 6

12



P
os

te
d

on
A

u
th

or
ea

28
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

86
33

75
.5

50
73

75
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

FIGURE 4 Activation of PPARγ by pioglitazone prevents the phenotypic modulation of SKI SMCs. (a)
Representative Western blots from SKI aortic SMCs treated with pioglitazone and quantification of band
intensities in graph. Ctrl, solvent control; PIOG, pioglitazone. Mean ± SEM, unpaired Student’s t test, *P
< .05, significantly different as indicated, n = 5. (b) Cell proliferation. (c) Cell migration. (d) Macrophage
adhesion to aortic SMCs. (b)-(d), mean ± SEM, unpaired Student’s t test, *P< .05, significantly different
as indicated, n = 6

FIGURE 5 Activation of PPARγ represses the activation of NFAT/NF-κB in SKI aortic SMCs. Rep-
resentative Western blots of NFAT4 and p65NF-κB from SKI aortic SMCs treated with pioglitazone and
quantification of band intensities in graph. Histone H3 is the load control of nuclear protein and GAPDH
is the load control of total protein. Ctrl, solvent control; PIOG, pioglitazone. Mean ± SEM, unpaired
Student’s t test, *P < .05, significantly different as indicated, n = 5

FIGURE 6 Activation of PPARγ ameliorates angiotensin II-induced aortic aneurysm in SKI mice. (a)
The flow chart of animal procedure in LDLR-/- background mice. (b) Survival rate. SKI mice treated
with solvent control (SKI/Ctrl) vs. WT mice treated with solvent control (WT/Ctrl) or SKI mice treated
with pioglitazone (SKI/PIOG), *P < .05, Kaplan-Meier analysis and comparisons are performed using the
log-rank test. (c) Incidence. (d) Representative photographs of aortic aneurysms and the summary of their
composition in graph. A red arrow indicates the location of the aneurysm. Ruptured aneurysm, SKI/Ctrl
vs. WT/Ctrl or SKI/PIOG, *P < .05, Chi-square test. (b)-(d), n = 11. (e) Representative photographs
of elastin degradation and the percentage of different grades of elastin degradation summarized in graph.
Grade IV, SKI/Ctrl vs. WT/Ctrl or SKI/PIOG, *P < .05, Chi-square test. (f) Representative photographs
of collagen deposition and its score summary in graph. (e)-(f), scale = 500 μm. Mean ± SEM, WT/Ctrl, n
= 8; SKI/Ctrl,n = 7; SKI/PIOG, n = 9

FIGURE 7 Activation of PPARγ decreased the size and number of angiotensin II-induced aortic aneurysm
in SKI mice. (a) Representative photographs of HE staining of aortic aneurysms and the diameter and area
of aneurysm summarized in graph. Scale = 500 μm. (b) The length of aneurysm. (c) The average number
of aortic aneurysms in each group. Mean ± SEM, One-way ANOVA, *P < .05, significantly different as
indicated, WT/Ctrl, n = 8; SKI/Ctrl, n = 7; SKI/PIOG,n = 9

FIGURE 8 Pioglitazone therapy inhibited the expression of aneurysm related proteins in angiotensin II-
infused SKI aorta. (a) Representative Western blots from the aorta of SKI mice in LDLR-/- background
infused with angiotensin II, and quantification of band intensities in graph. Ang II, angiotensin II; Ctrl,
solvent control; PIOG, pioglitazone. Mean +- SEM, unpaired Student’s t test, *P < .05, significantly
different as indicated, n = 5
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