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Abstract

Background and Purpose: Mitochondrial dysfunction and inflammation contribute to
a myriad of cardiovascular diseases. Deleterious crosstalk of mitochondria and persis-
tent endoplasmic reticulum (ER) stress triggers oxidative stress, which is involved in
the development of vascular diseases. This study determined if inhibition of mito-
chondrial stress reduces aneurysm development in angiotensin Il (Ang Il)-infused
apolipoprotein-E-deficient (ApoE~/~) mice and its effect on ER stress.

Experimental Approach: The mitochondria-targeted tetrapeptide, Szeto-Schiller
31 (SS31), ameliorated mitochondrial dysfunction and the enhanced expression of ER
stress markers triggered by Angll in ApoE /" mice, and limited plasmatic and
vascular reactive oxygen species (ROS) levels. Interestingly, SS31 improved survival,
reduced the incidence and severity of abdominal aortic aneurysm (AAA), and the
Ang llI-induced increase in aortic diameter as evaluated by ultrasonography, resem-
bling the response triggered by the classic ER stress inhibitors tauroursodeoxycholic
acid (TUDCA) and 4-phenylbutyrate (PBA).

Key Results: Disorganization of the extracellular matrix, increased expression of
metalloproteinases and pro-inflammatory markers and infiltration of immune cells
induced by Ang Il in the abdominal aorta were effectively reduced by SS31 and ER
inhibitors. Further, C/EBP homologous protein (CHOP) deficiency in ApoE /'~
mice attenuated Ang Ill-mediated increase in vascular diameter and incidence of AAA,
suggesting its contribution to the favourable response induced by ER stress

inhibition.

Abbreviations: AAA, abdominal aortic aneurysm; Ang Il, angiotensin Il; ATFé, activating transcription factor 6; CHOP, C/EBP homologous protein; IRE1, inositol-requiring enzyme 1; LAMP-2,

lysosome-associated membrane protein 2; MMP, metalloproteinase; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; SS31, Szeto-Schiller 31; UPR, unfolding protein response.
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1 | INTRODUCTION

Abdominal aortic aneurysm (AAA) is an age-related and commonly
asymptomatic degenerative disorder, with high morbidity and mortal-
ity (Nordon et al., 2011; Weintraub, 2009). The prevalence of AAA is
4%-8% in the male population aged over 65 years, whereas the prev-
alence is three to five times lower in women. Aneurysm rupture is the
most severe consequence of this disease, being a worldwide leading
cause of death (GBD, 2015; Kuivaniemi et al., 2015). Unfortunately,
there are no pharmacological tools able to halt the expansion of AAA.
In fact, currently, the management of AAA relies exclusively on surgi-
cal repair by open surgery, or endovascular repair of those aneurysms
with elevated risk of rupture, where aneurysm diameter is the princi-
pal surrogate marker for disease progression (Klink et al., 2011; Ulug
et al.,, 2020).

The implementation of ultrasound screening programmes has
allowed an early diagnosis of this disease (Golledge, 2019; Kuivaniemi
et al.,, 2015), supporting the need for pharmacological interventions to
slow AAA expansion and/or reduce aneurysm rupture. However, none
of the pharmacological strategies evaluated to date have conclusively
demonstrated any clinical benefit (Baxter et al., 2020; Emeto
et al, 2014; Samson, 2012). Therefore, major clinical challenges
include the development of rational pharmacological therapeutic
approaches to effectively limit AAA progression and rupture. To
achieve these objectives, it is essential to delve into the pathogenesis
of AAA, which is characterized by degradation of the extracellular
matrix (ECM), chronic inflammation, oxidative stress, and vascular
smooth muscle cell (VSMC) apoptosis (Potteaux & Tedgui, 2015;
Shimizu et al., 2006). Besides the main risk factors (such as ageing,
male sex and smoking history), hypertension also is a major public
health problem associated with the presence of AAA (Torres-Fonseca
et al., 2019). Patients with AAA show an enhanced risk of cardiovas-
cular mortality, including that triggered by cardiac disorders closely
linked with hypertension (Bath et al.,, 2015; Forsdahl et al., 2010;
Freiberg et al., 2008).

Processes critically involved in the pathogenesis of AAA (including
inflammation, hypoxia and an exacerbated generation of reactive oxy-
gen species (ROS)), perturb mitochondria functionality and endoplas-
mic reticulum (ER) homeostasis (Navas-Madrofal et al., 2019; Qin
et al.,, 2017; Tabas & Ron, 2011; Timmins et al., 2009). Mitochondrial
dysfunction and ER stress are closely related, and their deleterious

crosstalk promotes mitochondrial ROS generation and apoptosis
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Conclusions and Implications: Our data demonstrate that inhibition of mitochondrial
stress by SS31 limits AAA formation and increases survival through a reduction of
vascular remodelling, inflammation and ROS, and support that attenuation of ER

stress contributes to the favourable response elicited by SS31.

ageing, antioxidants, hypertension, in vivo, inflammation, small molecules, translational
pharmacology, vascular pharmacology

What is already known

e Abdominal aortic aneurysm is a disease for which there is
no effective pharmacological treatment.

e Mitochondrial and endoplasmic reticulum stress are
induced in cardiovascular diseases like AAA and cardiac

hypertrophy.

What does this study add

o Inhibition of either mitochondrial stress or ER stress
prevents AAA formation, by reducing cardiovascular
remodelling.

e The mitochondria-targeted peptide, SS31, as well as
CHOP deficiency reduces aortic remodelling underlying
AAA formation.

What is the clinical significance

e Targeting mitochondrial or ER stress by different
approaches prevents the AAA formation and cardiovas-
cular remodelling.

e Targeting mitochondrial and ER stress are valuable thera-
peutic approaches for managing aortic aneurysm.

(Giorgi et al., 2009; Malhotra & Kaufman, 2007). Indeed, we have pre-
viously demonstrated that mitochondrial function is disturbed in cases
of human AAA and that mitochondrial dysfunction is connected to ER
stress in patients with this disease (Hetz et al., 2020). Chronic ER
stress activation leads to mitochondria-dependent apoptosis through
the protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK)
and activation of transcription factor 6 (ATFé) pathways of the
unfolding protein response (UPR), by promoting the expression of the
pro-apoptotic factor C/EBP homologous protein (CHOP; or DDIT3)
and through the inositol-requiring enzyme 1 (IRE1)-UPR pathway
(Hetz et al., 2020; Tabas & Ron, 2011; Timmins et al., 2009).
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Targeting mitochondrial dysfunction by the mitochondria-
targeted tetrapeptide p-Arg-2',6’-dimethyltyrosine-Lys-Phe-NH,, also
known as Szeto-Schiller 31 (SS31), has demonstrated its potential
benefit in vascular disorders such as ischaemia-reperfusion injury,
atherosclerosis, pulmonary arterial hypertension or sepsis-induced
vascular leakage (Cai et al, 2018; Lu et al., 2016; M. Zhang
et al., 2017; J. Zhang, Wang, et al., 2021). The tetrapeptide SS31
improves electron transport, reduces the production of toxic ROS,
and inhibits cytochrome c release (Szeto, 2008; Zhao et al., 2004).
However, whether targeting mitochondrial oxidative stress with SS31
could be a useful strategy for the treatment of AAA and if this pep-
tide could circumvent the failure of other antioxidant approaches
found in clinical trials have not been previously addressed. Here, we
show that targeting mitochondrial dysfunction impacts on ER stress,
thereby influencing AAA formation and hypertensive cardiac

hypertrophy.

2 | METHODS

2.1 | Animal handling

Animal studies are reported in compliance with the ARRIVE guide-
lines (Percie du Sert et al., 2020) and with the recommendations
made by the British Journal of Pharmacology (Lilley et al., 2020). Ani-
mals were bred in the Animal Experimentation Unit (Institut de
Recerca de I'Hospital de la Santa Creu i Sant Pau, Barcelona, Spain) in
a controlled, specific pathogen-free environment under standard
light-dark cycle (12-h light/dark cycle) and temperature (21 + 1°C)
conditions, and were fed ad libitum with a standard commercial diet
(Harlan Iberica SL, Barcelona, Spain). Animal handling and disposal
were performed in accordance with the principles and guidelines
established by the Spanish Policy for Animal Protection RD53/2013,
which meets the European Union Directive 2010/63/UE on the
protection of animals used for experimental and other scientific
purposes. All procedures were reviewed and approved by the local
ethical committee as stated in Law 5/1995, 21 June, passed by the
Generalitat de Catalunya.

The apolipoprotein-E-deficient (ApoE~'~) mouse infused with
angiotensin Il (Ang Il) was used as a model of AAA, as previously
described (Daugherty et al., 2000; Galan et al., 2016). Eleven-week-
old male and female ApoE~'~ mice (ApoE~'~; B6.129P2-Apoet-
m1Unc/J) were obtained from Charles River UK Ltd (Kent, UK), bred
in the Animal Experimentation Unit and housed in a controlled,
specific pathogen-free environment.

The CHOP-deficient mice (CHOP~’~) were obtained from
Jackson Laboratories (B6.1295(Cg)-Ddit3™>P"/J; USA) and were
bred with C57BL/6J mice in the Animal Experimentation Unit, and
housed in a controlled, specific pathogen-free environment. After nine
crossbreeding generations, CHOP~/~ mice under a C57BL/6J genetic
background were bred with ApoE™'~ mice to generate double knock-
out (KO) mice (ApoE~/~/CHOP~/7).

Ang 1 (1000 ng-kg~?! body weight-min~?; Sigma-Aldrich, St. Louis,
MO, USA) was infused via osmotic minipumps (model 1004, Alzet,
DURECT Corporation, CA, USA) implanted subcutaneously into the
interscapular space of isoflurane-anaesthetized mice for 28 days.
About 50% of males and females were randomly distributed into dif-
ferent experimental groups: untreated Ang llI-infused mice (n = 27);
two groups of Ang ll-infused ApoE~/~mice receiving either the tetra-
peptide SS531 or its inert analogue $520 as a control (3 mg-kg™* body
weight, Caslo peptides, Denmark) and delivered by osmotic minipump
infusion (n = 18 each group); two groups of Ang Il-infused mice that
received an intraperitoneal injection of the classic ER stress inhibitors,
tauroursodeoxycholic acid (TUDCA; 150 mg-kg~! body weight) and
sodium 4-phenylbutyrate (4-PBA; 1gkg™! body weight; Sigma-
Aldrich) (n = 17 each group) 3 days a week; a control group, ApoE '~
mice infused with saline (n = 15). Doses of ER stress inhibitors and
route of administration were chosen according to previous studies
in vivo (Dai et al., 2011; Kassan et al., 2012; Nickel et al., 2015; Qin
et al., 2017). Treatments started the first day of minipump implanta-
tion. In the case of the double KO mice, animals were randomly
assigned to three groups: Ang ll-infused double KO males (n = 13);
Ang ll-infused littermates expressing CHOP (ApoE~'~/CHOP*/*,
n = 16); and control group, double KO males infused with saline
(n=7).

For the implantation of osmotic minipumps, mice were anaesthe-
tized with isoflurane (2%). Anaesthetic depth was confirmed by loss of
blink reflex and/or lack of response to tail pinch. The procedure took
about 10 min per mouse. Recovery after surgical procedures was
carried out using aseptic techniques in a dedicated approved surgical
area. Antibiotics (penicillin 450,000 pg-kg™?, intramuscular) and
analgesics (buprenorphine 0.05 mg-kg™?, subcutaneous) were given
immediately after surgery to prevent infection and discomfort. The
animals were kept warm in a heating pad until awake after surgery,
and observed carefully by the investigators throughout the post-
surgery period. At the end of the experimental procedures, mice were
killed via isoflurane overdose and aortas were harvested immediately,
examined for the presence of an AAA, and appropriately processed
for further studies.

22 |
pressure

Non-invasive measurement of systolic blood

Systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean
arterial pressure (MAP) were non-invasively measured in conscious
mice prior to and following treatment, using the tail-cuff plethysmog-
raphy method (CODA tail-cuff system, Kent Scientific, USA), and the
acquired data were analysed with the software Coda 4. Mice were
trained for tail-cuff measurements over a period of 1 week before
starting with either Ang Il or saline infusion. Blood pressure measure-
ments were performed at the same time (between 9 AM and 11 AM)
to avoid the influence of the circadian cycle. Mean blood pressure

values were taken from 10 consecutive measurements.
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2.3 | Basic measurements of ultrasound recording
for abdominal aortas

Mice were anaesthetized with 1.5% isoflurane inhalation and were
lightly secured in the supine position on a warming platform. After
shaving the praecordium, an abdominal echography was performed
using a Vevo 2100 ultrasound with a 30-MHz transducer applied to
the abdominal wall to record abdominal aorta (VisualSonics, Toronto,
ON, Canada). The maximum aortic diameter was assessed in diastole
in an abdominal segment located just before the bifurcation of the left
renal artery and by the same observer during the whole study period.
Abdominal aortas with external diameters > 1.5 mm were considered
as an aneurysm. All primary measurements were made from images
captured on cine loops of 100 frames at the time of the study, using
the software provided by the echography machine.

The severity of the aneurysm was based on a 4-point grading
scale, previously described in detail (Manning et al., 2002): type 0O, no
aneurysm; type |, dilated lumen in the suprarenal region of the aorta
with no thrombus (blood clot); type Il, remodelled tissue in the
suprarenal region that frequently contained a thrombus; type lll, a
pronounced bulbous form of type Il that contained a thrombus; type

IV, a form in which there are multiple AAAs containing a thrombus.

2.4 | Basic measurements of cardiac function by
echocardiography (M-mode and Doppler)

Anaesthetized mice (2% isoflurane) were subjected to transthoracic
echocardiography, using a Vevo 2100 ultrasound unit with a 30-MHz
transducer (VisualSonics), as described previously (Galan et al., 2017).
Two-dimensional and M-mode images were obtained in paraster-
nal long-axis and short-axis views, respectively. Measurements of the
interventricular septal thickness (IVS), LV internal dimension (LVID),
and thickness of the LV posterior wall (LVPW) and LV anterior wall
(LVAW) at diastole and systole (LVIVSd, LVIDd, LVPWd and LVAW(;
and IVSs, LVIDs, LVPWs and LVAWSs, respectively) were obtained.
Ejection fraction (EF) and fractional shortening (FS) also were deter-
mined. To achieve diastolic function determinations, pulsed Doppler
imaging was obtained from the B mode of the four-chamber view.
The early filling peak velocity |, atrial peak velocity (A), E/A ratio,
mitral valve ejection time (MVET) or the interval between the begin-
ning of the E wave to the O baseline, aortic ejection time or LV ejec-

tion time, and isovolumetric relaxation time (IVRT) were determined.

25 |
tissues

Total mRNA and protein isolation from

After removal of adventitial fat from mouse aortas, the segment of
the abdominal aorta, including the aneurysmal region and the rest of
the abdominal aorta up to the iliac bifurcation was separated, snap-
frozen in liquid nitrogen, and stored at —80°C. Total RNA and protein

isolation from mouse abdominal aortas was performed using the
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TriPure reagent (Roche Diagnostics, Indianapolis, IN, USA) following
the manufacturer's instructions. RNA integrity was determined by
electrophoresis in agarose gels and was quantified by a NanoDrop

1000 Spectrophotometer (Thermo Scientific).

2.6 | Real-time PCR

DNase-I|-treated total RNA (1 ug) was reverse transcribed into cDNA
using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA, USA) with random hexamers. Quantification of mRNA levels
in mouse tissues was performed by real-time PCR using an ABI PRISM
7900HT sequence detection system (Applied Biosystems) and
TagMan fluorescent real-time PCR primers, and the probes provided by
Applied Biosystems or Integrated DNA technologies as follows:
Atf6 (MmO01295319_m1); Atf4 (Mm005105325_g1); Chop (Ddit3;
MmO01135937_g1); heat shock protein 5 (Hspa5; Mm00517691_m1);
inositol-requiring enzyme 1 (Ern1; Mm00470233_m1); X-binding pro-
tein 1 (Xbp1; Mm00457357_m1); spliced X-binding protein 1 (sXbp1;
MmO03464496_m1); Gadd34 (Gadd34; Mm00435119_m1); monocyte
chemotactic protein-1 (Ccl2; Mm00441242_m1); cytochrome c oxidase
subunit Il (Cox3; Mm04225261_g1); dynamin-related protein 1 (Dnm1l,
Mm01342903_m1); BCL2/adenovirus E1B 19-kDa protein-interacting
protein 3  (Bnip3; Mm01275600_g1); interleukin 6  (ll6;
Mm00446191_m1); interleukin-1p (115;Mm00434228_m1);
metalloproteinase 9 (Mmp9; MmPT.58.10100097); metalloproteinase
9 (Mmp2); MmPT.58.9606100); EGF-like module-containing mucin-like
receptor-ike 1 or F4/80 (ADGRE1) (Emrd;
MmPT.56a.11087779); myosin heavy chain b (Myh7;
MmPT.58.17465550.g); and atrial natriuretic peptide (Anp;
MmPT.58.12973594.g). As endogenous controls, glyceraldehyde
3-phosphate dehydrogenase (Gapdh; Mm99999915_g1) and p-actin

(Mm02619580_g1) were used and similar results were obtained by nor-

hormone

malizing to both housekeeping genes. Quantitative RT-PCR was carried
out in an ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems) using the following conditions: 2 min at 50°C, 10 min
at 95°C followed by 40 cycles of 15s at 95°C and 1 min at 60°C.
Relative mRNA levels were determined using the 2722t method.

2.7 | Immunohistochemistry, immunofluorescence
and histology

The immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
et al, 2018). Abdominal aorta segments were fixed in 4% paraf-
ormaldehyde/0.1 M of phosphate-buffered saline (PBS; pH 7.4) for
24 h and embedded in paraffin. The site of sampling was located in
the middle of the suprarenal abdominal aorta where AAA develops.
Aortic sections (5 um) were deparaffinized in xylene, rehydrated in
graded ethanol and treated with 0.3% hydrogen peroxide for 30 min
to block peroxidase activity. Then, samples were blocked with 10% of
normal serum and incubated with antibodies against LAMP-2/MAC3
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(1:250; Santa Cruz Biotechnology Inc., Europe, Cat# sc-19991, RRID:
AB_626855) and CD3 (1:100; Agilent Technologies Co., Hamburg,
Germany, Cat# A0452, RRID:AB_2335677). After washing, samples
were incubated for 1 h with a biotinylated secondary antibody
(Vector Laboratories, Peterborough, UK). After rinsing three times in
PBS, standard Vectastain avidin-biotin peroxidase complex (ABC;
Vector Laboratories) was applied, and the slides were incubated for
30 min. Colour was developed using 3,3 -diaminobenzidine (DAB)
and sections were counterstained with haematoxylin before dehydra-
tion, clearing and mounting. Negative controls, in which the primary
antibody was omitted, were included to test for non-specific binding.
Immunofluorescence was performed by incubating the sections with
anti-DNA/RNA damage mouse monoclonal antibody (1:100; Abcam
Cat# ab62623, RRID:AB_940049) to detect 8-oxo-dG (8-oxo-7,-
8-dihydro-2'-deoxyguanosine) at 4°C overnight after antigen retrieval,
permeabilization with PBS-0.3% Triton X-100 and blocking with PBS
containing 5% albumin and 5% fetal bovine serum (FBS) for 1 h at
room temperature. A secondary antibody (goat anti-mouse IgG conju-
gated to Alexa Fluor 488, Molecular Probes, Life Technologies) was
then applied for 1 h at 20-22°C. Finally, the slides were mounted with
ProLong Gold antifade reagent and 4/,6-diamidino-2-phenylindole
(DAPI) (Molecular Probes, Life Technologies, Eugene, OR, USA). For
negative controls, the primary antibody was omitted. Imaging of epi-
fluorescent staining was performed using a Leica DM6000B micro-
scope, and images were analysed using ImageJ (NIH). Results were
quantified as positive cell numbers per area in independent sections
of abdominal aortas.

The histological characterization of aortic samples was performed
by Masson's trichrome and sirius red staining. Furthermore, to visual-
ize elastic fibre integrity, arterial sections were stained with orcein
using a commercial kit (Casa Alvarez, Madrid, Spain). The number of

ruptures per aortic section was quantified by a blinded operator.

2.8 | Determination of the lipid profile in plasma
The lipid profile was determined enzymatically using commercial kits
adapted to a COBAS c¢501 autoanalyser (Roche Diagnostics, Basel,
Switzerland). The lipid profile included total cholesterol (TC) and tri-
glycerides (TGs) (Roche Diagnostics). TG determinations were cor-
rected for the free glycerol present in plasma (cat#F6428-40ML;
Sigma-Aldrich). High-density lipoprotein cholesterol (HDL-C) was
measured in apolipoprotein (Apo)B-depleted plasma, obtained after
precipitation with phosphotungstic acid and magnesium ions (Roche
Diagnostics). Non-HDL cholesterol was calculated as the difference
between TC and HDL-C.

2.9 | ROS quantification in plasma

2-Hydroxyethidium (2-EOH) was determined in plasma by high-
performance liquid chromatography (HPLC) with fluorescence detec-
tion, as described by Laurindo et al. (2008). Briefly, 25 pl of plasma

was incubated with 0.8 uM of dihydroethidine (DHE; Sigma-Aldrich)
for 1 h in PBS and centrifuged at 10,000 g for 5 min. The supernatant
was injected into the chromatographic system (mobile phase: 65%
water with 0.3% trifluoroacetic acid: 35% acetonitrile; 1 ml-min~?*
flow; column kromasil C18, 5 um, 200 x 4.6 mm, Teknokroma Anali-
tica; 510 nm of excitation; 595 nm of emission). Xanthine/xanthine
oxidase (XO) was used to calibrate the signal of 02 and the calibra-
tion curve was constructed by comparing the production of 2-EOH
and the ratio of XO activity/HE concentration (85-605nU XO-ng
HE™Y). 2-EOH present in the samples was quantified by comparing
with the calibration curve based on the reaction xanthine-XO in the
presence of DHE following the method previously described
(Sanchez-Infantes et al., 2021).

210 | Gelatin zymography

The relative enzymatic activities of MMP9 and MMP2 in murine
abdominal aorta lysates were measured by zymography. Protein
lysates were prepared in radioimmunoprecipitation assay (RIPA)
buffer supplemented with complete protease inhibitor cocktail
(Roche). Proteins (20 pg) were resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) copolymer-
ized with 1 mg-ml~1 of porcine skin type A gelatin (Sigma-Aldrich)
as a substrate for MMP enzymatic activity and run at 4°C for 4-6 h.
After electrophoresis, the gels were rinsed twice for 30 min at room
temperature in 2.5% Triton X-100 (Sigma-Aldrich) and then incu-
bated in substrate buffer (50 mM of Tris-HCI, 10 mM of CaCl,
[Merck], 0.02% [w/v] N3Na [Fluka], pH 8) for 18-20 h at 37°C. Gels
were dyed with one tablet of PhastGel™Blue R (GE Healthcare) in
10% acetic acid. Areas of gelatinolytic activity appeared as clear
bands on a blue background where the protease has digested the
substrate. Gels were finally scanned with a GS-800 calibrated imag-
ing densitometer (Bio-Rad) and quantitative densitometric analysis
of digested bands was performed using Quantity-One software
(Bio-Rad).

211 | Western blot (WB)

Abdominal aorta lysates obtained following TriPure reagent protocol
were homogenized using a Tissue Ruptor Il (Qiagen) in a RIPA buffer
(150 mM of NaCl, 1% [v/v] Triton X-100, 0.5% 113 [w/v] sodium
deoxycholate, 0.1% [w/v] SDS, 2 mM of ethylenediaminetetraacetic
acid [EDTA], 50 mM Tris-HCI, pH 8) following a standard protocol.
Total proteins were quantified using Pierce™ Bicinchoninic Acid (BCA)
Protein Assay Kit (Thermo Fisher). For WB assays, the protein extracts
were boiled for 5 min in Laemmli buffer 1X (125 mM of Tris-HCl, 2%
SDS, 5% glycerol, 0.003% bromophenol blue and 1% p-mercaptoetha-
nol) as a previous step to electrophoresis resolution under reducing
conditions on an SDS-PAGE (gels of 10% acrylamide:bis-acrylamide
37.5:1) in parallel with a molecular weight marker and transferred to

polyvinylidene fluoride (PVDF) membranes (Immobilon-P, 0.45 uM of
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pore; Millipore). After blocking 5% nonfat dry milk, the membrane was
incubated overnight at 4°C with antibodies directed against ATFé
(NBP1-40256, RRID:AB_2058774) and XBP1 (NBP1-77681, RRID:
AB_11010815) which were purchased from Novus Biologicals (Bio-
Techne LD-R&D Systems Europe Ltd, Abingdon, UK), whereas the
antibody against ATF4 (ab216839) was purchased from Abcam
(Netherlands). The next day, the membranes were washed and were
incubated (1 h at room temperature) with appropriate horseradish
peroxidase-conjugated secondary antibodies (Dako Products, Agilent,
Santa Clara, CA, USA). The Luminata TM Western HRP Substrate
(Immobilon, Merck-Millipore) was used to detect bound antibodies.
The size of detected proteins was estimated using protein molecular-
mass standards. GAPDH (EMD Milipore Corp, USA, Cat# MAB374,
RRID:AB_2107445) was used as a loading control.

2.12 | Statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2022). GraphPad Prism 4.0 software
(GraphPad, USA) was used for statistical analysis. Data were
expressed as mean + SEM and values of P < 0.05 were considered sig-
nificant. When data fitted a normal distribution, differences among
groups were assessed using one-way analysis of variance (ANOVA),
with Bonferroni's test or Tukey's post hoc test for multiple compari-
sons. When normality failed, the Kruskal-Wallis test was applied for
multiple comparisons. Differences in the trends for mortality between
groups were determined using the Kaplan-Meier test, and differences
in the percentage of incidence of AAA were analysed by the chi
square test (x?).

2.13 | Materials

Details of materials and suppliers are provided in specific subsections
of Methods.

214 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Fabbro, et al., 2021; Alexander, Kelly,
et al., 2021).

3 | RESULTS

3.1 | The mitochondria-targeted peptide SS31
reduces abdominal aorta aneurysm formation through
a decrease in vascular remodelling and inflammation

We have previously demonstrated that mitochondrial dysfunction is a
feature of human AAA (Navas-Madronal et al., 2019). Because mito-
chondrial dysfunction and ROS generation are tightly linked with ER
stress, we assessed whether SS31 influences AAA formation and if
this peptide modulates ER stress in the Ang ll-infused ApoE /'~
mouse.

The percentage of Ang ll-infused ApoE~/~ mice that survived
over the course of the study was around 77%, with deaths occurring
after the third day post-infusion. The administration of SS31 signifi-
cantly increased the survival rate in Ang ll-infused ApoE~’~ mice,
from 77% to 95%, whereas SS20, a structurally related tetrapeptide
without antioxidant properties, had no effect on survival rate
(Figure 1a). To follow-up AAA progression during the in vivo study,
aortic diameter was monitored by ultrasonography at O, 3, 7, 14 and
28 days after Ang Il infusion (Figure 1b). Interestingly, SS31 attenu-
ated the increase in aortic diameter in response to Ang Il infusion
from the first week of treatment until Day 28 and remained signifi-
cantly different compared with untreated Ang ll-infused ApoE ™'~
mice from Day 7, in contrast to $S20-treated animals (Figure 1b-d).
Accordingly, the incidence of AAA was greatly reduced in Ang ll-
challenged mice treated with SS31, unlike SS20 (Figure 1e). Further-
more, only SS31 reduced the percentage of animals affected by the

FIGURE 1

Mitochondrial stress inhibition with S$31 reduces aortic diameter in Ang ll-infused ApoE~/~ mice. ApoE ™/ “mice were infused

with either saline (n = 15) or Ang Il (n = 27) and treated with SS31 (n = 18) or SS20 (n = 18). (a) Graph showing the survival rates of each group
of animals (n = 15-27). Data are expressed as mean + SEM. P < 0.05: * versus saline at 28 days; $ versus SS20 + Ang Il or Ang |l at 28 days
(Kaplan-Meier analysis). (b) Time-course analysis of abdominal aortic diameters (mm) evaluated by ultrasonography at 0, 3, 7, 14, 21 and 28 days
of Ang Il infusion in each experimental group (n = 15-22). Data are expressed as mean = SEM. P < 0.05: * versus saline at 28 days; $ versus
SS520 + Ang Il at 28 days and # versus Ang Il (two-way ANOVA with post hoc Bonferroni's test). (c) Maximal suprarenal abdominal aortic
diameter (in mm) measured from transverse ultrasound images at Day 28 post-infusion (n = 15-22). Data are expressed as mean + SEM.

*P < 0.05 versus saline; *P < 0.05 versus Ang Il (one-way ANOVA with post hoc Bonferroni's test); *P < 0.05 versus $520. (d) Representative
images of fixed aortas from males of the different groups. (e) Histogram representing the incidence of abdominal aortic aneurysm (AAA) in

percentage (x? test). P < 0.05: * versus saline; $ versus Ang Il or SS20 + Ang Il (f) Representative aortic sections stained with Masson's trichrome
(scale bars: 200 um). (g) Orcein staining showing the elastic fibres morphology (scale bars: 100 um). Arrows indicate elastic fibre ruptures, and the
histogram shows the quantification of the number of ruptures of elastic fibres (below). Results are expressed as mean + SEM from n = 5.

P < 0.05: * versus saline; # versus Ang II; $ versus S520 (one-way ANOVA with Tukey's multiple comparisons test). (h, i) Mmp2 and Mmp? mRNA
levels analysed by real-time PCR and normalized to Gapdh. Results are expressed as mean + SEM from n = 10-14. P < 0.05: * versus saline; #
versus Ang Il; $ versus SS20 (one-way ANOVA with Tukey's multiple comparisons test).
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TABLE 1 Blood pressure values at
Day 28 of Ang Il infusion.

FIGURE 2 Immune cell infiltration is
reduced by the administration of SS31
and both endoplasmic reticulum stress
inhibitors in abdominal aorta from Ang II-
infused ApoE~"~mice. ApoE~/~ mice
were infused with either saline or Ang Il
treated or not with SS31, SS520, TUDCA
or PBA. (a, b) Representative images
corresponding to lymphocytes (CD3, left
panels) and macrophages (Mac-3, right
panels) infiltration analysed by
immunohistochemistry. Arrows indicate
positive cells for each marker (n = 5).
Scale bars: 50 um. (c-f) The abdominal
aortic expression of Emr1, l11p, 116 and
Ccl2 was evaluated by real-time PCR and
normalized to Gapdh mRNA levels

(n = 10-15). Values shown are mean

+ SEM. P < 0.05: * versus saline; # versus
Ang Il (one-way ANOVA with post hoc
Bonferroni's test).

Arterial pressure (mmHg)
ApoE~’~ + saline (n = 13)
ApoE~~ + Ang Il (n = 16)
ApoE~/~Ang Il + SS31 (n = 18)
ApoE~/~Ang Il + S520 (n = 16)
ApoE~/~Ang Il + PBA (n = 13)

ApoE~/~Ang Il + TUDCA (n = 14)
ApoE~/~/CHOP™/~ + saline (n = 7)
ApoE~/~/CHOP™/~ + Ang Il (n = 11)
ApoE~/~/CHOP** 4 Angll (n = 7)

Systolic
100.8 + 0.7
136.10 + 1.1*
131.6 £ 3.1*
140.4 + 2.76*
118.5 £ 3.9*#
121.09 + 2.8**
98.82 + 2.8%
122.57 + 3.0**
138.01 + 4.9*
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Diastolic MAP
708+ 1.9 81.6+1.4
103.38 + 3.1* 114.55 £ 2.5*
98.95 + 2.6* 111.1 + 3.0*
105.7 + 3.1* 119.1 + 3.0*
922+ 4.2* 101.9 + 4.6*
94.35 + 4.3* 102.9 + 3.62*
74.55 £ 3.2** 8229 = 2.9%
88.62 £ 2.1** 99.53 + 2.1**
110.01 + 4.8* 118.98 + 4.2*

Note: Blood pressure values are expressed as mean + SEM. The experimental group and the number of
animals are indicated in the left column.
Abbreviations: Ang Il, angiotensin Il; ApoE, apolipoprotein-E; CHOP, C/EBP homologous protein; MAP,
mean arterial pressure; PBA, 4-phenylbutyrate; SS, Szeto-Schiller; TUDCA, tauroursodeoxycholic acid.

*P < 0.05 versus saline.

#P < 0.05 versus Ang Il (one-way ANOVA).
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most severe forms of AAA, whereas Ang ll-infused mice untreated or
treated with S520 developed highly complex aneurysms (Figure S1A).
None of the peptides affected the augment in blood pressure trig-
gered by Ang Il (Table 1).

3.2 | SS31 decreases vascular remodelling, ROS
and inflammation and modulates ER stress in
abdominal aorta

that in ApoE~/~ the
Ang ll-induced compensatory increase in collagen deposition was

Histological analyses showed mice,
attenuated exclusively by SS31 (Figure 1f), which also limited the dis-

organization and rupture of elastic fibres (Figure 1g). In agreement,
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SS31 significantly ameliorated the increased aortic expression of
MMP2 and MMP9 in contrast to SS20

(Figure 1h,i). The massive infiltration of immune cells in the aortic

induced by Angll,

wall is a hallmark of the aneurysmal process (Potteaux &
2015; Shimizu et al., 2006). SS31 reduced the vascular

content of macrophages (MAC3 positive) and T-cells (CD3 positive)

Tedgui,

(Figure 2a,b) and prevented the Ang ll-induced expression of Emr1,
111 and ll6 (Figure 2c-e).

Plasmatic ROS levels were significantly decreased in hyperten-
sive mice receiving SS31 compared with those treated with SS20
Furthermore, SS31, but not SS20, ameliorated the
striking oxidative DNA damage induced by Ang ll, as evidenced by

(Figure 3a).

the reduction in the aortic staining for 8-oxo-dG (Figure 3b). Addi-

tionally, SS31 restored the abnormal expression of the cytochrome

FIGURE 3 Oxidative stress and
expression of mitochondrial dysfunction
and endoplasmic reticulum stress markers
in the abdominal aorta from Ang II-
infused ApoE~/~ mice treated with S531.
ApoE~'~ mice were infused with either
saline (Sal) or Ang Il. Ang Il-infused
ApoE~’~ mice were untreated or treated
with $531 or S§520. (a) Quantification of
ROS plasma levels in either saline or

Ang |l infused mice treated with SS20 or
SS31 (n = 5-8). Results are expressed as
mean + SEM. *P < 0.01 versus saline;

#p < 0.05 versus Ang Il (one-way ANOVA

Ang Il + SS31

4 x with Tukey's multiple comparisons test).
(b) Histogram showing number of positive
cells for 8-oxo-dG (8-OH) immunostaining
Saline —  $S31 SS20 and representative images of
Ang i immunostaining assays performed in
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abdominal aorta sections targeting 8-oxo-
* dG (n = 5-6). Positive stained cells/nuclei
are indicated with arrowheads (bars:
50 um). Results are expressed as mean
+ SEM. *P < 0.01 versus saline; P < 0.05
versus Ang Il (one-way ANOVA with
Tukey's multiple comparisons test). (c-e)
Abdominal aortic expression of mtCo3,
Dnml1 and Bnip3 was evaluated by real-
time PCR (n = 10-15). (f-k) Quantitative
% analysis of the mRNA levels of Hspa5,
Atf4, Atfé, Ern1, Xbp1, sXbp1 and Chop
(n = 10-15). Values, normalized to Gapdh
expression, are shown as mean + SEM.
P < 0.05: * versus saline; # versus Ang |l
(one-way ANOVA with Tukey's multiple
comparisons test/Kruskal-Wallis test).
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c oxidase subunit lll (Cox3), a mitochondrial biogenesis indicator,
and of two mitophagy markers: the dinamin-related protein
1 (Dnmi1l) and the BCL2/adenovirus E1B 19-kDa protein-
interacting protein 3 (Bnip3) that were induced by Ang Il, whereas
SS20 had no effect (Figure 3g-i). More interestingly, SS31
decreased the Angll-induced expression of specific ER stress
markers involved in the Atf4 and Ern1/Xbp1 axis (Figures 3c-f and
S4), although ATF4 protein levels were not significantly normalized
by SS31 (data not shown).

3.3 | ERstress inhibition in Ang Il-infused ApoE '~
mice prevents AAA through an attenuation of vascular
remodelling and inflammation

Similarly to what we previously reported in human AAA
(Navas-Madronfal et al., 2019), the expression of ER stress markers
was increased in the abdominal aorta of Ang ll-infused ApoE~/"mice
as observed in the time-course analysis of Hspa5, Atf4, Atfé, Ern1 and
Chop expression in response to Ang Il infusion (Figure S2). As the ben-
eficial effects of SS31 on aneurysm development are coupled to a
reduction of vascular ER stress, we aimed to determine whether the
attenuation of AAA by ER stress inhibitors resembled that observed in
SS31-treated mice.

Ang ll-infused ApoE~’~ mice were treated with two well-known
ER stress inhibitors: TUDCA and PBA, which differentially modulated
the Ang ll-induced up-regulation of ER stress markers in ApoE ™/~
mice (Figures S3 and S4). TUDCA decreased the expression of these
markers, whereas PBA only effectively attenuated that of the Atfé
and Ern1/Xbp1 axis, in contrast to SS31. Of note, TUDCA prevented
the decrease of the mitochondrial biogenesis marker Cox3, whereas
neither TUDCA nor PBA normalized the altered expression of mito-
phagy markers (Figure S3). The inhibition of ER stress with either PBA
or TUDCA significantly reduced SBP but did not alter biochemical
parameters (Tables 1 and S1).

In agreement with the response induced by SS31, TUDCA
significantly improved the survival rate which rose above 94%, but
PBA only delayed the occurrence of deathly events (Figure 4a). ER
stress inhibitors slowed down the progressive increase of aortic
dilation induced by Angll from the first week of treatment until
Day 28 and remained significantly different compared with
untreated Ang Il-infused ApoE~’~ mice from Day 7 of Ang Il infu-
sion, a temporal profile analogous to that found in SS31-treated
mice (Figure 4b).

At the end of the study, a significant attenuation of aortic
diameter exerted by these drugs was manifest (Figure 4c-e). The
administration of TUDCA and PBA reduced the incidence of AAA to
20% (Figure 4f) and limited the severity of aneurysmal lesions
(Figure S1).

ER stress inhibitors attenuated Ang Il-induced vascular remodel-
ling, improving overall aorta morphology. Likewise, both chemicals
preserved the vessel wall integrity, as did SS31, by reducing the com-

pensatory synthesis and deposition of collagen fibres observed in
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Ang ll-infused ApoE~~mice and by reducing the disruption of elastin
fibres (Figure 5a-c). Accordingly, the induction of MMP9 and MMP2
expression and activity was significantly ameliorated by TUDCA,
whereas PBA only reduced that of MMP9 (Figure 5d-g). Additionally,
both ER stress inhibitors limited the substantial inflammatory infiltra-
tion induced by Ang Il (Figure 2a,b) and attenuated the expression of
Emr1, 115 and 116, whereas Ccl2 expression, which remained unaltered
in SS31- and TUDCA-treated mice, was significantly reduced by PBA
(Figure 2c-f).

3.4 | CHOP deficiency reduces Ang ll-induced
AAA formation in ApoE~/~ mice

Due to the striking increase of Chop expression in aneurysmal aortas
from patients with AAA (Navas-Madronal et al., 2019; Qin
et al., 2017) and Ang ll-infused ApoE~/~ mice (Figure $2) and to fur-
ther explore the mechanisms by which ER stress inhibition
prevented the formation and progression of AAA, we studied
whether or not knockdown of Chop influenced aneurysm formation.
For this purpose, ApoE~~/CHOP™'~ mice and their corresponding
ApoE~/~/CHOP*/* littermates were challenged with either Ang Il or
saline solution for 28 days. The lack of CHOP in ApoE~/~ mice nei-
ther significantly improved the survival rate (2 of 13 Ang ll-infused
ApoE~/~/CHOP~/~ died of aortic rupture vs. 3 of 16 in ApoE~/~/
CHOP*'*) nor delayed the occurrence of fatal events (Figure 6a).
No spontaneous AAA was observed in saline-infused ApoE '~/
CHOP~/~ mice. However, Chop deficiency significantly prevented
the Ang ll-induced abdominal aortic dilation, as shown by ultrasound
monitorization (Figure 6b-d), and reduced the incidence of aneurysm
(to a 36%) in comparison with Ang ll-infused ApoE~’~ mice expres-
sing Chop (86%) (Figure 6e). Despite the improvement in aneurysm
development, the Ang Il-induced expression of inflammatory markers
was maintained in Chop-deficient mice (Figure S5A). Further, after
Ang Il infusion, CHOP-deficient mice exhibited a significant
reduction in blood pressure like that evoked by TUDCA and PBA
(Table 1).

Finally, the up-regulation of ER stress markers by Angll in
AAA was not affected by Chop knockdown, whereas, as expected,
Chop mRNA levels were undetectable in the double KO mice
(Figure S5B).

3.5 | Hypertensive cardiac hypertrophy and
dysfunction were improved by SS31 and ER stress
inhibition

The expression of several ER stress markers such as Hspa5, Atf4 and
Chop was increased in the heart of Ang ll-infused ApoE~""mice
(Figure S6). SS31, PBA and TUDCA limited the exacerbated expres-
sion of Hspa5, Atf4 and Chop in the heart (Figure S6A-D). Hence, we
determined whether SS31 and ER stress inhibitors could impact on

cardiac dysfunction and hypertrophic remodelling induced by Ang Il
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FIGURE 4 The progression of abdominal aortic aneurysm (AAA) is reduced during the time of infusion with Ang Il by the administration of
endoplasmic reticulum stress inhibitors. ApoE ™/~ mice were infused with either saline (Sal) or Ang Il and were treated or not with TUDCA or
PBA. (a) Graph showing the survival rates of each group of animals (n = 15-27). All animals from saline group survived until the end of the
study. P < 0.05: * versus saline at 28 days; # versus Ang Il at 28 days (Kaplan-Meier analysis). (b) Time-course analysis of abdominal aortic
diameters (mm) evaluated by ultrasonography at O, 3, 7, 14, 21 and 28 days of Ang Il infusion in all group of animals (n = 15-22). Data are
expressed as mean + SEM. P < 0.05: * versus saline at 7, 14, 21 and 28 days; # versus Ang Il at 14, 21 and 28 days (two-way ANOVA/
Bonferroni's test). (c) Representative high-frequency ultrasound frames of abdominal aortas from all groups. (d) Transverse (top) images were
taken at the level of the suprarenal aorta and maximal suprarenal abdominal aortic diameter (in mm) measured from transverse ultrasound
images at Day 28 post-infusion (n = 15-22). Data are expressed as mean + SEM. P < 0.05: * versus saline; # versus Ang Il (one-way ANOVA
post hoc Bonferroni's test). (€) Representative images of fixed aortas from males of the four groups. (f) Histogram representing the incidence
of AAA in percentage of mice of each group. P < 0.05: * versus saline; # versus Ang Il (control [saline] animals are the same than those in

Figure 1; x? test).

infusion in ApoE~’~ mice. Interestingly, the compensatory increase in
EF induced by Ang ll-infusion was abolished by either SS31 or
TUDCA. Heart rate, cardiac output and stroke volume were not
altered by Ang Il infusion or pharmacological interventions. In turn,
the Ang ll-induced hypertrophic response was ameliorated by SS31
and TUDCA, which reduced LV mass and thickness (Table 2). These
data suggested that concentric remodelling in response to Ang Il was
partially prevented by SS31 and TUDCA, whereas PBA had no impact

on Ang ll-induced cardiac dysfunction and remodelling. As hypertro-
phic markers, whereas Anp mRNA levels were decreased by SS31 and
TUDCA, those of Myh7 were only attenuated by ER stress inhibition
(Figure S6E,F).

Echocardiographic analysis of ApoE~'~/CHOP~'~ mice revealed
that the lack of Chop prevented the hypertrophic effects of Ang Il
infusion, normalizing systolic function parameters to those found in

saline-infused ApoE~/~/CHOP~/~ mice and significantly reducing
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FIGURE 5 Extracellular matrix disorganization and MMP expression/activity were reduced by endoplasmic reticulum stress inhibitors in the
abdominal aorta from Ang ll-infused ApoE '~ mice. ApoE~/~ mice were infused with either saline or Ang Il. Ang ll-infused ApoE~’~ mice were
untreated or treated with PBA or TUDCA. (a) Representative aortic sections stained with Masson's trichrome captured with 4x objective as
indicated (scale bars: 200 um). (b) Representative aortic sections stained with sirius red (scale bars: 75 um). (c) Orcein staining showing the elastic
fibres morphology (scale bars: 100 um). Arrows indicate elastic fibres ruptures, and histogram shows the quantification of the number of ruptures.
Results are expressed as mean + SEM from n = 5. P < 0.05: * versus saline; # versus Ang Il (Kruskal-Wallis test). (d, €) Mmp9 and Mmp2 mRNA
levels are analysed by real-time PCR and normalized to GAPDH (n = 10-15). Results are shown as the mean + SEM. P < 0.05: * versus saline; #
versus Ang Il (one-way ANOVA post hoc Bonferroni's test). (f, g) Representative gelatin gel zymography to detect MMP zymogens (pro-MMP)
and active forms of MMP9 and MMP2 in protein extracts of murine abdominal aortas from each group. Histograms represent the densitometric
quantification of active forms for both MMPs (n = 8-10). Results are shown as the mean + SEM. P < 0.05: * versus saline; # versus Ang Il (one-
way ANOVA post hoc Bonferroni's test).
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FIGURE 6 The progression of abdominal aortic aneurysm (AAA) was reduced in ApoE~/~/CHOP~/~ mice. ApoE~/~/CHOP~/~ (DKO) males
were infused with saline (n = 7) or Ang Il (n = 13) whereas their Ang ll-infused ApoE~'~/CHOP™/* littermates were infused with Ang Il (n = 16).
(a) Graph showing the survival rates of each experimental group (n = 7-16). All saline-infused animals survived until the end of the study.

*P < 0.05 versus saline at 28 days (Kaplan-Meier analysis). (b) Time-course analysis of abdominal aortic diameters (mm) evaluated by
ultrasonography at 0, 3, 7, 14, 21 and 28 days of either Ang Il or saline infusion (n = 7-13). Data are expressed as mean + SEM. P < 0.05: * versus
DKO saline at 7, 14, 21 and 28 days; # versus ApoE~/~/CHOP*/* + Ang Il at 7, 14, 21 and 28 days (two-way ANOVA/Bonferroni's test).

(c) Representative high-frequency ultrasound frames of abdominal aortas from Ang ll-infused ApoE~'~/CHOP*/* and DKO mice. Images (left)
were taken at the level of the suprarenal aorta. The maximal suprarenal abdominal aortic diameter (in mm) at Day 28 post-infusion, measured
from transverse ultrasound images, is indicated and the quantitative analysis is represented on the right (n = 7-13). Data are expressed as mean
+ SEM. P < 0.05: * versus DKO saline; # versus ApoE*/*/CHOP”+ -+ Ang Il (one-way ANOVA post hoc Bonferroni's test). (d) Representative
images of fixed aortas from DKO and Ang ll-infused ApoE~/~/CHOP*/* males. () Histogram representing the incidence of AAA in percentage.
P < 0.05: * versus DKO saline; # versus ApoE~/~/CHOP*/* + Ang Il (x? test).

LV mass (Table 3). Additionally, the increased E/A ratio found in SS31 or SS20 and in those receiving TUDCA. IVRT and MVET
Ang Il-infused ApoE~~ mice, indicative of an early diastolic dys- values remained unchanged in all the experimental groups

function, was significantly attenuated in mice treated with either (Table S2).
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TABLE 2 Systolic function parameters in all groups of ApoE~’~ mice.
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Parameters Saline (n = 12) Ang Il (n = 16) SS31 (h =17) SS20 (n = 16) TUDCA (nh = 12) PBA (nh = 10)
LVAWd (mm) 0.97 +0.04 1.29 £ 0.03* 1.12+0.15 1.22 £ 0.05 1.15+£0.05 1.32 + 0.06*
LVAWS (mm) 1.37 + 0.06 1.85 £ 0.04* 1.58 + 0.04* 1.76 £ 0.09* 1.71 £ 0.06* 1.85 + 0.07*
IVSd (mm) 1.08 + 0.08 1.23+0.03 1.14 £ 0.05 1.24 +0.03 1.13 +0.04 1.28 + 0.05
IVSs (mm) 1.45 £ 0.08 1.79 + 0.02* 1.57 + 0.05" 1.77 £ 0.06 1.65 + 0.07 1.84 + 0.06*
LVIDd (mm) 3.52+0.11 3.11 +0.10* 3.51 +0.08* 3.3+01 3.28+0.11 2.99 +£0.12*
LVIDs (mm) 242 +£0.12 203+0.11* 2.48 + 0.09% 2.19 £0.13 2.25+0.10 1.84 + 0.12*
LVPWd (mm) 0.88 + 0.04 1.20 + 0.05* 1.13 £ 0.06 1.16 £ 0.05 1.16 £ 0.05 1.24 + 0.06*
LVPWs (mm) 1.30 £ 0.06 1.63 +0.07* 1.55 +0.04 1.55 £ 0.06 1.55 + 0.06* 1.70 + 0.07*
EF (%) 61.42 + 1.05 73.07 £1.93* 61.76 + 1.95* 65.60 + 2.06 64.33 + 2.36* 72.34 + 1.53*
FS (%) 32.83 £ 2.20 40.27 +1.87* 33.40 + 1.35% 34.94 £ 1.67 3529 £ 1.98 41.19 +1.28*
LV mass (mg) 92.27 +3.12 133.09 + 2.49* 114.12 + 3.68** 12221 +£5.13* 117.97 + 4.39** 119.78 + 5.05*
HR (bpm) 396.86 +11.78 393.09 + 10.75 424.00 £ 10.09 424.69 + 6.85 374.43 £ 11.97 397 £ 11.96
Stroke volume 30.83 £ 1.53 29.41 £ 1.50 2891+ 1.62 28.62 £ 1.74 2740 £ 1.95 2440 + 1.90
Cardiac output 12.19 + 0.63 11.30 £ 0.59 11.64 £ 0.73 11.98 +0.73 9.96 £ 0.90 9.43 + 0.85

Note: Results are expressed as mean + SEM.

Abbreviations: Ang Il, angiotensin Il; ApoE, apolipoprotein-E; bpm, beats per minute; EF, ejection fraction; FS, fractional shortening; HR, heart rate;
IVS, interventricular septum; LV, left ventricular; LVAW, LV anterior wall thickness; LVID, LV internal diameter; LVPW, LV posterior wall thickness; PBA,

4-phenylbutyrate; SS, Szeto-Schiller; TUDCA, tauroursodeoxycholic acid.
*P < 0.05 versus saline.
#P < 0.05 versus Ang Il group (one-way ANOVA).

4 | DISCUSSION

AAAs and their rupture significantly contribute to morbidity and mor-
tality in elderly people. Unfortunately, therapeutic strategies in AAA
are restricted to either open or endovascular surgical repair of aneu-
rysms under a high risk of rupture, and there are still no effective
pharmacological drugs that limit AAA progression and rupture.
Despite efforts having been made to improve the outcome of these
patients, surgical repair is related to significant short-term and long-
term morbidity and mortality (Golledge, 2019; Klink et al., 2011; Ulug
et al., 2020). The search for therapies that improve the management
of patients with AAA remains a challenge that requires a deeper
understanding of the mechanisms involved in the onset, growth and
rupture of aortic aneurysms.

Despite the outstanding progress on the pathophysiological role
of mitochondrial oxidative stress and ER stress in cardiovascular
pathologies, the knowledge about their involvement in AAA devel-
opment is incomplete (Dikalova et al., 2010; Guzik et al., 2013;
Usui et al., 2015). Mitochondrial dysfunction and ER stress are
closely associated, and their deleterious crosstalk promotes the
excessive generation of mitochondrial ROS, which are cytotoxic and
induce organ dysfunction and injury. Specifically, mitochondrial
dysfunction is a hallmark of human AAA, as previously reported
(Navas-Madronal et al., 2019); however, its contribution to aneurys-
mal disease is unclear. In agreement with human data, our study
reveals a disturbance of mitochondrial function in the most
common experimental model of this disease, the Ang ll-infused

ApoE~~mice.

Notably, we found that the increase in aortic diameter and high
incidence of AAA triggered by Ang Il in ApoE~’~ mice were strikingly
ameliorated by SS31, which virtually suppressed mortality, in contrast
to SS20, a structurally related mitochondria-targeted peptide without
antioxidant properties (Szeto, 2008; Zhao et al., 2004), used as a con-
trol peptide in our studies. SS31 also preserved elastic fibre integrity
and aortic wall structure, reducing MMP expression and vascular
inflammation. This peptide improved mitochondrial biogenesis and
integrity through the restoration of the expression of mt-CO3 and the
reduction of Dnml1 and Bnip3, which play an important role in the
regulation of mitochondrial division and maintenance of mitochondrial
structures participating in mitochondrial fission and mitophagy to pre-
serve mitochondria quality (Kleele et al., 2021). Interestingly, these
beneficial effects in response to SS31 were associated with a reduc-
tion in both circulating oxidative stress and aortic ROS-dependent
DNA damage, in agreement with the ability of this peptide to attenu-
ate the production of toxic mitochondrial ROS reported in other path-
ological scenarios (Kloner et al., 2015). Because excessive vascular
oxidative stress is a key feature underlying vascular degeneration in
AAA (Emeto et al., 2016), targeting mitochondrial oxidative stress by
SS31 could be particularly useful for the treatment of AAA, as well as
suggested for other vascular disorders (Cai et al, 2018; Lu
et al., 2016; M. Zhang et al., 2017; J. Zhang, Wang, et al., 2021).

It has been previously reported that SS31 reduces mitochondrial
ROS and ER stress in vitro in leukocytes from patients with type 2 dia-
betes mellitus (Escribano-Lépez et al., 2019). Similarly, and beyond its
favourable response on ROS production, SS31 also ameliorated the

enhanced expression of ER markers, mainly those involved in the
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G Biooon
ApoE~/~ Double KO ApoE~/~/CHOP*/*  Double KO TABLE 3 Systolic and diastolic
Parameters Saline (n = 10) Saline (n = 6) Angll(n=9) Angll (n = 11) function parameters in double KO males
in comparison with their ApoE~/~/
LVAWd (mm) 0.95+0.04 0.97 +0.02 1.27 +0.04* 0.99 + 0.07* CHOP*/* littermates in response to Ang
LVAWS (mm) 1.35 + 0.07 1.46 £ 0.06 1.85 +0.05* 1.39 £ 0.07* II.
IVSd (mm) 1.08 + 0.09 0.92 +0.08 1.21 + 0.04 0.88 + 0.03*
IVSs (mm) 1.57 £+ 0.08 144 £0.11 1.76 +£0.04* 1.28 + 0.06"
LVIDd (mm) 3.55+0.11 3.62+0.15 3.22 +0.14* 3.54+0.10
LVIDs (mm) 250+0.11 244 +£0.19 203+0.17* 2.44 +0.13"
LVPWd (mm) 0.88 + 0.04 0.87 + 0.03 1.15 £ 0.09 1.00 £ 0.07
LVPWs (mm) 1.30 + 0.06 1.32 £ 0.09 1.63 +0.09* 1.43 £ 0.07
EF (%) 61.56 + 345 64.04 + 4.19 72.88 £ 2.64* 59.53 + 2.25%*
FS (%) 32.98 +2.40 34.64 + 3.23 39.32+2.61 31.16 + 1.56"
LV mass (mg) 92.11 +3.42 93.29 +5.95 132.24 + 3.35* 102.09 + 6.54%
HR (bpm) 394.08 + 12.85 384.25 + 9.00 393.09 + 14.33 387.25 + 6.30
Stroke volume 30.68 + 1.67 36.22 +4.02 29.41 +1.99 29.92 + 3.23
Cardiac output 11.56 + 0.69 11.65 +2.12 11.30+0.78 11.13+£0.91
AET (ms) 52.69 +1.77 50.99 + 2.35 55.61+3.23 50.50 + 1.79
IVCT (ms) 22.07 +2.58 18.80 + 0.77 19.66 + 1.37 17.52 + 0.58
IVRT (ms) 2356 £1.16 23.38 £ 0.62 23.44 £ 1.87 23.35+0.74
MVA (mm-s~%) 42475 + 32.39 404.12 £+ 36.93 327.49 + 38.21 37243 +17.76
MVE (mm-s~%) 651.45 + 42.23 621.88 + 60.19 619.20 + 40.46 603.69 + 28.06
MVET (ms) 54.45 + 3.42 58.42 +2.03 49.04 £ 3.27 60.08 + 2.86
MV E/A 1.52+0.11 1.54 + 0.10 1.88 £ 0.15* 1.63 + 0.05

Note: Results are expressed as mean + SEM.

Abbreviations: AET, aortic ejection time; Ang Il, angiotensin Il; ApoE, apolipoprotein-E; bpm, beats per
minute; CHOP, C/EBP homologous protein; EF, ejection fraction; FS, fractional shortening; HR, heart
rate; IVCT, isovolumetric contraction time; IVRT, isovolumetric relaxation time; IVS, interventricular
septum; KO, knockout; LV, left ventricular; LVAW, LV anterior wall thickness; LVID, LV internal diameter;
LVPW, LV posterior wall thickness; MVA, mitral valve peak A; MVE, mitral valve peak E; MVET, mitral

valve ejection time.
*P < 0.05 versus saline and double KO + saline.
#P < 0.05 versus ApoE~/~/CHOP™* + Ang Il group (one-way ANOVA).

ERN1-XBP1 branch, thus confirming that the crosstalk between mito-
chondrial dysfunction and ER stress operates in experimental AAA
and suggesting that the attenuation of ER stress could contribute, at
least in a part, to the favourable response elicited by SS31 on AAA. In
fact, our recent studies in a large cohort of AAA patients consistently
demonstrated the induction of ER stress in human disease (Navas-
Madrofal et al., 2019) and, here, we confirmed this relationship in
experimental aneurysm as has been recently corroborated in a proteo-
mic analysis (Morgan et al., 2022).

Previous studies showed that inhibitors of ER stress, such as
TUDCA and PBA, ameliorated aneurysm diameter in Ang ll-infused
ApoE~’~ mice (Ni et al., 2018; Qin et al., 2017). These studies basi-
cally focused on the effect of ER stress inhibition on aneurysm forma-
tion; however, here, we performed an exhaustive analysis of the
impact of ER stress inhibition on disease development, severity and
survival and on critical processes for AAA development such as
inflammation and MMP activation. In the present study, we confirmed
the benefit of these drugs on AAA development under our experimen-

tal conditions, expanded the research to analyse the resemblance with

the response exerted by SS31 and refined our understanding of the
consequences of ER stress inhibition on aneurysmal disease. This
thorough analysis revealed that TUDCA diminished Ang ll-induced
mortality to a similar extent than SS31, whereas PBA only delayed
death episodes. Both SS31 and ER stress inhibition comparably
improved the severity of AAA.

In contrast with SS31 and with previous studies (Ni et al., 2018;
Qin et al., 2017), ER stress inhibitors significantly reduced the Ang II-
mediated increase in SBP by about 10 mmHg, although mice remained
hypertensive. Considering that Ang Il-induced AAA in ApoE~/~ mice
is largely independent of the Angll vasopressor function (Cassis
et al., 2009), it is unlikely that the reduction in blood pressure induced
by ER stress inhibition could underlie the benefit of this intervention
on aneurysm expansion.

The impact of SS31 and ER stress inhibitors on the striking ECM
disorganization induced by Ang Il was also comparable. Moreover, the
increased vascular expression of MMP2 and MMP9 was markedly
attenuated by SS31 and TUDCA, whereas PBA only impacted on
MMP9. To our knowledge, this is the first report addressing the

85US0| 7 SUOWILIOD BA 118810 3ot dde a3 A pauenob ake sspie YO ‘8Sn JO S9nJ oy Akeqi8uluQ 481 UO (SUOIIPUOD-pUe-SWIBIW00 A8 | 1M Akelq U |UO//:SdNy) SUONIPUOD pue swie | 8y 8es *[£202/0T/£0] uo Ariqiaulluo A8|iMm ‘001IpT N/S Uedin /0 oD uent A8y pepseAlun Aq 2209T yda/TTTT 0T/I0p/u0D A8 M Ae.q1puljuosgndsda/:sdny wiouy pepeojumod ‘LT ‘€202 ‘T8ESILYT



NAVAS-MADRONAL €T AL.

consequences of SS31 or ER stress inhibitors on vascular MMP
expression although this peptide abrogates the enhanced MMP9
levels found in a model of cigarette smoke-induced airway inflamma-
tion (Yang et al., 2021).

Likewise, vascular inflammatory infiltration induced by Ang Il was
markedly decreased by SS31 and ER stress inhibition coupled to a sig-
nificant attenuation of the vascular expression of inflammatory
markers. Consistently, it has been reported that SS31 limits systemic
inflammation and macrophage content in atherosclerotic plaques from
high-fat diet-fed ApoE KO mice (M. Zhang et al., 2017). Because the
immune response has emerged as a promising target to limit AAA
(Paige et al., 2019; Rateri et al., 2011), overall, the reduction of vascu-
lar inflammation provided by SS31 could be critically involved in its
beneficial impact on aneurysm development. Likewise, our data show
that, virtually, the inhibition of AAA by SS31 mimics that triggered by
ER stress inhibitors.

Prolonged ER stress results in a dysregulation of the UPR and
apoptosis orchestrated by CHOP. Apoptosis is a key factor that con-
tributes to medial degeneration in AAA (Thompson et al., 1997), as we
and others have reported in humans and animal models (Navas-
Madronial et al., 2019; Ni et al., 2018; Qin et al., 2017). Interestingly,
the expression of CHOP is strikingly increased in aneurysmal samples
and attenuated by both SS31 and TUDCA, in agreement with previ-
ous in vitro data in leukocytes from diabetic patients in which this
peptide restored CHOP mRNA levels (Escribano-Ldpez et al., 2019).
We found that CHOP deletion in Ang ll-infused ApoE ™'~ mice limited
abdominal aortic dilation associated with a reduction in AAA incidence
and severity, as previously reported for CHOP KO mice subjected to
thoracic aortic aneurysm (Jia et al., 2017). However, Chop knockdown
neither improved survival nor vascular inflammation. These data and
that obtained with ER stress inhibitors suggest that, although CHOP
plays a relevant role in AAA, all the UPR branches contribute to this
disorder. Deletion of Chop did not affect the Ang ll-mediated induc-
tion of ER stress markers, probably because Chop is a downstream sig-
nalling effector of the three signalling branches of the UPR. Finally,
Chop knockdown led to a reduction in the Ang Il-mediated increase of
blood pressure, in line with the response induced by ER stress inhibi-
tors, suggesting that a common mechanism could underlie this
behaviour.

Ang Il is also closely associated with the pathogenesis of cardiac
hypertrophy (Frieler & Mortensen, 2015; Kawano et al, 2005;
Kurdi & Booz, 2011). In fact, in ApoE~'~ mice, Ang Il disturbs cardiac
function and induces cardiac hypertrophy. We found that these
abnormalities were accompanied by an induction of hypertrophic and
ER stress markers, as previously reported (Hamid et al., 2011; Li
et al.,, 2019; J. S. Zhang et al., 2016). Additionally, not only the activa-
tion of ER stress but also the impairment of mitochondrial function is
known to contribute to these maladaptive responses (Mervaala
et al., 2010; Prola et al., 2019; Wang et al., 2017). In this context, we
have observed that, in Ang ll-infused ApoE~’~ mice, TUDCA partially
protected from these deleterious effects by reducing cardiac hyper-
trophy in agreement with previous reports (Li et al, 2018; Rani

et al., 2017), whereas a comparable benefit was achieved by SS31.

BRITISH 2245
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Both SS31 and TUDCA significantly ameliorated the up-regulation of
some hypertrophic markers, supporting once more their cardioprotec-
tive effects. Likewise, our data demonstrate that the treatment with
TUDCA, SS31 and even with SS20 improved diastolic function. A pro-
tective effect of SS31 against cardiac ischaemia-reperfusion injury
and doxorubicin-induced cardiotoxicity has been recently reported
(W. Zhang et al., 2019; L. Zhang, Feng, et al., 2021) and the benefit of
SS20 on heart function in response to Ang Il is supported by the liter-
ature (Dai et al., 2013). Our data reinforce the cardioprotective role of
SS31 and sustain its benefit against the deleterious responses exerted
by Ang Il. Of interest, the lack of CHOP greatly protected from myo-
cardial hypertrophic remodelling in response to Ang Il and normalized
systolic function. Because TUDCA and SS31 prevented the cardiac
up-regulation of CHOP induced by Ang Il in hypertrophic hearts, this
effect could account for the favourable response triggered by both
compounds.

It should be highlighted that SS31 and TUDCA exhibit a more
favourable outcome than PBA at both the vascular and cardiac levels.
Certainly, besides the significant increase in survival in the aneurysmal
aorta, SS31 and TUDCA exerted a more efficacious effect by limiting
MMP activity, inflammation and cardiac remodelling than that trig-
gered by PBA. The antioxidant properties of SS31 and the low impact
of ER stress inhibitors on mitochondrial dysfunction could explain
these differences. Clinical trials have demonstrated the therapeutic
effects and safety of SS31 and TUDCA in humans (Kusaczuk, 2019;
Szeto, 2019). SS31 has been shown to be effective for acute kidney
injury and ischaemia-reperfusion-derived organ damage (Dai
et al., 2013), whereas TUDCA is indicated for the treatment of liver
cirrhosis, primary biliary cholangitis and insulin resistance
(Kusaczuk, 2019). Therefore, SS31 and TUDCA emerge as valuable
therapeutic tools for the management of AAA.

We are aware of the limitations of our present study. As com-
mented above, the specific weight that each of the responses trig-
gered by SS31 (the inhibition of ER stress but also the blockade of
both mitochondrial dysfunction and oxidative stress) has in preventing
experimental AAA cannot be determined. However, considering our
previous data on human AAA (Navas-Madronal et al., 2019), we point
out that the maintenance of mitochondrial homeostasis and the block-
ade of ER stress would be part of the main mechanisms underlying
the favourable impact of SS31 on aneurysm development.

In summary, we have shown that SS31, a specific inhibitor of
mitochondrial stress, limits aneurysm progression and exhibits cardio-
protective effects. Our data suggest that the antioxidant properties of
SS31 coupled with its anti-inflammatory effects and the inhibition of
ER stress could account for the improvement in ECM destructive
remodelling and inflammation underlying the therapeutic benefit of
this drug. Therapeutic strategies to reduce mitochondrial stress and
alleviate ER stress may hold the promise to reduce the high morbidity
and mortality associated with AAA and cardiac hypertrophy.
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