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Abstract

Cardiovascular diseases are a leading cause of mortality and morbidity worldwide.
Among them, acute myocardial infarction (AMI) is the most prevalent. Although
revascularization is the definitive treatment for ischemia, it paradoxically entails the
potential to exacerbate damage in a process known as ischemia/reperfusion (I/R)
injury. The adult human heart retains minimal regenerative capacity. Therefore,
after AMI, a non-contractile scar is formed decreasing cardiac output. Although the
improvement of revascularization therapies has driven a drop in mortality within
the past decades, AMI survivors with myocardial injury are at high risk of
developing heart failure. The discovery of the conditioning phenomena, referring to
the acquired cardioprotection derived from the application of repetitive brief cycles
of ischemia and reperfusion, has evidenced the existence of endogenous
cardioprotective programs. However, disappointing results have been obtained in
clinical studies, highlighting gaps in the understanding of the molecular basis of

cardioprotection.

We first explored the endogenous cardioprotective program triggered by ischemic
post-conditioning (IPostC) in a swine model. To this end, we analyzed the
mitochondrial proteomic response of the myocardium to ischemia, I/R, and IPostC,
following a protein-protein interaction network approach. We identified both
cardiac metabolism, and the up-regulation of DJ-1 as important drivers for
cardioprotection. DJ-1 is a multifunctional protein playing intriguing roles in cell
survival under stress. Although it has been a matter of intense research, the function
and regulation of DJ-1 remain to be fully understood. We hypothesized that its
regulation would provide a new therapeutic opportunity for myocardium salvage.
Then, we characterized the dynamics of DJ-1 over ischemia and I/R. Using an in vitro
model, we found that DJ-1 is cleaved and secreted by endothelial cells (ECs) during
ischemia, and evidenced a role in regulating the ectopic ATP-synthase activity.
Whilst ischemia led to a nearly 3-fold increase in the extracellular ATP generation,
the knockdown of DJ]-1 abrogated the effect. The ectopic ATP-synthase is located
within the plasma membrane and it has been recognized to participate in the

regulation of intracellular pH, and purinergic signaling, amongst others. Using a
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recombinant DJ-1 model, we could further associate extracellular DJ-1 with the

regulation of ECs function after reperfusion.

To test the therapeutic potential of recombinant D]-1 administration, we employed
a mouse model of AMI. As a result, the intraperitoneal administration of
recombinant DJ]-1 before AMI significantly reduced infarct size and modified the
myocardium transcriptional response to reperfusion. Interestingly, gene sets
associated with the immune response and G-protein coupled receptors (GPCRs)
signaling encompassed the highest enrichments after AMI in the presence of the
treatment. Whilst the immune response is a known player of I/R injury, GPCRs
signaling has been extensively reported to participate in cardioprotection.
Diminished leukocyte infiltration, oxidative stress, and apoptosis were also detected

in the myocardium of the treated animals.

To further characterize the role of DJ-1 in [ /R, we studied the functional implications
of the previously reported RNA-binding activity of DJ-1. To this end, we analyzed a
dataset resulting from the identification of DJ-1-binding transcripts and found that
DJ-1 preferentially binds mitochondria-encoded transcripts and that RNA-binding
to DJ-1 significantly increases during ischemia. The impact of DJ-1 depletion and I/R
on mitochondrial protein expression and mitochondrial morphology was also
investigated. While mitochondrial protein levels were found higher for the DJ-1
knockout cultures in normoxia, they significantly fell after I/R. Consistently, DJ-1

depletion resulted in unstable hyper-fused mitochondria, that were sensitive to I/R.

In conclusion, our findings highlight the implication of DJ-1 in the molecular basis of
cardioprotection. We further provide the first lines of evidence regarding an
extracellular activity for DJ-1 and characterize an additional aspect of DJ-1

maintaining mitochondrial stability.
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Resumen

Las enfermedades cardiovasculares son la principal causa de morbimortalidad en
todo el mundo, siendo el infarto agudo de miocardio (IAM) la méas prevalente.
Aunque la revascularizacién es el tratamiento definitivo para la isquemia,
paraddjicamente conlleva el potencial de exacerbar el dafio en un proceso conocido
como lesién por isquemia/reperfusion (I/R). El corazén humano adulto conserva
una capacidad regenerativa minima. Por tanto, tras un IAM se deposita una cicatriz
no contractil, disminuyendo el gasto cardiaco. Aunque la mejora de las terapias de
revascularizaciéon ha permitido disminuir la mortalidad, los supervivientes de IAM
con lesion miocardica tienen un alto riesgo de desarrollar insuficiencia cardiaca. El
descubrimiento del fenémeno de condicionamiento, referido a la cardioproteccién
adquirida tras la aplicacion de ciclos alternos y breves de isquemia y reperfusion, ha
revelado la existencia de programas cardioprotectores endégenos. Sin embargo, se
han obtenido resultados decepcionantes en estudios clinicos, sefialado lagunas en la

comprension de las bases molecular de la cardioproteccién.

En primer lugar, exploramos el programa cardioprotector desencadenado por el
poscondicionamiento isquémico (PostCo) en modelo porcino. Para ello analizamos
el proteoma mitocondrial del miocardio en isquemia, I/R y PostCo, mediante redes
de interacciéon proteina-proteina. Identificamos el metabolismo cardiaco y la
induccién de DJ-1 como actores importantes en cardioproteccién. DJ-1 es una
proteina multifuncional implicada en la supervivencia celular bajo estrés, cuya
funcién molecular y regulacién ain no se han entendido por completo.
Hipotetizamos que su regulaciéon proporcionaria una nueva oportunidad
terapéutica para proteger al miocardio. Posteriormente, caracterizamos la dinamica
de DJ-1 en isquemia e I/R. Usando un modelo in vitro, encontramos que DJ-1 es
escindido y secretado por células endoteliales (CEs) en isquemia, y evidenciamos un
papel regulando la actividad de la ATP-sintasa ectopica. Mientras la isquemia
condujo a un aumento de casi 3 veces en la generacion de ATP extracelular, el
silenciamiento de DJ-1 anuld el efecto. La ATP-sintasa ectdépica se encuentra en la
membrana plasmatica de muchos tipos celulares y participa en la regulacién del pH

intracelular y sefializacién purinérgica, entre otros. Usando DJ-1 recombinante,
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pudimos asociar su presencia extracelular con la regulacién de la funcién de CEs en

reperfusion.

Para explorar el potencial terapéutico de la administraciéon de D]-1 recombinante,
empleamos un modelo murino de IAM. Como resultado, la administracién
intraperitoneal de DJ-1 recombinante antes de la inducciéon del IAM redujo
significativamente el tamafio del infarto y modificé el transcriptoma. Varios
conjuntos de genes asociados con la respuesta inmunitaria y sefializacién via
receptores acoplados a proteina G (RAPGs) abarcaron los mayores
enriquecimientos después del IAM en presencia del tratamiento. Si bien la respuesta
inmunitaria es un actor conocido de la lesién por I/R, la sefializacién por RAPGs
participa en cardioprotecciéon. Ademas, detectamos la disminucién de la infiltraciéon

leucocitaria, estrés oxidativo y apoptosis en el miocardio de los animales tratados.

Finalmente, estudiamos las implicaciones funcionales de la capacidad de DJ]-1 de
unir ARN en I/R. Con ese fin, analizamos un conjunto de datos resultantes de la
identificacion de los transcritos que une DJ-1 y descubrimos la unién preferencial a
transcritos codificadas por la mitocondria. Ademas, la unién de ARN a DJ-1 aumenta
notablemente en isquemia, contribuyendo a la estabilidad mitocondrial. Si bien la
deplecién de DJ-1 resulté en un incremento de la expresién de proteinas
mitocondriales en normoxia, esta cayd significativamente tras I/R. Del mismo modo,
la deplecién de DJ-1 resulté en un reticulo mitocondrial hiperfusionado y sensible a

I/R.

En conclusion, nuestros hallazgos destacan la implicaciéon de DJ-1 en las bases
moleculares de la cardioproteccién. Proporcionamos las primeras lineas de
evidencia con respecto a una actividad extracelular para DJ-1 y caracterizamos un

aspecto adicional implicado en el mantenimiento de la estabilidad mitocondrial.
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Resum

Les malalties cardiovasculars s6n la principal causa de morbimortalitat a tot el mdn,
essent l'infart agut de miocardi (IAM) la més prevalent. Encara que la
revascularitzacié és el tractament definitiu per a la isquémia, paradoxalment
comporta el potencial d'exacerbar el dany en un procés conegut com a lesié per
isquémia/reperfusié (I/R). El cor huma adult conserva una capacitat regenerativa
minima. Per tant, després d'un [AM es diposita una cicatriu no contractil, disminuint
el rendiment cardiac. Encara que la millora de les terapies de revascularitzacié ha
permes disminuir la mortalitat, els supervivents d'IAM amb lesié miocardica tenen
un alt risc de desenvolupar insuficiencia cardiaca. El descobriment del fenomen de
condicionament, referit a la cardioproteccié adquirida després de l'aplicaci6é de
cicles alterns i breus d'isquémia i reperfusio, ha revelat l'existéncia de programes
cardioprotectors endogens. No obstant, s'han obtingut resultats decebedors en
estudis clinics, assenyalant llacunes en la comprensid de les bases molecular de la

cardioproteccid.

Primerament, explorem el programa cardioprotector desencadenat pel
postcondicionament isquemic (PostCo) en model porci. Per a aix0 analitzem el
proteoma mitocondrial del miocardi en isquémia, I/R i PostCo, mitjancant xarxes
d'interacci6 proteina-proteina. Identifiquem el metabolisme cardiac i la induccié de
DJ-1 com a actors importants en cardioproteccié. DJ-1 és una proteina
multifuncional implicada en la supervivéncia cel-lular en estrés, la funcié molecular
i regulacié de la qual encara no s'han entés per complet. Proposem que la seva
regulacié proporcionaria una nova oportunitat terapeutica per a protegir el
miocardi. Posteriorment, caracteritzem la dinamica de DJ-1 en isquémiail/R. Usant
un model in vitro, trobem que DJ-1 és escindit i secretat per cél-lules endotelials
(CEs) en isquemia, i evidenciem un paper regulant l'activitat de 1'ATP-sintasa
ectopica. Mentre la isquéemia va conduir a 'augment de gairebé 3 vegades en la
generaci6é d'ATP extracelul-lar, el silenciament de DJ-1 va anul-lar l'efecte. L'ATP-
sintasa ectopica es troba a la membrana plasmatica de molts tipus cel-lulars i

participa en la regulacié del pH intracel-lular i senyalitzacié purinérgica, entre
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altres. Usant DJ-1 recombinant, vam poder associar la seva preséncia extracelul-lar

amb la regulacié de la funcié de CEs en reperfusio.

Per a explorar el potencial terapéutic de l'administracié de DJ-1 recombinant, vam
emprar un model muri d’[AM. L'administracid intraperitoneal de DJ-1 recombinant
abans de la induccid de I'lAM va reduir significativament la grandaria de l'infart i va
modificar el transcriptoma. Conjunts de gens associats amb la resposta immunitaria
i senyalitzaci6 via receptors acoblats a proteina G (RAPGs) es van detectar després
de I'lAM en preséncia del tractament. Si bé la resposta immunitaria és un actor
conegut de la lesié per I/R, la senyalitzacié per RAPGs participa en cardioproteccié.
També, detectem la disminucié de la infiltracié leucocitaria, estrés oxidatiu i

apoptosi en el miocardi dels animals tractats.

Finalment, estudiem les implicacions funcionals de la capacitat de DJ-1 d'unir ARN
en I/R. Amb aquesta finalitat, analitzem un conjunt de dades resultants de la
identificacié dels transcrits que uneix DJ-1 i descobrim la unié preferencial a
transcrits codificades pel mitocondri. A més, la unié6 d'ARN a DJ-1 augmenta
notablement en isquemia, contribuint a I'estabilitat mitocondrial. Si bé la depleci6
de DJ-1 va resultar en un increment de 1'expressié de proteines mitocondrials en
normoxia, aquesta va caure significativament després d’I/R. De la mateixa manera,
la deplecid de DJ-1 va resultar en un reticle mitocondrial hiper fusionat i sensible a

I/R.

En conclusié, les nostres troballes destaquen la implicacié de DJ-1 en les bases
moleculars de la cardioproteccié. Proporcionem les primeres linies d'evidéncia
respecte l'activitat extracelul-lar de DJ-1 i caracteritzem un aspecte addicional

implicat en el manteniment de I'estabilitat mitocondrial.
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1.- Introduction

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality
worldwide [1-3]. According to the Global Burden of Diseases study, in 2019 CVDs
accounted for 18.6 million deaths, representing a 31.5% of all global mortality [1].
Just in the European Union, CVDs have an annual cost of approximately 210 billion
€, and are responsible for the 82% of disability-adjusted life years [3]. The global
prevalence of CVDs has nearly doubled from 1990 to 2019, and is expected keep
rising in the near future due to population growth and ageing [1]. New therapeutic
approaches for the treatment and prevention of CVDs are needed to lower the

burden that CVDs represent for health, quality of life of the population and economy.

Amongst all CVDs, acute myocardial infarction (AMI) and stroke are the most
devastating, representing an 84.4% of all CVDs deaths worldwide [1]. AMI is defined
as the sudden interruption of coronary blood supply to the myocardium, typically
caused by the rupture of an atherosclerotic plaque and thrombus formation.
Without immediate intervention, the interruption of blood supply (i.e. ischemia)
quickly progress to necrosis [4]. The adult human heart retains a minimal
regenerative capacity; thus, myocardium necrosis following AMI leads to an
irreversible loss of functional tissue with subsequent adverse remodeling and non-
contractile scar formation [5]. Infarct size is, therefore, the major predictor of AMI

clinical outcomes [6-8].

Despite mortality due to AMI has dropped within the past decades, as a result of
improvements of therapies and reperfusion interventions [9,10], the adverse heart
remodeling and scar formation after AMI entails a high risk for the development of
heart failure [11,12]. In this respect, cardioprotection is defined as any therapy or
intervention that contribute to the preservation of heart function by reducing or
preventing myocardial damage [13]. Many cardioprotective therapies aimed at
reducing infarct size have been tested but proven inefficient in the clinical arena

[14,15]. Therefore, cardioprotection is an unmet clinical need.
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1.1.- Ischemia

Ischemia is defined as the stress resulting from the interruption of blood supply to
a given tissue or organ. Atherosclerotic plaque rupture, thrombus formation and
microvascular damage are the main causes for ischemia. In such event, the reduction
in oxygen supply directly and promptly impacts on the cellular metabolism leading
to ATP depletion and acidosis. The blood flow interruption also entails the
accumulation of detrimental products. All effects combined result in an extensive

cell death and subsequent organ dysfunction.

1.1.1.- Impact of ischemia in cell metabolism

Under aerobic conditions, most of the cellular ATP is produced within the
mitochondria through oxidative phosphorylation (OXPHOS). This process relies on
the ability of four protein complexes, termed the electron transport chain (ETC), to
pump protons from the mitochondrial matrix to the intermembrane space. This
generates an electrochemical gradient that will fuel the ATP production through the
F1Fo-ATP-synthase. In the course of the ETC, reducing equivalents (more
specifically, NADH and FADH,), arising from any catabolic reaction in the cell, are
oxidized releasing protons to be pumped and electrons. The released electrons flow
through the ETC, ultimately reaching the cytochrome-C oxidase (also known as
complex IV) where oxygen acts as the final electron acceptor and H:0 is produced.
The OXPHOS is an extremely efficient biological system being able to produce 36
molecules of ATP per molecule of glucose. The high performance achieved by
cellular metabolism results from the close coupling of all metabolic reactions. The
reducing equivalents needed for the course of the ETC are constantly produced
throughout glycolysis, the fatty acid p-oxidation (FAO), and the tricarboxylic acid
(TCA) cycle. Thus, all metabolic pathways ultimately converge in the OXPHOS, which
strictly depends on the availability of oxygen supply. In the absence of O, the ETC is
rapidly inhibited, as there is no final electron acceptor. The blockade of the ETC
implies both the cessation of ATP production by the F1/Fo-ATP synthase and the
accumulation of reducing equivalents in their reduced form. The normal
progression of all catabolic reactions depends on the availability of oxidized

reducing equivalents, as they exist in a relatively low abundance and cannot be
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imported from the extracellular space [16]. Thus, the accumulation of reducing
equivalents in the reduced form greatly impacts in the normal progression of all

metabolic routes.

Glycolysis takes place in the cytoplasm, and consists of a group of chemical reactions
that sequentially oxidize glucose into pyruvate. Over the course of glycolysis, two
molecules of ATP per molecule of glucose are produced through substrate-level
phosphorylation, besides two molecules of NADH, and one molecule of pyruvate are
produced. The resulting pyruvate is then imported to the mitochondria and
converted to acetyl coenzyme A (acetyl-CoA), to join the TCA cycle. Over the course
of ischemia, glycolysis switches to anaerobic glycolysis, which is virtually the only
way to produce ATP in the absence of 0. In this process, the reducing equivalents
(i.e. NADH) generated over the sequential oxidation of glucose are re-oxidized
throughout the conversion of pyruvate to lactate, thus allowing a continued
progression, which is coupled to a minimal production of ATP by substrate-level
phosphorylation. Given the blood supply interruption, extracellular glucose
concentration rapidly diminishes. As a compensatory mechanism, ischemic cells
firstly optimize glucose uptake throughout the up-regulation of the high affinity
glucose transporters GLUT-1 and 4 [17,18], and secondly consume their

intracellular glycogen stores [19,20].

The FAO occurs within the mitochondrial matrix, and consists in the sequential
oxidation of fatty acids to acetyl-CoA, NADH, FADH,, and GTP (through substrate-
level phosphorylation). FAO yield is similar to glycolysis, as one molecule of NADH,
FADH;, and acetyl-CoA are produced within each FAO round. However, several
rounds of FAO are needed to fully catabolize one fatty acid molecule. Again, the
resulting acetyl-CoA enters the TCA cycle. The FAO strictly depends on the
availability of oxidized reducing equivalents; hence, it is rapidly inhibited during

ischemia.

The TCA cycle (also known as Krebs cycle or citric acid cycle) is a central metabolic
pathway for both the aerobic catabolism and anabolism. It consists in a series of
oxidation-reduction reactions by which acetyl-CoA is sequentially oxidized,

generating two molecules of CO>, three molecules of NADH, one molecule of FADH,,
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and one molecule of GTP, after the complete oxidation of one molecule of acetyl-CoA.
The TCA cycle is the main source for reducing equivalents and constitutes a hub for
anabolic reactions providing multiple precursors for the synthesis of aminoacids.
Whilst the normal TCA cycle progression is no longer possible in ischemia, a non-
canonical flow through the TCA cycle is established to guarantee a second source of
GTP in the absence of 0;; however, as the ETC lasts inhibited, succinate accumulates

within the mitochondrial matrix (Figure 1) [21-23].
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Figure 1 - Reactions composing the tricarboxylic acid cycle in normoxia (gray arrows)
and ischemia or hypoxia (red arrows). The enzymes responsible of each reaction are also
indicated (bold labels).
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1.1.2.- ATP depletion

During ischemia, the whole cellular ATP production is sustained by the anaerobic
glycolysis and the non-canonical adaptation of the TCA cycle. However, during a
blood-flow restriction, both the extracellular glucose supply and intracellular
glycogen stores are finite. Furthermore, anaerobic glycolysis yields 2 molecules of
ATP per molecule of glucose, which is minimal compared to the 36 molecules of ATP
per glucose molecule acquired by the aerobic metabolism. Hence, ATP consumption
rapidly exceeds production, and the intracellular ATP pools fall. Another factor
contributing to the ATP depletion is, paradoxically the mitochondrial FiFo-ATP
synthase itself, as a result of a reverse activity. When the mitochondrial potential
falls below a certain level, due to a compromised ETC, the FiFo-ATP synthase
reverses its function hydrolyzing ATP to keep a proton gradient across the inner
mitochondrial membrane (IMM) [24-26]. Indeed, some pharmacological strategies
aimed at the reversible inhibition of the mitochondrial F1Fo-ATP synthase have been

proposed for ischemia [26,27].

Ischemia and the consequent ATP depletion have a number of deleterious effects
upon cell biology, starting with the disturbance of the cell ionic balance. The
increased proton production coupled to the anaerobic glycolysis activates the
Na*/H* exchangers. This leads to the intracellular accumulation of Na*, which
activates the Nat*/Ca2* exchangers. As the ATP pools fall, the Na*/K* pumps
inactivates, progressively leading to the intracellular accumulation of Na* and Ca2+.
Additionally, the lack of ATP diminishes the active Ca2+ efflux, as well as its reuptake
by the sarcoplasmic reticulum, thereby leading to cytosolic Ca%* overload [28]. Due
to the osmotic effect, the cytosolic ion accumulation induces water to flood the cell,

causing cellular edema, and eventually promoting necrosis [29].

The ATP depletion, and the consequent accumulation of adenosine di-phosphate
(ADP) and adenosine mono-phosphate (AMP), stimulates purine catabolism.
Therefore, the enzymes 5’-nucleotidase, adenosine deaminase, and purine
nucleoside phosphorylase are activated and sequentially catabolize AMP into

adenosine, inosine and hypoxanthine [30].
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1.2.- Reperfusion
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Figure 2 - Schematic representation of ischemia/reperfusion injury over time. Whilst

in the absence of reperfusion, the theoretical infarct size would cover the entire

myocardium at risk (dashed red line), reperfusion halts infarct expansion, but causes

additional damage, leading to larger infarct size than the associated to the ischemic

insult alone.
Given the absolute requirement of oxygen for the correct coupling of all metabolic
reactions, both the magnitude and duration of ischemia are the major determinants
of the damage extent. Thereby, the early and complete restoration of blood flow is
the definitive treatment for ischemia. However, the reperfusion of an ischemic
tissue paradoxically entails the potential to exacerbate damage in a process known
as ischemia and reperfusion (I/R) injury (Figure 2).1/R injury is believed to happen
during the very first minutes of blood reflow and accounts for a significant part of

the final infarct size [31,32]. The generation of reactive oxygen species (ROS), and a

further disturbance of the ionic balance are the main triggers of I/R damage.

1.2.1.- Reactive Oxygen Species

ROS arise from the the reduction of the oxygen molecule. Being continuously

produced as by-product of cell metabolism, ROS are eliminated by the endogenous
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antioxidant systems. Despite playing a role as second messengers in cell signaling
[33], their accumulation (termed, oxidative stress) is toxic, causing lipid
peroxidation, protein misfolding, and DNA damage. Being ROS central in
reperfusion injury, several antioxidant therapies have been considered for
cardioprotection, but clinical data is either lacking or controversial regarding effects

upon infarct size and heart function [34,35].

The first source of ROS at reperfusion arise from the accumulation of succinate and
NADH during ischemia, as a result of an inhibited ETC. When oxygen is reintroduced
by revascularization, the electron flux through the ETC is restored and, therefore, all
the accumulated succinate and NADH are oxidized. Consequently, the ubiquinone
pool is reduced and the mitochondrial potential abruptly increases. However, as
purine catabolism is favored during ischemia, the ADP stores are low at the time of
reperfusion, limiting the activity of the mitochondrial FiFo-ATP synthase, and
further favoring the mitochondrial hyperpolarization. A high mitochondrial
potential together with a highly reduced ubiquinone pool, are signs of a saturated
ETC, which ends up promoting the reverse electron transport (RET) from
ubiquinone to the ETC complex [, that is coupled to the generation of ROS [36]. The
competitive inhibition of succinate dehydrogenase (at the ETC) with a cell-
permeable derivate of malonate have been reported to protect the heart against [/R

injury limiting mitochondrial hyperpolarization and RET upon reperfusion [37,38].

The second source of ROS at reperfusion results from purine catabolism and
xanthine dehydrogenase (XDH) conversion to xanthine oxidase (XO) in ischemia.
The intracellular accumulation of Ca2+ during ischemia entails the activation of Ca2*-
dependent proteases, which cleave XDH into XO. XO catalyzes the conversion of
hypoxanthine, arising from purine catabolism, to xanthine, in an oxygen-dependent
reaction coupled to the production of ROS [30]. Xanthine is later converted to uric
acid by the remaining XDH. The inhibition of XO may be a tentative strategy to limit
myocardial damage upon reperfusion. However, no benefits where reported in

animal models [39].
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1.2.2.- Ionic unbalance and Ca?* overload

Another consequence of reperfusion arises from the clearance of the extracellular
media and the recovery of physiologic pH. During ischemia, the acidification of the
cytoplasm, due to anaerobic metabolism, combined with the lack of ATP lead to a
dysregulation of the cell ionic balance. It is initiated by the extrusion of H* through
the Na*/H+* passive exchangers, which causes the extracellular media to also acidify
while in ischemia. The recovery of blood flow at reperfusion entails the washout of
the extruded protons, thus favoring the activity of the Na*/H* passive exchangers,
and aggravating the intracellular accumulation of Na*. The rise of intracellular Na*
concentration, in turn, favors the activity of the Na*/Ca?* exchangers, consequently
aggravating the intracellular accumulation of CaZ* [31]. Given that Ca2?* is a second
messenger, the consequences of Ca2* overload go beyond the osmotic mobilization

of water, volume increase and necrosis. Hence, once the intracellular concentration

Na*/H* Ca?*/Na*
Exchenger Exchenger

H* Na* Na* Ca*

Na*/K* pump Ca* pump

Anaerobic H*
Metabolism H+ Ca%*

Ryanodine
Receptor Ca*
Ca2+
Ca?
Ca2+
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Reticulum

Figure 3 - Schematic representation of ischemia/reperfusion-induced ionic
unbalance leading to Ca2+ overload.
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of Ca2+ reaches a certain level, it stimulates the opening of ryanodine receptors from
the sarcoplasmic reticulum, which liberates more Ca2* to the cytoplasm (Figure 3).
This Ca2?+-induced Ca2*-release aggravates the Ca?* overload, causing myofibers
hypercontraction, and further activating of Caz*-dependent proteases [28]. This is
the case of calpain-1, which once active it migrates to the mitochondrion, primes the
apoptosis induction factor (AIF), and promotes the opening of the mitochondrial
permeability transition pore (mPTP), collectively promoting apoptosis during
reperfusion [40,41]. Oppositely to necrosis, which is a passive and uncoordinated
event, apoptosis requires ATP to proceed. Thus whilst necrosis plays an important
role in cell death during ischemia and reperfusion, apoptosis is more likely to occur

in reperfusion.

1.2.3.- Mitochondrial permeability transition pore

The mitochondrial permeability transition pore (mPTP) is a voltage-dependent and
high-conductance channel, that is located within the IMM. It opens under some
pathologic conditions, and drives both a profound mitochondrial dysfunction and
apoptosis. Under physiologic conditions, the IMM is highly impermeable, which
allows the establishment of a proton gradient fueling the OXPHOS. Once open, the
mPTP has an apparent diameter of about 3 nm, which allows the passive diffusion
across the IMM with an exclusion size of 1.5 kDa. Thus, the mPTP opening
completely disrupts the mitochondrial potential. Protein concentration within
mitochondria is higher than that of the cytosol. However, due to the exclusion size
of the mPTP, proteins are retained within the mitochondria after permeability
transition, entailing a high colloidosmotic pressure and promoting water to flood
the mitochondrial matrix. As a result, mitochondria swell upon mPTP opening.
Whilst the IMM is protected from rupture by the unfolding of cristae upon an
increased hydrostatic pressure, the outer mitochondrial membrane (OMM) is not,
and will eventually break liberating the intermembrane space content to the
cytoplasm [42-44]. As a result, cytochrome-C is released to the cytoplasm where it
binds the apoptotic protease activating factor 1 (apaf-1), which cleaves procaspase-

9 into active caspase-9 and initiates the intrinsic apoptosis pathway [45].
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The factors contributing to the opening of the mPTP prevail at the time of
reperfusion [42-44]. Those are divalent cations, inorganic phosphate, ROS
accumulation, mitochondrial depolarization, and decreased ATP levels [42]. Whilst
Ca2+ overload was firstly hypothesized to be sufficient to induce the opening of the
mPTP, recent studies highlighted that the CaZ* concentration needed is massive, and
indeed, not physiological [40,41]. Hence, permeability transition of the IMM is more
likely to result from a combination of factors. Several approaches targeting
mitochondrial permeability transition have been proven to limit infarct size in

animal models, but clinical studies are currently lacking [46].

The identity of the mPTP is still in debate, which convolutes its pharmacological
targeting. It has been hypothesized that mPTP results form the interaction of three
mitochondrial proteins. Those are cyclophilin-D (in the mitochondrial matrix), the
adenine nucleotide translocase (in the IMM), and the voltage-dependent anion
channel (in the OMM). However, genetic models lacking some of this hypothesized
components still exhibit mPTP activity, and this composition may not explain the

effects of some experimental mPTP regulators [42].

1.3.- Pathophysiology of myocardial infarction

The heart is mostly composed of cardiomyocytes, fibroblasts, endothelial cells
(ECs), and leukocytes, each one contributing in its particular way to the correct
functioning of the heart. Likewise, their response following AMI significantly
contributes to the outcome. From a time point perspective, the infarct healing
response can be subdivided into four partially overlapping phases: inflammatory,
proliferative, maturation, and remodeling, in which each cell type carries out an

specific role (Figure 4) [47].

During AM], there is an extensive myocardial necrosis, which causes the release of
intracellular contents to the extracellular media, serving as damage signals, and
activating the immune response. This initiates the inflammatory phase, in which
proinflammatory pathways are activated, via toll-like receptors (TLRs), in all cell
types present within the infarcted myocardium. Consequently, chemokines and

cytokines are produced and released, and circulating immune cells are recruited to
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the injured tissue [48,49]. The main goal of the inflammatory phase is the clearance
of infarcted myocardium from death cells and matrix debris, as well as the activation
of the following healing program. Although an appropriate immune response is
necessary for the correct healing of the infarcted myocardium, the over-activation
may compromise tissue viability [50,51]. Hence, a coordinated and well-balanced
immune response following AMI is key to maintain cardiac function. Once necrotic
cells and matrix debris have been cleared, an anti-inflammatory response is
promoted both passively, through the removal of danger signals (i.e. necrotic
products), and actively, through the production of anti-inflammatory cytokines [47-

49]. This initiates the proliferative phase of cardiac repair.

During the proliferative phase, activated myofibroblasts and vascular cells infiltrate
the infarcted myocardium to build up a collagen scar. Throughout this phase,
resident fibroblasts, are activated and acquire a myofibroblast phenotype, which
includes a high proliferative activity, contractility, and elevated synthetic capacity
[52]. Although still poorly understood, during this phase, beyond cardiac fibroblasts,
several cell types have been found to transdifferentiate into myofibroblasts. This is
the case of ECs, vascular smooth muscle cells, and pericytes, among others [53]. The
proliferative phase is characterized by a rapid synthesis and deposition of
extracellular matrix, parallel to the formation of an immature vascular network to
support the high metabolic demand. Very dynamic changes of cell and matrix
composition of the scar are observed during the proliferative phase [54]. The early
vascular network of the scar displays a hyperpermeable and pro-inflammatory

phenotype, and lacks a pericyte coat [48].

The formation of a fully vascularized collagen matrix sets the start for the
maturation phase, in which both the extracellular matrix and the vascular network
undergo structural modifications and stabilization. Over the course of this phase,
the number of myofibroblasts is notably reduced and the synthetic activity is greatly
reduced. Collagen fibers are cross-linked leading to a more stable extracellular
matrix [47,52]. While some myofibroblasts become quiescent, decreasing their

synthetic activity and contractility, many others undergo apoptosis [52].
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Angiogenesis is also inhibited during the maturation phase. Some neovessels

acquire a pericyte coat and become stable, while uncoated vessels degenerate [48].
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Figure 4 - Overview of the cardiac repair process following an acute myocardial
infarction.
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The physiologic cardiac repair process ends with the maturation phase and the
establishment of a stable and vascularized scar. However, the loss of functional
myocardium entails the overload of the remaining non-infarcted organ, which then
leads to structural modifications of the ventricle, known as cardiac remodeling [47].
Myocardium overload promotes cardiomyocyte hypertrophy, as a compensatory
mechanism, thus reducing cardiac wall stress and allowing the maintenance of
cardiac output. Over time, the heart undergoes architectural and geometrical
changes as a result of an increasing physical demand. Heart chambers dilate and
become more spherical, and the heart wall gets thinner. These alterations are
associated to a progressive systolic dysfunction, a higher incidence of arrhythmias,
and an increased risk of heart failure [55]. As initiated by compensatory
mechanisms, the degree of cardiac remodeling is directly dependent on infarct size

[56,57].

1.3.1.- Cardiomyocytes

Cardiomyocytes are the functional unit of the heart carrying the generation of the
contractile force. Due to their high metabolic demand, cardiomyocytes are
particularly susceptible to ischemia. However, as highly specialized and terminally
differentiated cells they retain a minimal proliferative capacity within the adult
human heart [58]. Therefore, after cardiomyocyte loss, there is no functional
replacement [5]. As particularly sensitive and functionally irreplaceable cells, the
necrosis of cardiomyocyte serves as major stimulus to initiate the inflammatory
phase of the cardiac repair program [48]. Also, as functional units of the

myocardium, cardiomyocytes become critical players of cardiac remodeling [55].

1.3.2.- Leucocytes

Upon myocardial injury, resident immune cells are activated and initiate an acute
immune response. Likewise, following cardiomyocyte necrosis, most cell types
present in the myocardium acquire a pro-inflammatory phenotype, further
contributing to the recruitment of immune cells to the damaged tissue. Neutrophils
are first to infiltrate the infarcted tissue [59]. They contribute to the clearance of

dead cells and matrix debris. However, evidence support that neutrophils may also
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aggravate damage through direct cytotoxic effects upon nearby viable

cardiomyocytes [50,51].

Due to their relative abundance and plasticity, monocytes and macrophages play a
central role in regulating the events of cardiac repair [48]. During the inflammatory
phase, both resident and infiltrating macrophages display a pro-inflammatory M1
phenotype, with a marked phagocytic activity. Thereafter, as the infarct is cleared,
macrophages switch to an anti-inflammatory M2 phenotype setting the start of the
proliferative phase [59,60]. Macrophages, then, contribute to the clearance of the
injured tissue and the orchestration of the inflammatory phase, providing multiple
cytokines and growth factors to mediate the inflammatory state, fibroblast

activation, and angiogenesis [61].

Additional leukocyte subsets infiltrate the infarct alongside neutrophils and
macrophages during the inflammatory phase [59]. Amongst them, cytotoxic T
lymphocytes are predominant, and have been reported to both play a role in the
orchestration of the immune response, and to aggravate damage through the

cytotoxic activities upon viable cardiomyocytes [62].

1.3.3.- Fibroblasts

The human heart contains abundant fibroblasts [63]. Following AMI, resident
cardiac fibroblasts contribute to the initiation of the inflammatory phase of cardiac
repair, producing pro-inflammatory cytokines in response to cardiomyocyte
necrosis. During the inflammatory phase, fibroblasts act as a source of interleukin-
1B (IL-1B), tumor necrosis factor-a (TNFa), and metalloproteinases (MMPs) [64].
Once necrotic cells and matrix debris have been cleared, immune cells produce anti-
inflammatory cytokines, including transforming growth factor-g (TGF-B). TGF-f
stimulation activates the differentiation process of cardiac fibroblasts into
myofibroblasts, which exhibit a contractile and synthetic phenotype [65]. During the
proliferative phase, myofibroblasts are responsible for the synthesis and deposition
of extracellular matrix to organize the scar [52]. Although scar formation is
necessary to keep organ integrity after myocardial injury, an excessive fibroblast

activation can lead to pathologic cardiac fibrosis [65].
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1.3.4.- Endothelial cells

The myocardium has a high metabolic demand, therefore, it contains an extensive
vascular network. ECs line the entire cardiovascular system, including all kinds of
blood vessels and the endocardium, thus representing the most abundant cell type
in the heart [66]. Rather than a barrier between bloodstream and the surrounding
tissue, ECs play pivotal roles in regulating heart homeostasis and disease. They
provide multiple factors involved in cardiomyocyte growth, metabolism, and
contractility [67,68]. Following AMI, ECs acquire a pro-inflammatory phenotype and
express surface adhesion molecules such as P- and E-selectins, that allow the
interaction with circulating leukocytes and their extravasation to the injured tissue
[48,68]. Microvascular rarefaction occurs in the acute phase of AMI reducing the
blood perfusion in the infarcted tissue [69]. Activated ECs are also an important
source of pro-inflammatory cytokines and chemokines during the inflammatory

phase of cardiac repair.

During the proliferative phase, ECs proliferate and migrate towards the necrotic
core to form a new vascular network. Indeed, ischemia is a potent stimulus for
angiogenesis, which is the process of neovessels formation from pre-existing blood
vessels [70]. Thus, the angiogenic process starts very early following coronary
occlusion [71]. However this ECs response is not sufficient to compensate for the
tissue needs. The vascularization of the scar is essential to meet the metabolic
demand of the cardiac repair process, and play a role in the stabilization of the scar.
Initial neovessels display a pro-inflammatory phenotype. They lack a pericyte and
smooth muscle coat, and are hyperpermeable, which facilitate the extravasation of
circulating leukocytes. Over time, newly formed blood vessels mature and acquire a
mural coat. During the maturation phase of cardiac repair, uncoated vessels
degenerate [47,49]. The establishment of a functional vascular network is
fundamental to the stabilization of the scar, and itis associated with better outcomes
[70,72]. Angiogenesis further provides a mechanism to restore microvascular
dysfunction resulting from AMI, that is also an important factor affecting the

outcome [69].
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1.4.- Conditioning phenomena

The conditioning phenomena propose the existence of a possible protection to the
myocardium arising from the application of transient cycles of ischemia and
reperfusion before a prolonged ischemic insult (ischemic pre-conditioning; IPC)
[73], after ischemia and before reperfusion (ischemic post-conditioning; [PostC)
[74], or even in a remote organ before, during or after an ischemic insult (remote
ischemic conditioning, RIC) [75-78] (Figure 5). The discovery of the conditioning

phenomena supported the existence of an endogenous protective response against

I/R injury.
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Figure 5 - Schematic representation of the different forms of ischemic conditioning.

IPC was the first to be described, back in 1986 by Murray et al. [73], who
experimentally reported four cycles of alternated 5 min ischemia and reperfusion,
applied immediately before a period of sustained ischemia, to greatly reduce infarct
size and to improve heart function in a pre-clinical animal model. However, given
the unpredictability of AMI, the clinical use of IPC is fairly limited. Thus, after the
initial observation, several variations of the protocol have been explored. This is the
case of IPostC, which is more clinically relevant, as the conditioning protocol is
performed at the time of reperfusion [74]. It also proved effective in animal models
as means of infarct size reduction, and the amelioration of post-ischemic endothelial

dysfunction and blood flow defects [74,79,80].
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Although offering interesting therapeutic opportunities to AMI patients, the need of
direct manipulation of the heart is a major disadvantage of the local conditioning
protocols (i.e. IPC and IPostC). In this context, Przyklenk et al [75] made the
intriguing discovery that an IPC stimulation at the circumflex coronary artery also
protected the heart from I /R from the left anterior descending coronary artery, thus
suggesting that the IPC signal is diffusible. Later on, the same effect was seen for
kidney [78], small intestine [76], and limb [77], where the application of IPC
protocol remotely protected the heart from I/R. This phenomenon was termed
remote ischemic pre-conditioning, and has proven effective also when applied
during ischemia (remote per-conditioning) [81], and at the time of reperfusion

(remote post-conditioning) [82].

Whilst the benefits of ischemic conditioning have been broadly proven in animal
models, clinical trials are controversial [83-85]. Differences in the conditioning
protocols, comorbidities and patient medications may be important sources of
variation for the clinical study of ischemic conditioning [86-88]. The elucidation of
the molecular mechanisms behind the conditioning phenomena is essential to
improve translation, as well as to develop pharmacologic strategies to stimulate the
endogenous cardioprotective program. For IPC and IPostC, the current
understanding of the molecular mechanisms at play suggests that the conditioning
stimuli induce cardiomyocytes to release autacoids (such as adenosine, bradykinin,
endothelin, and opioids), which then bind and activate their specific G-protein
coupled receptors (GPCR), triggering a number of signaling pathways that mostly
converge in the mitochondria. For RIC, although the cellular mediators and end
effectors are thought to be the same, the activation of a neuro-humoral pathway

appears to be a key factor as a trigger [89-91].

1.4.1.- Local conditioning triggers

The first evidence that the cardioprotective effects of ischemic conditioning result
from a signal transduction program arises from the observation that the coronary
infusion of either adenosine or Al-adenosine receptor agonists, prior a period of
sustained ischemia, limits infarct size [92,93]. Conversely, the administration of A1-

adenosine receptor antagonists abrogates both IPC and IPostC effects [92,93]. Al-
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adenosine receptor is a GPCR coupling both G;and Gq heterotrimeric Gagy proteins
[94]. Signaling downstream G; results in the inhibition of adenylate cyclase and the
activation of mitogen-activated protein kinases (MAPK) pathway, whereas Gq-
coupled receptors signaling activate phospholipase C (PLC). Later, PLC catalyzes the
cleavage of phosphatidylinositol 4,5-biphosphate into diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3), that serve as second messengers to induce a rise

of the intracellular Ca?* concentration and the activation of protein kinase C (PKC)

(Figure 6).
A. G, signaling B. G, signaling
GPCR GPCR

Ca2+

Sarcoplasmatic
Reticulum

Figure 6 - Schematic representation of G-protein coupled receptors (GPCRs)
activation signaling, for GPCRs coupling G, (A.) and Gq (B.) heterotirmeric GaBy' GPCR,

G-protein coupled receptor; AC, adenylate cyclase; cAMP, cyclic adenosine mono-
phosphate; PLC, phospholipase C; PKC, protein kinase C; PIP,, phosphatidylinositol

4,5-bisphosphate; DAG, diacylglycerol; IP., inositol 1,4,5-triphosphate.

Several Gj and Gg-coupling receptor agonists have been proposed as IPC and [PostC
triggers. This is the case of bradykinin [95,96], opioids [97,98], acetylcholine [99],
catecholamines [100], angiotensin II [101], and endothelin-1 [102]. All these
molecules (i.e. autacoids) are produced by resident cells during the conditioning
cycles and act in an additive fashion eventually reaching a threshold for protection.

Hence, while each of the inductors triggers different signaling pathways, they must
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eventually converge to elicit cardioprotection [91]. Protection can also be achieved

through the exogenous administration of agonists [103].

Receptors tyrosine kinase (RTKs) may also play a role in cardioprotection [89]. The
exogenous administration of growth factors, which mainly bind RTKs, has proven to
limit infarct size [104,105]. Likewise, the treatment with broad spectrum tyrosine
kinase inhibitors abolishes IPC protective effects [106]. However, no evidence
currently support a causal relation between growth factors and the conditioning

phenomena; hence, cytosolic tyrosine kinases may also be at play [90].

ROS have also been found to play a role in the conditioning phenomena [89-91].
Although the over-production and accumulation of ROS is toxic, small amounts of
ROS play important roles in cell signaling [33]. The IPC cycles cause a transient burst
of ROS prior to myocardial ischemia [107], and antioxidant administration
abrogates both IPC and IPostC effects [108,109]. Also, low doses of ROS have been

shown to mimic IPC in the absence of conditioning cycles [110].

Although cardiomyocytes being the functional unit of the myocardium are central
to cardioprotection, other cell types present in the heart have been described to play
pivotal roles in triggering the cardioprotective response. This is the case of ECs,
whose unique location, between the blood-stream and tissue, makes them active
players sensing and responding to heamodynamic changes and ischemia [68].
Therefore, ECs act as an important source of autacoids during the conditioning I/R

cycles [67,111].

1.4.2.- Local conditioning mediators

A number of signaling pathways have been reported to mediate the cell response to
ischemic conditioning. PKC was the first downstream mediator to be identified
through inhibition and stimulation studies in [PC models [112]. PKC is activated
downstream GPCR-mediated PLC activation. Several PKC isoforms are expressed in
the heart, each one believed to interact with a specific receptor for activated PKC
(RACK) upon activation. RACKs locate into specific organelles, bringing each PKC

isoform to its target’s proximity [113]. Thus, cardioprotective effects arising from
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PKC activation are isoform-specific. Although some disparities have been reported
across species, IPC was found to activate PKC e-isoform, and to inhibit PKC 0-
isoform. Upon activation, PKC e-isoform is imported to the mitochondria, where it
activates the mitochondrial ATP-sensitive K+ channels (mitochondrial Karp
channels), and to the sarcoplasmic reticulum, where it limits CaZ* release [90]. PKC
e-isoform has also been causally involved in the cardioprotection afforded by [PostC

[114].

A role for phosphatidylinositol 3’-kinase (PI3K)/Akt pathway limiting infarct size
upon ischemic conditioning has also been proposed [115,116]. When active, PI3K is
recruited to the plasma membrane, where it phosphorylates phosphatidylinositol
4,5-bisphosphate, generating phosphatidylinositol 3,4,5-triphosphate (PIP3).
Accumulation of PIP3 recruits Akt to the membrane, where it is activated by
phosphoinositide-dependent protein kinases (PDKs). Akt then phosphorylates
downstream targets both in the cytoplasm, and mitochondria, such as the adenosine
nucleotide translocase (a suspected member of the mPTP), the glycogen synthase
kinase-3B (GSK-3B) and the hexokinase-2 [115]. The endothelial nitric oxide
synthase (eNOS) is also a target for Akt [117]. Upon phosphorylation eNOS produces
nitric oxide (NO), activating soluble guanylate cyclase which then produces cGMP
that activates protein kinase G (PKG). Mitochondrial Karp channels, and the Na/H*-
exchanger, are PKG targets [96]. PKG have proven to be causally involved in the
conditioning phenomena [118,119]. The activation of PI3K/Akt and downstream
targets, together with the activation of the p44/p42 extracellular signal-regulated
protein kinase (Erk1/2) at reperfusion, have been collectively designated as the
reperfusion injury salvage kinase (RISK) pathway (Figure 7) [120]. Interestingly, it
shows a biphasic activation during the IPC cycles and at the time of reperfusion
[121,122]. Whether the activation of PI3K and the RISK pathway upon conditioning
stimuli is downstream GPCRs, RTKs, or independent of receptors (e.g. through redox

signaling), remains to be elucidated.

The mitogen-activated protein kinase (MAPK) pathway may also be involved in [PC
signal transduction [89-91]. MAPKs are a group of protein kinases involved in signal

transduction for a wide spectrum of cellular stimuli. They can be classified into three
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PI3K/Akt pathway GPCRs / RTKs Erk1/2 pathway
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Figure 7 - Overview of the reperfusion injury salvage kinase (RISK) pathway
components. GPCRs, G-protein coupled receptors; RTKs, receptors tyrosine-kinase;
PI3K, phosphatidylinositol 3 kinase; PIP,, phosphatidylinositol 4,5-bisphosphate;

PIP,, phosphatidylinositol 3,4,5-triphosphate; PDK, phosphoinositide-dependent

protein kinase; ANT, adenosine nucleotide translocase; GSK-3f3, glycogen synthase
kinase-33; HK2, hexokinase 2; eNOS, endothelial nitric oxide synthase; NO, nitric
oxide; sGC, soluble guanylate cyclase; cGMP, cyclic guanylate mono-phosphate; PKG,
protein kinase G; MEK, mitogen-activated protein kinase/ERK kinase; Erk1l/2,
p44/p42 extracellular signal-regulated protein kinase.

subfamilies, which are: the extracellular signal-regulated kinases (Erk), the c-jun N-
terminal kinases (JNK), and the p38 MAPKs. There are studies linking each MAPKs
subfamily to cardioprotection [89,123]. However, there is not yet an agreement
regarding their specific roles, and controversial data have been raised. While some
studies report Erk1/2 activation following IPC stimulation, other report no changes
[124]. Likewise, the administration of Erk1/2 specific inhibitors abrogated infarct
limiting effects of IPC in a pig model [125], but no effects were reported for rat and
rabbit [126,127]. The pharmacological activation of Erk1l/2 at the time of
reperfusion appeared to be protective, suggesting a role in IPostC [120]. We find a
similar scenario for the JNK subfamily, with reports both evidencing and denying a
causal relation to the conditioning phenomena [128,129]. As a matter of fact,

transgenic knockout (KO) mice models for [NK appear to be protected against /R
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in vivo, but the overexpression of MAPK kinase 7, which is the JNK activator, also
confers protection [130]. The role of p38 is also surrounded by controversial data.
Completely different patters of activation upon ischemia, reperfusion and IPC cycles,
have been reported for different species, as well as different effects of specific
inhibitors upon infarct size [89,123]. Whilst at least five isoforms of p38 MAPK have
been described, the heart mainly express the o and [-isoforms, reportedly
displaying opposite effects in cardioprotection [131]. The relative balance between
isoforms in each species, as well as the isoform specificity of inhibitors may be the
factors behind results disparities. MAPK pathway plays an unresolved role in
cardioprotection, as multiple effects have been reported from MAPK pathway
manipulation upon I/R. Also, PKC-g, which is causally involved in IPC has been found
to form a signaling complex with Erk1/2, p38 MAPK and JNK in the mitochondria
[132].

Another mediator of the cardioprotection afforded by ischemic conditioning is the
designated survival activating factor enhancement (SAFE) pathway [133]. This
entails signaling through the TNFa receptor 2 (TNFR2) and the downstream
activation of Janus kinase (JAK) and the signal transducer and activator of
transcription-3 (STAT-3), during reperfusion (Figure 8) [134]. As a transcription
factor, STAT-3 is involved in the mid-term up-regulation of proteins involved in
cardioprotection [135]. The SAFE pathway is believed to be parallel to the RISK
pathway, but necessary both for IPC and [PostC [89,90,133].

TNFa
®  TNFR2
JAK
STAT-3 ®

STAT-3 Gene

STAT-3 I transcription

Figure 8 - Overview of the survival activating factor enhancement (SAFE) pathway.
TNFaq, tumor necrosis factor-o; TNFR2, tumor necrosis factor receptor 2; JAK, Janus
kinase; STAT-3, signal transducer and activator of transcription-3.
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1.4.3.- Local conditioning effectors

Cell signaling following ischemic conditioning is complex and diverse. Multiple
pathways, simultaneously triggered, coordinate a response to offset and counteract
the deleterious effects of I/R. Being mitochondria the major O, consumer organelle
and a metabolic hub, they firstly sense the effects of ischemia and lead ROS
production and apoptosis at reperfusion. Functional mitochondria guarantee the
maintenance of cellular ATP pools, which further allow keeping the ionic balance.
Whereas mitochondrial dysfunction compromise ATP production, promoting
cellular ionic unbalance, the opening of mPTP, and apoptosis. Mitochondria are,
therefore, central to the cell response to I/R and, not surprisingly, virtually all

pathways involved in cardioprotection converge there [16,136,137].

The opening of the mPTP is a feature of I /R injury leading to mitochondrial swelling,
OMM rupture, and apoptosis upon reperfusion, which significantly contributes to
the final infarct size [42-44]. Pharmacological strategies targeting the opening of
mPTP have proven cardioprotective in animal models [46]. While factors
contributing to mPTP opening prevail at reperfusion [42-44], both IPC and [PostC
inhibit the opening [138,139]. Interestingly, conditioned mitochondria, isolated at
the end of reperfusion, exhibit a reduced mPTP Ca?* sensitivity, which suggests a
certain degree of inhibition following ischemic conditioning [138]. Multiple
molecular mechanisms have been postulated to explain the mPTP desensitization
afforded by ischemic conditioning. Ischemic conditioning mediators Akt, Erk1/2,
PKC, and PKG, phosphorylate GSK-3f at Ser9, resulting in its inhibition [115]. GSK-
3B has been found to target all known mPTP components, whose phosphorylation

(by GSK-38) primes the opening [140,141].

Paradoxically, the mPTP opening may also serve as trigger for ischemic conditioning
signaling. As previously discussed, the mPTP opening is early promoted at
reperfusion. A transient mPTP opening, during ischemic conditioning cycles, has
been suggested to produce small amounts of ROS, which may then trigger a
cardioprotective program via redox signaling [137,142]. For instance, small

amounts of ROS are known to activate PKC-¢ [143].
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Mitochondrial Karp channels are also believed to play a role downstream the
endogenous cardioprotective signaling. Although the molecular identity is still a
matter of debate, studies with pharmacological inhibitors have demonstrated a role
in IPC and IPostC mediated cardioprotection [144,145]. The mitochondrial Karp
channel is a target for NO, PKC and PKG, all involved in the signaling program
described for ischemic conditioning [146-148]. The opening of mitochondrial Karp
channels is coupled to a small production of ROS, which in turn trigger further
signaling eventually preventing mPTP opening [149]. The mechanism by which the
opening of mitochondrial Karp channels generates ROS is also not yet fully

understood.

Although ischemic conditioning cycles induce a transient burst of ROS, which seems
to play a role in the settlement of protection [107,110], ischemic conditioning
reportedly offsets ROS accumulation at reperfusion [150]. However, the mechanism
at play remains to be elucidated. A role for the endogenous antioxidant response,
which comprises the activation of the nuclear erythroid 2-related factor-2 (Nrf-2)
and the downstream transcription of the antioxidant response elements, has been
proposed [151]. But the need of protein expression makes it only feasible for the
delayed protection afforded by ischemic conditioning. Also, whilst the accumulation
of succinate during ischemia and its oxidation at reperfusion is a major source of

ROS, IPC failed at modifying these kinetics [152].

Another effector of ischemic conditioning are the Na*/H* and the Nat*/Ca2*
exchangers, involved in the cellular ionic unbalance of I/R. Interestingly, [PC was
found to inhibit the activity of both exchangers, limiting Ca2* and Na* overloads
during ischemia [153]. Likewise, the activation of PKG, following [PostC, has proven
to delay the recovery of physiologic pH at reperfusion throughout the inhibition of
the Na*/H* exchangers [118].

1.4.4.- Second window of protection

While infarct size limiting effect of IPC disappears within 2-3 hours after the IPC
stimulation, cardioprotection spontaneously re-appears around 12-24 hours later

and lasts 72 hours [154]. IPC, thus, follows a biphasic response, offering two
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windows of protection. Whilst the first window of protection (also known as classic
conditioning) results from the interaction of mediators with end effectors (i.e. mPTP
components, mitochondrial Kate channel, and ion channels), the second window of
protection (also known as delayed conditioning) entails the activation of
transcription factors and subsequent de novo protein synthesis. STAT-3, Nrf-2,
activator protein-1 (AP-1), nuclear factor-kB (NF-«kB) and the hypoxia-inducible
factor-1la (HIF-1a) are known transcription factors activated following ischemic
conditioning. The downstream transcriptional program coordinates the expression
of distal mediators (i.e. proteins involved in delayed cardioprotection). Known
examples of these de novo synthesized proteins are the mitochondrial Mn2+-
superoxide dismutase (MnSOD) and hemeoxygenease-1 (HO-1), both members of
the antioxidant response, heat-shock proteins, involved in protein folding, and the

inducible nitic oxide synthase (iNOS) [155].

1.4.5.- Remote ischemic conditioning

Without a need of manipulating the heart, RIC offers a more clinically relevant
strategy to stimulate the endogenous cardioprotective program. However, whilst
both mediators and effectors of RIC afforded cardioprotection are essentially the
same as for local conditioning methods, the mechanism by which conditioning
stimuli are remotely transferred to the myocardium is currently unclear [89,90].
The initial hypothesis involved the release of a humoral factor and the diffusion from
the conditioned organ to the heart. This hypothesis was supported by the
observation that blood taken from rabbits subjected to IPC could protect the heart
and limit infarct size of untreated animals after whole blood transfusion [156].
Theoretically, autacoids released from the remote organ in response to ischemic
conditioning cycles could enter the bloodstream eventually reaching the
myocardium to elicit cardioprotection. Experiments with non-specific antagonists
have raised evidence for adenosine [157], opioids [158], bradykinine [159], and
endocannabinoids [160] as triggers for RIC induced cardioprotection. Whilst these
autacoids resemble the known triggers for local conditioning, RIC induction appears
to be more complex. A different hypothesis, involving a neural pathway, was raised

after the observation that a treatment with the ganglion blocker hexamethonium
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inhibited RIC protective effects [76]. The involvement of a neural pathway in
triggering RIC effects was further demonstrated by dissection of the renal nerve
[161], and resection of the heart’s vagal innervation [162], both abrogating RIC
effects. Although initially conceived as mechanistically different, these two
hypotheses are not mutually exclusive. Indeed, both humoral and neural pathways
have proven co-dependent to elicit cardioprotection following RIC stimulation
[163]. Further research is needed in order to understand the interconnection

between both in the induction of RIC cardioprotection.

1.4.6.- The endogenous cardioprotective program

The discovery of the conditioning phenomena has evidenced the existence of an
endogenous cardioprotective program. Ischemic conditioning techniques have
proven to work in a number of animal models, and evidence has also been provided
for the human [164,165]. This is the case of pre-infarction angina, in which patients
with AMI preceded by angina exhibit smaller infarcts and better outcomes, and the
warm up phenomenon, referring to the better outcomes of AMI patients who
underwent a brief period of exercise before the AMI onset [165]. However, clinical
trials on conditioning techniques have brought mixed results, with both positive and
neutral effects reported (Figure 9) [83-85]. Differences in the conditioning
protocols (i.e. the number and duration of I/R cycles), comorbidities, and patient
medications, may be the main factors contributing to results disparities [86-88].
Also, different responses to conditioning could be expected from patients
presenting fully or partially occluded coronary arteries, as well as for different AMI

durations [166].

Beyond ischemic conditioning, the investigation of the molecular mechanism behind
cardioprotection has provided multiple targets susceptible to pharmacologic
manipulation. The exogenous stimulation of cardioprotective programs (i.e.
pharmacologic conditioning) has also been an intensive field of research over the
past years. However, whilst hundreds of compounds have proven cardioprotective
in animal models, most drugs failed at demonstrating clinical benefits [14,15].
Importantly, pre-clinical research is usually performed in healthy animals, lacking

of atherosclerosis, risk factors, comorbidities and medications, all common in
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IPostC

RIC

Study N Endpoint

[~ Staat et al. 2005 30 CK —_—
Ma et al. 2006 94 CK —-
Yang et al. 2007 41 SPECT-IS —a—
Thibault et al. 2008 38 CK —a—
Tnl —a—
LVEF* at 12 month ——
Lonborg et al. 2010 118 MRI -IS —-
Sorensson et al. 2010 76 CK-MB —-—
nT ——
Tarantini et al. 2012 79 MRI - IS 30 days ——
Freixia et al. 2012 79 LVEF* 1 week ——
LVEF* 6 months ——
Dwyer et al. 2013 102 MRI -IS 3 days —-—
Araszkiewicz et al. 2014 72 CK —a—
Hahn et al. 2014 700 CK-MB o
MRI - IS 30 days -
|_ Eitel etal. 2015 333 MRI- IS 3 days -
[~ Botker et al. 2010 142 MSI* —-
Rentoukas et al. 2010 93 Tnl —a—
Crimi et al. 2013 100 CK-MB ——
White et al. 2014 197 MRI-IS -
nT -
Yellon et al. 2015 519 CK-MB 24h -
TnT 24h -
| Housenloy etal. 2019 5401 TnT E
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Figure 9 - Forest plot of major clinical studies on ischemic post-conditioning
and remote ischemic conditioning in acute myocardial infarction patients.
Squares and horizontal bars represent the mean effect size and 95% confidence
interbal (calculated as Cohen’s d statistic). Blue coloring represents
significance. Based on Heusch, 2015 [90] and Housenloy and Yellon, 2016 [166].
[PostC, ischemic post-conditioning; RIC, remote ischemic conditioning; N,
sample size; CK, creatinine kinase; CK-MB, creatinine kinase-muscle brain;
SPECT, single photon emision computed tomography; IS, infarct size; Tnl,
troponin-I; LVEF, left ventricular ejection fraction; MRI, magnetic resonance
imaging; MSI, myocardial salvage index; TnT, troponin-T. * These endpoints
reflect myocardium salvage instead of damage.

patients undergoing AMI. Furthermore, the most robust endpoint for
cardioprotection in pre-clinical research is infarct size, as it is the major predictor
of clinical outcomes [6-8], but mid and long-term effects, with regard to adverse

remodeling and heart function, are usually overlooked. Thus, whilst a certain
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intervention may result in acutely reduced infarct size, collateral effects of the same
intervention may affect the repair process diluting the effect over time [15]. More
robust animal models, multi-center cooperation, and long term follow up, are

needed to improve pre-clinical research translation.

Furthermore, the disappointing results from clinical trials highlight knowledge gaps
within the understanding of the endogenous cardioprotective program. Although,
the schematic view of ischemic conditioning as the sum of triggers, mediators, and
effectors has helped the understanding of the operating mechanisms, it may be too
simplistic. Rather than linear and unidirectional pathways, cell signaling more likely
results from a complex network of protein-protein interactions. Hence, all identified
mechanisms may be simultaneously active, interacting with each other, and
concomitant to a major stressing situation such as ischemia and reperfusion.
Moreover, in AMI patients, those interactions and signaling pathways are also
affected by an underlying pathology, adding an extra layer of complexity. Further
research, which must consider the identity and nature of these interactions, is
needed to conceive the whole picture of the endogenous cardioprotective program

and to improve clinical translation.

1.5.- Protein DJ-1

The early-onset Parkinson’s disease associated protein DJ-1 (also known as PARK7)
is a ubiquitously expressed homodimeric small protein (of about 20 kDa) belonging
to the DJ-1/pfpl superfamily, with conserved homologues from bacteria to human
[167]. Structurally, DJ-1 exhibits an a/B-fold composed of 11 B-strands (f1-811)
and 8 a-helices (xA-aH). It displays a central $-sheet composed of 7 3-strands, 6 of
them parallel, wraped by the eight a-helices. The oH chain of DJ-1 is the only a-helix
that does not directly contact the central B-sheet, instead it projects away and
contacts a-helices aA and oG. Beyond the central B-sheet, there is a B-harpin
(formed by B3 and p4) that locates in the dimerization surface, and a -a- motif

(formed by 38, aF and 39) (Figure 10) [168,169].
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Initially identified as an oncogene [170] DJ-1 has been further related to several
pathologic conditions such as Parkinson’s diseases [171,172], Alzheimer’s disease
[173,174], and heart failure [175], among others. Due to its role in pathology, DJ-1
has been extensively studied over the past decades, and several functions have been
proposed, including chaperone [176] and protease activities [177], transcriptional
regulator [178], redox sensor [179] and mitochondrial homeostasis keeper
[180,181]. Also, arole in cell signaling has been suggested [182]. However, the exact
molecular function and its regulation remain elusive. From all proposed functions,
cell protection against oxidative stress induced damage is the most consistently

described role for DJ-1.

Figure 10 - Protein structure of DJ-1 monomer (A. and B.), dimer (C.), and
detail of the dimerization interface (D.). A. and B. show different views of the
DJ-1 monomer. 3D protein structure model was obtained from Protein Data
Bank [301].
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1.5.1.- Redox sensing and ROS quenching

Cysteine residues are known to play crucial roles in redox signaling. They contain a
thiol group (-SH) which is susceptible to oxidation into sulfenic (-SOH), sulfinic (-
SO2H), and sulfonic acid (-SOsH), that constitute important post-transcriptional
modifications for redox signaling [183]. The oxidation of cysteine residues drives
the formation of disulfide bounds, involved in the regulation of protein interaction,
activation, localization, and stability [183]. DJ-1 has three highly conserved cysteine
residues (Cys53, Cys46 and Cys106) thus allowing redox sensing and conferring the
ability to eliminate small amounts of ROS through sporadic self-oxidation [184-

187].

From all cysteine residues of DJ-1, Cys106 has been suggested as a key regulator of
DJ-1 activity [179]. Mutations at Cys106 lead to an impaired protection against
stress [188-192], which highlights the association existing between redox signaling
and DJ-1. Indeed, ROS has been linked to the activation of DJ-1 and enhanced cell
protection throughout the induction of a carboxyl-terminal 15 amino acid cleavage
(DJ-1AC), corresponding to aH [177,193]. This mechanism might be complementary
or dependant to Cys106 oxidation. Despite the process leading to DJ-1 activation
remains unclear, there is a consensus regarding redox signaling, either through the
direct oxidation of Cys106, the cleavage of the carboxyl-terminal a-helix, or both

[177,185,193].

1.5.2.- Antioxidant defense

DJ-1 is known to play an important role in the anti-oxidant defense. Loss of DJ-1
entails an enhanced susceptibility to oxidative stress both in vitro and in vivo,
whereas its overexpression is protective [194-196]. The three cysteine residues of
DJ-1 allow the scavenging of ROS in small amounts [184]. However, as there is not a
known mechanism by which this residues could be reduced after oxidation, the ROS-
scavenging activity is believed a minor aspect of DJ-1 [197]. Therefore, a role in
regulating downstream mediators of the antioxidant repose through redox sensing

seems more reasonable [197]. In such a manner, DJ-1 has been reported to regulate
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the Nrf-2 response to oxidative stress, and to aid the superoxide dismutase-1

(SOD1) activation.

Nrf-2 is a master transcription factor driving the cell response to oxidative stress. It
plays a role in the establishment of the delayed cardioprotection conferred by
ischemic conditioning. At basal conditions, Nrf-2 is constantly expressed, repressed
by the Kelch-like ECH-associated protein-1 (Keap-1), and targeted for degradation
through the proteasome system [198]. In an oxidative stress condition, Nrf-2
dissociates from Keap-1, avoiding degradation, and accumulating fast in the cell
cytoplasm [199]. Then it translocates to the nucleus, where it interacts with other
transcription regulators and activates transcription of the antioxidant response
elements (ARE) which coordinate a detoxifying response [198-200]. DJ-1 has been
found to directly interact with Nrf-2, preventing the association with Keap-1, and
facilitating nuclear translocation and downstream effects upon oxidative stress
[201,202]. The possibility of tissue-specificity for the DJ-1/Nrf-2 interaction has also

been discussed, as Nrf-2 activation was found independent of DJ-1 in brain [203].

Additionally, DJ-1 has been reported to act as a copper chaperone for SOD1, which
is a known ARE [204,205]. SOD1 catalyzes the conversion of the superoxide anion
(O) to molecular oxygen and hydrogen, in a reaction that is dependent on copper
and zinc. DJ-1 was shown to interact with copper ions and to transfer them to SOD1
following activation [205]. Further roles of DJ-1 affecting cell response to oxidative

stress arise from the regulation of signaling pathways involved in cell fate decisions.

1.5.3.- Mitochondrial homeostasis

Despite mitochondria being the main source of ROS, they are particularly sensitive
to oxidative stress [206]. ROS damage to the mitochondria may result in
mitochondrial dysfunction, ATP depletion, mPTP opening, and cell death. Thus,
mitochondria have proven central in the pathophysiology of several diseases, such
as Parkinson’s diseases, and I/R injury, among others [207,208]. DJ-1 is known to
play a role in regulating mitochondrial homeostasis. The lack of DJ-1 results in
mitochondria fragmentation, reduced mitochondrial complex-1 activity, and

mitochondrial depolarization after the exposure to cell stressors, both in vitro and
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in vivo [209-212]. Despite, little amounts of DJ-1 are located in the mitochondria at
basal conditions [213], Cys106 oxidation drives its translocation to healthy
mitochondria through a mechanism dependent on the glucose-regulated protein 75
(GRP75; also known as mitochondrial stress-70 protein; HSPA9) [190,214]. Within
the mitochondria, DJ-1 has been described to bind and preserve the mitochondrial
complex-I function under stress [180], to bind and regulate the activity of the
mitochondrial F1Fo-ATP synthase [215], and to prevent excessive mitochondrial

fission following I/R [216].

1.5.4.- Transcriptional regulation

DJ-1 has the ability to regulate transcription for several genes through the
interaction with various transcription factors [178]. This is the case of Nrf-2, the
androgen receptor (AR) [217,218], tyrosine hydrolase (TH) [219], p53 [220,221],
sterol responsive element binding protein-2 (SREBP-2) [222], Ras-responsive
element (RRE)-binding protein-1 (RREB-1) [223], and signal transducer and
activator of transcription-1 (STAT-1) [224]. Altogether, placing DJ]-1 in the

regulation of a wide range of cellular processes.

Of particular interest for I/R injury and CVDs are the regulation of Nrf-2 and the
antioxidant response elements, and SREBP-2, which is as a positive regulator of the
low density lipoprotein receptor (LDLR) gene. The lack of DJ-1 leads to a reduced
LDLR expression, and consequently, higher levels of circulating LDL. Again, Cys106
oxidation appears to be essential for the enhancement of LDLR gene expression by

DJ-1, as the C106S mutant of DJ-1 fails to activate LDLR transcription [222].

1.5.5.- RNA-binding activity

Despite DJ-1 lacks a canonical RNA-binding domain, it has the ability to bind RNA,
as demonstrated by UV-cross-linked immunoprecipitation (CLIP) studies of DJ-1
[225-227]. Yetin 1999, DJ-1 was identified as a regulatory member for a large RNA-
binding complex [225]. Since then, multiple transcripts have been identified to
interact with D]-1 at RNA level [226]. However, no functional characterization has

been provided, and thus the nature and purpose of such interaction is not
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completely understood. Interestingly, the oxidation status of DJ-1 appears to be the
regulator of its RNA-binding activity; thereby, DJ-1 dissociates from interacting
transcripts under oxidative stress, which may allow their translation [226,227].
Moreover, DJ-1 reportedly interacts with messenger ribonucleoprotein (mRNP)

granules during stress [228], also involved in gene translation [226].

1.5.6.- Cell signaling

DJ-1 is believed to be implicated in the regulation of cell signaling either directly,
through the interaction and modulation of pathway mediators, or indirectly
interacting with inhibitors or co-activators [182]. Erk1/2, p53, Akt, and the
apoptosis signal-regulating kinase 1 (ASK1) are the four major pathways in which

DJ-1 reportedly plays a role.

The Erk1/2 pathway is a classical MAPK signaling pathway involved in many
cellular functions such as cell growth, autophagy and differentiation, that has been
reported to be affected by DJ-1. The overexpression of DJ-1 resulted in a higher
activation of Mek1/2 and Erk1/2 in vitro, and the inhibition of Erk1/2 signaling
abrogates DJ-1 protective effects [229]. Evidence for direct interaction between DJ-
1 and Erk1/2 has also been provided by co-immunoprecipitation studies both in
vivo and in vitro, and a role promoting Erk1/2 translocation to the nucleus under
oxidative stress has been proposed [230]. However, there is not yet a robust
consensus on the mechanism by which DJ-1 regulates Erk1/2 signaling, and a role
for DJ-1 interacting with Erk1l/2 upstream factors has also been reported
[229,231,232]. In such a manner, c-Raf [232], an upstream activator of Mek1/2, and
protein phosphatase 2A (PP2A) [229], a negative regulator of Erk1/2, have also

been found to interact with DJ-1.

p53 is a major tumor-suppressor protein in the cell. It acts as a transcription factor
which is activated in response to several cell stresses and promotes apoptosis, in
order to preserve genome stability. A direct interaction of DJ-1 with p53 was proven
by co-immunoprecipitation studies, in which Cys106 was shown crucial [221].

Functionally, DJ-1 has been suggested to inhibit p53 transcriptional activity through
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the interaction with its DNA-binding domain in an oxidative stress-dependent

manner [221,233].

The Akt pathway is one of the central signaling pathways controlling cell growth and
survival, that has been implicated in the cell protection conferred by DJ-1. The most
accepted mechanism by which DJ-1 promotes Akt signaling is through the inhibition
of the phosphatase and tensin homologue (PTEN), a known antagonist of Akt
signaling [234-237]. More specifically, DJ-1 has been reported to directly interact
and inhibit PTEN activity through transnitrosylation [238]. This interaction, again,
is dependent on the oxidation state of DJ-1; at least half of the total amount of DJ-1
has to be on its reduced state to successfully inhibit the activity of PTEN [239].
Additionally, during oxidative stress, DJ-1 has been reported to promote Akt
recruitment to the membrane, a feature needed for Akt priming and activation

[240].

The ASK1 pathway is a MAPK signaling pathway involved in the apoptosis
commitment. Under stress, ASK1 is activated and builds up a signalosome that will
trigger the intrinsic apoptosis pathway. DJ-1 reportedly inhibits ASK1 signaling at
multiple levels. DJ-1 physically interacts with ASK1, in an oxidative stress-
dependant manner [191,241,242]. Such interaction inhibits ASK1 activation,
disrupting the signalosome assembly. In parallel, DJ-1 has been reported to repress
ASK1 activation through the direct interaction and nuclear sequestration of the
death-domain-associated protein 6 (Daxx), which needed for the activation of ASK1
[243]. DJ-1 lacks a nuclear importing signal; therefore, an additional interaction
with p38 regulated/activated kinase (PRAK) is required to allow DJ-1 localization

to the nucleus and Daxx sequestration [244].

1.5.7.- Enzymatic activity.

Although DJ-1 has been related to a wide range of cellular processes and signaling
pathways, whether it displays an enzymatic activity is still a matter of debate, and a
clear active center has not been identified so far. Structurally DJ-1 resembles to
other members of the Pfpl protein family with proven protease activity [168].

However, it lacks the characteristic catalytic triad. It has been hypothesized that the
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conserved Cys106 residue could form a catalytic diad with His126, conferring some
protease activity [177], but no evidence for this happening in vivo has been

provided.

Furthermore, although still in debate, DJ-1 has been reported to display both
deglycase [245-247] and glyoxalase [248-250] activities. Glycation is a non-
enzymatic reaction whereby free reducing sugars combine with macromolecules,
specially proteins, forming Amadori products (early glycation products). Over time,
early glycation products undergo a series of reactions and rearrangements leading
to the formation of advanced glycation end-products (AGEs) [251]. Their formation
alter protein structure and function, and promote protein aggregation. Also,
extracellular AGEs activate the receptor of AGEs (RAGE) which promotes
inflammation [252]. Glycation is a fundamental mechanism involved in aging, and
plays a significant role in pathology. Reducing sugars are barely reactive; thus,
glycation and AGEs formation are slow rate reactions under physiologic conditions.
However, the exposure of sugars, early glycation products, or lipids to oxidants
results in the formation of reactive dicarbonyls, such as glyoxal and methylglyoxal,
that are about 20.000 times more reactive than glucose and greatly speed up AGEs
formation [253,254]. Deglycase activity defines the ability of repairing glycation
products, whereas glyoxalase activity refers to the capacity of metabolizing glyoxal

and methylglyoxal into non-reactive molecules.

A glyoxalase activity for D]-1 has been consistently proved and reproduced across
laboratories [248-250]. However, it displayed a considerably lower Kkinetic
efficiency than that of the classical glutathione-dependent glyoxalase 1 (Glo-1),
which is the main glyoxalase system of the cell. Regarding the deglycase activity,
controversial data have been raised, and some reports suggest it a secondary effect

of the glyoxalase activity [255,256].

1.6 - DJ-1 and I/R injury

DJ-1 regulates a wide variety of proteins and transcription factors, some of them
directly involved in the endogenous cardioprotective program. This is the case of

Aktand Erk1/2, core members of the RISK pathway, or Nrf-2, involved in the second
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window of protection following ischemic conditioning [257,258]. Also the
mitochondrial activities found for DJ-1 upon oxidative stress make possible a role
for DJ-1 as a cardioprotection effector. Indeed, D]-1 has been suggested as a
promising therapeutic target for myocardial [/R injury [259]. In such a way, animals
lacking of DJ-1 exhibits larger infarcts, increased mitochondrial fission, and worse
left ventricular function as compared to wild-type littermates [216,257,260-262],
whilst DJ-1 overexpression is protective [257,261]. Similar results have been raised
for stroke models, in which the loss of D]-1 resulted in larger infarcts in vivo, and
enhanced cell death in vitro [263]. Moreover, although primarily conceived
intracellular, it also has been found to be secreted under some specific conditions,
such as, breast cancer [264], Parkinson’s disease [265], and stroke [266], and the

exogenous administration of DJ-1 has proven protective in stroke models [267,268].

64



2.

Hypothesis






2.- Hypothesis

Although revascularization is the definitive treatment for obstructive ischemic heart
disease events, the blood reperfusion process paradoxically aggravates the
damaged myocardium. Given the limited regenerative capacity of the adult human
heart, there is little opportunity to recover the functional myocardium lost after
acute myocardial infarction. Therefore, limiting infarct size is the best strategy to
minimize re-events and to improve quality of life. The discovery of the conditioning
phenomena, referring to the acquired cardioprotection arising from the application
of transient cycles of ischemia and reperfusion, has evidenced the existence of
endogenous cardioprotective programs. However, disappointing results have been

obtained in clinical trials trying to promote cardioprotection.

The endogenous cardioprotective programs have been classically conceived linearly
as trigger-mediator-effector processes. A view that has helped the identification of
multiple players. But again, most of the pharmacological strategies targeting these
players have failed to prove clinical benefits. Considering the complexity of the
biological processes, and the presence of an underlying pathology, the classical view
of cardioprotection may be too simplistic. A more holistic comprehension of the
molecular basis of endogenous cardioprotective programs may help to improve

translation.

DJ-1 is a multifunctional protein playing intriguing roles in cell survival for a wide
variety of cellular insults and stresses. The existing consensus encompasses the
maintenance of mitochondrial homeostasis upon oxidative stress. Despite the many
functions reported for DJ-1, its exact molecular role and regulation have not been
elucidated so far. Some of the reported molecular activities may result from a yet-

to-be-understood upstream function of DJ-1.

Considering the molecular basis of ischemia and reperfusion injury, and the
currently proposed molecular activities of DJ-1, we hypothesized that DJ-1
participates in the endogenous cardioprotective programs and that its regulation

would provide a new therapeutic opportunity for myocardium salvage.
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3.- Objectives

In order to test our hypothesis, we have set the following objectives:

Objective 1.-

Objective 2.-

Objective 3.-

Objective 4.-

To explore the mitochondrial response of the myocardium to

ischemic post-conditioning.

To characterize the dynamics and functional implications of

protein DJ-1 upon ischemia and reperfusion.

To evaluate the therapeutic potential of recombinant protein DJ-1
for minimizing myocardium damage following acute myocardial

infarction.

To characterize the functional implications of the RNA-binding

activity of D]-1 upon ischemia and reperfusion.
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4.- Materials and methods

The employed materials and methods have been extensively detailed within each of
the scientific publications that comprise the results section of this thesis. Please

refer to section 5.- Results.

4.1.- Animal care statement

All animal study protocols were reviewed and approved by the Institutional Animal
Care and Use Committees (CEEA-IR Sant Pau) of ICCC-Hospital de la Santa Creu i
Sant Pau, and authorized by the Animal Experimental Committee of the local
government in accordance to the Spanish law (RD 53/2013) and the European
Directive 2010/63/EU. All experimental procedures were conformed to the Guide
for the Care and Use of Laboratory Animals from the US National Institutes of Health
[269], and were committed to the principal of the 3Rs (replacement, reduction and

refining) for laboratory animals research:

- Replacement: To substitute the use of animals by alternative methods.

- Reduction: To minimize the number of animals employed in research, or
to maximize the amount of information obtained from each animal.

- Refining: To minimize the pain, suffering, distress or lasting harm that

laboratory animals might experience.

All animals were allowed to acclimate for a minimum of 7 days upon arrival, and
housed in appropriate cages, in a light and temperature controlled environment.
After the experimental procedures, animals were not allowed to recover from the

anesthesia.
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5.- Results

5.1.- Article 1

Network-Assisted Systems Biology Analysis of the Mitochondrial Proteome in

a Pre-Clinical Model of Ischemia, Revascularization and Post-Conditioning

Alex Gallinat, Gemma Vilahur, Teresa Padrd, and Lina Badimon

Published - International Journal of Molecular Sciences. 2022, 23(4), 2087. doi:
10.3390/ijms23042087

Objective 1.- To explore the mitochondrial response of the myocardium to

ischemic post-conditioning.

Highlights:

* The topology of protein-protein interaction networks is tightly correlated
with cellular functions.

* Network systems biology provide a powerful approach towards the
understanding of complex biological processes such as ischemia,
reperfusion and cardioprotection.

* Ischemic post-conditioning promotes the metabolic reprogramming of the
myocardium at risk together with the up-regulation of the cardioprotective
proteins DJ-1 and VDAC2.

* Cardiac metabolism is an important driver of the cardioprotection

conferred by ischemic post-conditioning.
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Abstract: Infarct size is the major risk predictor for developing heart failure after an acute myocardial
infarction (AMI). The discovery of the conditioning phenomena (i.e., repetitive brief cycles of ischemia
applied either before or after a prolonged ischemic insult) has highlighted the existence of endogenous
protective mechanisms of the heart potentially limiting infarct size after revascularization. However,
most cardioprotective strategies, aiming at infarct size reduction, have failed in clinical studies. Thus,
cardioprotection is an unmet clinical need. In the present study, we took a network-assisted systems
biology approach to explore the mitochondrial proteomic signature of the myocardium after ischemia,
ischemia with direct revascularization, and ischemia with re-establishment of blood flow by post-
conditioning in a swine model of AMI. Furthermore, network extension with the ENCODE project
human regulatory data allowed the prediction of potential transcription factors at play in the response
to post-conditioning of the myocardium. Collectively, our results identify cardiac metabolism as
a driver of cardioprotection, highlighting a dual role for post-conditioning promoting metabolic
reprogramming of the myocardium, and a protective response mediated by VDAC2 and DJ-1 in
the mitochondria.

Keywords: post-conditioning; ischemia; cardioprotection; mitochondria; proteomics; network biology

1. Introduction

Despite a drop in mortality of acute myocardial infarction (AMI) in the past decades
due to the application of primary percutaneous coronary intervention (PPCI) [1,2], AMI
survivors are at high risk of developing heart failure (HF) [3,4], which is a cause of a
high morbidity and mortality worldwide [5] and of huge global burden on healthcare and
economic resources [6]. AMI is an ischemic event caused by the sudden interruption of
coronary blood supply to the myocardium. From the onset of AMI, a wave-front of necrosis
grows within the at-risk myocardium [7]. Due to the minimal regenerative capacity of
the adult human heart, there is no recovery of the lost functional tissue after an AMI [8]
and thus, infarct size is the major predictor of AMI clinical outcomes [9,10]. The early
and successful restoration of coronary blood flow by PPCI is the most effective strategy to
limit infarct size. However, this process that occurs within the very first minutes of reflow
paradoxically has the potential to exacerbate damage and accounts for a significant part of
the final infarct size [11,12]. A vast number of cardioprotective therapies aimed at reducing
infarct size have failed to demonstrate clinical benefits [13,14]. Thus, cardioprotection is
currently an unmet clinical need. A better understanding of the mechanisms at play in the
ischemic myocardium is needed in order to both explore novel cardioprotective strategies
and to improve translation.

Int. J. Mol. Sci. 2022, 23, 2087. https:/ /doi.org/10.3390/ijms23042087
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In 1986, Murray et al. [15] first described how the application of repetitive brief
cycles of ischemia and revascularization prior to a prolonged ischemic insult greatly limits
infarct size and improves post-AMI heart function. This practice was called ischemic
pre-conditioning and has demonstrated the existence of endogenous cardioprotective
mechanisms that are worth exploring. However, the clinical application of pre-conditioning
is limited because AMI is a sudden event and cannot be accurately predicted. Later on,
Zhao et al. [16] reported that ischemic conditioning also results in significant protection
when applied at the time of the re-establishment of coronary blood flow after a prolonged
ischemic insult. This practice was called post-conditioning, and markedly reduced infarct
size, endothelial dysfunction, and post-ischemic blood flow defects [16-18]. Despite broadly
proven benefits of ischemic conditioning in animal models, it turned controversial in clinical
trials [19-21], possibly due to differences in the conditioning protocols, patient medications,
and comorbidities [22-24]. Thus, a better understanding of the mechanisms at play is
needed to improve translation. Many studies have focused on the identification of single
molecules and apoptosis-related pathways at play [25], but a global characterization of the
coordinated changes in the myocardium following post-conditioning is still lacking.

Network medicine is a rapidly growing field combining systems biology with net-
work science to understand the relationship between molecular signatures and disease
pathogenesis [26,27]. Based on the assumption that biological processes are not primarily
constrained by single proteins or discrete pathways, but rather a network of complex molec-
ular interactions, network medicine provides powerful tools to understand the driving
mechanisms of disease [28].

Mitochondria play a central role in the generation and maintenance of cellular ATP
pools. They also provide a hub for cell metabolism, programmed cell death, and have mul-
tiple roles in signaling. These features make them central organelles for cellular adaptation
to ischemia and revascularization, and for cardioprotection [29-31]. Nearly all identified
signaling pathways in the cardioprotective response triggered by the conditioning phe-
nomena converge in the mitochondria; thus, mitochondria are believed to be the effector
organelles for cardioprotection [32].

The present work is the continuation of a previous study in which we took a proteomic
approach to identify regulators of post-conditioning and their signaling pathways [33]. In
the first part of the study, a beneficial effect of post-conditioning over the global heart func-
tion, infarct size, and cell survival was found (Supplemental Figure S1), and an effect on the
canonical aryl-hydrocarbon receptor pathway was shown [33]. Now, we have investigated
whether a network-assisted systems biology approach focusing on the mitochondrial pro-
teome evolution all along ischemia, revascularization, and post-conditioning, would shed
additional light on the understanding of the molecular basis of cardioprotection beyond
signaling, and how post-conditioning modifies the response of the myocardium to the
re-establishment of coronary blood flow.

2. Results
2.1. Ischemia, Revascularization, and Post-Conditioning Impacts on the Swine
Mitochondrial Proteome

The proteomic characterization of the myocardium at risk revealed at least 26 mito-
chondrial proteins to be differentially regulated as a result of ischemia, revascularization,
and post-conditioning in the swine heart (Supplemental Table S1). In order to depict an
overall functional characterization, we built a physical protein—protein interaction (PPI)
network according to the STRING [34] database with 26 differentially regulated proteins
detected across all conditions (Figure 1). The resulting network revealed a significant PPI
enrichment, indicating that the differentially expressed proteins are biologically connected
as a group [26]. Then, we applied the Markov clustering (MCL) [35,36] strategy and ran
a functional overrepresentation analysis upon Gene Ontology biological process terms
and pathways from the Wikipathways [37] database. The MCL algorithm identified three
PPI-enriched clusters within the network, tightly correlating with the significantly overrep-
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resented pathways. More specifically, the tricarboxylic acid (TCA) cycle (WP78; FDR ~ 0)
and the oxidative phosphorylation (OXPHOS) system (WP111; FDR = 0) (Figure 1—see
Supplemental Table S2 for a complete list of the overrepresented pathways). Accord-
ingly, strongly significant enrichments were found for Gene Ontology biological process
terms related to the energy metabolism and cellular respiration (Table 1), collectively high-
lighting the pivotal role of the energy metabolism in organ resilience during ischemia
and revascularization.
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Figure 1. Mitochondrial physical PPI network analysis. All proteins detected to be differentially
expressed (absolute logFC > 0.5) in at least one condition were included. PPIs were retrieved from
the STRING database, and the Markov clustering (MCL) strategy with an inflation parameter of 1.4
was applied to identify protein-protein interaction (PPI) clusters. The PPI network of differentially
regulated proteins, including the most relevant enriched pathways, was detected in the analysis.
Green arrows connect pathways with their matching proteins in the network. Node color represents
the logFC between post-conditioning and direct revascularization, size represents node degree within
the network, and edge thickness the confidence of interaction between nodes. Abbreviations—I/R:
Ischemia/revascularization group; PostC: Post-conditioning group; ACO2: Heart aconitase; ATP5A1:
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ATP synthase subunit alpha; ATP5F1: ATP synthase beta subunit; BDH1: D-beta-hydroxybutyrate de-
hydrogenase; COQ9: Ubiquinone biosynthesis protein COQ9; DLD: Dihydrolepolyl dehydrogenase;
DLST: Dihydrolipollysin-residue succinyltransferase component of 2-oxoglutarate dehydrogenase
complex; ETFB: Electron transfer flavoprotein subunit beta; ETFDH: Electron transfer flavoprotein-
ubiquinone oxidoreductase; HADH: Hydroxyacyl-coenzyme A dehydrogenase; HSPA9: Stress-70
protein, mitochondrial; IDH2: Isocitrate dehydrogenase [NADPH]; IDH3A: Isocitrate dehydrogenase
[NAD] subunit alpha; MT-ND2: NADH-ubiquinone oxidoreductase; NDUFV1: NADH dehydro-
genase [ubiquinone] flavoprotein 1; OGDH: 2 oxoglutarate dehydrogenase; OXA1L: Mitochondrial
inner membrane protein; OXCT1: Succinyl-CoA:3-ketoacid-coenzyme; PARK?: Protein DJ-1; PDHAT:
Pyruvate dehydrogenase; SUCLA2: Succinyl-CoA ligase [ADP-forming] subunit beta; UQCRC1:
Cytochrome b-c1 complex subunit 1; UQCRFS1: Cytochrome b-c1 complex subunit Rieske; VDACT:
Voltage-dependent anion-selective channel protein 1; VDAC2: Voltage-dependent anion-selective
channel protein 2.

Table 1. Top 10 most significant Gene Ontology biological terms detected.

GO_Term Description Strength FDR
GO:0006091 Generation of precursor metabolites 1.59 288 x 10-25
and energy
GO:0045333 Cellular respiration 1.9 1.24 x 10723
GO:0055114 Oxidation-reduction process 12 6.17 x 1077
GO:0009060 Aerobic respiration 2 241 x 10714
GO:0006099 Tricarboxylic acid cycle 2.27 6.75 x 10713
GO:0044281 Small molecule metabolic process 0.92 4.85 x 10711
GO:0022904 Respiratory electron transport chain 177 240 x 1077
GO:0006119 Oxidative phosphorylation 1.72 449 x 1077
GO:0046034 ATP metabolic process 1.54 551 x 107°
GO:0019752 Carboxylic acid metabolic process 1.08 1.14 x 1078

2.2. Tricarboxylic Acid Cycle

A total of 8 proteins involved in the TCA cycle were detected to be differentially
regulated across all conditions (Figure 2). In ischemic hearts, both the succinyl-CoA ligase
(SUCLAZ2) and the dihydrolepolyl dehydrogenase (DLD), a component of the oxoglutarate
dehydrogenase complex, were found to be down-regulated. After the re-establishment of
coronary blood flow, there was no recovery of SUCLA2 or DLD, but instead a further down-
regulation of the TCA cycle member isocitrate dehydrogenase subunit alpha (IDH3A) and
the isocitrate dehydrogenase 2 (IDH2) was detected. The oxoglutarate dehydrogenase com-
plex component OGDH was up-regulated after revascularization. When post-conditioning
was performed, a wide up-regulation of enzymes involved in the progression of the TCA
cycle was detected, with the recovery of IDH3A and all the oxoglutarate dehydrogenase
complex members. Heart aconitase (ACO2), the enzyme responsible for the first two
reactions of the TCA cycle, was up-regulated following post-conditioning.
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Figure 2. Tricarboxylic acid (TCA) cycle related differentially regulated proteins.(a) LogFC plot of
TCA cycle related proteins across ischemia, reperfusion, and post-conditioning. The red dashed line
indicates the threshold at absolute logFC > 0.5. (b) TCA cycle pathway scheme with the differentially
regulated proteins detected highlighted within red boxes. Abbreviations—Isch: Ischemia group; I/R:
Ischemia/revascularization group; PostC: Post-conditioning group; ACO2: Heart aconitase; DLD:
Dihydrolepolyl dehydrogenase; DLST: Dihydrolipollysin-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex; IDH2: Isocitrate dehydrogenase [NADPH]; IDH3A: Isocitrate
dehydrogenase [NAD] subunit alpha; OGDH: 2 oxoglutarate dehydrogenase; PDHAT1: Pyruvate
dehydrogenase; SUCLA2: Succinyl-CoA ligase [ADP-forming] subunit beta.

2.3. Oxidative Phosphorylation

A total of 6 proteins belonging to the electron transport chain complexes I, III, and
V were affected by ischemia, direct revascularization, and post-conditioning (Figure 3).
Ischemic hearts exhibited a down-regulation of proteins belonging to both complexes I and
V. After the re-establishment of coronary blood flow, further down-regulations of complex
Tand V were seen, together with a strong down-regulation of the complex III core catalytic
subunit (cytochrome b-c1 oxidoreductase complex subunit Rieske; UQCRFS1). Conversely,
post-conditioned hearts exhibited a strong up-regulation of the electron transport chain
complexes L, III, and V. Additionally, the electron-transfer flavoprotein oxidoreductase
(ETFDH) and the electron-transfer flavoprotein subunit beta (ETFB), which are not part
of the electron transport chain complexes themselves but a crucial link between the fatty
acids beta-oxidation and the oxidative phosphorylation, were also up-regulated in the
post-conditioned hearts.
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Figure 3. Oxidative phosphorylation (OXPHOS)-related differentially regulated proteins. (a) LogFC
plot of the OXPHOS related proteins across ischemia, revascularization, and post-conditioning.
The red dashed line indicates the threshold at absolute logFC > 0.5. (b) OXPHOS scheme with
the differentially regulated proteins detected highlighted within red boxes. Abbreviations—Isch:
Ischemia group; I/R: Ischemia/ revascularization group; PostC: Post-conditioning group; ATP5A1:
ATP synthase subunit alpha; ATP5F1: ATP synthase beta subunit; ETFB: Electron transfer flavoprotein
subunit beta; ETFDH: Electron transfer flavoprotein-ubiquinone oxidoreductase; MT-ND2: NADH-
ubiquinone oxidoreductase; NDUFV1: NADH dehydrogenase [ubiquinone] flavoprotein 1; UQCRC1:
Cytochrome b-c1 complex subunit 1; UQCRFS1: Cytochrome b-c1 complex subunit Rieske.

2.4. Non Metabolic Proteins

Between the differentially regulated proteins detected across all conditions, seven
proteins with non-metabolic functions were detected to be strongly up-regulated following
post-conditioning (Figure 4). Amongst them, we found that the mitochondrial inner
membrane protein (OXA1L), the voltage-dependent anion-selective channel 2 (VDAC2),
and protein DJ-1 (PARK?) were greatly up-regulated. Also, the mitochondrial stress-70
protein (HSPAY, also known as mortalin), which is functionally related to PARK7, was
found to be up-regulated in the post-conditioned hearts.
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Figure 4. Non-metabolic differentially regulated proteins.(a) LogFC plot of the non-metabolic proteins
detected across ischemia, reperfusion, and post-conditioning. The red dashed line indicates the
threshold at absolute logFC > 0.5. (b) Detail of VDAC2 spot across conditions. Abbreviations—Isch:
Ischemia group; I/R: Ischemia/revascularization group; PostC: Post-conditioning group; COQ9:
Ubiquinone biosynthesis protein COQ9; HADH: Hydroxyacyl-coenzyme A dehydrogenase; HSPA9:
Stress-70 protein, mitochondrial; OXA1L: Mitochondrial inner membrane protein; PARK?: Protein
DJ-1; VDACI: Voltage-dependent anion-selective channel protein 1; VDAC2: Voltage-dependent
anion-selective channel protein 2.

2.5. Prediction of Ischemic Post-Conditioning Mitochondrial Regulatory Network

In order to better understand the gene regulation at play following post-conditioning,
we expanded the PPI network built upon the post-conditioning differentially expressed
genes compared to direct revascularization with the human regulatory transcription factor
network data retrieved from the ENCODE [38] database. As a result, 20 transcription
factors were predicted to be at play (Figure 5a). From them all, the CCCTC-binding
factor (CTCEF), the glucocorticoid receptor (NR3C1), and the nuclear respiratory factor 1
(NRF1) were connected to nodes exhibiting opposite regulation at revascularization and
post-conditioning versus ischemia (Figure 5b,c).
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Figure 5. Extension of the post-conditioning mitochondrial protein-protein interaction (PPI) network
with the ENCODE human regulatory data. Only proteins exhibiting an absolute logFC > 0.5 at
post-conditioning versus I/R, were included. (a) Mitochondrial post-conditioning associated PPI
network including regulatory elements retrieved from the ENCODE project human regulatory data.
Nodes with no prediction of regulatory elements were hided, to simplify visualization. Nodes fill
color represents logFC between post-conditioning and I/R and size represents node degree within the
complete network Predicted regulatory elements are indicated as green diamonds. (b) Regulatory sub-
network of CTCF, NR3C1, and NRF1 at ischemia/reperfusion compared to ischemia. (c) Regulatory
sub-network of CTCF, NR3C1, and NRF1 at post-conditioning compared to ischemia. Abbreviations—
Isch: Ischemia group; I/R: Ischemia/revascularization group; PostC: Post-conditioning group; TF:
Transcription factor; ATP5F1: ATP synthase beta subunit; BRCA1: Breast cancer type 1 susceptibility
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protein; CEBPB: CCAAT/enhancer-binding protein beta; COQ9: Ubiquinone biosynthesis protein
COQY; CTCF: CCCTC-binding factor; DLD: Dihydrolepolyl dehydrogenase; DLST: Dihydrolipollysin-
residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex; E2F6: Transcrip-
tion factor E2F6; ELF1: ETS-related transcription factor Elf-1; EP300: Histone acetyltransferase p300;
ETFB: Electron transfer flavoprotein subunit beta; ETFDH: Electron transfer flavoprotein-ubiquinone
oxidoreductase; FOXA1: Hepatocyte nuclear factor 3-alpha; GATA1: Erythroid transcription factor;
HSPAY: Stress-70 protein, mitochondrial; IDH2: Isocitrate dehydrogenase [NADPH]; MAX: Protein
max; MYC: Myc proto-oncogene protein; NR3C1: Glucocorticoid receptor; NRF1: nuclear respiratory
factor 1, OGDH: 2 oxoglutarate dehydrogenase; OXA1L: Mitochondrial inner membrane protein;
PARK?: Protein DJ-1; PDHA1: Pyruvate dehydrogenase; RAD21: Double-strand-break repair protein
rad21 homolog; RXRA: Retinoic acid receptor RXR-alpha; TAF1: Transcription initiation factor TFIID
subunit 1; TCF12: Transcription factor 12; TCF4: Transcription factor 4, UQCRC1: Cytochrome
b-c1 complex subunit 1; VDAC2: Voltage-dependent anion-selective channel protein 2; YY1: Tran-
scriptional repressor protein YY1; ZBTB33: Transcriptional regulator Kaiso; ZNF274: Neurotrophin
receptor-interacting factor homolog.

3. Discussion
3.1. Mitochondrial Response to Ischemia in the Pig Heart

In aerobic conditions, heart mitochondria rely on three main metabolic pathways to
satisfy the ATP demand. These are the fatty acid $-oxidation (FAO), the TCA cycle, and
the OXPHOS system. During FAO, fatty acids are sequentially oxidized and ultimately
converted to reducing equivalents (NADH and FADH2), acetyl-CoA, and GTP (through
substrate-level phosphorylation). Then, acetyl-CoA enters the TCA cycle where it is further
oxidized, thereby producing more reducing equivalents, GTP, and CO,. In the course
of OXPHOS, all reducing equivalents are utilized by the electron transport chain (ETC)
complexes to pump protons into the inter-membrane space, generating an electrochemical
gradient that will drive the main ATP production, supported by the F;F,-ATP-synthase
(complex V). During OXPHQOS, electrons released from the oxidation of reducing equiva-
lents flow through the ETC, ultimately reaching the cytochrome-c oxidase (complex IV),
where O, acts as the final electron acceptor, and H,O is produced.

During ischemia, O, deprivation rapidly inhibits the electronflow through the ETC,
leading to the accumulation of reducing equivalents. The catabolic metabolism strictly
depends on the re-oxidation of reducing equivalents to progress, as they exist in a relatively
low abundance in the cell and cannot be imported [31]. The ETC inhibition directly impacts
the TCA cycle progression and FAO pathway. In the absence of O,, ATP can no longer
be produced by OXPHOS; instead, metabolism switches to anaerobic glycolysis, which
is virtually the only way of producing ATP in the absence of O,. Whilst the lack of
oxidized reducing equivalents disrupts the normal TCA cycle progression, some TCA
cycle intermediates accumulate during a period of oxygen deprivation as a result of non-
canonical TCA cycle activity [39—41]. This non-canonical flow through the TCA cycle leads
to the accumulation of succinate but also guarantees a second source of ATP in the absence
of Oy. Only a few changes in the mitochondrial proteome were found following ischemia;
these were the down-regulation of the TCA cycle enzymes DLD and SUCLA2 and the ETC
members MT-ND2 and ATP5A1.

3.2. Mitochondrial Response to Revascularization in the Pig Heart

At the onset of revascularization, O, availability restores the normal ETC activity.
When this happens, succinate that has been accumulating during ischemia is oxidized at
ETC complex II, reducing the ubiquinone pool and increasing the mitochondrial potential.
These two conditions, together with a compromised ATP-synthase activity due to a low
ADP availability following ischemia, promote reverse electron transport (RET) through com-
plex I, ending up in the generation of reactive oxygen species (ROS) [42,43]. Despite ROS
being continuously produced during metabolic activity, there is a balance with the endoge-
nous antioxidant mechanisms, as they have the potential to induce several macromolecular
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alterations ranging from protein misfolding to DNA damage. Yet, ROS have a central role
in myocardial damage following revascularization [44,45]. Within complex I, the mitochon-
drial encoded subunit ND2 (MT-ND2) and flavin mononucleotide-binding subunits are the
most susceptible to oxidative damage, as they comprise the main superoxide generation site
during RET [46]. Oxidative damage to complex I following revascularization is reflected
in the swine mitochondrial proteome as the down-regulation of both MT-ND2 and the
NADH dehydrogenase (ubiquinone) flavoprotein 1 (NDUFS1). RET through complex I is
dependent on a high mitochondrial potential and a reduced ubiquinone pool and is thus
transitory [47]. Yet, complex III has been identified as the second major source for ROS
generation at the mitochondria as a result of electron leakage [48,49]. In contrast to the
RET-driven ROS generation by complex I, complex III ROS generation occurs even under
physiologic conditions [49] and is promoted following the re-establishment of coronary
blood flow [47]. Consistently, a strong down-regulation of complex III was found following
revascularization, which may be a consequence of oxidative damage to the ETC [50].

In addition to a compromised ETC, the expression of several enzymes belonging to
the TCA cycle was found to be affected by ischemia and revascularization. This is the case
of SUCLA2 and DLD, which were down-regulated during ischemia and not recovered after
revascularization, and the isocitrate dehydrogenase components IDH3A and IDH2, which
were found to be down-regulated after the re-establishment of coronary blood flow. The
oxoglutarate dehydrogenase complex component OGDH is the only TCA cycle enzyme
that was up-regulated at revascularization.

3.3. Mitochondrial Response to Post-Conditioning in the Pig Heart

The application of post-conditioning at the onset of revascularization had a great
impact on the mitochondrial proteome of the myocardium at risk. When post-conditioning
was performed, no down-regulation of complex III was detected, but robust up-regulation
of complexes I, I1I, and V was found. These differences may result from reduced oxidative
damage or de novo protein synthesis. When compared to the sham group, all the complex
I members MT-ND2, NDUFSV1, and the complex III subunit UQCRC1, were seen to be
strongly up-regulated, suggesting de novo synthesis (Supplemental Figure S2). Consis-
tently, OXA1L, a protein involved in the insertion and correct assembling of inner mitochon-
drial membrane integral proteins, was greatly up-regulated following post-conditioning
(both compared to direct revascularization and sham groups). Conversely, the complex III
subunit UQCRFS1, and the complex V subunits ATP5A1 and ATP5F1, remained unaltered
when compared to sham but were down-regulated after direct revascularization. These
results are in line with previous studies performed in ex vivo Langerdoff-perfused rodent
hearts [51,52], thus confirming the pivotal implication of the ETC complexes in the cardio-
protection conferred by post-conditioning in a pre-clinical animal model of myocardial
infarction. Moreover, ETFB and ETFDH, the links between the ETC and FAO, were found
to be up-regulated in the post-conditioned hearts, indicating a higher implication of FAO
in the post-ischemic cardiac metabolism in the post-conditioned hearts.

It is worth noting that whilst revascularization led to the down-regulation of the
isocitrate dehydrogenase components IDH3A and IDH2, together with the non-recovery
of SUCLA2 and DLD, post-conditioning induced a wide up-regulation of the enzymes
involved in the progression of the TCA cycle, suggesting that post-conditioning promotes
a canonical TCA cycle progression.

Changes in the mitochondrial proteome reflect the balance existing between metabolic
adaptation and damage. Amongst the non-metabolic differentially expressed proteins de-
tected in the post-conditioned hearts, both VDAC2 and DJ-1 have been previously related
to cardioprotection [53-55]. Furthermore, HSPAY, a protein necessary for the mitochondrial
import of DJ-1 [56] was also up-regulated. Additionally, VDAC2, DJ-1, and HSPA9 exhib-
ited strong up-regulation when compared to the sham group, supporting the induction
of a cardioprotective program following post-conditioning (Supplemental Figure S3). Yet
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the exact role that these proteins play in the response to ischemia and revascularization
remains to be investigated.

Network biology provides an intuitive and powerful approach to characterize and
understand cellular mechanisms and pathology. As shown here, network topology tightly
correlates with functional modules, and collectively highlights the great implications of the
energy metabolism in the cardioprotection conferred by post-conditioning. Furthermore,
networks can be expanded by adding new pairs of scientifically proven interactions aris-
ing from pre-built interaction networks, allowing the identification of protein complexes
and regulatory elements. In such a way, the ENCODE project includes the information
of validated chromatin immunoprecipitation sequencing data sets for over 119 distinct
transcription factors [38]. The post-conditioning associated PPI mitochondrial network
extension through the human regulatory data retrieved from the ENCODE project revealed
20 transcription factors putatively at play in the regulation of the post-conditioning re-
sponse. Amongst them, CTCF, NR3C1, and NRF1 exhibited the most consistent topology
with the post-conditioning proteomic response and may be new targets for cardioprotective
strategies. Further research is needed in order to elucidate the transcriptional regulation at
play and upstream signaling.

4. Materials and Methods
4.1. Experimental Model

Twenty-one regular farm pigs were randomized into four experimental groups: (I)
closed-chest 90 min left anterior descending (LAD) coronary artery balloon occlusion with
no revascularization (ischemia group; N = 7); (II) closed-chest 90 min LAD occlusion
followed by 2.5h of revascularization (ischemia-revascularization group; N = 5); (III) closed-
chest 90 min LAD occlusion followed by post-conditioning and 2.5 h of revascularization
(post-conditioning group; N = 5); and (IV) sham-operated animals, which underwent
the same surgical procedure without balloon inflation (sham group; N = 4). To avoid
thrombotic complications due to catheter manipulation, a loading dose of clopidogrel was
administered to all animals 12h before the experimental procedure. Closed-chest LAD
occlusion was performed as previously described under angiographic monitoring [33].
Briefly, anesthesia was administered by an intramuscular injection of zoletil® (7mg/Kg),
domtor® (7mg/Kg), and atropine (0.03mg/Kg). Then, animals underwent endotracheal
intubation, and anesthesia was maintained by isofluorane inhalation (2%). Continuous
infusion of amiodarone (300mg, 75mg/h) was initiated at the beginning of the procedure
in all pigs as prophylaxis for malignant ventricular arrhythmias. These amiodarone doses
do not alter hemodynamic parameters [57]. Angiography was employed both to guide
angioplasty balloon placement (below the first diagonal branch) and to corroborate the
successful occlusion of the LAD coronary artery (no flow downstream balloon position
upon contrast injection). Animals were then randomized to one of the four groups described
(Supplemental Figure S1). The post-conditioning protocol consisted of six cycles of 20 s of
balloon disinflation (revascularization) and 20 s of re-occlusion (ischemia) at the onset of
revascularization [58,59]. Animals were not allowed to recover from the anesthesia.

Heart rate and electrocardiogram were monitored throughout the experimental proce-
dure. Left ventricular ejection fraction (LVEF) was assessed at baseline, 90 min post-LAD
occlusion (before revascularization), and at the end of revascularization time (sacrifice). All
echocardiographic measurements were taken blindly by the same technician.

4.2. Sample Collection and Protein Extraction

Evan’s blue dye was injected in anesthetized animals to outline the area at risk,
immediately after hearts were arrested, rapidly excised, and sliced. Slices were alternatively
collected for infarct size analysis with triphenyl tetrazolium chloride (TTC) and sample
collection. Heart samples from the inner border zone of the area at risk were collected,
snap-frozen, smashed to powder, and homogenized in urea/thiourea buffer for proteomic
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analysis. The protein concentration was then quantified with 2D-Quant Kit (GE Healthcare,
Chicago, IL, USA).

4.3. Proteomic Analysis

Protein extracts were separated by two-dimensional gel electrophoresis as previously
described [53]. Gels were then labeled with Flamingo Fluorescent Gel Stain (Bio-Rad,
Hercules, CA, USA), scanned in a Typhoon 9400 (GE Healthcare, Chicago, IL, USA), and
analyzed for spot variations using PD-Quest 8.0 (Bio-Rad, Hercules, CA, USA). Three ani-
mals from each group were analyzed. Spots of interest were then excised and identified by
matrix-assisted laser desorption/ionization-time-of-flight using an AutoFlex III Smartbeam
MALDI-ToF/ToF (Bruker Daltonics, Billerica, MA, USA).

4.4. In Silico Analysis

Spot intensities in each gel were normalized by the intensity of the albumin spot.
Intensity medians were then used to calculate the log-fold change (logFC) between groups,
and only those proteins exhibiting an absolute logFC higher than 0.5 were considered to be
differentially expressed. Differentially expressed proteins were employed to build a PPI
network according to the STRING [34] database. The resulting network was then imported
to Cytoscape 3.0 [60] for further analysis and visualization. The MCL strategy with an
inflation parameter of 1.4 was applied in order to predict functional clusters [35,36]. Seed
nodes were analyzed for functional enrichment in Gene Ontology biological process terms
and pathways from Wikipathways [37] database. In order to predict putative transcription
factors at play, the differentially expressed PPI network was expanded according to the
human regulatory network derived from the ENCODE [38] database using the Cytoscape
app CyTargetLinker [61].

4.5. Statistical Analysis

A bootstrapping approach was employed to calculate the effect size of each condition
amongst the identified proteins. Briefly, a random sampling with replacement step was
performed upon normalized spot intensities before logFC calculations [62]. An effect
size threshold for significance was set at 0.5 absolute logFC. All statistical analyses were
performed with RStudio (RStudio, Boston, MA, USA). Unpaired multi-two group Gardner—
Altman estimation plots were generated with the R package ‘dabester’.

5. Conclusions

Our systems biology analysis results collectively highlight a dual role for post-conditioning
both for promoting metabolic reprogramming and a protective response potentially me-
diated by VDAC2 and DJ-1 in the mitochondria. Therapies targeting cardiac metabolism
may thus allow the pharmacological emulation/recapitulation of post-conditioning general
changes, potentially overcoming the limitations found in the clinical studies. Additionally,
hallmarks of the metabolic re-adaptation were found in the post-conditioning cytoplasmic
proteome as illustrated previously by the regulation of the mammalian target of rapamycin
(mTOR) following post-conditioning [33]. Indeed, cardiac metabolism has been suggested
as a driver for cardioprotection, and several metabolic approaches have been proposed as
beneficial within the AMI framework [63]. Our results describe the complex mitochondrial
proteomic signature triggered by post-conditioning. Further research is needed in order
to explore the upstream regulation and the link existing between VDAC2, DJ-1, and the
post-ischemic metabolic adaptation to revascularization.
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Table S1. Changes in mitochondrial proteins detected in the swine at-risk myocardial

proteome.
Protein name Symbol Isch vs. Sham I/R vs. Isch  PostCvs. Isch PostCvs. I/R
Voltage-dependent anion-selective channel protein 1 VDAC1 4 -184 N.D. @+ 345 N.D.
D-beta-hydroxybutyrate dehydrogenase BDH1 = 041 N.D. @+ 248 N.D.
Mitochondrial inner membrane protein OXA1L 4 -057 4 -187 @+ 166 @ 353
Voltage-dependent anion-selective channel protein 2 VDAC2 > 0.04 4 -094 @+ 208 @+ 302
Dihydrolepolyl dehydrogenase DLD 4 195 = -0.18 @4 240 @+ 258
Cytochrome b-c1 complex subunit 1 UQCRC1 = -0.12 4 -059 @+ 195 @+ 254
NADH-ubiquinone oxidoreductase MT-ND2 & -0.60 = -0.30 @+ 216 @+ 246
Electron transfer flavoprotein subunit beta ETFB @ o068 4 -1.28 @+ o070 @ 198
Protein DJ-1 PARK7 @+ 0.62 = -019 @ 174 @+ 193
NADH dehydrogenase [ubiquinone] flavoprotein 1 NDUFV1 = -0.15 4 -058 @4+ 130 @+ 187
Stress-70 protein, mitchondrial HsPAS & -0.67 = -0.24 @4+ 137 @+ 162
ATP synthase beta subunit ATPSF1 = -0.06 4 104 @+ o0s8 @+ 161
Succinyl-CoA:3-ketoacid-coenzyme OXCT1 = 001 = -0.39 @+ 108 @+ 147
Cytochrome b-c1 complex subunit Rieske UQCRFS1 = 0.40 ¥ 136 = 010 @+ 146
Dik i in-residue i of 2-oxoglutarate dehydrogenase complex DLST = -0.29 = 0.03 @4 121 @+ 117
Hydroxyacyl-coenzyme A dehydrogenase HADH = 033 4 -1.06 = 007 @+ 113
Ubiquinone biosynthesis protein COQ9 coQ9 = -024 = -029 @ 075 @+ 104
Isocitrate dehydrogenase [NAD] subunit alpha IDH3A > -0.42 4 -098 = 001 @ 099
Succinyl-CoA ligase [ADP-forming] subunit beta sucta2 & -057 = -0.27 @4 o051 @+ o078
Pyruvate dehydrogenase PDHA1 = 0.8 ¥ 088 = -008 @ 075
Isocitrate dehydrogenase [NADPH] IDH2 @+ o066 4 077 = -0.05 @+ o072
Heart aconitase ACO2 = 012 = 007 @+ o072 @+ 065
ATP synthase subunit alpha ATPSAL & 070 = -008 f 054 @+ o063
Electron transfer flavoprotein-ubiquinone oxi ETFDH  § -050 @ 055 @ 113 @ o057
Superoxide dismutase soD1 = 0.01 = 015 4 o052 = 037
2 oxoglutarate dehydrogenase OGDH = -031 f 052 @+ o077 = 024
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Table S2. Wikipathways enrichment analysis result of the differentially regulated proteins
detected across ischemia, revascularization, and post-conditioning.

WP_id Term description Strength FDR
WP2453 TCA cycle and deficiency of pyruvate dehydrogenase complex (PDHc) 2.47 2.90E-10
WP78  TCA cycle (aka Krebs or citric acid cycle) 2.42 2.90E-10
WP3925 Amino acid metabolism 1.78 1.64E-08
WP111 Electron transport chain: OXPHOS system in mitochondria 1.66 1.83E-06
WP4932 7q11.23 copy number variation syndrome 1.58 8.26E-05
WP4290 Metabolic reprogramming in colon cancer 1.87 9.45E-05
WP623  Oxidative phosphorylation 1.72 0.00031
WP311 Ketone bodies synthesis and degradation 2.5 0.0071
WP4236 Krebs cycle disorders 2.35 0.0109
WP4742 Ketogenesis and ketolysis 2.29 0.0122
WP4297 Thiamine metabolic pathways 2.24 0.0136
WP5037 Riboflavin and CoQ disorders 2.05 0.027
WP4921 Mitochondrial complex Ill assembly 1.99 0.0318




Figure S1. Cardioprotection conferred by post-conditioning. A. Left ventricular ejection
fraction (LVEF) at baseline, at 90 min post AMI, and at sacrifice. (90 min post AMI and sacrifice
are the same for Isch. group) B. Infarct size measurement expressed as a percentage of the area at
risk (AAR). C. Scheme illustrating the experimental procedure timeline for each group. Red
arrows indicate sacrifice. Data is presented as mean + standard error. (* p < 0.05).
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complex III. C. ETC complex V.
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Figure S2. Multi two-group Gardner-Altman estimation plots of the ETC identified
members across all conditions. The bootstrap distribution of the unpaired mean difference
between each condition and the sham is depicted (gray shadow). A. ETC complex I. B. ETC
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Figure S3. Multi two-group Gardner-Altman estimation plots of VDAC2, DJ-1, and HSPA9.
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5.2.- Article 2

DJ-1 interacts with the ectopic ATP-synthase in endothelial cells during acute

ischemia and reperfusion

Alex Gallinat and Lina Badimon

Published - Scientific Reports. 2022, 12,12753. D0i:10.1038/s41598-022-16998-3

Objective 2.- To characterize the dynamics and functional implications of

protein DJ-1 upon ischemia and reperfusion.

Highlights:

* Both full-length DJ-1 and DJ-1AC are secreted by endothelial cells during
ischemia and reperfusion.

* DJ-1 secretion occurs in a soluble form, not bound to extracellular vesicles.

* Extracellular DJ-1 of either form binds and regulates the ectopic ATP-
synthase activity during ischemia.

* DJ-1 stimulation of the ectopic ATP-synthase during ischemia contributes

to the maintenance of endothelial function after reperfusion.
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DJ-1 interacts with the ectopic
ATP-synthase in endothelial
cells during acute ischemia
and reperfusion

Alex Gallinat'? & Lina Badimon¥3***

Endothelial cells (ECs) play a central role in ischemia. ATP-Synthase is now recognized to be
ectopically expressed in the cell surface of many cell types, with putative roles described in
angiogenesis, proliferation, and intracellular pH regulation. DJ-1 is a multifunctional protein, involved
in cell protection against ischemia, ischemia-reperfusion (I/R), and oxidative stress, that regulates
mitochondrial ATP-synthase. Here we focused on the characterization of the endothelial dynamics

of DJ-1, and its implication in the regulation of the ectopic ATP-synthase (ecATP-S) activity, during
acute ischemia and I/R in ECs. We found that DJ-1 is secreted from ECs, by a mechanism enhanced in
ischemia and I/R. A cleaved form of DJ-1 (DJ-1AC) was found only in the secretome of ischemic cells.
The ecATP-S activity increased following acute ischemia in ECs, coinciding with DJ-1 and DJ-1AC
secretion. The inhibition of DJ-1 expression inhibited the ecATP-S response to ischemia by ~ 50%, and
its exogenous administration maximized the effect, together with an enhanced Akt phosphorylation
and angiotube-formation potential at reperfusion. Immunoprecipitation studies showed direct
interaction between DJ-1 and the ecATP-S. Altogether suggesting that DJ-1 is actively cleaved and
released from ischemic ECs and plays an important role in the regulation of the ecATP-S activity during
acute ischemia and reperfusion.

Ischemia is defined as the stress resulting from the restriction of blood supply to a given tissue or organ. It is
mainly caused by the capillary obstruction due to either microthrombus formation or microvascular damage.
When this happens, oxygen unavailability disrupts the cellular metabolism leading to ATP depletion, acidosis,
and the accumulation of detrimental products, ultimately resulting in an extensive cell death and organ dysfunc-
tion. Ischemia is a common hallmark of many diseases, as is the case of myocardial infarction, stroke, and kidney,
limb, or intestinal ischemia, all of them responsible of a high morbidity and mortality worldwide. Furthermore,
ischemia is also found in the core of most solid tumours, and is believed to play a role in the malignant cell
progression’.

Endothelial cells (ECs), lining the circulatory system, play a pivotal role in regulating homeostasis and dis-
ease. Rather than a barrier, their key location between blood stream and the surrounding tissue, makes the
endothelium an active player sensing and responding to hemodynamic changes and ischemic damage**. From
normal embryonic development to tumour progression and the onset of an ischemic event, ECs provide multiple
autocrine and paracrine signals supporting organ function®, and modulate the immune response?.

The FoF, ATP-synthase is the enzyme responsible for the formation of ATP from ADP and inorganic phos-
phate, driven by the electrochemical gradient established through the electron transport chain in the mitochon-
dria. Despite it was originally believed to exclusively locate in the inner mitochondrial membrane, its ectopic
expression in the cell surface have been proven for a wide spectrum of cell types, including vascular ECs*7,
hepatocytes®”, adipocytes'®, lymphocytes'!, keratinocytes'?, muscle'®, and neural cells'*'*, in both tumour and
normal conditions'. It is known to act as a receptor for angiostatin®, and apolipoprotein A-I"%, and to promote
tumour-recognition by the immune system'®'%. In ECs, ectopic ATP-synthase (ecATP-S) have been recognized
to play a role in angiogenesis, proliferation, and regulating intracellular pH”'*%. Furthermore, its location within
the lipid rafts and caveolae makes plausible a functional connection with purinoreceptors, modifying the local

ICardiovascular Program-ICCC, IR-Hospital Santa Creu i Sant Pau, IIB-Sant Pau, c/Sant Antoni Maria Claret, 167,
08025 Barcelona, Spain. 2Universitat Autbnoma de Barcelona (UAB), Barcelona, Spain. 3CIBERCV-Instituto de
Salud Carlos Ill, Madrid, Spain. *“UAB-Chair Cardiovascular Research, Barcelona, Spain. “email: Ibadimon@
santpau.cat
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Figure 1. Endothelial DJ-1 content declines during I/R injury. ECs cultures were subjected to either 30 min

or 1 h in vitro ischemia followed by 2 or 22 h of reperfusion, and both protein and RNA extracts were probed
for DJ-1. (A) Representative western blot. (B) Quantification of endothelial full length DJ-1 upon I/R. (n=5;
**p<0.01). (C) Quantification of endothelial DJ-1AC upon I/R (n=5).; and, (D) park7 gene expression upon I/R
in ECs (n=3). Data presented as mean + SEM. ECs endothelial cells, I/R ischemia-reperfusion. Corresponding
uncropped western blot acquisitions can be found in Supplemental Fig. 2.

ATP/ADP concentrations, and thus promoting downstream signalling®!!. Since the ecATP-S highly increases
its activity under acidic and hypoxic cell culture conditions?, a role in regulating cell function under ischemia
could be presumed.

The early-onset Parkinson’s disease associated protein DJ-1 (also known as PARK?) is a protein with sev-
eral pleiotropic functions including chaperone and protease®, deglycase?*, transcriptional and translational
regulator®”?, redox sensor®” and mitochondrial homeostasis keeper®*!, that has been shown to bind and regulate
the mitochondrial FF, ATP-synthase activity®>. A cleaved form of DJ-1, corresponding to a 15 carboxyl-terminal
amino acids deletion (referred to as DJ-1AC), has been suggested as the active form in in vitro testing, and cell
protection effects have been proven?****. Despite the exact role of DJ-1 and DJ-1AC has not yet been elucidated,
it is widely accepted to play a role in cell protection against ischemia, ischemia-reperfusion (I/R) and oxidative
stress*®. Here we have focused on the characterization of the endothelial dynamics of protein DJ-1 and DJ-1AC,
and their implication in the regulation of the ec-ATP-S activity, in a model of acute ischemia and I/R.

Results

Endothelial DJ-1 content declines during I/R.  We investigated whether ECs subjected to I/R injury
show a dysfunctional regulation of DJ-1 and/or its cleavage. Different periods of in vitro I/R were tested, and
both the full-length and cleaved forms of DJ-1, as well as DJ-1 expression, were measured. A short period of
reperfusion (i.e. 2 h) following ischemia led to a significant decline in intracellular full-length DJ-1 (p<0.01;
Fig. 1A-C). A significant effect was found in the interaction between duration of ischemia and duration of rep-
erfusion (p <0.05), meaning that DJ-1 decline at reperfusion was dependent on the severity of ischemia. Inter-
estingly while after 2 h of reperfusion the levels of full-length DJ-1 were reduced from baseline (cells without
ischemia), after 22 h of reperfusion, DJ-1 basal level was restored (Fig. 1A-C). DJ-1AC was found intracellularly
at much lower levels than DJ-1 and although these levels seemed to rise at reperfusion, differences did not
reach significance at initially measured time-points (Fig. 1B,C). The assessment of DJ-1AC dynamics at different
reperfusion times after 1 h of ischemia revealed that while DJ-1AC intracellular content falls during ischemia,
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Figure 2. In vitro I/R promotes DJ-1 and DJ-1AC endothelial secretion. ECs cultures were subjected to 1 h

in vitro ischemia followed by 2 h of reperfusion, and supernatants from ischemia, reperfusion, and control
cultures, were probed for DJ-1. (A) Timeline scheme representing the experimental work-flow and group
definitions for the analysis of the secretome. Arrows represent supernatant collection for analysis and medium
exchange. (B) Representative western blot. (C) Western blot quantification of secreted full length DJ-1 (n=5;
*p<0.05; **p<0.01; n.s., not significant). Data presented as mean + SEM. ECs Endothelial cells. Corresponding
uncropped western blot acquisition can be found in Supplemental Fig. 3.

it increases with time after reperfusion (Supplemental Fig. 1). Regardless of the effects of I/R on DJ-1 protein
content, no differences in DJ-1 gene transcription were found (Fig. 1D).

Acute ischemia and I/R promote DJ-1 and DJ-1AC endothelial secretion. The reduced levels of
DJ-1 in ECs after I/R may be explained by its release from the cell. Thus, we analysed the presence of DJ-1 forms
in the secretome of ECs subjected to I/R. Interestingly, the full-length form of DJ-1 was detectable in the cell
secretome in each of the conditions tested, with a significantly higher abundance after ischemia (p <0.05) and
after I/R (p <0.01; Fig. 2), suggesting an active release of DJ-1 by cells under ischemic stress. Moreover, DJ-1AC
was found to be present just in the secretome of cells during ischemia alone (Fig. 2B) and occasionally dur-
ing reperfusion, but never in the controls. These results suggest that DJ-1 is cleaved into DJ-1AC and actively
released by ECs during ischemia. In order to check whether DJ-1 and DJ-1AC are secreted in a soluble form or
within extracellular vesicles (EVs), we removed EVs by ultracentrifugation (1 h at 100.000 x g) of the superna-
tants collected after 1 h of ischemia prior protein precipitation. There were no differences on DJ-1 and DJ-1AC
levels (Fig. 2B), indicating that both DJ-1 forms are found in the soluble secretome.

DJ-1 down-regulation impairs ectopic ATP-synthase activity rise after ischemia. Given that
DJ-1 has been previously reported to regulate the mitochondrial ATP-synthase activity®, and that ECs extracel-
lular ATP generation increases after a period of incubation under ischemia-like conditions?, we sought to ana-
lyse whether ECs DJ-1/DJ-1AC secretion under ischemia has an impact on the ecATP-S activity. Thus, we ana-
lysed the extracellular ATP generation of DJ-1 knocked-down ECs cultures exposed to normoxia and ischemia,
compared to untransfected controls. After 1 h of ischemia, untransfected cultures exhibited nearly threefold
increase in the extracellular ATP generation. Such increase after ischemia was significantly reduced in DJ-1
knocked-down cultures (p <0.05; Fig. 3), indicating that protein DJ-1 is needed for the ecATP-S regulation after
ischemia.

Extracellular DJ-1 boosts ectopic ATP-synthase activity after ischemia. In order to test whether
the reported effect of DJ-1 upon the activity of the cell surface ATP-synthase is dependent on the extracellular
form, we tested the extracellular ATP generation in ECs cultures subjected to ischemia or normoxia, in the pres-
ence and the absence of extracellular recombinant full-length DJ-1 and DJ-1AC (at 100 nM). The administration
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Figure 3. Extracellular ATP generation after ischemia is dependent on DJ-1. ECs cultures were transfected
with a siRNA targeted to DJ-1, and subjected to 1 h in vitro ischemia. Extracellular ATP generation was then
evaluated. (A) Representative western blot showing DJ-1 inhibition 72 h post-transfection. (B) Western blot
quantification of DJ-1 72 h post-transfection (n=4; *p <0.05). (C) park7 gene expression of control and knock-
down cultures 72 h post-transfection (n=3; **p<0.01). (D) Extracellular ATP generation of DJ-1 knock-
down and control cultures after 1 h in vitro ischemia compared to normoxic controls (n=4; *p <0.05; n.s. not
significant). Data presented as mean + SEM. ECs endothelial cells. Corresponding uncropped western blot
acquisition can be found in Supplemental Fig. 4.

of DJ-1 resulted in a highly significant increase of the extracellular ATP generation after ischemia (p<0.01),
independently of the DJ-1 form employed (Fig. 4A). This effect could be explained either by an increase of the
ecATP-S activity or localization to the cell surface. After measuring the ectopic expression of the ATP-synthase
following ischemia and I/R in the presence and the absence of exogenous DJ-1 and DJ-1AC, no differences were
detected across conditions (Fig. 4B,C), meaning the reported changes in the extracellular ATP generation are a
consequence of an activity increase rather than localization.

Extracellular DJ-1 interacts with the ectopic ATP-synthase. ECs were cultured for 1 h under
ischemic or normoxic conditions, in the presence and the absence of exogenous DJ-1 and DJ-1AC. Thereaf-
ter, cells were thoroughly rinsed, lysed, and immunoprecipitated against ATP-synthase. Immunocaptures were
then assayed by western blot for both ATP-synthase and DJ-1. While exogenous full length DJ-1 was detectable
in both normoxic and ischemic cell immunocaptures, interaction with DJ-1AC was only found in cells under
ischemia (Fig. 5A,B). In order to check whether DJ-1/DJ-1AC association with the ATP-synthase is preserved
over the course of reperfusion, the same experiment was performed in cultures subjected to ischemia and rep-
erfusion in the presence and the absence of DJ-1 and DJ-1AC during the ischemic stimuli. As a result, after 2 h
of reperfusion some traces of DJ-1AC remained detectable in the ATP-synthase immunocapture, while the full-
length DJ-1 association with the ATP-synthase was lost. After 24 h of reperfusion, no association was detectable
for DJ-1 of either form.

Extracellular DJ-1 enhances Akt phosphorylation and angiotube formation. Because the extra-
cellular ATP generation through the ecATP-S has been reported to activate downstream signalling involved
in cell survival via purinoreceptors®. We analysed the Akt phosphorylation status in normoxia, ischemia, and
I/R, in the presence and the absence of exogenous full-length DJ-1 or DJ-1AC (at 100 nM). While no differ-
ences were found between treated and untreated cultures in normoxia or ischemia, an enhanced Akt activation
during reperfusion was found for the cultures treated with DJ-1 in either form (p <0.01; Fig. 6A,B). Within the
endothelial cell, Akt is involved in a number of processes ranging from cell survival and inhibition of apopto-
sis to angiogenesis®*~*%. In order to test whether the Akt activation at reperfusion after the exposure to DJ-1 is
involved in cell survival or angiogenesis, we analysed both the cleavage of Casp-3, as a surrogate of apoptosis,
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Figure 4. Extracellular DJ-1 promotes ectopic ATP-synthase activity following acute ischemia. ECs cultures
were subjected to 1 h in vitro ischemia in the presence and the absence of full length DJ-1 and DJ-1AC

(100 nM), and both the extracellular ATP generation and the ecATP-S expression were evaluated. (A)
Extracellular ATP generation after 1 h in vitro ischemia in the presence and the absence of full length DJ-1 and
DJ-1AC (n=4; **p<0.01; n.s. not significant). (B) ecATP-S expression measured by immunohistochemistry
across conditions. (C) Representative images of the ecATP-S immunohistochemistry across conditions. Green
signal corresponds to ecATP-S. ECs endothelial cells, ecATP-S ectopic ATP-synthase.

Control

+DJ-1FL 100pM

+DJ-1AC 100uM

I/R

and tube-formation capacity at reperfusion, as a surrogate of the angiogenic potential. As a result, no cleavage of
Casp-3 was detectable in any condition (Fig. 6C), but a significantly faster formation of capillary-like structures
during reperfusion was seen for the treated cultures (Fig. 6D,E). The sub-lethal nature of the assayed ischemic
protocol, proven by the absence of Casp-3 cleavage, further confirms that all reported effects following DJ-1
administration are indeed dependent on DJ-1 and independent of cell death.

Discussion

In the present study we characterized the endothelial dynamic of DJ-1 within the context of I/R injury, and
explored its implications in the regulation of the ecATP-S activity following acute ischemia. We demonstrated
that DJ-1 is actively cleaved and released by ECs, and depicted an autocrine effect upon the ecATP-S activity,
extracellular ATP generation, and angiogenesis, in a human umbilical-vein endothelial cells (HUVEC) model
of sub-lethal ischemia and I/R.

Ever since their first isolation by Jaffe et al. back in 1973, to current days, HUVECs have become a valuable
model for the in vitro study of vascular physiology and disease. As a non-immortalized human cellular model
of ECs, HUVEC: faithfully reproduce human ECs behaviour, and have been largely employed to study a broad
array of biological processes and diseases*’. Consequently, there are a number of standardized assays for the
analysis of endothelial physiology and angiogenesis in HUVEC, facilitating the comprehension and reproduc-
ibility of results.

It is widely accepted that protein DJ-1 is implicated in cell survival following I/R and oxidative stress, as pre-
viously proven both in vitro and in vivo by loss-of-function models of myocardial infarction and stroke**!=47.

Scientific Reports |

106

(2022)12:12753 | https://doi.org/10.1038/s41598-022-16998-3 nature portfolio



www.nature.com/scientificreports/

56 kDa — (e e w——— —

A. Input B. IP-Capture
Normoxia Ischemia Normoxia Ischemia
\«°\§\"< NDOQ\\O\ A W \\0\3'\? \bo RO A
0¥ 0¥ o oY 0 0¥ 0¥ o oY 0
- ATP5B - ATP5B

56 KDa — [ e o - . —

-~ .
20 kDa - L - DJ-1FL 20 kDa — - - - DJ-1FL
— S —
17 kDa - a - DJ-1AC 17 kDa - — DJ-1AC
2h Rep. 24h Rep. 2h Rep. 24h Rep.
o ] o @)
(\\\ W & y\v (\\‘o\ ’,\((\/ A Y (\\\ J @;Ab <\‘0\ (\((\, N RY
OV 0V o oY 0 O 0% o oY 0
56 KDA — | v e e e s s | — ATP5B 56 kDo — e e - e anes ssms — ATP5B
D TR R — P
20 kDa — - DJ-1FL 20 kDa —| G - DJ-1FL
17 kKDa = [T T — = |-DpJ-1ac 17 kDa- — - DJ-1AC

Figure 5. ATP-synthase co-immunoprecipitation with exogenous DJ-1 and DJ-1AC in ischemia and

I/R. ECs cultures were exposed to either 1 h ischemia or normoxia, in the presence and the absence of
exogenously administrated DJ-1 or DJ-1AC at 100 nM, with and without a reperfusion period of 2 h and

24 h (whithout exogenous DJ-1/DJ-1AC). After indicated treatment, cells were thoroughly rinsed, lysed, and
immunoprecipitated against ATP-synthase. (A) Western blot analysis of ATP synthase (ATP5B) and DJ-1/
DJ-1AC in whole cell lysates (immunoprecipitation input). (B) Western blot analysis of ATP synthase (ATP5B)
and DJ-1/DJ-1AC in the IP-captures. ECs endothelial cells, IP immunoprecipitate, I/R ischemia/reperfusion.
Membranes were split in two before incubation. Corresponding uncropped western blot acquisitions can be
found in Supplemental Fig. 5.

However, although many molecular functions have been attributed to DJ-1, there is not yet a consensus on its
exact molecular function. DJ-1AC arises from a 15 amino acid carboxyl-terminal deletion of DJ-1, resulting
from a specific cleavage in response to mild oxidative stress, and have been purposed as a mechanism triggering
its cytoprotective activity?****, We evaluated the impact of I/R upon the DJ-1 reservoir of ECs, and found a
significant and ischemia-dependent decline of the full-length form after reperfusion. This observation may be
explained by protein degradation or release to the extracellular space. We further demonstrated that both forms
were present in the cell secretome. Interestingly, DJ-1AC secretion was found to be associated to ischemia, sug-
gesting that DJ-1 is actively cleaved and released by ECs during ischemia. Moreover, we demonstrated DJ-1 to
be secreted in a soluble form (i.e. not bound to EVs), as the ultracentrifugation of the cell culture media prior
sample processing had no effect upon the detected extracellular DJ-1 and DJ-1AC.

In order to avoid protein interference in the analysis of secretomes, we performed the secretion experiments
under serum-free conditions, which may have affected the secretion process. Thus, two different controls were
employed for ischemia and reperfusion, and so while both ischemia and first control underwent a transition from
basal culture conditions to serum-free, both reperfusion and second control were kept in the absence of serum.
Therefore, the observed differences in the DJ-1 secretion levels between the secretomes of the two controls arise
from the acute cell stress induced by the transition from basal culture conditions to serum-free media.

Given the current consensus about a protective role for DJ-1, and the endothelial dynamic upon I/R injury>**,
the reported release of DJ-1 and DJ-1AC may behave as a cell sensor for damage or as an autocrine/paracrine
cell function modulator. Lacking of a conventional secretory signal peptide, DJ-1 has been previously suggested
to be secreted through the autophagy-based unconventional secretion pathway, as proven by experiments with
autophagy inhibitors and autophagy-related knockout models®. Being ischemia and I/R known stimuli to pro-
mote autophagy, this is could be a tentative and feasible mechanism. Yet, DJ-1 have been previously reported to
be secreted under some pathologic conditions such as breast cancer®', Parkinson’s disease®>* and stroke®, and a
protective role upon ischemia*? and I/R* have been proven for the extracellular form in neuronal cells. However,
the mechanism by which extracellular DJ-1 confers protection remains to be clarified.

The ATP-synthase ectopic expression in the cell surface is now recognized for a number of cell types, and is
known to display several functions ranging from angiogenesis to cholesterol uptake®®2!. Being essentially a H*
channel, a role in the regulation of the intracellular pH is presumable, as shown by its inhibition with monoclonal
antibodies targeted to the ectopic ATP-synthase, which resulted in a dysregulation of the intracellular pH?. This
mechanism would be especially relevant in ischemia, which rapidly leads to acidosis. Indeed, the ecATP-S has
been reported to highly increase its activity under chronic ischemic conditions?, and has been proposed as a
mechanism of ischemia tolerance for ECs*’. Additionally, the ecATP-S has been proposed to affect downstream
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Figure 6. Effect of DJ-1 and DJ-1AC ischemic exposure in signalling and in vitro angiogenesis. ECs cultures
were exposed to either 1 h ischemia or normoxia, in the presence and the absence of exogenously administrated
DJ-1 or DJ-1AC at 100 nM, with and without a reperfusion period of 2 h, and both the phosphorylation status
of Akt and the cleavage of Casp-3 were analysed upon cell lysates. (A) Representative western blot of phospho-
Akt (Ser473) and total Akt in normoxia, ischemia, and I/R, in the presence and the absence of full-length

DJ-1 or DJ-1AC. (B) Akt relative phosphorylation status quantification (n=4; **p <0.01, n.s. not significant).
(C) Representative western blot of Casp-3 in normoxia, ischemia, and I/R, in the presence and the absence of
full-length DJ-1 or DJ-1AC. No cleavage of Casp-3 was detectable in any condition, an overexposed acquisition
of the 17 kDa surrounding region is included. (D) Representative acquisitions of tube-formation assay of

ECs during reperfusion after the exposure to 1 h of ischemia, in the presence and the absence of exogenously
administrated DJ-1 or DJ-1AC at 100 nM. No exogenous DJ-1/DJ-1AC were added in the reperfusion

media. (E) Total tubes length quantification over reperfusion time (n=3; *p <0.05). Casp-3 Caspase-3, ECs
endothelial cells, I/R ischemia/reperfusion. Corresponding uncropped western blot acquisitions can be found in
Supplemental Figs. 6 and 7.

signalling. Despite not yet elucidated, its location within the lipid rafts and caveolae allows it to modify the local
ATP/ADP concentrations, potentially inducing purinergic signalling®'"?!. Treatments with monoclonal antibod-
ies targeted to the ectopic ATP synthase were shown to antagonize Akt and Erk1/2 signalling, and to activate JNK
and MAPK-p38, in ECs?. Also, the accumulation of extracellular ATP have been reported to protect endothelial
barrier integrity following I/R injury®’.
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Here we report a great increase in the activity of the ecATP-S following acute ischemia in ECs, coinciding
with DJ-1 and DJ-1AC secretion. After 1 h of ischemia, control cultures exhibited nearly threefold increase in
the extracellular ATP generation without changes in the relative amount of the cell-surface ATP-synthase. Such
increase appeared to be dependent on DJ-1, as the inhibition of DJ-1 expression also inhibited the ecATP-S
response to ischemia by ~50%, and the administration of exogenous DJ-1 in either its full-length or cleaved
form, maximized the effect. Noteworthy, the exogenous administration of DJ-1 in normoxia had no effect upon
ecATP-S activity, possibly due to a lack of a proton gradient to drive its activity in the absence of acidosis. Hence,
rather than activate the ecATP-S, extracellular DJ-1 seems to optimize its performance, as previously described
in the mitochondria®. Furthermore, the exogenously administrated D]J-1 was proven to physically interact with
the ATP-synthase in the same fashion seen for secretion. And so, interaction with ATP-synthase was found both
under normoxia and ischemia for the full-length form of DJ-1, and exclusively under ischemia for the cleaved
form. Such association was lost over the course of reperfusion in the absence of exogenous DJ-1.

Whilst ischemia represents a profound detrimental factor, with no other resolution than reperfusion, the rapid
recovery of basal conditions paradoxically carries the potential to exacerbate damage itself in a process tightly
correlated to the duration and severity of the ischemic insult*®. Thus, despite being ischemia the most detrimental
factor, the cell response to reperfusion directly impacts on the extent of damage* In the context of ischemia
and I/R, Akt has a number of positives effects as is the case of the inhibition of apoptosis and the promotion
of angiogenesis®*~%. Several reports have shown an activation of Akt during early reperfusion after ischemia®.
Furthermore, the extent of this activation inversely correlates with damage, and thus Akt have been proposed as a
central element of the I/R injury and the so called reperfusion injury salvage kinase (RISK) pathway®¢!. Interest-
ingly, while the extracellular ATP generation through the ecATP-S has been reported to activate Akt signalling
via purinoreceptors®, no activation of Akt was seen during ischemia in any condition. However, the ischemic
exposure to DJ-1 in either form resulted in a more pronounced Akt activation at reperfusion, which may reflect
a physiologic adaptation or an enhanced viability of ECs at reperfusion, rather than a consequence of purinergic
signalling. A faster formation of capillary-like structures during reperfusion was seen for the treated cultures in
the tube-formation assay, suggesting an enhanced angiogenic potential. Moreover, these reported effects were
seen to be independent of cell death, as proven by the Casp-3 cleavage analysis, where no induction of apoptosis
was found in any tested condition. Previous reports have proven a role for the ecATP-S in angiogenesis, as the
treatment with targeted antibodies show an inhibitory effect®>®>. Whether this effect is indeed dependent on
the extracellular ATP generation, a secondary effect of cell pH regulation, or another feature conditional to the
ecATP-S, remain to be clarified. Altogether, the data here reported supports a role for the ecATP-S and DJ-1 in
the preservation of endothelial homeostasis in ischemia and I/R.

Methods

Cell culture. Human umbilical vein endothelial cells (HUVEC) were cultured in gelatin (G1890; Sigma,
Saint Louis, MI, USA) coated flasks with M-199 HanKk’s medium (22350-029; Biological Industries, Beit-Hae-
mek, Israel) containing 20% (v/v) FBS (04-007-1A; Thermo Fisher Scientific, Waltham, MA, USA), Endothelial
Cells Growth Supplement (02-102; Millipore, Burlington, MA, USA), heparin (H3149; Sigma, Saint Louis, MI,
USA), HEPES (15330-056; Thermo Fisher Scientific, Waltham, MA, USA), penicillin-streptomycin (15140-122;
Thermo Fisher Scientific, Waltham, MA, USA), L-glutamine (25030-024; Thermo Fisher Scientific, Waltham,
MA, USA), and pyruvate (11360-039; Thermo Fisher Scientific, Waltham, MA, USA), at 37 °C in 5% CO, atmos-
phere. All experiments were performed between passage 4 and 8.

For knock-down studies cells were transfected with a park7 siRNA (s22305; Thermo Fisher Scientific,
Waltham, MA, USA) using the Amaxa Cell Line Nucleofector Kit V (VCA-1003; Lonza, Basilea, Switzerland)
following manufacturer’s instructions. Both DJ-1 protein content and park7 gene expression were assayed 72 h
after transfection. All experiments were performed at 72 h post-transfection.

Cultures were treated with human recombinant full-length DJ-1 (MBS143125; MyBioSource, San Diego, CA,
USA) or DJ-1AC (made upon request; GenScript, Piscataway, NJ, USA) at 100 nM, when indicated.

Ischemia and reperfusion model. Cell cultures were either subjected to in vitro ischemia or ischemia-
reperfusion (I/R). In vitro ischemia was performed as previously described®, incubating cells in acidic PBS
(pH =6.4) under hypoxic atmosphere (1% O,). The culture of cells in growth medium and normoxic conditions,
after a period of ischemia, is the modelling of reperfusion.

Angiotube-formation assay. Tube-formation assay was performed as previously described®. Briefly,
HUVEC were seeded in growth factor reduced MatriGel (Corning, New York, NY, USA) coated 48-well plates
at a density of 30.000 cells/cm?, and let sit for 30 min. Then cultures were washed with PBS and subjected to 1 h
in vitro ischemia in the presence and the absence of DJ-1 or DJ-1AC at 100 nM. Immediately after, ischemia
buffer was replaced with basal growth media (without DJ-1 and DJ-1AC), and random acquisitions were taken
every 2 h. Pictures were then analyzed in Image] (U.S. National Institute of Health, Bethesda, MD, USA).

Secretome analysis. In order to avoid protein interference, analysis of the secretome was performed in
serum-free conditions. HUVEC cultures were washed twice with PBS, and subjected to 1 h in vitro ischemia or
kept in normoxia (1 h control). Immediately after, supernatants were collected and replaced by fresh medium.
Cells were allowed to recover for 2 h. After such time, reperfusion and 2 h control supernatants were collected,
and cells counted with a cell counter (Beckmann Coulter, Brea, California). Supernatants were centrifuged to
discard detached cells and debris. Then, supernatants were either mixed with 5x radio-immune precipitation
assay (RIPA) buffer supplemented with a protease inhibitior cocktail (05056489001; Roche Diagnostics, Man-
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nheim, Germany), freeze, thawed, and sonicated, in order to lysate any extracellular vesicles (EVs) present, or
ultracentrifuged for 1 h at 100.000 x g, to remove EVs. Appropriate volumes to normalize samples through the
number of cells were precipitated with acetone at —20 °C overnight, re-solubilized with 1% SDS, dialyzed against
PBS, and analysed by western blot.

Western blot.  Cell cultures were washed with PBS and lysed in ice-cold RIPA buffer supplemented with
a protease inhibitior cocktail (05056489001; Roche Diagnostics, Mannheim, Germany). 10 pg of total protein
were loaded and separated by SDS-PAGE with a Mini protean 3 system (Bio-Rad Laboratories, Hercules, CA,
USA). Proteins were then transferred to a nitrocellulose membrane (1620115; Bio-Rad Laboratories, Hercules,
CA, USA), and immediately stained with Ponceau S total protein staining (P3504; Sigma, Saint Louis, MI, USA),
to normalize differences in the loaded protein amounts between lanes. Blots were then blocked with 5 % bovine
serum albumin (MB04603; NZYTech, Lisboa, Portugal) diluted in TBS-Tween20 and incubated overnight with
either mouse anti-DJ-1 (MCA-4H4, EnCor Biotechnology, Gainesville, FL, USA) at 1:4000, rabbit anti-ATP5B
(MA5-32589, Invitrogen, Carlsbad, CA, USA) at 1:1000, rabbit anti-phospho-Akt Ser473 (4060; Cell Signaling
Technology, Danvers, MA, USA) at 1:1000, rabbit anti-Akt (9272; Cell Signaling Technology, Danvers, MA,
USA) at 1:1000, or rabbit anti-Casp-3 (9662; Cell Signaling Technology, Danvers, MA, USA) at 1:1000. Horse-
radish peroxidase-coupled rabbit anti-mouse IgG secondary antibody or goat anti-rabbit IgG (P0260/P0448;
Dako, Santa Clara, CA, USA) were used to detect primary antibodies together with SuperSignal reagent (34076;
Thermo Fisher Scientific, Waltham, MA, USA). All images were acquired with a ChemiDoc XRS system (Bio-
Rad Laboratories, Hercules, CA, USA).

Real-time qPCR. Cells were washed with PBS, and total RNA was isolated with the RNeasy Mini Kit
(74106; Quiagen, Hilden, Germany) according to the manufacturer’s instructions. Transcript levels were ana-
lysed by real-time quantitative polymerase chain reaction (QPCR) with on-demand TagMan assays (DJ-1:
Hs00994893_g1; Thermo Fisher Scientific, Waltham, MA, USA). rRNA-18S was used as an endogenous control
(Hs99999901_s1; Thermo Fisher Scientific, Waltham, MA, USA). Taq-man real-time qPCR was performed as
previously described®.

Ectopic ATP-synthase activity. ecATP-S activity was analysed as previously described”. Briefly, cells
were washed once in HEPES buffer (10 mM HEPES, 150 mM NaCl), and incubated for 5 min in HEPES buffer
supplemented with 2 mM MgCl,. Extracellular ATP generation was then initiated with the addition of HEPES
buffer supplemented with 2 mM MgCl,, 20 mM KH,PO, and 200 uM ADP. After 20 s of reaction, supernatants
were collected in EDTA containing tubes at 5 mM final concentration and centrifuged at 300xg 10 min at 4 °C to
discard detached cells. ATP concentration was then assayed in supernatants with a luminescent ATP detection
assay kit (ab113849; Abcam, Cambridge, United Kingdom) following manufacturer’s instructions. After super-
natants collection, cells were immediately lysed and protein amounts were quantified to normalize between
wells.

Immunostaining. After indicated treatments, cells were washed with PBS and fixed for 15 min with 4% par-
aformaldehyde at room temperature. No permeabilization step was performed. Unspecific bindings were then
blocked with 1% bovine serum albumin (MB04603; NZY Tech, Lisbon, Portugal) diluted in PBS, for 15 min two
times. Then cells were rinsed twice, incubated for 30 min with Image-IT FX signal enhancer (136,933; Invitro-
gen, Carlsbad, CA, USA), washed again and incubated with rabbit anti-ATP5B (MA5-32589, Invitrogen, Carls-
bad, CA, USA) at 1:200, 1 h at room temperature. Cells were then thoroughly rinsed and incubated for 1 h with
Alexa Fluor 488 coupled donkey anti-rabbit (A21206; Invitrogen, Carlsbad, CA, USA) at 1:100, counterstained
with Hoechst 33342 (H3570; Thermo Fischer Scientific, Waltham, MA, USA) at 1 pg/mL, and mounted in Pro-
long Gold (P36931; Invitrogen, Carlsbad, CA, USA). Five random images per sample were then acquired using a
Leica TCS SP5 laser scanning confocal microscope (Leica microsystems, Wetzlar, Germany). Between 10 and 20
acquisitions per field were taken with a z-stack step size of 0.5 pum, in order to capture the whole sample volume.
Maximum projections were then analysed with Image] (U.S. National Institute of Health, Bethesda, MD, USA).

Immunoprecipitation. Cell cultures were lysed in ice-cold (RIPA) buffer supplemented with a protease
inhibitior cocktail (05056489001; Roche Diagnostics, Mannheim, Germany). Lysates were then incubated over-
night with rabbit anti-ATP5B (MA5-32589, Invitrogen, Carlsbad, CA, USA) at 1:100, with gentle rocking at 4 °C.
Protein G Sepharose beads (17-5280-04; GE Healthcare, Chicago, IL, USA) were used for precipitation accord-
ing to the instructions of the manufacturer.

Statistical analysis. Normality was assessed with the Shapiro-Wilk method. When normality could be
assumed, statistical differences between groups were analysed by two-tailed t-test (for comparisons between
two groups), one-way ANOVA (for multiple groups) or two-way ANOVA (for multiple groups and two factors).
Tukey’s Honestly Significant Difference (HSD) post hoc test was performed to correct significance for multiple-
comparisons. Kruskal-Wallis rank sum test was performed when normality could not be assumed. Data is pre-
sented as mean + SEM. All the analyses were performed in RStudio (RStudio, Boston, MA, USA).

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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Supplemental Figure 1

Time course analysis of endothelial DJ-1AC at reperfusion. HUVEC cultures were
subjected to 1h of in vitro ischemia followed by reperfusion, and relative D]J-1AC content
was assayed at different time-points in cell lysates by western blot. A. Representative
western blot of DJ-1 and DJ-1AC protein content over reperfusion. B. Quantification of
intracellular relative D]J-1AC content over reperfusion. Shaded area indicates ischemia.
HUVEC, Human umbilical-vein endothelial cells. Uncropped western blots acquisitions can

be found in Supplemental Figure 8.
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Supplemental Figure 2

Endothelial DJ-1 content declines during I/R injury - supporting gels. ECs cultures
were subjected to either 30 min or 1 h of in vitro ischemia followed by 2 or 22 hours of
reperfusion, and DJ-1 content was analysed by western blot. A. Uncropped western blot
acquisition for DJ-1. B. Uncropped western blot overexposure for DJ-1AC. C. Corresponding
uncropped Ponceau-S total protein staining acquisition. ECs, Endothelial cells; I/R,

Ischemia-reperfusion.
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Supplemental Figure 3

In vitro I/R promotes DJ-1 and DJ-1AC endothelial secretion - supporting gels. ECs
cultures were subjected to 1 h of in vitro ischemia followed by 2 h of reperfusion, and
supernatants from ischemia, reperfusion, and control cultures, were proved for DJ-1. A.
Uncropped western blot acquisition for secreted DJ-1. B. Uncropped western blot
acquisition for DJ-1, before and after ultracentrifugation for 1h at 100.000g (alternate

samples). ECs, Endothelial cells.




Supplemental Figure 4

Extracellular ATP generation after ischemia is dependent on DJ-1 - supporting gels.
ECs cultures were transfected with a siRNA targeted to DJ-1, and subjected to 1 h of in vitro
ischemia. Extracellular ATP generation was then evaluated. A. Uncropped western blot
acquisition for DJ-1 for transfected and control cultures (alternate samples). B.
Corresponding uncropped Ponceau-S total protein staining acquisition. ECs, Endothelial

cells.
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Supplemental Figure 5

ATP-synthase co-immunoprecipitation with exogenous DJ-1 and DJ-1AC in ischemia
and I/R - supporting gels. ECs cultures were exposed to either 1h of ischemia or normoxia,
in the presence and the absence of exogenously administrated with DJ-1 or DJ-1AC at 100
nM, with and without a reperfusion period of 2h and 24h in the absence of exogenous DJ-
1/DJ-1AC. After indicated treatment, cells were thoroughly rinsed, lysed, and
immunoprecipitated against ATP-synthase (ATP5B). Both total lysates (A-D) and IP-
captures (E-H) were probed for ATPS5B (A,CE, and G) and DJ-1 (BDF, and H).
Corresponding uncropped western blot acquisitions are presented. Membranes were split
in two before incubation. ECs, Endothelial cells; IP, immunoprecipitate; I/R,

ischemia/reperfusion.




Supplemental Figure 6

Effect of DJ-1 and DJ-1AC ischemic exposure in Akt signalling - supporting gels. ECs
cultures were exposed to either 1h of ischemia or normoxia, in the presence and the absence
of exogenously administrated DJ-1 or DJ-1AC at 100 nM, with and without a reperfusion
period of 2h, and the phosphorylation status of Akt was analysed upon cell lysates. A.
Uncropped western blot acquisition for phospho-Akt (Ser473) analysis. B. Uncropped
western blot acquisition for total Akt analysis. C. Corresponding uncropped Ponceau-S total

protein staining acquisition. ECs, Endothelial cells; I/R, Ischemia/reperfusion.
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Supplemental Figure 7

Effect of DJ-1 and DJ-1AC ischemic exposure in Casp-3 cleavage - supporting gels. ECs
cultures were exposed to either 1h of ischemia or normoxia, in the presence and the absence
of exogenously administrated DJ-1 or DJ-1AC at 100 nM, with and without a reperfusion
period of 2h, and the cleavage of Casp-3 was analysed upon cell lysates. A. Uncropped
western blot acquisition for Casp-3 analysis, and overexposure of the low molecular weight
section of the membrane. B. Corresponding uncropped Ponceau-S total protein staining

acquisition. Casp-3, Caspase-3; ECs, Endothelial cells; I /R, Ischemia/reperfusion.
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Supplemental Figure 8

Time course analysis of endothelial DJ-1AC at reperfusion - supporting gels. HUVEC
cultures were subjected to 1h of in vitro ischemia followed by reperfusion, and relative DJ-
1AC content was assayed at different time-points in cell lysates by western blot. A.
Uncropped western blot acquisition for DJ-1 analysis. B. Uncropped western blot
overexposure for DJ-1AC analysis. C. Corresponding uncropped Ponceau-S total protein

staining acquisition. ECs, Endothelial cells; I/R, Ischemia-reperfusion.
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5.3.- Article 3

DJ-1 administration exerts cardioprotection in a mouse model of acute

myocardial infarction

Alex Gallinat, Guiomar Mendieta, Gemma Vilahur, Teresa Padr6 and Lina Badimon

Published - Frontiers in Pharmacology. 2022, Sep 23;13:1002755. Doi:
10.3389/fphar.2022.1002755

Objective 3.- To evaluate the therapeutic potential of recombinant protein DJ-1
for minimizing myocardium damage following acute myocardial

infarction.

Highlights:

* A systemic administration of recombinant DJ-1 prior to acute myocardial
infarction reduces infarct size and modifies the transcriptomic response of
the myocardium to reperfusion.

* Gene sets corresponding to G-protein coupled receptors signaling and
immune response are enriched in the myocardium transcriptome at
reperfusion when animals were treated with a systemic administration of
recombinant DJ-1.

* A systemic administration of recombinant DJ-1 prior to acute myocardial
infarction reduces leukocyte infiltration, oxidative stress, and apoptosis, at

reperfusion.
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Cardiovascular diseases, and particularly acute myocardial infarction (Ml), are
the most common causes of death worldwide. Infarct size is the major predictor
of clinical outcomes in MI. The Parkinson’s disease associated protein, DJ-1
(also known as PARK?7), is a multifunctional protein with chaperone, redox
sensing and mitochondrial homeostasis activities. Previously, we provided the
evidence for a central role of endogenous DJ-1in the cardioprotection of post-
conditioning. In the present study, we tested the hypothesis that systemic
administration of recombinant DJ-1 exerts cardioprotective effects in a mouse
model of Ml and also explored the associated transcriptional response. We
report a significant treatment-induced reduction in infarct size, leukocyte
infiltration, apoptosis and oxidative stress. Effects potentially mediated by
G-protein-coupled receptor signaling and modulation of the immune
response. Collectively, our results indicate a protective role for the
exogenously administrated DJ-1 upon MI, and provide the first line of
evidence for an extracellular activity of DJ-1 regulating cardiac injury in vivo.

KEYWORDS

cardioprotection, DJ-1, PARK7, ischemia, reperfusion, myocardialinfarction, ischemia/
reperfusion injury

Introduction

Cardiovascular diseases are the leading cause of mortality worldwide. Among them,
ischemic heart disease is the most common pathology (Benjamin et al, 2017).
Myocardial infarction (MI) is defined as ischemia of the myocardial tissue,
commonly caused by the occlusion of the coronary artery. Consequently, necrosis
develops within the myocardium at risk (Reimer et al., 1979). Therefore, both the
duration and the severity of the ischemic insult are major determinants of the final
infarct size. Due to the limited regenerative capacity of the adult human heart, there is
little replacement of lost functional tissue following MI. Rather, nearby fibroblasts are
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activated to replace the damaged myocardial tissue with fibrous
tissue (Frangogiannis, 2006; Aix et al., 2018). Since the scar
cardiac output,
eventually leading to heart failure and free wall rupture

lacks contractile function, it decreases
(Kutty et al, 2013), Therefore, infarct size is the major
predictor of clinical outcomes following MI (Sobel et al,
1972; Kelle et al., 2009).

Considering the time-dependent transition from ischemia
to necrosis of the myocardium at risk, early reperfusion
remains the definitive treatment for the ischemic heart.
However, the rapid transition from ischemia to normoxia
during reperfusion carries the potential to exacerbate
damage in a process known as ischemia/reperfusion (I/R)
injury (Yellon and Hausenloy, 2007). This is in part related
to the generation of reactive oxygen species (ROS) (Zweier,
1988) the
sarcoplasmic reticulum which leads to calcium overload,

affecting, among others, integrity of the
hyper-contracture, and the opening of the mitochondrial
permeability transition pore, eventually causing cell death.
Also, the changes in intracellular pH and the triggered
the the

myocardium upon reperfusion (Lemasters et al., 1996; Liu

immune response compromise viability of
et al., 2016). The aforementioned detrimental effects of
reperfusion occur within minutes of restoration of coronary
flow and account for a significant part of the final infarct size
(Yellon and Hausenloy, 2007; Garcia-Dorado et al., 2009). A
large number of pharmacological agents have shown to reduce
infarct size in pre-clinical studies, but they have failed to
demonstrate significant clinical benefits (Hausenloy et al.,
2013; Heusch, 2017). Thus, cardioprotection is currently an
unmet clinical need.

The early-onset Parkinson’s disease associated protein DJ-
1 (also known as PARK7) is a multifunctional protein with
cardioprotective effects against I/R injury (Dongworth et al.,
2014; Shimizu et al., 2016; Shimizu et al., 2020) and oxidative
stress (Billia et al., 2013). In a previous study, where the
I/R and post-
conditioning was analysed in a pre-clinical model of MI, we

mitochondrial proteomic response to
provided evidences for a central role of DJ-1 in the
cardioprotection conferred by post-conditioning (Gallinat
et al, 2022). The reported functions of DJ-1 include
chaperone (Shendelman et al., 2004), protease (Chen et al.,
2010), and deglycase (Richarme et al., 2015; Richarme and
Dairou, 2017) activities, regulation of transcription
(Takahashi-Niki et al., 2017), redox sensing (Wilson, 2011)
and modulation of mitochondrial homeostasis (Hayashi et al.,
2009; Heo et al, 2012). Also,
extracellular activities for DJ-1. It is secreted under several

some reports suggest

pathological conditions including breast cancer (Le Naour
et al.,, 2001), Parkinson’s disease (Maita et al., 2008; Tsuboi
etal., 2008) or stroke (Allard et al., 2005), and a protective role
against ischemia (Kaneko et al., 2014) and I/R (Han et al,,
2017). Likewise, we have reported endothelial DJ-1 secretion
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under ischemia and I/R, and evidenced its effects on
endothelial cell function at reperfusion, thereby suggesting
a role in regulating cardiac injury (Gallinat and Badimon,
2022). In this study, we tested the hypothesis that systemic
administration of recombinant

protein DJ-1 exerts a

cardioprotective effect in a mouse model of acute MI.

Materials and methods
Murine model of myocardial infarction

The present study was performed in male CH3 mice of
8-10 weeks’ old weighing 25-30 g (n = 26; Jackson Laboratory,
Bar Harbor, ME, United States). Mice were randomly given an
intraperitoneal injection of 50 pg of DJ-1 (n = 10; full length
recombinant human DJ-1 > 95% purity, MBS143125,
MyBioSource, San Diego, CA, United States); or equal PBS
volume for vehicle/controls (n = 16), 60 min prior to the
induction of MI by 45min ligation of the left anterior
descending coronary artery (LAD), as previously described
(Cubedo et al.,, 2016; Mendieta et al., 2019). Briefly, animals
were anesthetized with a mixture of O,/isoflurane, intubated
and mechanically ventilated (rate 90 breath/min, tidal volume
0.1 ml; TOPO dual mode ventilator, Kent Scientific
Corporation; CT, United States).
temperature was continuously monitored throughout the

Torrington, Core
surgery and maintained within 37-38°C using a heat pad
and heat lamp. An anterior thoracotomy was performed;
the heart was exposed and the LAD coronary artery was
occluded with an intramural stitch (7-0 silk suture) for
45 min. The success of complete coronary ligation was
verified by electrocardiographic visualization of the ST-
elevation-MI pattern that was continuously monitored and
the visualization of a pale and hypokinetic ventricular region
distal to the site of occlusion. After 45 min of ischemia,
animals were sacrificed (Ischemia group; n = 11 vehicle and
n =5 DJ-1) or reperfused for 2h (I/R group; n = 5 vehicle
and n = 5 DJ-1). A sham-operated group (n = 4), which
underwent the same surgical procedure without ligation of
the LAD was included. Afterwards, hearts were carefully
the
The dose of DJ-1 was chosen based on previous studies
(Arac et al, 2011; Cubedo et al, 2016). All analyses were
performed blindly with regard to the treatment received by the

excised and processed for following procedures.

animals.

Morphometric assessment of infarct size
Hearts (n = 26) were immersed in a fixative solution (4%

paraformaldehyde), embedded in optimal cutting temperature
compound (OCT) and sequentially cross-sectioned from the

frontiersin.org

125



Gallinat et al.

apex to the base (10 um thick sections 200 um distanced).
Sections were then stained with haematoxylin-eosin and
infarct size analysis was morphometrically determined with
the image analysis software Image] (Schindelin et al., 2012).
Infarct size was calculated as the sum of myocardial infarct
areas between total left ventricle wall surface, as previously
reported (Takagawa et al., 2007; Cubedo et al, 2016).
Three measurements per each histological section were
determined.

Immunohistochemical analysis

OCT-embedded frozen specimens were cut into 5 um thick
serial sections, placed on poly-L-lysine coated slides, and
processed for immunohistochemistry. The sections were
incubated for 2 h with rabbit polyclonal antibodies against DJ-
1 (AP01249PU-N; 1:50 dilution; Acris Antibodies GmbH,
Herford, Germany), neutrophil elastase (ab68672; 1:
100 dilution; Abcam, Cambridge, United Kingdom), inducible
nitrogen oxide synthase (iNOS; NB300-605; 1:20 dilution; Novus
Biologicals; Littelton, CO, United States) and cleaved caspase-3
(Asp175; 9,661; 1:200 dilution; Cell Signaling; Danvers; MA,
United States), mouse monoclonal antibody against monocyte/
macrophages (ab33451; 1:50 dilution; Abcam, Cambridge,
United Kingdom), or goat polyclonal antibody against 8-
hydroxy-deoxy-Guanine (8-OHAG; MBS536217; 1:
300 dilution; MyBioSource, San Diego, CA, United States).
Thereafter, sections were rinsed and incubated with the
appropriate biotinylated antibodies (1:200 dilution; Vector
Laboratories, Burlingame, CA, United States). Endogenous
peroxidase activity, as well as unspecific unions were blocked
before incubation with primary antibodies. Finally, sections were
incubated with avidin-biotin complex (Vector Laboratories,
Burlingame, CA, United States), and 3,3'-diaminobenzidine
was used as the substrate for peroxidase. Images were
acquired with a Nikon Eclipse 80i microscope (Nikon, Tokyo,
Japan), 13001
Photometrics, Tucson, AZ, United States), and imported to

digitized by a Retiga camera (Teledyne
Image] (Schindelin et al, 2012). Positive signal was then
quantified and expressed as the percentage of total area. For
leukocyte infiltration and cleaved caspase-3 analyses, the number
of positively labelled cells per field were counted. Six random
fields per sample were analysed.

Apoptosis assessment

Apoptosis was histologically analysed by the dUTP neck-end
(TUNEL) assay
specifications (Chemicon Inc.; Pittsburgh, PA, United States).
The apoptosis rate was measured in a section below the occlusion
and expressed as the percentage of TUNEL-positive cells per field

labeling according to  manufacturer’s
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(5 random fields per heart). All images were acquired in the same
conditions.

RNA extraction

Frozen tissue was grinded using mortar and pestle, and
total RNA was extracted using a combined organic extraction
and silica-membrane columns method (RNesasy Mini Kit,
Qiagen; Valencia, CA, United States). RNA was then
quantified by spectrophotometry using the Nanodrop ND-
1000 (Thermo Fisher Scientific). RNA quality was assessed
with the Agilent 2100 Bioanalyzer technology (Agilent
Technologies; Santa Clara, CA, United States) and the
Agilent RNA 6000 Nano Kit (Agilent Technologies; Santa
Clara, CA, United States). Only RNA samples with an RNA
Integrity Number (RIN) > 7 were chosen for microarray
experiments.

Transcriptomic and in silico analysis

Myocardial gene expression changes were analysed with a
GeneChip Mouse 1.0ST array approach (Affymetrix, Santa
Clara, CA, United States). Using the Ambion WT Expression
Kit (Ambion, Life Tecnologies, Carlsbad, CA, United States)
100 ng of total RNA (mixed with poly-A controls; Affymetrix,
Santa Clara, CA, United States) were retro-transcribed to
double strand DNA, in two steps, in order to obtain cRNA.
Single strand DNA was generated from 10 ug of cRNA. Then
5.5 ug of single strand DNA were fragmented and labelled
with biotin using the WT Terminal Labeling Kit (Affymetrix,
Santa Clara, CA, United States). Hybridization controls from
the Hybridization, Wash and Stain Kit (Affymetrix, Santa
Clara, CA, United States) were added to the sample.
Thereafter, every sample was hybridized to a GeneChip
Mouse Gene 1.0 ST array for 16h at 45°C and 60 rpm,
according to manufacturer’s instructions. Hybridization,
washing, staining, and scanning of microarrays were
performed according to Affymetrix instructions using the
Affymetrix GeneChip 3000 7G System (645 Hybridization
Oven, 450 Fluidic Station and GeneChip 3,000 7G Scanner).
Raw data were pre-processed (background correction,
normalization and median polish summarization of the
probes) with Robust Multiarray Average (RMA) method.
Microarray quality control and statistical analyses were
performed using Expression Console (Affymetrix, Santa
Clara, CA, United States) and the Partek Genomics Suite
software (Partek Inc., St Louis, MI, United States). p-values
were adjusted for multiple testing with Benjamini and
Hochberg method, and false discovery rates (FDR) were
calculated. Bioinformatic analysis was performed with

WebGestAlt (ZhangLab; http://www.webgestalt.org/)
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FIGURE 1

Effects of systemic DJ-1 administration on infarct size in a mouse model of MI. (A). Representative images of infarcted heart sections. Infarct

area is outlined in black. (B). Infarct size quantification after ischemia

and ischemia/reperfusion, in the presence and the absence of a systemic

administration of DJ-1. Infarct measures are expressed as percentage of left ventricle area. (C). Representative immunohistochemical acquisitions of

DJ-1in the myocardium after ischemia and ischemia/reperfusion, in

the presence and the absence of a systemic administration of DJ-1. A

sham-operated group was included as baseline. (D). DJ-1 myocardium content quantification across groups. Scale bar: 100 um; *p < 0.05, Kruskal-

Wallis; tp < 0.05 vs. ischemia without DJ-1, p < 0.05 vs. ischemia +
Ischemia; I/R, Ischemia/Reperfusion

following a Gene Set Enrichment Analysis (GSEA) (Xin et al.,
2019) approach and defining gene ranks by log-fold change
(logFC). Gene sets available from Wikipathways (Martens
et al., 2021), Molecular Signature Data Base (MSigDB)
(Liberzon et al.,, 2015), and Panther (Thomas et al., 2003)
pathway collections were considered for the analysis. Raw
expression data have been deposited in the NCBI's Gene
Expression Omnibus (GEO) (Edgar et al,, 2002) and are
accessible under the GEO Series accession number GSE66307.

qPCR

Validation of myocardial gene expression changes was performed
in tissue samples from the I/R group. Gprc5a, Inos and Casp3 mRNA
levels were analysed by real-time polymerase chain reaction, as

Frontiers in Pharmacology

DJ-1, #p < 0.05 vs. I/R without DJ-1, Dunn's test. LV, Left Ventricle; Isch.,

previously described (Luquero et al, 2022). On-demand TagMan
RT-PCR assays for indicated genes were employed (Thermo Fisher
Scientific Inc., Waltham, MA, United States).

Statistical analysis

Because data were not normally distributed as assessed by the
Shapiro-Wilk test, a non-parametric statistical analysis was
employed. Non-parametric Kruskal-Wallis followed by Dunn’s
test for multiple comparisons and Mann-Whitney test were used
to assess differences between groups. Results are reported as median
with inter-quartile range unless otherwise stated. Correlations were
determined with Spearman’s rank correlation coefficient. All
statistical analyses were performed with the statistical software
package Statview 5.0.1 (SAS Institute Inc; Cary, NC, United States).
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Differential gene expression profile after ischemia/reperfusion, in the presence and the absence of a systemic administration of DJ-1. (A). Heat-
map representation of differentially expressed genes. (B). Top ten up- and down-regulated genes after ischemia/reperfusion in the presence of DJ-1
systemic administration. (C). Gprc5a transcript analysis by gPCR. (D). Gene-set enrichment analysis result. Gene-set collections from Wikipathways,
Molecular Signature, and Panther databases were considered. *p < 0.05, Mann-Whitney. I/R, Ischemia/Reperfusion; logFC, log-Fold Change.
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Results

Systemic administration of recombinant
DJ-1 protects the heart against I/R injury

In order to test whether the administration of DJ-1 exerts

cardioprotection after MI, a group of mice were
intraperitoneal treated with human recombinant DJ-1
(50 ug) 1h before LAD coronary artery ligation, in a

double-blind experimental design, and heart samples were

processed for histological analysis. Computer-assisted
morphometric assessment of infarct size revealed an infarct
size reduction of about 75% for the animals treated with DJ-1
(Figure 1A,B). Interestingly, also a reduction in infarct size of
about 20% was detected in the ischemia group, for the animals
treated with DJ-1 (Figure 1A). Importantly, a 5.4-fold mean
increase in the DJ-1 signal was found in the myocardium of the
treated animals (Figure 1C,D), meaning the administrated DJ-

1 reached the heart.

DJ-1 administration modifies the
myocardial transcriptomic response to I/R

In order to outline possible mechanisms at play, we
analysed the transcriptomic response of the myocardium
upon MI in the presence and the absence of a systemic
administration of DJ-1. As depicted in the heat-map, the
administration of DJ-1 before I/R induced a multi-genic
response in the myocardium different from that of the
vehicle group (Figure 2A). Figure 2B shows the top 10 up-
and down-regulated genes in the DJ-1-treated mice compared
to the vehicle group.

Genome-wide RNA expression data was then analysed
following a GSEA (Subramanian et al, 2005) approach
all  gene
Wikipathway (Martens et al, 2021), Molecular Signature
(Liberzon et al., 2015), and Panther (Thomas et al., 2003)
databases. As a result, different pathways were detected to be

considering set  collections available at

significantly enriched (FDR < 0.05) within each analysis
(Figure 2D). From them all, G protein-coupled receptors
(GPCR) mediated signaling and immune response-related
gene sets were the most consistently detected. Interestingly,
an apoptosis-related gene set was also significantly enriched
(FDR = 0.017).

As a surrogate of the GPCR-mediated signaling-related
gene set, the expression of Gprc5a gene was validated by qPCR
(Figure 2C). Effects upon the immune response and apoptosis
related gene sets were functionally validated as follows.
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Systemic DJ-1 administration reduces
myocardial leukocyte infiltration
following I/R

In order to functionally validate the predicted effects of DJ-1
administration in modulating the immune response to I/R, we
quantified the leukocyte infiltration by immunohistochemistry
(Figure 3). As a result, animals treated with DJ-1 exhibited
of
macrophages, both after ischemia and I/R.

significantly  lower infiltration neutrophils  and

Anti-apoptotic effects of DJ-1
administration

An effect of a systemic DJ-1 administration upon the
induction of apoptosis following myocardial I/R was further
investigated. Notably, animals treated with DJ-1 exhibited a
diminished expression of Casp3 gene after I/R, as assayed by
qPCR (Figure 4A). Consistently, we could detect a significant
reduction of the cleaved-Casp-3 myocardial content (p = 0.04), as
well as the decrease of the TUNEL-positive cells (p = 0.009)
following I/R for the DJ-1 treated group (Figure 4B,C).

Anti-oxidant effects of DJ-1
administration

Because ROS-induced damage has a central role in I/R
injury, we evaluated whether a systemic administration of
DJ-1 has an effect upon the oxidative damage to the
myocardium following I/R. As a result, the administration of
DJ-1 significantly reduced the expression level of Inos gene, as
well as the staining of the oxidative damage marker 8-hydroxy-
deoxy-Guanine (8-OHdG) (Figure 5). Additionally, we found a
negative correlation between the staining signals of DJ-1 and
iNOS (Figure 5E), and between DJ-1 and 8-OHdG (Figure 5F).
A positive correlation between iNOS and 8-OHdG staining was
also evidenced (Figure 5G).

Discussion

In the present study, we explored the effects of a systemic
administration of recombinant DJ-1 upon ischemia and I/R
injury in a mouse model of acute MI. We report a significant
reduction in infarct size, leukocyte infiltration, apoptosis, and
oxidative stress associated with the treatment. Also, we analysed
the transcriptional response of the myocardium.
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Effects of DJ-1 systemic administration on myocardial leukocyte infiltration after ischemia and ischemia/reperfusion. (A). Representative

immunohistochemical acquisitions of myocardial neutrophils

(upper panel) and macrophages (lower panel) after ischemia and ischemia/reperfusion

in the presence and the absence of a systemic administration of DJ-1. A sham-operated group was included as baseline. (B) and (C) quantification of
infiltrated leukocytes. Scale bar: 100 pm; *p < 0.05, Kruskal-Wallis; §p < 0.05 vs. sham, tp < 0.05 vs. ischemia without DJ-1, $p < 0.05 vs. ischemia

+ DJ-1, #p < 0.05 vs. I/R without DJ-1, Dunn's test. Isch.,

A role for the endogenous DJ-1 in cardioprotection has
already been proven by gain- and loss-of-function studies.
DJ-1 deficiency do not affect cardiac
performance at baseline, animals lacking DJ-1 exhibited

Hence, while
larger infarcts, increased mitochondrial fission, and worse
left ventricular function upon LAD ligation, compared to
wild-type littermates (Dongworth et al., 2014; Kaneko et al,,
2014; Shimizu et al., 2016; Dong et al., 2018; Xin et al., 2019).
Similar results were found in experimental models of stroke,
where the lack of DJ-1 resulted in larger infarcts in vivo, and
2007).
previous study, we have described the up-regulation of DJ-1

enhanced cell death in vitro (Aleyasin et al, In a
following post-conditioning in a pre-clinical model of MI
(Gallinat et al., 2022). In pressure overload animal models,
mice lacking DJ-1 exhibited a higher oxidative stress level,
exaggerated cardiac hypertrophy, and were more prone to
2013).
reinforcing a cardioprotective role for DJ-1.
Over the past decades, DJ-1 have been extensively studied,
and many functions have been reported. These include
2004), protease (Chen et al.,
2010), and deglycase (Richarme et al.,
2017)

develop heart failure (Billia et al, Collectively

chaperone (Shendelman et al.,
2015; Richarme and
Dairou, activities, of

regulation transcription
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Ischemia; I/R, Ischemia/Reperfusion

(Takahashi-Niki et al., 2017), redox sensing (Wilson, 2011)
and the modulation of mitochondrial homeostasis (Hayashi
2009; Heo et al.,
function of DJ-1, as well as its dynamics and regulation remain

et al, 2012). However, the exact molecular
elusive. Interestingly, some reports suggest an extracellular
activity, as it is secreted under some pathologic conditions
2001), Parkinson’s
disease (Maita et al., 2008; Tsuboi et al., 2008) and stroke
(Allard et al,, 2005). Also, a pro-survival role for the
extracellular form, has been reported in ischemia (Kaneko
etal, 2014) and I/R (Han et al., 2017). Likewise, we previously
described the endothelial secretion of DJ-1 during ischemia

such as breast cancer (Le Naour et al.,

and I/R, and evidenced a role in regulating endothelial cell
function (Gallinat and Badimon, 2022). The data here
reported support a cardioprotective role for DJ-1 in MI,
presumably for the extracellular form.

ROS are a group of small molecules derived from the
reduction of the oxygen molecule, that are continuously
of cell
eliminated by the
endogenous antioxidant systems. Within the heart, ROS
play a role as second messengers for the excitation-
contraction coupling, cell differentiation, and regulation of

produced in small amounts as by-products

respiration and metabolism, and
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Effects of DJ-1 systemic administration on myocardial

apoptosis after ischemia/reperfusion. (A) Casp3 transcript analysis
by qPCR. (B) Representative acquisitions of myocardial cleaved
Casp-3 immunohistochemistry (upper panel) and TUNEL

assay (lower panel) after ischemia/reperfusion. (C) myocardial
cleaved Casp-3 immunohistochemistry and TUNEL positive cells
quantification. Scale bar: 100 ym; *p < 0.05, Mann-Whitney. I/R,
Ischemia/Reperfusion

blood flow (Forman et al., 2004; Burgoyne et al., 2012).
However, the accumulation of ROS or the unbalance
between ROS production and the antioxidant mechanisms
(termed, oxidative stress) is detrimental and cause several
macromolecular modifications, such as, lipid peroxidation,
protein misfolding, and DNA damage. Indeed, oxidative
stress is involved in the aetiology of a number of
pathologies and cellular insults. At the onset of reperfusion,
the reintroduction of O, cause a burst of ROS within the
mitochondria (Jassem et al, 2002), which challenges the
antioxidant mechanisms and impairs the mitochondrial
This the
mitochondrial function, the ATP production and cell

electron  transport  chain. compromise
viability (Arduini et al., 1988). The significant decrease in
the 8-OHdG staining signal following I/R for the treated
animals, indicates that the administration of DJ-1 mitigates
the oxidative damage to the myocardium. This observation
was reinforced by the significant negative correlation found
between DJ-1 and 8-OHdG staining signals.

In order to highlight possible mechanisms at play, we
of the

myocardium. Unexpectedly, we could not detect any of the

performed a  whole-transcriptome  analysis
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previously described functions of DJ-1 enriched in the
transcriptomic analysis, which suggests a distinct role for
the extracellular and intracellular forms of DJ-1. GPCR-
mediated signaling and immune response were rather the
most consistently detected enrichments.

A body of evidences has linked GPCR signaling to
cardioprotection. Endogenous GPCR ligands released during
ischemia and reperfusion (i.e., autacoids) have been proposed
as triggers of the cardioprotection conferred by ischemic pre- and
post-conditioning (Heusch, 2015). This is the case for bradykinin
(Goto et al., 1995; Oldenburg et al., 2004), opioids (Schultz et al.,
1995; Zatta et al., 2008), acetylcholine (Yao and Gross, 1993),
catecholamines (Tsuchida et al., 1994), angiotensin II (Liu et al.,
1995), and endothelin-1 (Wang et al., 1996). Also, a number of
GPCR agonists have proven to protect the heart against I/R

injury.
GPCRs couple to a membrane-anchored heterotrimeric
Ggqpy protein.  Upon activation, GPCRs undergo a

conformational change that allows the exchange of a GDP
molecule, bound to the Ga subunit, for a GTP molecule,
activating the G, subunit. Thereafter, G, dissociates from
the remaining Gg, subunits and triggers downstream
signaling. GPCRs can be classified depending on the
downstream effects of the activated G, subunit into: G,
which stimulate the adenylate cyclase, Ggi/, Which inhibit
adenylate cyclase, Gqq/11, which activate phospholipase C, and
Gqi2/13 which regulate Rho GTPase activity. Most of the
GPCRs that play a role in cardioprotection couple to Ggi/o
or Gqq proteins (Heusch, 2015). Furthermore, GPCR
kinases, and B-arrestins, that are also involved in GPCR-
mediated signaling (Gurevich and Gurevich, 2019), play a
role in regulating cardiac injury upon MI (Brinks et al.,
2010; Wang et al, 2017). The systemic administration of
DJ-1 induced the up-regulation of several GPCRs following
MI, some of them belonging to the odorant GPCRs family.
Although still poorly understood, olfactory receptors have
been reported to be expressed in the heart and to play a
role in regulating cardiac function and angiogenesis (Kim
et al., 2015; Jovancevic et al., 2017).

From the onset of ischemia to reperfusion and infarct
healing, the immune response has a central role (Vilahur and
Badimon, 2014; Ong et al., 2018). The delicate balance
between pro-inflammatory and healing signals exerts a
great impact on the outcome. As a matter of fact, several
cardioprotective strategies have focused on the modulation of
the immune response (Grilo et al.,, 2017; Andreadou et al.,
2019; Zuurbier et al., 2019). Importantly, both pro- and anti-
inflammatory signals are needed for the optimal resolution of
MI (Yap et al.,, 2019; Sun et al., 2021). For the treated animals,
we could detect several pathways related to the immune
response enriched in the myocardium after MI. We further
report, a diminished leukocyte infiltration following I/R for
the treated animals. Amongst the immune response related
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Systemic DJ-1 administration effects on oxidative stress after ischemia and ischemia/reperfusion. (A) Inos transcript analysis by qPCR. (B)
Representative immunohistochemical acquisitions of myocardial iINOS (upper panel) and 8-OHdG (lower panel) after ischemia and ischemia/
reperfusion in the presence and the absence of a systemic administration of DJ-1. A sham-operated group was included as baseline. (C) Myocardial
iNOS content quantification. (D) Myocardial 8-OHdG content quantification. (E-G) Correlation analyses between iNOS and DJ-1 (E), 8-OHdG

and DJ-1 (F), and iNOS and 8-OHdG (G) staining signals. Scale bar: 100 um; *p < 0.05, Kruskal-Wallis; §p < 0.05 vs. sham, tp < 0.05 vs. ischemia
without DJ-1, #p < 0.05 vs. ischemia + DJ-1, #p < 0.05 vs. I/R without DJ-1, Dunn's test; rho, Spearman rank correlation coefficient. Isch., Ischemia; I/

R, Ischemia/Reperfusion

pathways detected, the tumour necrosis factor a (TNFa)
signaling pathway was the most enriched. Interestingly,
TNFa signaling has been shown to display cardioprotection
through NFkB-mediated cardiomyocyte expression of keratin-
8 and keratin-18, which preserve the integrity and function of
the intercalated discs upon stress
(Papathanasiou et al., 2015).

Collectively our results illustrate a cardioprotective role for
the exogenously administration of DJ-1 upon MI, potentially
mediated by GPCRs signaling and the modulation of the

and mitochondria
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immune response. The described extracellular activities of
DJ-1 offer a therapeutic opportunity to limit I/R induced
damage, which goes beyond MI. Whilst the present study
provides the first line of evidence for an extracellular DJ-1
activity in vivo, the therapeutic potential of a systemic
administration  of DJ-1, requires further
investigation regarding possible off-target activities of DJ-1.
Also, long-term studies are needed to evaluate whether DJ-1
protective effects translate into the amelioration of adverse

recombinant

cardiac remodeling.
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Limitations

The present study provides the first line of evidence on the
infarct limiting effects of administering recombinant DJ-1 on a
mouse model of acute myocardial infarction. This study needs
further investigation to advance our understanding of DJ-1 target
and off-target effects as well as the tentative side effects of
recombinant DJ-1 preparations. A major concern for the
clinical use of recombinant proteins is their potential to
induce an unwanted immune response that may compromise
safety. Furthermore, while infarct size is widely recognized as a
major predictor of clinical outcomes, long-term effects have not
yet been addressed. Further investigation, in appropriated
whether the
cardioprotective effects of DJ-1 administration are maintained

models is warranted in order to assess

in the long-term.
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Objective 4.- To characterize the functional implications of the RNA-binding

activity of D]-1 upon ischemia and reperfusion.

Highlights:

* DJ-1 preferably interacts with mitochondria-encoded RNA transcripts.
* The RNA-binding activity of D]-1 notably increases during ischemia.
* DJ-1 deletion results in unstable hyper-fused mitochondria in normoxia

that exhibit an increased fragmentation after ischemia/reperfusion.
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ARTICLE INFO ABSTRACT

Keywords: The early-onset Parkinson’s disease protein DJ-1 is a multifunctional protein that plays a protective role against
DJ-1 ischemia and reperfusion (I/R) injury and oxidative stress. Despite lacking a canonical RNA-binding domain DJ-1
fA:K? exhibits RNA-binding activity and multiple transcripts have been identified. However, no functional charac-
sehemia . terization has been provided to date. Here, we have investigated the DJ-1-interacting transcripts, as well as the
Ischemia/reperfusion L L. . . . . . - . .

RNA-Binding role of DJ-1 RNA-binding activity during ischemia and reperfusion. Among the identified DJ-1-interacting

transcripts, we have distinguished a significant enrichment of mRNAs encoding mitochondrial proteins. The
effects of DJ-1 depletion on mitochondrial protein expression and mitochondrial morphology were investigated
using a CRISPR/Cas9 generated DJ-1 knockout (DJ-1¥°) cell model. DJ-1 depletion resulted in increased MTND2
protein expression in resting cells; however, after exposure to I/R, MTND2 levels were significantly reduced with
respect to wild type cells. Increased mitochondrial fission was consistently found in DJ-1%© cells after I/R
exposure. MTND2 transcript binding to DJ-1 was increased during ischemia. Our results indicate that the RNA-
binding activity of DJ-1 shield mitochondrial transcripts from oxidative damage.

Mitochondria

1. Introduction

Ischemic diseases, such as myocardial infarction (MI) and stroke, are
the first cause of morbimortality worldwide. The early and successful
recovery of blood supply (i.e., reperfusion) is virtually the only treat-
ment for ischemia. However, at the time of reperfusion, there is a gen-
eration of reactive oxygen species (ROS) [1], which among other
detrimental effects, promote the opening of the mitochondrial perme-
ability transition pore and induce cell death [2,3]. The extracellular
medium washout, pH recovery and the immune response also compro-
mise viability upon reperfusion [2,3]. The reperfusion-associated injury
significantly contributes to the extent of damage to the ischemic organ
[4,5]. Given the limited regenerative capacity of the adult human brain
and heart [6], controlling the ischemia-induced infarct size and reducing
the reperfusion-induced organ damage is crucial to improve outcomes.

The early-onset Parkinson’s disease protein DJ-1, encoded by the
PARK7 gene, is a multifunctional protein highly conserved from bacteria
to humans [7]. Several functions have been proposed for DJ-1, including

chaperone [8], protease [9], transcriptional regulator [10], redox sensor
[11], mitochondrial homeostasis regulator [12,13] and cell signaling
[14]. Over this plethora of functions, the exact role that DJ-1 plays in
pathology remains elusive. Several studies have demonstrated a pro-
tective role against ischemia, ischemia-reperfusion (I/R), and oxidative
stress [15]. Animals lacking DJ-1 exhibit larger infarcts, increased
mitochondrial fission, and reduced heart function after MI compared to
wild-type (WT) littermates [16-20]. Similar results were found for
stroke models [21]. Conversely, DJ-1 overexpression is protective [17,
19] and we have recently reported the reduction of myocardial infarct
size upon systemic administration of recombinant DJ-1 [22].

Despite lacking a canonical RNA-binding domain, DJ-1 displays
RNA-binding activity, as demonstrated by UV-cross-linked immuno-
precipitation studies [23-25], and multiple transcripts have been iden-
tified [24]. In addition, DJ-1 was described as a regulatory sub-unit of a
large RNA-binding complex [23]. Interestingly, the interaction between
RNA and DJ-1 seems to be oxidation-dependent. So, DJ-1 may dissociate
from RNA following oxidative stress, allowing translation, and
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Fig. 1. Gene set enrichment analysis (GSEA) of DJ-1 interacting transcripts. A. MA-plot of normalized DJ-1 interacting transcripts. Coloring represents significant
interaction. Top-10 DJ-1-interacting transcripts are labeled. B. Top-15 enriched gene sets detected. Normalized enrichment score is plotted. C.-E. GSEA plot for
oxidative phosphorylation (C.), ribosome (D.), and Parkinson’s disease (E.) gene sets. All gene sets available in the Kyoto encyclopedia of genes and genomes (KEGG)

[31] were considered.

providing an additional mechanism to cope with stress [24,25]. In a
different study, DJ-1 was found to interact with stress granules, rein-
forcing its possible role in regulating translation [26].

Here we have investigated DJ-1-interacting transcripts, as well as the
biological implication of the DJ-1 RNA-binding activity in cells exposed
to I/R.

2. Materials and methods

Cell culture — SH-SY5Y human neuroblastoma cells (ECACC, Public
Health England, England, UK) were cultured in DMEM/F-12 medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 15%
(v/v) FBS (Thermo Fisher Scientific, Waltham, MA, USA), 1% penicillin-
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and -
glutamine (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in 5%
CO, atmosphere.

CRISPR/Cas9 DJ-1 knockout cell line — DJ-1 knockout (DJ-1¥°) cells
were kindly provided by Dr. Aleksandar Rakovic and Prof. Christine
Klein [27]. Briefly, SH-SY5Y cultures were co-transfected with a spCas9
plasmid (Addgene, Watertown, MA, USA) alongside a modified pLKO.1
vector (pLKO1 Puro; Addgene, Watertown, MA, USA) expressing a gRNA
targeting the sequence 5-GTACAGTGTAGCCGTGATG-3' from PARK7
exon 3. Amaxa Cell Line Nucleofector Kit V (Lonza, Basilea, Switzerland)
was employed for transfection following the manufacturer’s in-
structions. After 24 h, effectively transfected cells were selected with
puromycin (Thermo Fisher Scientific, Waltham, MA, USA) for 48 h and
plated at a density of 1 cell/cm? for colony formation. Successful editing
was assayed by PARK7 exon 3 gene sequencing.

In vitro ischemia and reperfusion model — In vitro ischemia was
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performed as previously described [28,29]. Cells were incubated in
acidic PBS (pH = 6.4) under hypoxic atmosphere (1% O) for the indi-
cated times. Acidic PBS was supplemented with Ca?* and Mger to pre-
vent cell detachment while under ischemic conditions. Restoring the cell
culture to complete growth medium and normoxia was the in vitro
modeling of reperfusion after ischemia.

RNA-binding in silico analysis — A publicly available dataset corre-
sponding to the identification of DJ-1/RNA-immunoprecipitation cap-
tures in M17 human neuroblastoma cell line was employed [24]
(Genomic Expression Omnibus reference code: GSE8632). Data were
pre-processed using REA algorithm [30], which applies a Gaussian
mixture distribution modeling to data, followed by a principal compo-
nent analysis (PCA) to reduce the bias introduced by the immunopre-
cipitation performance. The first component of PCA was employed to
rank genes for the gene set enrichment analysis (GSEA). All gene sets
available in the Kyoto encyclopedia of genes and genomes (KEGG) [31]
were considered. GSEA was performed with the R package ‘Cluster-
Profiler’ [32].

Western blot — Cell cultures were harvested by trypsinization and
lysed in ice-cold radioimmunoprecipitation assay buffer supplemented
with a protease inhibition cocktail (Roche Diagnostics, Mannheim,
Germany). 25 pg of total protein were loaded and separated by dena-
turing sodium dodecyl sulphate polyacrylamide gel electrophoresis in a
Mini protean 3 system (Bio-Rad Laboratories, Hercules, CA, USA) and
transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Her-
cules, CA, USA). Ponceau S total protein staining (Sigma, Saint Louis,
MI, USA) was employed to correct differences across lanes. Membranes
were then blocked with 5% bovine serum albumin (NZYTech, Lisboa,
Portugal) and incubated at 4 °C overnight with mouse anti-DJ-1 (MCA-
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4H4; EnCor Biotechnology, Gainesville, FL, USA) at 1:4000 or rabbit
anti-MTND2 (19704-1-AP; ProteinTech, Rosemont, IL, USA) at 1:1000.
Horseradish peroxidase-coupled rabbit anti-mouse IgG or goat anti-
rabbit IgG (P0260/P0448; Dako, Santa Clara, CA, USA) together with
SuperSignal reagent (34076; Thermo Fisher Scientific, Waltham, MA,
USA) were used to detect primary antibodies. Images were acquired
with a ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, CA,
USA).

qPCR - Cells were harvested by trypsinization, and total RNA was
extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. Real-time quantitative polymerase
chain reaction (QPCR) with TagMan assays (PARK7: Hs00994893 _g1;
MTND2: Hs02596874_g1; rRNA-18S: Hs99999901 s1; Thermo Fisher
Scientific, Waltham, MA, USA) was performed as previously described
[28].

RNA-immunoprecipitation — Cells were scraped and snap-frozen in
lysis buffer (150 mM KCl, 1 mM MgCl,, 20 mM HEPES) supplemented
with a protease inhibitor cocktail (Roche Diagnostics, Mannheim, Ger-
many) and 1 mM DTT. Samples were then thawed on ice, supplemented
with Triton X-100 to a final concentration of 0.1%, and lysed with a 20G
syringe. Lysates were incubated with 1:200 rabbit anti-DJ-1
(AP01249PU-N; OriGene, Rockville, MD, USA), with gentile rocking
overnight at 4 °C, and precipitated with Protein G Sepharose beads (17-
5280-04; GE Healthcare, Chicago, IL, USA) following manufacturer’s
instructions. Both free and DJ-1 bound RNA was then purified from
immunoprecipitation captures and supernatants with QIAzol reagent
(Qiagen, Hilden, Germany) and assayed by qPCR.

Mitochondrial morphology analysis — Cells were stained with Mito-
Traker (Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions. Four random acquisitions per sample were
taken with a Leica SP-5 confocal system (Leica, Wetzlar, Germany) at
maximum magnification and 0.5 pm z-stack step size [33]. Maximum
projections were analysed in ImageJ [34]. ImageJ macro is provided as
supplemental material.
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Fig. 2. Core enrichment analysis for the top-10
enriched gene sets. Overlap between gene subsets
contributing the most to the enrichment signal of the
top-10 enriched gene-sets is depicted as a binary
heatmap and displayed alongside their associated
Gene Ontology (GO) cell compartment terms, and log
fold-change (red and blue coloring represents
belonging to gene-set and GO terms, respectively).
Fold-change is defined as the relative signal between
immunoprecipitation captures and IgG control.
Labeled transcripts exhibit a log fold-change greater
than 2. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web

MTND2  version of this article.)
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Statistical analysis — As normality could be assumed (assessed by
Shapiro-Wilk), statistical differences were analysed by Student’s t-test,
one-way ANOVA, or two-way ANOVA. Tukey’s post hoc test was per-
formed to correct significance for multiple comparisons. All analyses
were performed in RStudio (RStudio, Boston, MA, USA).

3. Results
3.1. DJ-1 interacts with mitochondrial transcripts

The dataset generated by microarray hybridization of UV-cross-
linked DJ-1/RNA-immunoprecipitation captures from M17 human
neuroblastoma cell line (GSE8632) [24], was analysed following a GSEA
approach [35]. Strong enrichments were found for oxidative phos-
phorylation and ribosomes, alongside Parkinson’s disease (Fig. 1 and
Supplemental Fig. 1 for a complete list of the enriched gene sets).
Noteworthy, mitochondria-encoded genes were found among the top
DJ-1-interacting transcripts. More specifically the
mitochondria-encoded NADH:ubiquinone oxidoreductase core subunits
MTND2, MTND4, MTND5, and MTND1 exhibited the greatest
fold-change, defined as the relative intensity between DJ-1 and
IgG-control immunocapture signals (Fig. 1 A). The performed core
enrichment analysis evidenced that a relatively small gene subset led the
enrichment for most gene sets (Fig. 2). When combining the core
enrichment analysis with Gene Ontology cell compartment terms for
each gene, mitochondria, and particularly, inner mitochondrial mem-
brane protein complexes, clearly defined the shared subset (Fig. 2).

3.2. MTND?2 protein expression following I/R depends on DJ-1

To analyse the effect of DJ-1 on mitochondria-encoded protein
expression, we used the SH-SY5Y human neuroblastoma DJ-1¥° model.
Depletion of the PARK7 gene completely abrogated DJ-1 protein
expression (Fig. 3A-C). MTND2 protein expression was then analysed



A. Gallinat et al.

Free Radical Biology and Medicine 193 (2022) 430-436

A. B. DJ-1 protein C.  PARK7 gene expression
Kkk 15- o)
WT KO.1 KO.2 3-  ——
DJ-1 — |- - 20 kDa 0,
- @
Ponceau — 57 S ns.
e R i 3 nx: —
- . S o0s- ——
p 5 & s n.S.
kol el —=
o-— - 0.0-
WT  KO1  KO2 WT  KO.1 KO2
D. E. MTND2
WT DJ-1 KO 03- T T
DA 2 A o +
¢ \\@\ s g, y
2 Condition
MTND2 — | s o o @ o | _ 39 kDa < Normoxia
B IIR (1h)
Ponceau - S o01- I/R (3h)
4
S
0.0- L
WT KO
F.  mmnD2 transcript
20-
® 15-
S Type
Q 10- DJ—1 Bound
E Free
=
05-
0.0-
Normoma Isch (3h) 3h 2h) IIR (3h’24h

Fig. 3. MTND2 protein expression dynamics upon ischemia and reperfusion (I/R) in wild-type (WT) and DJ-1 knockout (KO) SH-SY5Y human neuroblastoma cell
cultures. A.-B. DJ-1 protein expression of WT and KO cultures. Representative western blot (A.) and quantification (B.) are displayed. C. PARK7 transcript expression
analysis of WT and KO cultures. D.-E. MTND2 protein expression analysis upon I/R. Representative western blot (D.) and quantification (E.) are displayed. F. MTND2
transcript analysis in WT cultures after DJ-1 immunoprecipitation. DJ-1 bound signal corresponds to immunoprecipitation captures, and free MTND2 to DJ-1
depleted samples (immunoprecipitation supernatants). *p < 0.05; **p < 0.01; ***p < 0.001. Data presented as mean + SEM.

when cells were exposed to I/R conditions. Two different times of
ischemia were tested (1 h and 3 h), followed by 24 h reperfusion.
MTND2 levels in resting cells were significantly higher in DJ-1X© than in
WT (Fig. 3 D and E); however, following exposure to I/R conditions,
MTND2 levels increased in WT cells but decreased in DJ-1¥© cells (Fig. 3
D and E). The immunoprecipitation of DJ-1/RNA complexes showed
that while the amount of MTND2 free transcript remained constant, the
DJ-1-bound fraction nearly doubled in ischemia in the WT cells (Fig. 3
F).

3.3. DJ-1 depletion results in unstable hyper-fused mitochondria
Mitochondrial morphology was also analysed. DJ-1X cells showed

hyper-fused mitochondria, depicted by increased mitochondrial length

and number of junctions in normoxia (Fig. 4). Furthermore, while no
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differences were found in WT cells after exposure to I/R conditions, both
mitochondrial length and junction number were significantly reduced in
DJ-1¥0 cells.

4. Discussion

The early and successful recovery of blood supply to ischemic organs
is virtually the only treatment to reduce organ damage. However, the
needed reperfusion compromises cell function. The biochemical mech-
anisms at play during this reperfusion period are not fully understood.
DJ-1 could be a key molecule in this process because DJ-1 mitigates the
injury induced by myocardial infarction [22], a process in which
oxidative stress has a central role [1]. DJ-1 was reported to interact with
mRNA and promote translation upon oxidative stress [24,26]. Thus, in
normal conditions, DJ-1 could withhold interactive transcripts from
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Fig. 4. Mitochondrial morphology analysis upon ischemia and reperfusion (I/R) in wild-type (WT) and DJ-1 knockout (KO) SH-SY5Y human neuroblastoma cell
cultures. A. Representative acquisitions of raw Mitotracker staining signal, pre-processing result, and analysis input. B. Average mitochondrial length (upper panel)
and junctions (lower panel) upon I/R in WT and KO cultures. *p < 0.05; n.s., not significant. Data presented as mean + SEM.

translation, releasing them upon increased ROS levels. The contribution
of DJ-1 RNA-binding activity in the regulation of the cell responses to
ischemia and reperfusion conditions is however unknown.

While several transcripts were identified to interact with DJ-1 [24],
no functional characterization was defined. We analysed the
DJ-1-interacting transcripts and found a significant enrichment of
mitochondria-encoded genes, of which MTND2 exhibited the highest
affinity. Interaction with nuclear-encoded transcripts was also found,
but again nuclear-encoded mitochondrial genes showed the highest
enrichments. These results match with functions adjudicated to DJ-1,
such as the regulation of mitochondrial function [36], the mitochon-
drial import in stress [37], the boosting of both mitochondrial [38] and
ectopic ATP-synthase activity [28], and the protection of the electron
transport chain (ETC) complex-I integrity [12,13]. The RNA-binding
activity of DJ-1 may explain some of these functions.

Mitochondria are the primary source of ROS through electron
leakage and reverse electron transport (RET). While ischemia
completely disrupts the ETC, a non-canonical Krebs cycle leading to
succinate accumulation remains active. Reperfusion restores ETC ac-
tivity, and the accumulated succinate is oxidized, reducing the ubiqui-
none pool and increasing the mitochondrial potential [39]. As ADP
availability is minimal following ischemia, the ETC collapses, and RET
through the complex-I is promoted, generating ROS [40,41]. MTND2
subunit encompasses the main superoxide production site at complex-1,
thus being particularly susceptible to oxidative damage [42]. The
mitochondrial genome encodes for 13 proteins, of which 7 belong to the
ETC complex-I. Therefore, DJ-1 detachment from RNA could speed up
the translation of transcripts counteracting ROS effects. Indeed
RNA-binding proteins play a pivotal role in regulating mitochondrial
RNA translation, stability, and degradation [43].

DJ-1 depletion, using the CRISPR/Cas9-generated DJ-1¥° model, has
effects on the expression of interacting transcripts when these cells are
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exposed to I/R conditions. While MTND2 protein expression tends to
increase after I/R in WT cells, MTND2 protein expression decreased
significantly in DJ-1¥C cells, supporting the initial hypotheses. Inter-
estingly, MTND2 levels in resting normoxic cells were higher in DJ-1¥°
cells than in WT cells, which is consistent with a putative translational
inhibitory effect of DJ-1 in the absence of stress. However, the RNA-
immunoprecipitation analysis revealed that rather than dissociating
from RNA, MTND2 transcript binding to DJ-1 significantly increased
during ischemia. DJ-1 has three cysteine residues, conferring the ability
to quench ROS [44]. Thus, our results suggest that while DJ-1 binding to
RNA may slow down translation, as shown by the increased MTND2
levels in DJ-1XC cells, increased RNA binding during ischemia may
protect the RNA from oxidative damage.

Additionally, effects of DJ-1 depletion were noticed in the mito-
chondrial morphology upon exposure of cells to I/R conditions. Simi-
larly, to MTND2 dynamics, DJ-1 depletion resulted in unstable hyper-
fused mitochondria. While DJ-1X cells exhibited elongated mitochon-
dria in resting normoxic conditions, they fragmented after exposure to I/
R. Instead, WT cells exhibited a stable mitochondrial reticulum not
affected by exposure to I/R conditions.

5. Conclusions

The data here presented supports a role for DJ-1 in regulating
mitochondrial gene expression and stability during the exposure to
ischemia and reperfusion.
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Supplemental Figure 1 - Complete gene set enrichment analysis result for DJ-1-

interacting transcripts.
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Supplemental File 1 - Image] macro employed for the analysis of mitochondrial

morphology.

// This ImageJ macro has been generated by Alex Gallinat at

Prof. Lina Badimon’s Lab //

macro "Mitochondrial Morphology Analysis" {

run("Set Scale...", "distance=0 known=0 pixel=1l
unit=pixel");
run ("Set Measurements...", "area shape redirect=None

decimal=2");
setOption ("BlackBackground", true);
run ("Clear Results");

setBatchMode (true) ;

rename ("MAX 1");
run ("8-bit") ;
selectWindow ("MAX 1");

run ("Subtract Background...", "rolling=5");

run ("Apply LUT");

run ("Enhance Contrast", "saturated=0.5 normalize");
run ("Enhance Local Contrast (CLAHE)", "blocksize=127
histogram=256 maximum=3 mask=*None*

fast (less_accurate)");

run ("Tubeness", "sigma=1.0000 use");

run ("8-bit") ;

run ("Subtract...", "value=25");

run ("Multiply...", "value=2");

run ("Gaussian Blur...", "sigma=0.5");

run ("Duplicate...", "Mask");

run ("Bandpass Filter...", "filter large=100 filter small=7

suppress=None tolerance=5 autoscale saturate");
setAutoThreshold ("MinError dark"); // Threshold to create
a cells broad selection.

run ("Convert to Mask");

run ("Invert");

run ("Create Selection");

selectWindow ("tubeness of MAX 1");

run ("Restore Selection");

setForegroundColor (255, 255, 255);
setBackgroundColor (0, 0, 0);

run ("Clear", "slice");

run ("Select None");

setAutoThreshold ("Li dark"™); // Threshold to create
mitochondrial selection.
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run ("Convert to Mask");

run ("Analyze Particles...", "size=0-9 display clear
include add");

setForegroundColor (0, 0, 0);
setBackgroundColor (255, 255, 255);

roiManager ("Fill") ;

run ("Skeletonize (2D/3D)");

run ("Analyze Skeleton (2D/3D)", "prune=none");

for (i = 0; i < nResults(); i++) {
v = getResult ("# Branches", 1) *getResult ("Average
Branch Length", 1i);

setResult ("Length", i, v);
}

updateResults () ;
close("*");
run ("Read and Write Excel", "stack results");

setBatchMode (false) ;
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6.- Discussion

Cardiovascular diseases (CVDs) are a major cause of mortality and morbidity
worldwide, being acute myocardial infarction (AMI) one of the main contributors to
morbi-mortality [1-3]. Despite AMI mortality has dropped within the past decades,
as a result of the improvement of reperfusion therapies [9,10], the consequent
adverse remodeling of the heart and scar formation entail a high risk of developing
heart failure for AMI survivors [11,12]. Given the minimal regenerative capacity of
the adult human heart, infarct size becomes the major predictor of AMI clinical
outcomes [6-8]. Currently, the only way of limiting infarct size is the early and
complete restoration of coronary blood flow (i.e. reperfusion). However, the sudden
re-introduction of oxygen at reperfusion, along with the extracellular medium
washout and the triggered immune response paradoxically exacerbate damage in a
process that is known as ischemia and reperfusion (I/R) injury [31,32]. Although
the severity and duration of ischemia are the major contributors to infarct size, the
damage associated with reperfusion significantly contributes to the final infarct size,
therefore limiting the beneficial effects of reperfusion. The discovery of the
conditioning phenomena, referring to the acquired cardioprotection arising from
the application of transient cycles of ischemia and reperfusion, evidenced the
existence of endogenous cardioprotective programs worth exploring. However,
although broadly proven in animal models, clinical trials on ischemic conditioning
techniques have brought poor, even futile, results [83-85]. Differences in the
employed conditioning protocols, patient medications, comorbidities, and inclusion

criteria are believed the main sources of disparity [86-88].

Over the past decades, the deciphering of the operating mechanisms behind
cardioprotection has been a matter of intensive research, and a number of molecules
and signaling pathways have been described to participate. Some of the identified
players are susceptible to modulation with drugs, introducing pharmacologic
conditioning as a new approach for cardioprotection. Pharmacologic conditioning
offers the possibility to elude variation arising from conditioning protocols and may
be a powerful approach to limit infarct size. However, whilst a huge number of

compounds have proven cardioprotective in animal models, most failed at
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demonstrating clinical benefits [14,15]. Reasons for this failure may arise from
intrinsic limitations of the experimental models. As a matter of fact, pre-clinical
research is usually carried out in healthy animals, lacking an underlying pathology,
risk factors, and medications. Furthermore, knowledge gaps in the understanding of

endogenous cardioprotective programs confound translation.

Although several receptors, pathways, and end-effectors have been so far identified
as players of the endogenous cardioprotective program, a linear conception of
cardioprotection may be too simplistic [90]. Indeed, cell signaling results from the
interaction of input cues with dynamic and context-specific networks composed of
a number of signaling molecules that collectively coordinate a cell response [270].
Despite reductionist models have helped in the understanding of the molecular
basis of the process, interactions among signaling molecules and how they are
affected by an underlying pathology seem to have been overlooked. Therefore, we
firstly investigated whether a network biology approach would provide additional
insights into the comprehension of the endogenous cardioprotective program. To
this end, we have focused on the characterization of the mitochondrial proteomic

response to ischemic post-conditioning (IPostC).

Mitochondria are central organelles in ischemia, reperfusion, and cardioprotection.
As metabolic hubs, mitochondria provide the major source of ATP by oxidative
phosphorylation (OXPHOS), which is tightly dependent on the O, availability and
nutrient supply. Therefore, blood flow interruption during ischemia greatly impacts
mitochondrial function, compromising the correct coupling of all metabolic
reactions and ATP production. From the ionic unbalance to necrosis, most of the
detrimental events following the onset of ischemia arise from the depletion of ATP.
Whilst reperfusion is the only possible solution to this situation, the reintroduction
of 02, and the restoration of the electron transport chain (ETC), yield a reactive
oxygen species (ROS) burst, that again compromises the mitochondrial
compartment. Rather than just the ‘powerhouse of the cell’, mitochondria further
play significant roles in signaling, cell cycle regulation, and apoptosis [271]. On the
whole, the mitochondrial response and adaptation to ischemia and reperfusion

determines cell fate after I /R, and consequently the damage extent. Not surprisingly,
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nearly all identified signaling pathways involved in cardioprotection eventually
converge in the mitochondria [16,272]. Hence, changes in the mitochondrial
proteome following cardioprotective interventions portray the end-effectors of

cardioprotection.

Within the performed network analysis, a tight correlation between network
topology and cell function was evidenced. Strong enrichments were found for the
OXPHOS system and the tricarboxylic acid (TCA) cycle, which is consistent with the
known drivers of [/R injury [28].

Whilst members of the ETC complexes I and Il were found down-regulated
following I/R, they were strongly up-regulated when [PostC was applied. The ETC
complexes [ and III comprise the main ROS generation sites at the ETC, through
reverse electron transport (RET) and electron leakage [273-275]. Therefore, their
up-regulation following [PostC could reflect either a better handling of ROS at
reperfusion or de novo protein synthesis. Such up-regulation was maintained when
compared to the proteome of sham-operated animals, which suggests de novo
synthesis. Consistently, the mitochondrial inner membrane protein (0XA1L) which
isrequired for the correct insertion and assembly of inner mitochondrial membrane

complexes [276,277], was found concomitantly up-regulated.

Further metabolic effects of IPostC were evidenced by a wide up-regulation of
proteins belonging to the TCA cycle, and the coupling of the fatty acids oxidation
(FAO) to the ETC; more specifically, the electron transfer flavoprotein subunits
ETFB and ETFDH. While the proteomic signature of the myocardium at-risk
following I/R may be explained both by the metabolic adaptation to ischemia and
oxidative damage, the results found for [PostC suggest a metabolic re-programming.
Altogether highlighting cardiac metabolism as an important driver for

cardioprotection.

The analysis of the mitochondrial proteomic response to IPostC also evidenced a
subset of proteins not related to cell metabolism that were differentially expressed
following IPostC. From them, the voltage-dependent anion-selective channel 2

(VDAC2) and D]J-1 exhibited the highest fold-change both compared to the I/R and
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sham groups, and have been previously related to cardioprotection [259,278]. Some
of the functions previously described for DJ-1 are in line with the IPostC detected
effects. This is the case of the regulation of the antioxidant response, the
preservation of the ETC complex I under stress, and the maintenance of
mitochondrial homeostasis. Noteworthy, the mitochondrial stress-70 protein
(HSPA9; also known as Grp75), which is necessary for the mitochondrial import of

DJ-1 during stress [214], was also up-regulated following [PostC.

Despite a protective role for D]-1 over ischemia and I/R being widely recognized
[259], the mechanism by which DJ-1 confers protection is still unclear, and many
molecular activities have been proposed. Then, our next step was to characterize
the dynamics of protein DJ-1 across ischemia and I/R. Although still in debate, the
cleavage of the 15 carboxyl-terminal amino acids of DJ-1 (referred to as DJ-1AC) has
been proposed as an activating mechanism [177,193,216]. Therefore, we analyzed
both the full-length and the cleaved forms of DJ-1. For this part, we chose an
endothelial in vitro model of ischemia and I/R. Endothelial cells (ECs) line the entire
circulatory system and play important roles in the maintenance of heart
homeostasis. Rather than just a barrier, ECs provide multiple autocrine and
paracrine signals to support organ function [67,68,279]. Also, their specific location,
between the bloodstream and the organ tissues, makes ECs key sensors and
responders to hemodynamic alterations and ischemia, acting as an important

source of autacoids in ischemic conditioning [67,111].

After evaluating the impact of ischemia and I/R upon the intracellular DJ-1 content,
we described a significant and ischemia-dependent decline of the full-length form of
DJ-1, further associated with secretion. Both forms of DJ-1 were detected within the
analysis of the secretome. Whilst the full-length form of DJ-1 was detectable in the
secretome of all tested conditions, its secretion was significantly promoted during
ischemia and reperfusion. For the cleaved form, it was only detected in the
secretomes associated with I/R, but never in the controls. Although lacking a
conventional secretory signal peptide, DJ-1 has been described to be secreted under
several pathologic conditions such as breast cancer [264], Parkinson’s disease

[265,280], and stroke [266]. However, as for the intracellular forms, the
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extracellular activities of DJ-1 have not yet been elucidated. Previous in vitro
experimentation using autophagy inhibitors and genetic models has proposed the
autophagy-based unconventional secretory pathway as the mechanism for
secretion [281]. Given that ischemia is a known autophagy-promoting stimulus, this

could be a feasible mechanism to explain our observations.

To date, there are no known extracellular receptors for DJ-1, and most of the DJ-1
interacting proteins identified by proteomic techniques are soluble proteins, except
for the FoF1 ATP-synthase [215,282]. Despite being mainly expressed in the
mitochondria as an essential member of the OXPHOS system, the FoF1 ATP-synthase
has been recognized to be ectopically expressed in the cell surface of many cell
types. These include vascular ECs [283], hepatocytes [284], adipocytes [285],
lymphocytes [286], keratinocytes [287], neurons [288], and muscular cells [289].
The ectopic ATP-synthase has proven active, thus allowing the extracellular
generation or degradation of ATP [290]. It is primarily located in the lipid rafts and
caveolae, which suggests a role in cell signaling [283,285,291]. It has been proposed
to be functionally connected with purinoreceptors through the modification of local
ATP/ADP concentrations [291]. Also, it has been identified as a receptor for
angiotensin in ECs [290], and for apolipoprotein A-I in hepatocytes [284].
Experiments with specific antibodies targeted to the ectopic ATP-synthase have
depicted a role in angiogenesis, proliferation, and the regulation of intracellular pH

[292-294].

The ATP-synthase of either location mechanistically operates as a H* channel,
therefore, the activity within the plasma membrane may provide an additional
mechanism to regulate intracellular pH [291]. Given that ischemia rapidly leads to
acidosis, and that acidosis is an important driver of the ionic unbalance of ischemic
cells, the ectopic ATP-synthase activity has been proposed as a mechanism of
ischemia tolerance for ECs [295]. Indeed, the exposure of cells to an acidic and
hypoxic environment (i.e. ischemia-like conditions) promotes ectopic ATP-synthase

activity [296].

Intracellular DJ-1 is known to directly interact with the mitochondrial FoF; ATP-

synthase, and to optimize its performance [215]. Hence, DJ-1 secretion in ischemia
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may be functionally related to the ectopic ATP-synthase, acting as an
autocrine/paracrine modulation factor, and promoting H* extrusion and/or
downstream signaling. In order to test this hypothesis, we have studied the effect of
both DJ-1 gene silencing, and the exposure to recombinant DJ-1/D]J-1AC, upon the
extracellular ATP generation in ischemic ECs. As a result, while ischemia led to a
significant increase in the ectopic ATP-synthase activity, the silencing of the DJ-1
gene abrogated the effect. Consistently, the exposure of ECs to recombinant DJ-1/D]J-
1AC during ischemia greatly increased the extracellular ATP generation, with no
regard to the employed DJ-1 form. Immunoprecipitation studies proved physical
interaction between the administrated D]-1 forms and ATP-synthase. The functional
implications of the reported association were further investigated, and a role in
preserving endothelial function upon reperfusion was evidenced by a higher
induction of Akt signaling and a faster formation of capillary-like structures after
ischemia. Importantly, all the reported effects were found independent of cell death,
as proven by the analysis of caspase-3 cleavage, where no induction of apoptosis

was detected at any condition.

In summary, our results collectively suggest the use of recombinant DJ-1 as a
possible treatment for ischemia and I/R. Therefore, the next part of this study was
the evaluation of the therapeutic potential of recombinant DJ-1 for myocardium
salvage following AMI. To this end, we employed a mice model of AMI and explored
the effects of an intraperitoneal administration of DJ-1 upon infarct size and the

myocardial transcriptional response to reperfusion.

With this model, we have evidenced a significant amelioration of infarct size
associated with the treatment. Interestingly, we also observed a reduction of infarct
size in the treated animals that were subjected to ischemia alone, suggesting that
the extracellular DJ-1 effects may span beyond reperfusion. A major driver of
necrosis during ischemia is the ionic unbalance [28]. The metabolic reprogramming
associated with ischemia implies the over-production of H*, due to anaerobic
glycolysis. These H* are then extruded by the Na*/H* passive exchangers, coupled
with the entry of Na+. When ATP pools are critical, the Na*/K* pump inactivates, and

Na* accumulates in the cytoplasm. In the absence of a functional Na*/K* pump, the
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Na*/Ca?* exchangers allow the extrusion of Na* coupled to the entry of Ca?+. In a
normal situation, cytosolic Ca?+ is sequestrated within the sarcoplasmic reticulum
in an ATP-dependent process. The lack of ATP during ischemia thus impedes Ca2+
sequestration, and both Ca?* and Na* accumulate in the cytoplasm, progressively
leading to intracellular edema and necrosis [28,29]. Against this background, the
ectopic ATP-synthase may provide an additional mechanism for H* extrusion not
disturbing the ionic balance. Therefore, the DJ-1-associated reduction of infarct size
during ischemia may arise from the modulation of the ectopic ATP-synthase activity.
However, further research is needed in order to evaluate the effects of ectopic ATP-

synthase regulation in vivo within the context of ischemia and I/R.

The transcriptomic analysis revealed that a systemic administration of DJ-1
modified the myocardial response to reperfusion. Interestingly, we detected
additional pathways to those previously associated with DJ-1, reinforcing a different
role for the intracellular and extracellular forms. Importantly, G-protein coupled
receptors (GPCRs) mediated signaling and immune response-related gene sets

encompassed the highest enrichments.

GPCRs signaling is closely connected to cardioprotection, playing a central role in
triggering the cardioprotective response following ischemic pre-conditioning, and
[PostC. Local conditioning techniques induce the release of autacoids which then
activate GPCRs, downstream triggering an endogenous cardioprotective program
[89,90]. Several genes belonging to the GPCRs family were found up-regulated
following reperfusion in the treated hearts. However, the mechanism by which

extracellular DJ-1 promotes GPCRs signaling requires further investigation.

The immune response is central to infarct healing [5,47,48]. From the onset of
reperfusion, the released necrotic products trigger a profound inflammatory
response causing the early recruitment and activation of neutrophils and
mononuclear cells. Whilst their main purpose is the removal of dead cells and matrix
debris, the activation of immune cells (especially neutrophils) couples to the
production and release of further ROS and proteases, which paradoxically aggravate
damage [297]. Beyond the acute phase of AMI, the immune response is a major

contributor to scar formation, thus being a major determinant of adverse cardiac
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remodeling [49]. The existing balance between pro-inflammatory and healing
signals determines the extent of activation and the nature of this immune response,
greatly affecting the outcome [298]. Several immune response-related gene sets
were detected significantly enriched within the transcriptomic analysis of the
reperfused myocardium of the treated animals. The effects on the immune response
were then functionally validated. We report diminished leukocyte infiltration and
oxidative stress, associated with DJ-1 administration. Consistently, a reduction in
the extent of myocardial apoptosis following AMI was also detected in the treated

animals.

The potential for recombinant proteins to trigger an undesired immune response
that may compromise safety is a serious concern for their clinical application. Thus,
although this part of the study provides the first line of evidence for the therapeutic
potential of recombinant DJ-1 to treat AMI, further research is needed to evaluate
safety. Also, long-term effects upon adverse cardiac remodeling and angiogenesis

are yet to be characterized.

Beyond the extracellular activities of D]-1 here discussed, a body of evidence has
linked the intracellular form of DJ-1 with oxidative stress, I/R, and cell protection
[216,257,260-263]. Over the past decades, the deciphering of the intracellular
activities of DJ-1 has been a matter of intense research, and multiple functions have
been reported [176-182]. However, lacking a model conceiving the links and
relationships across all reported functions, the comprehension of the role that DJ-1
plays in health and disease is still difficult to recognize. It is a possibility that some
of the molecular activities attributed to DJ-1 result from a yet-to-be-understood
upstream function. In such a way, we hypothesized that the reported RNA-binding

activity of D]-1 may provide some integrative view.

Despite lacking a conventional RNA-binding domain, DJ-1 has been reported to bind
RNA, and multiple targets have been identified by cross-linked
immunoprecipitation (CLIP) studies [225-227]. Such interaction has been
described to exert an inhibitory effect upon translation and to be dependent on the
oxidation status of DJ-1. Hence, DJ-1 would retain a pool of RNAs away from

translation, and release them under oxidative stress, providing an additional
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mechanism to cope with stress [226,227]. However, no functional characterization

of DJ-1 interacting transcripts has been provided so far.

We have analyzed a publically available dataset resulting from the microarray
identification of DJ-1 RNA-immunoprecipitation captures, and found great
enrichments for OXPHOS and ribosome associated transcripts. A closer look at the
genes encompassing these enrichments revealed that mitochondrial proteins,
especially the mitochondria-encoded ones, were the most representative. Being the
mitochondria-encoded NADH:ubiquinone oxidoreductase core subunit 2 (MTND2)
the one exhibiting the highest affinity for DJ-1. In order to analyze the effect of DJ-1
upon mitochondria-encoded protein expression, we employed a CRISPR/Cas9-
generated DJ-1 knockout (KO) in vitro model of ischemia and I/R. Because the
original dataset was generated in human neuroblastoma cells [226], a similar cell
line was chosen for the validation experiments. More specifically, we employed the
SH-SY5Y human neuroblastoma cell line. And found that whilst MTND2 protein
levels were basally higher for the DJ-1 KO cultures, they significantly fall after
reperfusion. Instead, for the wild-type (WT) cultures, [/R induced the expression of
MTND2 protein. Consistently, within the first study of this thesis, both MTND2
protein and DJ-1 were found up-regulated in the myocardium at risk of post-

conditioned pigs.

These results seemed to match the original model, in which DJ-1 would retain a pool
of RNAs away from translation until there is oxidative stress [226]. However, the
RNA-immunoprecipitation study revealed that the amount of MTNDZ2 transcript
bound to DJ-1 significantly increased during ischemia. Our results, then, suggest that
while RNA binding to D]-1 may prevent translation, it also may protect the RNA from

oxidative damage and degradation.

This pattern of function resembles the dynamics of stress granules (SGs), with which
DJ-1 reportedly interacts [228]. Those are cytoplasmatic granules composed of
messenger RNAs stalled from translation and proteins, that rapidly assemble during
stress [299,300]. Although the function of SGs is largely unknown, they are involved
in cell survival, and a tentative functional role in protecting RNA from degradation

upon stress has been hypothesized. SGs are enriched in RNA-binding proteins which
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are involved in the assembly [299,300]. In such a way, DJ-1 could act as a factor

targeting mitochondrial transcripts to SGs.

Moreover, we have explored the effect of DJ-1 depletion and I/R on mitochondrial
morphology and found that the depletion of DJ-1 resulted in unstable hyper-fused
mitochondria, that fragmented after the exposure to I/R. Instead, no effects on

mitochondrial morphology were detected for WT cultures after I/R.

Amongst all the molecular functions previously associated with DJ-1, the major
consensus entails redox sensing and the maintenance of mitochondrial homeostasis
upon stress. Nevertheless, the participation of DJ-1 in mitochondrial stability could
be conceived as the combination of several other molecular activities that DJ-1 plays
in the mitochondria. This is the case of the interaction with the mitochondrial F1Fo
ATP-synthase and the mitochondrial complex I, the regulation of the antioxidant
response, and ROS quenching. Our results on the functional perspective of the RNA-
binding activity of DJ-1, add another aspect for DJ-1 participation in the

maintenance of mitochondrial homeostasis.

Overall, our studies support a protective role for DJ-1 both in ischemia and
reperfusion. So far, we identified the involvement of DJ-1 in the cardioprotection
triggered by IPostC, characterized both an extracellular activity of DJ-1, and the
functional identity of DJ-1-binding transcripts, and provided a tentative therapeutic
application to limit infarct size after AMI. Although many questions regarding the
function and regulation of DJ-1 remain to be elucidated, these results advance our
understanding of the endogenous cardioprotective programs and propose new
tentative therapeutic approaches to protect the heart from ischemia and

reperfusion damage.
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7.- Conclusions

The conclusions of this thesis are the following:

1. Network biology provide a powerful approach for the understanding of
complex biological processes such as ischemia and reperfusion (I/R), and the
endogenous cardioprotective programs.

2. Whilst the myocardium retains an ischemia-adapted metabolism after I/R,
ischemic post-conditioning induce a metabolic reprogramming together with
the up-regulation of the cardioprotective proteins D]-1 and VDAC2.

3. Both DJ-1 and DJ-1AC are secreted during ischemia by endothelial cells (ECs),
and act as autocrine and/or paracrine factors to regulate the activity of the
ectopic ATP-synthase in ischemia.

4. The axis DJ-1/ectopic ATP-synthase plays a role in maintaining ECs function
during reperfusion.

5. A systemic administration of recombinant DJ-1 prior the induction of acute
myocardial infarction ameliorates infarct size, leukocyte infiltration, and
oxidative stress following ischemia and I/R in a mouse model.

6. Intracellular DJ-1 displays an increased RNA-binding activity during ischemia,

preferentially binding mitochondria-encoded RNA transcripts.

Collectively, our findings highlight the implication of DJ-1 in the molecular basis of
ischemic post-conditioning and cardioprotection, and offer new therapeutic

opportunities to limit infarct size.

163






8.

References






8.- References

1. Roth, G.A.; Mensah, G.A.; Johnson, C.0.; Addolorato, G.; Ammirati, E.; Baddour,
L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin, E.].; Benziger, C.P.; et al. Global
Burden of Cardiovascular Diseases and Risk Factors, 1990-2019: Update
From the GBD 2019 Study. J. Am. Coll. Cardiol. 2020, 76, 2982-3021,
doi:10.1016/j.jacc.2020.11.010.

2. Benjamin, E.J.; Blaha, M.].; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R; de
Ferranti, S.D.; Floyd, ].; Fornage, M.; Gillespie, C.; et al. Heart Disease and
Stroke Statistics—2017 Update: A Report From the American Heart
Association. Circulation 2017, 135, el46-e603,
doi:10.1161/CIR.0000000000000485.

3. Timmis, A.; Townsend, N.; Gale, C.P.; Torbica, A.; Lettino, M.; Petersen, S.E.;
Mossialos, E.A.; Maggioni, A.P.; Kazakiewicz, D.; May, H.T.; et al. European
Society of Cardiology: Cardiovascular Disease Statistics 2019. Eur. Heart J.
2020, 41, 12-85,d0i:10.1093 /eurheartj/ehz859.

4, Reimer, K.A,; Jennings, R.B. The “wavefront phenomenon” of myocardial
ischemic cell death. II. Transmural progression of necrosis within the
framework of ischemic bed size (myocardium at risk) and collateral flow.

Lab. Investig. 1979, 40, 633-644.

5. Frangogiannis, N.G. The Mechanistic Basis of Infarct Healing. Antioxid. Redox

Signal. 2006, 8,1907-1939, doi:10.1089/ars.2006.8.1907.

6. Kelle, S.; Roes, S.D.; Klein, C.; Kokocinski, T.; de Roos, A,; Fleck, E.; Bax, J.J.;
Nagel, E. Prognostic Value of Myocardial Infarct Size and Contractile Reserve
Using Magnetic Resonance Imaging. /. Am. Coll. Cardiol. 2009, 54, 1770-
1777,d0i:10.1016/j.jacc.2009.07.027.

7. Sobel, B.E.; Bresnahan, G.F.; Shell, W.E,; Yoder, R.D. Estimation of infarct size
in man and its relation to prognosis. Circulation 1972, 46, 640-8,

doi:10.1161/01.CIR.46.4.640.

167



10.

11.

12.

13.

14.

15.

16.
168

Stone, G.W.; Selker, H.P.; Thiele, H.; Patel, M.R.; Udelson, J.E.; Ohman, E.M,;
Maehara, A,; Eitel, I.; Granger, C.B.; Jenkins, P.L.; et al. Relationship Between
Infarct Size and Outcomes Following Primary PCI. J. Am. Coll. Cardiol. 2016,
67,1674-1683, d0i:10.1016/j.jacc.2016.01.069.

Nabel, E.G.; Braunwald, E. A Tale of Coronary Artery Disease and Myocardial
Infarction. N. Engl. J. Med. 2012, 366, 54-63, doi:10.1056 /NE]Mra1112570.

Smilowitz, N.R,; Feit, F. The History of Primary Angioplasty and Stenting for
Acute Myocardial Infarction. Curr. Cardiol Rep. 2016, 18, 5,
doi:10.1007/s11886-015-0681-x.

Bahit, M.C.; Kochar, A;; Granger, C.B. Post-Myocardial Infarction Heart
Failure. JACC Hear. Fail. 2018, 6, 179-186, doi:10.1016/j.jchf.2017.09.015.

Cahill, T.J.; Kharbanda, R.K. Heart failure after myocardial infarction in the
era of primary percutaneous coronary intervention: Mechanisms, incidence
and identification of patients at risk. World . Cardiol. 2017, 9, 407,
d0i:10.4330/wjc.v9.i5.407.

Kuibler, W.; Haass, M. Cardioprotection: definition, classification, and
fundamental principles. Heart 1996, 75, 330-333,
doi:10.1136/hrt.75.4.330.

Hausenloy, D.J.; Erik Bgtker, H.; Condorelli, G.; Ferdinandy, P.; Garcia-
Dorado, D.; Heusch, G.; Lecour, S.; van Laake, L.W.; Madonna, R.; Ruiz-Meana,
M.; et al. Translating cardioprotection for patient benefit: position paper
from the Working Group of Cellular Biology of the Heart of the European
Society of  Cardiology. Cardiovasc. Res. 2013, 98, 7-27,
d0i:10.1093/cvr/cvt004.

Heusch, G. Critical Issues for the Translation of Cardioprotection. Circ. Res.

2017,120,1477-1486, d0i:10.1161/CIRCRESAHA.117.310820.

Lisa, F. Di; Canton, M.; Menabo, R.; Kaludercic, N.; Bernardi, P. Mitochondria



17.

18.

19.

20.

21.

22.

23.

24.

and cardioprotection. Hear. Fail. Rev. 2007 123 2007, 12, 249-260,
doi:10.1007/S10741-007-9028-Z.

Young, L.H.; Renfu, Y.; Russell, R;; Hu, X.; Caplan, M.; Ren, ].; Shulman, G.I;
Sinusas, A.]. Low-Flow Ischemia Leads to Translocation of Canine Heart
GLUT-4 and GLUT-1 Glucose Transporters to the Sarcolemma In Vivo.
Circulation 1997, 95,415-422, d0i:10.1161/01.CIR.95.2.415.

Sun, D.; Nguyen, N.; DeGrado, T.R.; Schwaiger, M.; Brosius, F.C. Ischemia
induces translocation of the insulin-responsive glucose transporter GLUT4
to the plasma membrane of cardiac myocytes. Circulation 1994, 89, 793-8,

doi:10.1161/01.cir.89.2.793.

Schaefer, S.; Ramasamy, R. Glycogen utilization and ischemic injury in the
isolated rat heart. Cardiovasc. Res. 1997, 35, 90-98, doi:10.1016/S0008-
6363(97)00087-4.

Schulze, W.; Krause, E.G.; Wollenberger, A. On the fate of glycogen
phosphorylase in the ischemic and infarcting myocardium. J. Mol Cell

Cardiol. 1971, 2, 241-51, doi:10.1016/0022-2828(71)90057-5.

Hochachka, P.; Owen, T.; Allen, ]J.; Whittow, G. Multiple end products of
anaerobiosis in diving vertebrates. Comp. Biochem. Physiol. B. 1975, 50, 17-
22,d0i:10.1016/0305-0491(75)90292-8.

Chinopoulos, C. Which way does the citric acid cycle turn during hypoxia?
The critical role of a-ketoglutarate dehydrogenase complex. J. Neurosci. Res.

2013,91,1030-1043, doi:10.1002 /jnr.23196.

Czibik, G.; Steeples, V., Yavari, A. Ashrafian, H. Citric Acid Cycle
Intermediates in Cardioprotection. Circ. Cardiovasc. Genet. 2014, 7, 711-

719, doi:10.1161/CIRCGENETICS.114.000220.

Jennings, R.B.; Reimer, K.A.; Steenbergen, C. Effect of inhibition of the

mitochondrial ATPase on net myocardial ATP in total ischemia. J. Mol Cell.

169



25.

26.

27.

28.

29.

30.

31.

170

Cardiol. 1991, 23,1383-95, d0i:10.1016/0022-2828(91)90185-o0.

Rouslin, W.; Broge, C.W.; Grupp, L.L. ATP depletion and mitochondrial
functional loss during ischemia in slow and fast heart-rate hearts. Am. J.

Physiol. 1990, 259, H1759-66, doi:10.1152/ajpheart.1990.259.6.H1759.

Grover, G.J.; Atwal, KS. Sleph, P.G; Wang, F.-L.; Monshizadegan, H,;
Monticello, T.; Green, D.W. Excessive ATP hydrolysis in ischemic
myocardium by mitochondrial F1F0-ATPase: effect of selective
pharmacological inhibition of mitochondrial ATPase hydrolase activity. Am.
] Physiol. Heart Circ. Physiol. 2004, 287, H1747-55,
d0i:10.1152/ajpheart.01019.2003.

Nikolaou, P..; Bessis-Lazarou, P.; Efentakis, P.; Karagiannis, D.; Lougiakis, N.;
Lambrinidis, G.; Pouli, N.; Marakos, P.; Palmeira, C.; Mikros, E.; et al.
Hydrolytic activity of mitochondrial F1Fo ATP synthase as a target for
myocardial ischemia: discovery and in vitro evaluation of novel inhibitors.

Eur. Heart . 2020, 41, d0i:10.1093 /ehjci/ehaa946.3604.

Kalogeris, T.; Baines, C.P.; Krenz, M., Korthuis, R.J. Cell biology of
ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 2012, 298, 229-317,
doi:10.1016/B978-0-12-394309-5.00006-7.

Song, M.; Yu, S.P. Ionic regulation of cell volume changes and cell death after
ischemic stroke. Transl. Stroke Res. 2014, 5, 17-27, doi:10.1007/s12975-
013-0314-x.

Jennings, R.B.; Reimer, K.A.; Hill, M.L.; Mayer, S.E. Total ischemia in dog
hearts, in vitro. 1. Comparison of high energy phosphate production,
utilization, and depletion, and of adenine nucleotide catabolism in total
ischemia in vitro vs. severe ischemia in vivo. Circ. Res. 1981, 49, 892-900,

doi:10.1161/01.RES.49.4.892.

Yellon, D.M.; Hausenloy, D.]. Myocardial Reperfusion Injury. N. Engl. . Med.



32.

33.

34.

35.

36.

37.

38.

2007,357,1121-1135, d0i:10.1056 /NEJMra071667.

Garcia-Dorado, D.; Ruiz-Meana, M.; Piper, H.M. Lethal reperfusion injury in
acute myocardial infarction: facts and unresolved issues. Cardiovasc. Res.

2009, 83,165-168, doi:10.1093 /cvr/cvp185.

Forman, H.J.; Fukuto, ].M.; Torres, M. Redox signaling: thiol chemistry defines
which reactive oxygen and nitrogen species can act as second messengers.
Am. J Physiol. Physiol. 2004, 287, C246-C256,
doi:10.1152/ajpcell.00516.2003.

Rodrigo, R.; Prieto, ].C; Castillo, R. Cardioprotection against
ischaemia/reperfusion by vitamins C and E plus n -3 fatty acids: molecular
mechanisms and potential clinical applications. Clin. Sci. 2013, 124, 1-15,
doi:10.1042/CS20110663.

Rodrigo, R.; Retamal, C.; Schupper, D.; Vergara-Hernandez, D.; Saha, S,;
Profumo, E.; Buttari, B.; Saso, L. Antioxidant Cardioprotection against
Reperfusion Injury: Potential Therapeutic Roles of Resveratrol and

Quercetin. Molecules 2022, 27, 2564, d0i:10.3390/molecules27082564.

Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijevi¢, D.; Sundier, S.Y.; Robb, E.L,;
Logan, A.; Nadtochiy, S.M.; Ord, E.N.J;, Smith, A.C; et al. Ischaemic
accumulation of succinate controls reperfusion injury through

mitochondrial ROS. Nature 2014, 515, 431-435, d0i:10.1038/nature13909.

Valls-Lacalle, L.; Barba, I; Miré-Casas, E.; Ruiz-Meana, M.; Rodriguez-
Sinovas, A.; Garcia-Dorado, D. Selective Inhibition of Succinate
Dehydrogenase in Reperfused Myocardium with Intracoronary Malonate
Reduces Infarct Size. Sci. Reports 2018 81 2018, 8, 1-10,
doi:10.1038/s41598-018-20866-4.

Prag, H.A,; Pala, L.; Kula-Alwar, D.; Mulvey, ].F.; Luping, D.; Beach, T.E.; Booty,
L.M.; Hall, A.R;; Logan, A.; Sauchanka, V.; et al. Ester Prodrugs of Malonate

171



39.

40.

41.

42.

43.

44,

45.

172

with Enhanced Intracellular Delivery Protect Against Cardiac Ischemia-
Reperfusion Injury In Vivo. Cardiovasc. Drugs Ther. 2022, 36, 1-13,
doi:10.1007/s10557-020-07033-6.

Werns, S.W.; Grum, C.M.; Ventura, A.; Hahn, R.A.; Ho, P.P.K,; Towner, R.D,;
Fantone, ].C.; Schork, M.A.; Lucchesi, B.R. Xanthine oxidase inhibition does
not limit canine infarct size. Circulation 1991, 83, 995-1005,
doi:10.1161/01.CIR.83.3.995.

Shintani-Ishida, K. Yoshida, K. Mitochondrial m-calpain opens the
mitochondrial permeability transition pore in ischemia-reperfusion. Int. J.

Cardiol. 2015, 197, 26-32, d0i:10.1016/j.ijcard.2015.06.010.

Chelko, S.P.; Keceli, G.; Carpi, A.; Doti, N.; Agrimi, ].; Asimaki, A.; Beti, C.B,;
Miyamoto, M.; Amat-Codina, N.; Bedja, D.; et al. Exercise triggers CAPN1-
mediated AIF truncation, inducing myocyte cell death in arrhythmogenic
cardiomyopathy. Sci. Transl. Med. 2021, 13,
doi:10.1126/scitranslmed.abf0891.

DILISA, F.; BERNARDI, P. Mitochondria and ischemia-reperfusion injury of
the heart: Fixing a hole. Cardiovasc. Res. 2006, 70, 191-199,
doi:10.1016/j.cardiores.2006.01.016.

Hausenloy, D. The mitochondrial permeability transition pore: its
fundamental role in mediating cell death during ischaemia and reperfusion.
J. Mol Cell. Cardiol. 2003, 35,339-341, d0i:10.1016,/5S0022-2828(03)00043-
9.

Di Lisa, F.; Canton, M.; Menabo, R.; Dodoni, G.; Bernardi, P. Mitochondria and
reperfusion injury. Basic Res. Cardiol. 2003, 98, 235-241,
doi:10.1007/s00395-003-0415-x.

Crow, M.T.; Mani, K;; Nam, Y.J.; Kitsis, R.N. The mitochondrial death pathway
and cardiac myocyte apoptosis. Circ. Res. 2004, 95, 957-970,



46.

47.

48.

49,

50.

51.

52.

53.

doi:10.1161/01.RES.0000148632.35500.D9.

Halestrap, A. Mitochondrial permeability transition pore opening during
myocardial reperfusion—a target for cardioprotection. Cardiovasc. Res.

2004, 61, 372-385, doi:10.1016/S0008-6363(03)00533-9.

Frangogiannis, N.G. Pathophysiology of Myocardial Infarction. In
Comprehensive Physiology; Wiley: Hoboken, NJ, USA, 2015; Vol. 5, pp. 1841-
1875.

Prabhu, S.D.; Frangogiannis, N.G. The Biological Basis for Cardiac Repair
After Myocardial Infarction. Circ. Res. 2016, 119, 91-112,
doi:10.1161/CIRCRESAHA.116.303577.

Frangogiannis, N.G. The immune system and the remodeling infarcted heart:
cell biological insights and therapeutic opportunities. J. Cardiovasc.

Pharmacol. 2014, 63, 185, doi:10.1097/F]C.0000000000000003.

Simpson, P.].; Todd, R.F.; Fantone, ].C.; Mickelson, ].K.; Griffin, ].D.; Lucchesi,
B.R;; Adams, M.D.; Hoff, P.; Lee, K.; Rogers, C.E. Reduction of experimental
canine myocardial reperfusion injury by a monoclonal antibody (anti-Mo1,
anti-CD11b) that inhibits leukocyte adhesion. J. Clin. Invest. 1988, 81, 624,
doi:10.1172/JCI113364.

Entman, M.L.; Youker, K.; Shoji, T.; Kukielka, G.; Shappell, S.B.; Taylor, A.A,;
Smith, C.W. Neutrophil induced oxidative injury of cardiac myocytes. A
compartmented system requiring CD11b/CD18-ICAM-1 adherence. J. Clin.
Invest. 1992, 90, 1335-1345, doi:10.1172/JCI1115999.

Shinde, A. V.; Frangogiannis, N.G. Fibroblasts in myocardial infarction: A role
in inflammation and repair. J. Mol Cell Cardiol 2014, 70, 74-82,
doi:10.1016/j.yjmcc.2013.11.015.

Travers, J.G.; Kamal, F.A,; Robbins, ].; Yutzey, K.E.; Blaxall, B.C. Cardiac
Fibrosis: The Fibroblast Awakens. Circ. Res. 2016, 118, 1021,

173



54.

55.

56.

57.

58.

59.

60.

61.

174

doi:10.1161/CIRCRESAHA.115.306565.

Li, A.H,; Liu, P.P;; Villarreal, F.J.; Garcia, R.A. Dynamic changes in myocardial
matrix and relevance to disease: translational perspectives. Circ. Res. 2014,

114,916-927,d0i:10.1161/CIRCRESAHA.114.302819.

St. John Sutton, M.G.; Sharpe, N. Left Ventricular Remodeling After
Myocardial Infarction. Circulation 2000, 101, 2981-2988,
doi:10.1161/01.CIR.101.25.2981.

Chareonthaitawee, P.; Christian, T.F.; Hirose, K.; Gibbons, R.]J.; Rumberger,
J.A. Relation of initial infarct size to extent of left ventricular remodeling in
the year after acute myocardial infarction. J. Am. Coll. Cardiol. 1995, 25,567~
573,d0i:10.1016/0735-1097(94)00431-0.

Zhang, P.; Li, T.; Griffith, B.P.; Wu, Z.J. Multiscale Characterization of Impact
of Infarct Size on Myocardial Remodeling in an Ovine Infarct Model. Cells

Tissues Organs 2014, 200, 349-362, doi:10.1159/000435875.

Aix, E.; Gallinat, A.; Flores, I. Telomeres and telomerase in heart
regeneration. Differentiation 2018, 100, 26-30,
doi:10.1016/j.diff.2018.01.003.

Yan, X.; Anzai, A.; Katsumata, Y.; Matsuhashi, T.; Ito, K.; Endo, J.; Yamamoto,
T.; Takeshima, A.; Shinmura, K.; Shen, W.; et al. Temporal dynamics of cardiac
immune cell accumulation following acute myocardial infarction. J. Mol. Cell.

Cardiol. 2013, 62, 24-35, d0i:10.1016/j.yjmcc.2013.04.023.

Nahrendorf, M.; Swirski, F.K.; Aikawa, E.; Stangenberg, L.; Wurdinger, T.;
Figueiredo, J.-L.; Libby, P.; Weissleder, R. Pittet, M.]. The healing
myocardium sequentially mobilizes two monocyte subsets with divergent
and complementary functions. J. Exp. Med. 2007, 204, 3037-3047,
doi:10.1084/jem.20070885.

Duncan, S.E.; Gao, S.; Sarhene, M.; Coffie, ].W.; Linhua, D.; Bao, X;; Jing, Z.; Li,



62.

63.

64.

65.

66.

67.

68.

S.; Guo, R; Sy, J.; et al. Macrophage Activities in Myocardial Infarction and
Heart Failure. Cardiol. Res. Pract. 2020, 2020, 1-16,
doi:10.1155/2020/4375127.

Varda-Bloom, N.; Leor, J.; Ohad, D.G.; Hasin, Y.; Amar, M,; Fixler, R.; Battler,
A.; Eldar, M.; Hasin, D. Cytotoxic T Lymphocytes Are Activated Following
Myocardial Infarction and Can Recognize and Kill Healthy Myocytes In Vitro.
J. Mol. Cell. Cardiol. 2000, 32,2141-2149, d0i:10.1006/jmcc.2000.1261.

Souders, C.A.; Bowers, S.L.K.; Baudino, T.A. Cardiac Fibroblast: The
Renaissance Cell. Circ. Res. 2009, 105, 1164,
doi:10.1161/CIRCRESAHA.109.209809.

Turner, N.A,; Das, A,; Warburton, P.; O’'Regan, D.J.; Ball, S.G.; Porter, K.E.
Interleukin-1a stimulates proinflammatory cytokine expression in human
cardiac myofibroblasts. Am. J. Physiol. Circ. Physiol. 2009, 297, H1117-
H1127, d0i:10.1152/ajpheart.00372.2009.

Lijnen, P.J.; Petrov, V.V,; Fagard, R.H. Induction of Cardiac Fibrosis by
Transforming Growth Factor-B1. Mol Genet. Metab. 2000, 71, 418-435,
doi:10.1006/mgme.2000.3032.

Pinto, A.R;; llinykh, A.; Ivey, M.].; Kuwabara, ].T.; D’antoni, M.L.; Debuque, R;;
Chandran, A.; Wang, L.; Arora, K.; Rosenthal, N.A.; et al. Revisiting Cardiac
Cellular Composition. Circ. Res. 2016, 118, 400,
doi:10.1161/CIRCRESAHA.115.307778.

Segers, V.F.M.; Brutsaert, D.L.; De Keulenaer, G.W. Cardiac Remodeling:
Endothelial Cells Have More to Say Than Just NO. Front. Physiol. 2018, 9,
doi:10.3389/fphys.2018.00382.

Singhal, A.K.; Symons, ].D.; Boudina, S.; Jaishy, B.; Shiu, Y.-T.E. Role of
Endothelial Cells in Myocardial Ischemia-Reperfusion Injury. Vasc. Dis. Prev.

2010, 7,1-14, doi:10.2174/1874120701007010001.

175



69.

70.

71.

72.

73.

74.

75.

176

van der Laan, A.M.; Piek, ].J.; van Royen, N. Targeting angiogenesis to restore
the microcirculation after reperfused MI. Nat. Rev. Cardiol. 2009 68 2009, 6,
515-523, d0i:10.1038/nrcardio.2009.103.

Wu, X.; Reboll, M.R,; Korf-Klingebiel, M.; Wollert, K.C. Angiogenesis after
acute myocardial infarction. Cardiovasc. Res. 2021, 117, 1257-1273,
d0i:10.1093/cvr/cvaa287.

Li, J.; Brown, L.F.,; Hibberd, M.G.; Grossman, ].D.; Morgan, ].P.; Simons, M.
VEGF, flk-1, and flt-1 expression in a rat myocardial infarction model of
angiogenesis. Am. J. Physiol. Circ. Physiol. 1996, 270, H1803-H1811,
do0i:10.1152/ajpheart.1996.270.5.H1803.

Friehs, I.; Margossian, R.E.; Moran, A.M.; Cao-Danh, H.; Moses, M.A.; Nido, P.].
Vascular endothelial growth factor delays onset of failure in pressure-
overload hypertrophy through matrix metalloproteinase activation and
angiogenesis. Basic Res. Cardiol. 2006, 101, 204-213, d0i:10.1007/s00395-
005-0581-0.

Murry, C.E.; Jennings, R.B.; Reimer, K.A. Preconditioning with ischemia: a
delay of lethal cell injury in ischemic myocardium. Circulation 1986, 74,

1124-36,d0i:10.1161/01.cir.74.5.1124.

Zhao, Z.-Q.; Corvera, ].S.; Halkos, M.E.; Kerendi, F.; Wang, N.-P.; Guyton, R.A.;
Vinten-Johansen, J]. Inhibition of myocardial injury by ischemic
postconditioning during reperfusion: comparison with ischemic
preconditioning. Am. J. Physiol. Heart Circ. Physiol. 2003, 285, H579-88,
d0i:10.1152/ajpheart.01064.2002.

Przyklenk, K.; Bauer, B.; Ovize, M.; Kloner, R.A.;; Whittaker, P. Regional
ischemic “preconditioning” protects remote virgin myocardium from
subsequent sustained coronary occlusion. Circulation 1993, 87, 893-899,

doi:10.1161/01.CIR.87.3.893.



76.

77.

78.

79.

80.

81.

82.

Gho, B.C.G.; Schoemaker, R.G.; Van den Doel, M.A.; Duncker, D.].; Verdouw,
P.D. Myocardial protection by brief ischemia in noncardiac tissue.

Circulation 1996, 94, 2193-2200, doi:10.1161/01.CIR.94.9.2193.

Maslov, L.N.; Kolar, F.; Krieg, T. Ischemic preconditioning at a distance:
reduction of myocardial infarct size by partial reduction of blood supply
combined with rapid stimulation of the gastrocnemius muscle in the rabbit.

Circulation 1997, 96, 64-78, d0i:10.1161/01.CIR.96.5.1641.

Takaoka, A.; Nakae, I.; Mitsunami, K.; Yabe, T.; Morikawa, S.; Inubushi, T.;
Kinoshita, M. Renal ischemia/reperfusion remotely improves myocardial
energy metabolism during myocardial ischemia via adenosine receptors in
rabbits: effects of “remote preconditioning.” J. Am. Coll. Cardiol. 1999, 33,
556-564, doi:10.1016/S0735-1097(98)00559-2.

Staat, P.; Rioufol, G.; Piot, C.; Cottin, Y.; Cung, T.T.; L’Huillier, L.; Aupetit, ].-F.;
Bonnefoy, E.; Finet, G.; André-Fouét, X.; et al. Postconditioning the Human
Heart. Circulation 2005, 112, 2143-2148,
doi:10.1161/CIRCULATIONAHA.105.558122.

Vinten-Johansen, J.; Yellon, D.M.; Opie, L.H. Postconditioning: A Simple,
Clinically Applicable Procedure to Improve Revascularization in Acute
Myocardial Infarction. Circulation 2005, 112, 2085-2088,
doi:10.1161/CIRCULATIONAHA.105.569798.

Schmidt, M.R.; Smerup, M.; Konstantinov, L.E.; Shimizu, M.; Li, ].; Cheung, M.;
White, P.A.; Kristiansen, S.B.; Sorensen, K.; Dzavik, V.; et al. Intermittent
peripheral tissue ischemia during coronary ischemia reduces myocardial
infarction through a KATP-dependent mechanism: First demonstration of
remote ischemic perconditioning. Am. J. Physiol. - Hear. Circ. Physiol. 2007,
292,d0i:10.1152 /ajpheart.00617.2006.

Andreka, G.; Vertesaljai, M.; Szantho, G.; Font, G.; Piroth, Z.; Fontos, G.; Juhasz,

E.D.; Szekely, L. Szelid, Z.; Turner, M.S.; et al. Remote ischaemic

177



83.

84.

85.

86.

87.

88.

89.

90.

178

postconditioning protects the heart during acute myocardial infarction in

pigs. Heart 2007, 93, 749-752, doi:10.1136 /hrt.2006.114504.

Bgtker, H.E.; Lassen, T.R.; Jespersen, N.R. Clinical translation of myocardial
conditioning. Am. J. Physiol. Circ. Physiol 2018, 314, H1225-H1252,
d0i:10.1152/ajpheart.00027.2018.

Gao, J.; Luo, J; Liu, F.; Zheng, Y.; Chen, B.; Chen, Q.; Yang, Y. Short-and long-
term effects of ischemic postconditioning in STEMI patients: a meta-analysis.

Lipids Health Dis. 2015, 14,147, d0i:10.1186/s12944-015-0151-x.

Mir, T.; Uddin, M.; Changal, K.H.; Perveiz, E.; Kaur, J.; Sattar, Y.; Ullah, W,;
Sheikh, M. Long-term outcomes of ischemic post-conditioning primary PCI
and conventional primary PCI in acute STEMI: a meta-analysis of
randomized trials. Expert Rev. Cardiovasc. Ther. 2021, 19, 673-680,
doi:10.1080/14779072.2021.1941874.

Boengler, K.; Schulz, R.; Heusch, G. Loss of cardioprotection with ageing.

Cardiovasc. Res. 2009, 83, 247-261, d0i:10.1093/cvr/cvp033.

Ludman, AlJ; Yellon, D.M.; Hausenloy, D.J. Cardiac preconditioning for
ischaemia: lost in translation. Dis. Model. Mech. 2010, 3, 35-38,
doi:10.1242/dmm.003855.

Whittington, H.J.; Harding, I.; Stephenson, C.L.LM.; Bell, R.; Hausenloy, D.J.;
Mocanu, M.M.; Yellon, D.M. Cardioprotection in the aging, diabetic heart: the
loss of protective Akt signalling. Cardiovasc. Res. 2013, 99, 694-704,
d0i:10.1093/cvr/cvt140.

Hausenloy, D. Cardioprotection techniques: preconditioning,
postconditioning and remote conditioning (basic science). Curr. Pharm. Des.

2013, 19,4544-4563,d0i:10.2174/1381612811319250004.

Heusch, G. Molecular Basis of Cardioprotection. Circ. Res. 2015, 116, 674-
699, doi:10.1161/CIRCRESAHA.116.305348.



91.

92.

93.

94.

95.

96.

97.

Cohen, M. V; Downey, ].M. Signalling pathways and mechanisms of
protection in pre- and postconditioning: historical perspective and lessons
for the future. Br. J. Pharmacol 2015, 172, 1913-32,
doi:10.1111/bph.12903.

Liu, G.S.;; Thornton, J.; Van Winkle, D.M.; Stanley, A.W.H.; Olsson, R.A;
Downey, ].M. Protection against infarction afforded by preconditioning is

mediated by Al adenosine receptors in rabbit heart. Circulation 1991, 84,
350-356, doi:10.1161/01.CIR.84.1.350.

Yang, X.-M.; Philipp, S.; Downey, ].M.; Cohen, M. V. Postconditioning?s
protection is not dependent on circulating blood factors or cells but involves
adenosine receptors and requires PI3?kinase and guanylyl cyclase
activation. Basic Res. Cardiol. 2005, 100, 57-63, doi:10.1007/s00395-004-
0498-4.

Schiemann, W.P.; Westfall, D.P.; Buxton, I.L.0. Smooth muscle adenosine A1
receptors couple to disparate effectors by distinct G proteins in pregnant
myometrium. Am. J. Physiol Metab. 1991, 261, E141-E150,
doi:10.1152/ajpendo0.1991.261.1.E141.

Goto, M,; Liu, Y.; Yang, X.M.; Ardell, ].L.; Cohen, M. V.; Downey, ].M. Role of
bradykinin in protection of ischemic preconditioning in rabbit hearts. Circ.

Res. 1995, 77,611-621, doi:10.1161/01.RES.77.3.611.

Oldenburg, O.; Qin, Q.; Krieg, T.; Yang, X.-M.; Philipp, S.; Critz, S.D.; Cohen, M.
V.; Downey, ].M. Bradykinin induces mitochondrial ROS generation via NO,
c¢GMP, PKG, and mitoK ATP channel opening and leads to cardioprotection.
Am. ] Physiol. Circ. Physiol. 2004, 286, H468-H476,
d0i:10.1152 /ajpheart.00360.2003.

Schultz, ].E.].; Rose, E.; Yao, Z.; Gross, G.J. Evidence for involvement of opioid
receptors in ischemic preconditioning in rat hearts. Am. J. Physiol. Circ.

Physiol. 1995, 268, H2157-H2161,

179



98.

99.

100.

101.

102.

103.

104.

180

do0i:10.1152/ajpheart.1995.268.5.H2157.

Zatta, AJ,; Kin, H.; Yoshishige, D.; Jiang, R.; Wang, N.; Reeves, ].G.; Mykytenko,
J.; Guyton, R.A.; Zhao, Z.-Q.; Caffrey, ].L.; et al. Evidence that cardioprotection
by postconditioning involves preservation of myocardial opioid content and
selective opioid receptor activation. Am. J. Physiol. Circ. Physiol. 2008, 294,
H1444-H1451, doi:10.1152/ajpheart.01279.2006.

Yao, Z.; Gross, G.J. Acetylcholine mimics ischemic preconditioning via a
glibenclamide-sensitive mechanism in dogs. Am. J. Physiol. Circ. Physiol

1993, 264, H2221-H2225, d0i:10.1152/ajpheart.1993.264.6.H2221.

Tsuchida, A.; Liu, Y.; Liu, G.S.; Cohen, M. V.; Downey, ].M. alpha 1-adrenergic
agonists precondition rabbit ischemic myocardium independent of
adenosine by direct activation of protein kinase C. Circ. Res. 1994, 75, 576-
585, doi:10.1161/01.RES.75.3.576.

Liu, Y.; Tsuchida, A.; Cohen, M. V. Downey, ].M. Pretreatment with
angiotensin II activates protein kinase C and limits myocardial infarction in
isolated rabbit hearts. J. Mol Cell. Cardiol. 1995, 27, 883-892,
doi:10.1016/0022-2828(95)90038-1.

Wang, P. Pretreatment with Endothelin-1 Mimics Ischemic Preconditioning
Against Infarction in Isolated Rabbit Heart. J. Mol. Cell. Cardiol. 1996, 28,
579-588, doi:10.1006/jmcc.1996.0054.

Cohen, M. V.; Baines, C.P.; Downey, ].M. Ischemic Preconditioning: From
Adenosine Receptor to K ATP Channel. Annu. Rev. Physiol. 2000, 62, 79-109,
doi:10.1146/annurev.physiol.62.1.79.

Lu, G.; Ashraf, M.; Haider, K.H. Insulin-Like Growth Factor-1 Preconditioning
Accentuates Intrinsic Survival Mechanism in Stem Cells to Resist Ischemic
Injury by Orchestrating Protein Kinase Ca-Erk1/2 Activation. Antioxid.
Redox Signal. 2012, 16,217-227, d0i:10.1089/ars.2011.4112.



105.

106.

107.

108.

109.

110.

111.

Kardami, E.; Detillieux, K.; Ma, X,; Jiang, Z.; Santiago, J.-].; Jimenez, S.K.; Cattini,
P.A. Fibroblast growth factor-2 and cardioprotection. Heart Fail. Rev. 2007,
12,267-277,d0i:10.1007/s10741-007-9027-0.

Maulik, N.; Yoshida, T.; Zu, Y.L.; Sato, M.; Banerjee, A.; Das, D.K. Ischemic
preconditioning triggers tyrosine kinase signaling: A potential role for
MAPKAP kinase 2. Am. J. Physiol. - Hear. Circ. Physiol. 1998, 275,
d0i:10.1152/ajpheart.1998.275.5.h1857.

Vanden Hoek, T.L.; Becker, L.B.; Shao, Z.; Li, C.; Schumacker, P.T. Reactive
Oxygen Species Released from Mitochondria during Brief Hypoxia Induce
Preconditioning in Cardiomyocytes. J. Biol. Chem. 1998, 273, 18092-18098,
doi:10.1074/jbc.273.29.18092.

Baines, C.P.; Goto, M.; Downey, ].M. Oxygen Radicals Released During
Ischemic Preconditioning Contribute to Cardioprotection in the Rabbit
Myocardium. | Mol. Cell. Cardiol. 1997, 29, 207-216,
doi:10.1006/jmcc.1996.0265.

Penna, C.; Rastaldo, R.; Mancardi, D.; Raimondo, S.; Cappello, S.; Gattullo, D.;
Losano, G.; Pagliaro, P. Post-conditioning induced cardioprotection requires
signaling through a redox-sensitive mechanism, mitochondrial ATP-
sensitive K+ channel and protein kinase C activation. Basic Res. Cardiol

2006, 101,180-189, d0i:10.1007/s00395-006-0584-5.

Tritto, I; D’Andrea, D.; Eramo, N.; Scognamiglio, A.; De Simone, C.; Violante,
A.; Esposito, A.; Chiariello, M.; Ambrosio, G. Oxygen radicals can induce
preconditioning in rabbit hearts. Circ. Res. 1997, 80, 743-748,
doi:10.1161/01.RES.80.5.743.

Hernindez-Reséndiz, S.; Mufioz-Vega, M.; Contreras, W.E.; Crespo-Avilan,
G.E.; Rodriguez-Montesinos, ].; Arias-Carridn, O.; Pérez-Méndez, O.; Boisvert,
W.A,; Preissner, K.T.; Cabrera-Fuentes, H.A. Responses of Endothelial Cells

Towards Ischemic Conditioning Following Acute Myocardial Infarction.

181



112.

113.

114.

115.

116.

117.

118.

182

Cond. Med. 2018, 1, 247-258.

Ytrehus, K.; Liu, Y.; Downey, ].M. Preconditioning protects ischemic rabbit
heart by protein kinase C activation. Am. J. Physiol. Circ. Physiol. 1994, 266,
H1145-H1152, doi:10.1152/ajpheart.1994.266.3.H1145.

Johnson, J.A.; Gray, M.O.; Chen, C.-H.; Mochly-Rosen, D. A Protein Kinase C
Translocation Inhibitor as an Isozyme-selective Antagonist of Cardiac
Function. J. Biol. Chem. 1996, 271, 24962-24966,
doi:10.1074/jbc.271.40.24962.

ZATTA, A; KIN, H; LEE, G; WANG, N; JIANG, R; LUST, R; REEVES, J;
MYKYTENKO, J.; GUYTON, R.; ZHAO, Z. Infarct-sparing effect of myocardial
postconditioning is dependent on protein kinase C signalling. Cardiovasc.

Res. 2006, 70,315-324, d0i:10.1016/j.cardiores.2005.11.030.

Miura, T.; Tanno, M.; Sato, T. Mitochondrial kinase signalling pathways in
myocardial protection from ischaemia/reperfusion-induced necrosis.

Cardiovasc. Res. 2010, 88, 7-15, d0i:10.1093/cvr/cvq206.

Tsang, A.; Hausenloy, D.J.; Mocanu, M.M.; Yellon, D.M. Postconditioning: A
Form of &quot;Modified Reperfusion&quot; Protects the Myocardium by
Activating the Phosphatidylinositol 3-Kinase-Akt Pathway. Circ. Res. 2004,
95,230-232,d0i:10.1161/01.RES.0000138303.76488.fe.

Dimmeler, S.; Fleming, I; Fisslthaler, B.; Hermann, C.; Busse, R.; Zeiher, A.M.
Activation of nitric oxide synthase in endothelial cells by Akt-dependent

phosphorylation. Nature 1999, 399, 601-605, doi:10.1038/21224.

Inserte, J.; Barba, I.; Poncelas-Nozal, M.; Hernando, V.; Agullg, L.; Ruiz-Meana,
M.; Garcia-Dorado, D. cGMP/PKG pathway mediates myocardial
postconditioning protection in rat hearts by delaying normalization of
intracellular acidosis during reperfusion. J. Mol. Cell. Cardiol. 2011, 50,903-
909, doi:10.1016/j.yjmcc.2011.02.013.



119.

120.

121.

122.

123.

124.

125.

126.

Sun, ].; Aponte, AM.; Kohr, M.J.; Tong, G.; Steenbergen, C.; Murphy, E.
Essential role of nitric oxide in acute ischemic preconditioning: S-
Nitros(yl)ation versus sGC/cGMP/PKG signaling? Free Radic. Biol. Med.
2013, 54,105-112, doi:10.1016/j.freeradbiomed.2012.09.005.

Hausenloy, D.J.; Yellon, D.M. Reperfusion injury salvage kinase signalling:
taking a RISK for cardioprotection. Heart Fail. Rev. 2007, 12, 217-234,
doi:10.1007/s10741-007-9026-1.

Tong, H.; Chen, W.; Steenbergen, C.; Murphy, E. Ischemic preconditioning
activates phosphatidylinositol-3-kinase upstream of protein kinase C. Circ.

Res. 2000, 87,309-315, doi:10.1161/01.RES.87.4.309.

Hausenloy, D.J; Tsang, A.; Mocanu, M.M., Yellon, D.M. Ischemic
preconditioning protects by activating prosurvival kinases at reperfusion.
Am. ] Physiol. Circ. Physiol. 2005, 288, H971-H976,
d0i:10.1152/ajpheart.00374.2004.

Yellon, D.M.; Downey, ].M. Preconditioning the myocardium: From cellular
physiology to clinical cardiology. Physiol. Rev. 2003, 83, 1113-1151,
doi:10.1152/physrev.00009.2003.

Behrends, M.; Schulz, R.; Post, H.; Alexandrov, A.; Belosjorow, S.; Michel, M.C,;
Heusch, G. Inconsistent relation of MAPK activation to infarct size reduction
by ischemic preconditioning in pigs. Am. J. Physiol. - Hear. Circ. Physiol. 2000,
279,d0i:10.1152/ajpheart.2000.279.3.H1111.

Strohm, C.; Barancik, M.; Br??hl, M.-L. v;; Kilian, S.A.R.; Schaper, W. Inhibition
of the ER-kinase cascade by PD98059 and U0126 counteracts ischemic
preconditioning in pig myocardium. J. Cardiovasc. Pharmacol. 2000, 36, 218-

229,d0i:10.1097/00005344-200008000-00012.

Mocanu, M.M; Bell, R.M.; Yellon, D.M. PI3 Kinase and not p42/p44 Appears

to be Implicated in the Protection Conferred by Ischemic Preconditioning. J.

183



127.

128.

129.

130.

131.

132.

133.

184

Mol. Cell. Cardiol. 2002, 34, 661-668, doi:10.1006/jmcc.2002.2006.

Kim, S.0.; Baines, C.P.; Critz, S.D.; Pelech, S.L.; Katz, S.; Downey, ].M.; Cohen,
M. V. Ischemia induced activation of heat shock protein 27 kinases and
casein kinase 2 in the preconditioned rabbit heart. Biochem. Cell Biol. 1999,

77,559-567, doi:10.1139/099-065.

Sato, M.; Cordis, G.A.; Maulik, N.; Das, D.K. SAPKs regulation of ischemic
preconditioning. Am. J. Physiol. Circ. Physiol. 2000, 279, H901-H907,
d0i:10.1152/ajpheart.2000.279.3.H901.

[liodromitis, E.K.; Gaitanaki, C.; Lazou, A.; Bofilis, E.; Karavolias, G.K.; Beis, I.;
Kremastinos, D.T. Dissociation of Stress-activated Protein Kinase (p38-
MAPK and ]NKs) Phosphorylation from the Protective Effect of
Preconditioning in vivo. J. Mol Cell Cardiol. 2002, 34, 1019-1028,
doi:10.1006/jmcc.2002.2039.

Kaiser, R.A,; Liang, Q.; Bueno, O.; Huang, Y.; Lackey, T.; Klevitsky, R.; Hewett,
T.E.; Molkentin, ].D. Genetic Inhibition or Activation of JNK1/2 Protects the
Myocardium from Ischemia-Reperfusion-induced Cell Death in Vivo. J. Biol.

Chem. 2005, 280, 32602-32608, doi:10.1074 /jbc.M500684200.

Nemoto, S.; Xiang, J.; Huang, S.; Lin, A. Induction of Apoptosis by SB202190
through Inhibition of p38p Mitogen-activated Protein Kinase. J. Biol. Chem.
1998, 273,16415-16420, doi:10.1074/jbc.273.26.16415.

Baines, C.P.; Zhang, J.; Wang, G.W.; Zheng, Y.T.; Xiu, ].X.; Cardwell, E.M.; Bolli,
R.; Ping, P. Mitochondrial PKCepsilon and MAPK form signaling modules in
the murine heart: enhanced mitochondrial PKCepsilon-MAPK interactions
and differential MAPK activation in PKCepsilon-induced cardioprotection.

Circ. Res. 2002, 90, 390-397, d0i:10.1161/01.RES.0000012702.90501.8D.

Lecour, S. Multiple protective pathways against reperfusion injury: A SAFE

path without Aktion? J. Mol Cell Cardiol 2009, 46, 607-609,



134.

135.

136.

137.

138.

139.

140.

doi:10.1016/j.yjmcc.2009.01.003.

Lacerda, L.; Somers, S.; Opie, L.H.; Lecour, S. Ischaemic postconditioning
protects against reperfusion injury via the SAFE pathway. Cardiovasc. Res.

2009, 84,201-208, doi:10.1093 /cvr/cvp274.

Bollj, R.; Stein, A.B.; Guo, Y.; Wang, O.-L.; Rokosh, G.; Dawn, B.; Molkentin, ].D.;
Sanganalmath, S.K.; Zhu, Y.; Xuan, Y.-T. A murine model of inducible, cardiac-
specific deletion of STAT3: Its use to determine the role of STAT3 in the
upregulation of cardioprotective proteins by ischemic preconditioning. J.

Mol. Cell. Cardiol. 2011, 50, 589-597, doi:10.1016 /j.yjmcc.2011.01.002.

Marin, W.; Marin, D.; Ao, X; Liu, Y. Mitochondria as a therapeutic target for
cardiac ischemia-reperfusion injury (Review). Int. . Mol. Med. 2020, 47,
485-499, d0i:10.3892/ijmm.2020.4823.

Di Lisa, F.; Canton, M.; Carpi, A.; Kaludercic, N.; Menabo, R.; Menazza, S.;
Semenzato, M. Mitochondrial injury and protection in ischemic pre- and
postconditioning.  Antioxid. Redox  Signal. 2011, 14, 881-91,
doi:10.1089/ars.2010.3375.

Argaud, L.; Gateau-Roesch, O.; Raisky, O.; Loufouat, J.; Robert, D.; Ovize, M.
Postconditioning inhibits mitochondrial permeability transition. Circulation

2005,111,194-7,d0i:10.1161/01.CIR.0000151290.04952.3B.

Hausenloy, D.J.; Yellon, D.M.; Mani-Babu, S.; Duchen, M.R. Preconditioning
protects by inhibiting the mitochondrial permeability transition. Am. J.
Physiol. Circ. Physiol. 2004, 287, H841-H849,
d0i:10.1152/ajpheart.00678.2003.

Nishihara, M.; Miura, T.; Miki, T.; Tanno, M.; Yano, T.; Naitoh, K.; Ohori, K;
Hotta, H.; Terashima, Y.; Shimamoto, K. Modulation of the mitochondrial
permeability transition pore complex in GSK-3f3-mediated myocardial

protection. ] Mol. Cell. Cardiol. 2007, 43, 564-570,

185



141.

142.

143.

144.

145.

146.

147.

186

doi:10.1016/j.yjmcc.2007.08.010.

Rasola, A.; Sciacovelli, M.; Chiara, F.; Pantic, B.; Brusilow, W.S.; Bernardi, P.
Activation of mitochondrial ERK protects cancer cells from death through
inhibition of the permeability transition. Proc. Natl. Acad. Sci. 2010, 107,
726-731,doi:10.1073/pnas.0912742107.

Petronilli, V.; Miotto, G.; Canton, M.; Brini, M.; Colonna, R.; Bernardi, P.; Di
Lisa, F. Transient and long-lasting openings of the mitochondrial
permeability transition pore can be monitored directly in intact cells by
changes in mitochondrial calcein fluorescence. Biophys. J. 1999, 76, 725,
doi:10.1016/S0006-3495(99)77239-5.

Costa, A.D.T.; Garlid, K.D. Intramitochondrial signaling: Interactions among
mitoKATP, PKCg, ROS, and MPT. Am. J. Physiol. - Hear. Circ. Physiol. 2008, 295,
d0i:10.1152/ajpheart.01189.2007.

Pain, T.; Yang, X.M.; Critz, S.D.; Yue, Y.; Nakano, A.; Liu, G.S.; Heusch, G.; Cohen,
M. V.; Downey, ].M. Opening of Mitochondrial KATP Channels Triggers the
Preconditioned State by Generating Free Radicals. Circ. Res. 2000, 87, 460-
466, d0i:10.1161/01.RES.87.6.460.

Mykytenko, |.; Reeves, ].G.; Kin, H.; Wang, N.P.; Zatta, A.].; Jiang, R.; Guyton,
R.A.; Vinten-Johansen, ].; Zhao, Z.Q. Persistent beneficial effect of
postconditioning against infarct size: role of mitochondrial K(ATP) channels
during reperfusion. Basic Res. Cardiol. 2008, 103, 472-484,
doi:10.1007/S00395-008-0731-2.

Sasaki, N.; Sato, T.; Ohler, A.; O’'Rourke, B.; Marban, E. Activation of
Mitochondrial ATP-Dependent Potassium Channels by Nitric Oxide.
Circulation 2000, 101, 439-445, doi:10.1161/01.CIR.101.4.439.

Sato, T.; O’'Rourke, B.; Marban, E. Modulation of Mitochondrial ATP-
Dependent K+ Channels by Protein Kinase C. Circ. Res. 1998, 83, 110-114,



148.

149.

150.

151.

152.

153.

154.

doi:10.1161/01.RES.83.1.110.

Costa, A.D.T.; Garlid, K.D.; West, 1.C.; Lincoln, T.M.; Downey, ].M.; Cohen, M.
V.; Critz, S.D. Protein Kinase G Transmits the Cardioprotective Signal From
Cytosol  to Mitochondria. Circ. Res. 2005, 97, 329-336,
doi:10.1161/01.RES.0000178451.08719.5b.

Costa, A.D.T.; Jakob, R.; Costa, C.L.; Andrukhiv, K.; West, 1.C.; Garlid, K.D. The
Mechanism by Which the Mitochondrial ATP-sensitive K+ Channel Opening
and H202 Inhibit the Mitochondrial Permeability Transition. J. Biol. Chem.
2006, 281, 20801-20808, d0i:10.1074/jbc.M600959200.

Vanden Hoek, T.L.; Becker, L.B.; Shao, Z.H.; Li, C.Q.; Schumacker, P.T.
Preconditioning in Cardiomyocytes Protects by Attenuating Oxidant Stress

at Reperfusion. Circ. Res. 2000, 86, 541-548, d0i:10.1161/01.RES.86.5.541.

Huang, X.S.; Chen, H.P,; Yu, H.H.; Yan, Y.F,; Liao, Z.P.; Huang, Q.R. Nrf2-
dependent upregulation of antioxidative enzymes: a novel pathway for
hypoxic preconditioning-mediated delayed cardioprotection. Mol Cell

Biochem. 2013 3851 2013, 385, 33-41, d0i:10.1007/511010-013-1812-6.

Pell, V.R,; Spiroski, A.-M.; Mulvey, ].; Burger, N.; Costa, A.S.H.; Logan, A,;
Gruszczyk, A. V. Rosa, T.; James, A.M. Frezza, C; et al. Ischemic
preconditioning protects against cardiac ischemia reperfusion injury
without affecting succinate accumulation or oxidation. J. Mol Cell. Cardiol.

2018, 123,88-91, doi:10.1016/j.yjmcc.2018.08.010.

Steenbergen, C.; Perlman, M.E;; London, R.E.; Murphy, E. Mechanism of
preconditioning. Ionic alterations. Circ. Res. 1993, 72, 112-125,
doi:10.1161/01.RES.72.1.112.

Kuzuya, T.; Hoshida, S.; Yamashita, N.; Fuji, H.; Oe, H.; Hori, M.; Kamada, T,;
Tada, M. Delayed effects of sublethal ischemia on the acquisition of tolerance

to ischemia. Circ. Res. 1993, 72,1293-1299, doi:10.1161/01.RES.72.6.1293.

187



155.

156.

157.

158.

159.

160.

161.

162.

188

Hausenloy, D.J.; Yellon, D.M. The second window of preconditioning (SWOP)
where are we now? Cardiovasc. drugs Ther. 2010, 24, 235-254,
doi:10.1007/S10557-010-6237-9.

Dickson, E.W.; Reinhardt, C.P.; Renzi, F.P.; Becker, R.C.; Porcaro, W.A.; Heard,
S.0. No Titlee J. Thromb. Thrombolysis 1999, 8, 123-129,
doi:10.1023/A:1008911101951.

Pell, T.]J.; Baxter, G.F.; Yellon, D.M.; Drew, G.M. Renal ischemia preconditions
myocardium: role of adenosine receptors and ATP-sensitive potassium
channels. Am. J. Physiol. Circ. Physiol 1998, 275, H1542-H1547,
do0i:10.1152/ajpheart.1998.275.5.H1542.

Patel, H.H.; Moore, ].; Hsu, A.K; Gross, G.J. Cardioprotection at a distance:
Mesenteric artery occlusion protects the myocardium via an opioid sensitive
mechanism. J. Mol Cell. Cardiol. 2002, 34, 1317-1323, doi:10.1016/S0022-
2828(02)92072-9.

Schoemaker, R.G; Van Heijningen, C.L. Bradykinin mediates cardiac
preconditioning at a distance. Am. J. Physiol. - Hear. Circ. Physiol. 2000, 278,
d0i:10.1152/ajpheart.2000.278.5.h1571.

Hajrasouliha, A.R.; Tavakoli, S.; Ghasemi, M.; Jabehdar-Maralani, P;
Sadeghipour, H.; Ebrahimi, F.; Dehpour, A.R. Endogenous cannabinoids
contribute to remote ischemic preconditioning via cannabinoid CB2
receptors in the rat heart. Eur. J. Pharmacol 2008, 579, 246-252,
doi:10.1016/j.ejphar.2007.09.034.

Ding, Y.F.; Zhang, M.M.; He, R.R. Role of renal nerve in cardioprotection
provided by renal ischemic preconditioning in anesthetized rabbits. Sheng

Li Xue Bao 2001, 53, 7-12.

Donato, M.; Buchholz, B.; Rodriguez, M.; Pérez, V.; Inserte, ].; Garcia-Dorado,

D, Gelpi, RJ. Role of the parasympathetic nervous system in



163.

164.

165.

166.

167.

168.

169.

170.

cardioprotection by remote hindlimb ischaemic preconditioning. Exp.

Physiol. 2013, 98, 425-434, doi:10.1113/expphysiol.2012.066217.

Pickard, ].M.].; Davidson, S.M.; Hausenloy, D.].; Yellon, D.M. Co-dependence of
the neural and humoral pathways in the mechanism of remote ischemic
conditioning. Basic Res. Cardiol. 2016, 111, 50, doi:10.1007/S00395-016-
0568-7Z.

Yellon, D.M.; Alkhulaifi, A.M.; Pugsley, W.B. Preconditioning the human
myocardium. Lancet 1993, 342, 276-277, doi:10.1016/0140-
6736(93)91819-8.

Tomai, F.; Crea, F.; Chiariello, L.; Gioffré, P.A. Ischemic Preconditioning in

Humans. Circulation 1999, 100, 559-563, d0i:10.1161/01.CIR.100.5.559.

Hausenloy, D.J.; Yellon, D.M. Ischaemic conditioning and reperfusion injury.
Nat. Rev. Cardiol. 2016 134 2016, 13, 193-209,
d0i:10.1038/nrcardio.2016.5.

Smith, N.; Wilson, M.A. Structural Biology of the DJ-1 Superfamily. In;
Springer, Singapore, 2017; pp. 5-24.

Wilson, M.A;; Collins, ].L.; Hod, Y.; Ringe, D.; Petsko, G.A. The 1.1-A resolution
crystal structure of DJ-1, the protein mutated in autosomal recessive early
onset Parkinson’s disease. Proc. Natl. Acad. Sci. 2003, 100, 9256-9261,
doi:10.1073/pnas.1133288100.

Tao, X.; Tong, L. Crystal Structure of Human DJ-1, a Protein Associated with
Early Onset Parkinson’s Disease. J. Biol. Chem. 2003, 278, 31372-31379,
doi:10.1074/jbc.M304221200.

Nagakubo, D.; Taira, T.; Kitaura, H.; Ikeda, M.; Tamai, K.; Iguchi-Ariga, S.M.M,;
Ariga, H. DJ-1, a Novel Oncogene Which Transforms Mouse NIH3T3 Cells in
Cooperation withras. Biochem. Biophys. Res. Commun. 1997, 231, 509-513,
doi:10.1006/BBRC.1997.6132.

189



171.

172.

173.

174.

175.

176.

177.

190

Bonifati, V.; Rizzu, P.; van Baren, M.].; Schaap, O.; Breedveld, G.J.; Krieger, E.;
Dekker, M.C.].; Squitieri, F.; Ibanez, P.; Joosse, M.; et al. Mutations in the D]J-1
gene associated with autosomal recessive early-onset parkinsonism. Science

2003, 299, 256-9, doi:10.1126/science.1077209.

Bonifati, V.; Rizzu, P.; Squitieri, F.; Krieger, E.; Vanacore, N.; van Swieten, ].C,;
Brice, A.; van Duijn, C.M.; Oostra, B.; Meco, G.; et al. DJ-1( PARK7), a novel
gene for autosomal recessive, early onset parkinsonism. Neurol. Sci. 2003,

24,159-60, doi:10.1007/s10072-003-0108-0.

Rizzu, P.; Hinkle, D.A.; Zhukareva, V.; Bonifati, V.; Severijnen, L.-A.; Martinez,
D, Ravid, R; Kamphorst, W.; Eberwine, J.H.; Lee, V.M.-Y,; et al. DJ-1
colocalizes with tau inclusions: a link between parkinsonism and dementia.

Ann. Neurol. 2004, 55, 113-8, d0i:10.1002/ana.10782.

Choi, J.; Sullards, M.C.; Olzmann, J.A.; Rees, H.D.; Weintraub, S.T.; Bostwick,
D.E.; Gearing, M.; Levey, A.L; Chin, L.-S,; Li, L. Oxidative damage of DJ-1 is
linked to sporadic Parkinson and Alzheimer diseases. J. Biol. Chem. 2006,

281,10816-24, doi:10.1074/jbc.M509079200.

Billia, F.; Hauck, L.; Grothe, D.; Konecny, F.; Rao, V.; Kim, R.H.; Mak, T.W.
Parkinson-susceptibility gene D]J-1/PARK7 protects the murine heart from
oxidative damage in vivo. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 6085-90,
doi:10.1073/pnas.1303444110.

Shendelman, S.; Jonason, A.; Martinat, C.; Leete, T.; Abeliovich, A. DJ-1 is a
redox-dependent molecular chaperone that inhibits alpha-synuclein
aggregate formation. PLoS Biol. 2004, 2, e362,
d0i:10.1371/journal.pbio.0020362.

Chen, J.; Li, L.; Chin, L.-S. Parkinson disease protein DJ-1 converts from a
zymogen to a protease by carboxyl-terminal cleavage. Hum. Mol Genet.

2010, 19, 2395-408, doi:10.1093/hmg/ddq113.



178.

179.

180.

181.

182.

183.

184.

185.

Takahashi-Niki, K.; Niki, T.; Iguchi-Ariga, S.M.M.; Ariga, H. Transcriptional
regulation of DJ-1. In Advances in Experimental Medicine and Biology; Adv

Exp Med Biol, 2017; Vol. 1037, pp. 89-95.

Wilson, M.A. The Role of Cysteine Oxidation in DJ]-1 Function and
Dysfunction. Antioxid. Redox Signal. 2011, 15, 111-122,
doi:10.1089/ars.2010.3481.

Hayashi, T.; Ishimori, C.; Takahashi-Niki, K.; Taira, T.; Kim, Y.; Maita, H,;
Maita, C.; Ariga, H.; Iguchi-Ariga, S.M.M. DJ-1 binds to mitochondrial complex
I and maintains its activity. Biochem. Biophys. Res. Commun. 2009, 390, 667 -
672,d0i:10.1016/j.bbrc.2009.10.025.

Heo, ].Y.; Park, ].H.; Kim, S.J.; Seo, K.S.; Han, ].S.; Lee, S.H.; Kim, ].M.; Park, J. II;
Park, S.K,; Lim, K;; et al. DJ-1 null dopaminergic neuronal cells exhibit defects
in mitochondrial function and structure: involvement of mitochondrial
complex I assembly. PLoS One 2012, 7, e32629,
d0i:10.1371/journal.pone.0032629.

Oh, S.E.; Mouradian, M.M. Regulation of Signal Transduction by DJ-1. Adv.
Exp. Med. Biol. 2017, 1037,97-131, doi:10.1007/978-981-10-6583-5_8.

Garcia-Santamarina, S.; Boronat, S.; Hidalgo, E. Reversible Cysteine
Oxidation in Hydrogen Peroxide Sensing and Signal Transduction.

Biochemistry 2014, 53, 2560-2580, d0i:10.1021/bi401700f.

Andres-Mateos, E.; Perier, C.; Zhang, L.; Blanchard-Fillion, B.; Greco, T.M.;
Thomas, B.; Ko, H.S.; Sasaki, M.; Ischiropoulos, H.; Przedborski, S.; et al. DJ-1
gene deletion reveals that DJ-1 is an atypical peroxiredoxin-like peroxidase.
Proc. Natl. Acad. Sci. 2007, 104, 14807-14812,
doi:10.1073/pnas.0703219104.

Wilson, M.A. The role of cysteine oxidation in DJ-1 function and dysfunction.

Antioxid. Redox Signal 2011, 15,111-22, d0i:10.1089/ars.2010.3481.

191



186.

187.

188.

189.

190.

191.

192.

192

Taira, T.; Saito, Y.; Niki, T.; Iguchi-Ariga, S.M.M.; Takahashi, K.; Ariga, H. DJ-1
has a role in antioxidative stress to prevent cell death. EMBO Rep. 2004, 5,
213-8,d0i:10.1038/sj.embor.7400074.

Mitsumoto, A.; Nakagawa, Y. DJ-1 is an indicator for endogenous reactive
oxygen species elicited by endotoxin. Free Radic. Res. 2001, 35, 885-93,
doi:10.1080/10715760100301381.

Blackinton, J.; Lakshminarasimhan, M.; Thomas, K.J.; Ahmad, R.; Greggio, E.;
Raza, A.S.; Cookson, M.R.; Wilson, M.A. Formation of a stabilized cysteine
sulfinic acid is critical for the mitochondrial function of the parkinsonism
protein DJ-1. ] Biol. Chem. 2009, 284, 6476-85,
doi:10.1074/jbc.M806599200.

Im, ].-Y.; Lee, K.-W,; Junn, E.; Mouradian, M.M. D]-1 protects against oxidative
damage by regulating the thioredoxin/ASK1 complex. Neurosci. Res. 2010,
67,203-208, d0i:10.1016/j.neures.2010.04.002.

Canet-Avilés, R.M.; Wilson, M.A,; Miller, D.W.; Ahmad, R.; McLendon, C,;
Bandyopadhyay, S.; Baptista, M.].; Ringe, D.; Petsko, G.A.; Cookson, M.R. The
Parkinson’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic
acid-driven mitochondrial localization. Proc. Natl. Acad. Sci. U. S. A. 2004,
101,9103-8, doi:10.1073/pnas.0402959101.

Waak, J.; Weber, S.S.; Gorner, K.; Schall, C.; Ichijo, H.; Stehle, T.; Kahle, P.J.
Oxidizable residues mediating protein stability and cytoprotective
interaction of DJ-1 with apoptosis signal-regulating kinase 1. J. Biol. Chem.

2009, 284,14245-57, d0i:10.1074/jbc.M806902200.

Meulener, M.C.; Xu, K.;; Thomson, L.; Thompson, L.; Ischiropoulos, H.; Bonini,
N.M. Mutational analysis of DJ-1 in Drosophila implicates functional
inactivation by oxidative damage and aging. Proc. Natl. Acad. Sci. U. S. A.

2006, 103,12517-22,d0i:10.1073 /pnas.0601891103.



193.

194.

195.

196.

197.

198.

199.

Ooe, H.; Maita, C.; Maita, H.; Iguchi-Ariga, S.M.M.; Ariga, H. Specific cleavage
of DJ-1 under an oxidative condition. Neurosci. Lett. 2006, 406, 165-168,
doi:10.1016/j.neulet.2006.06.067.

Batellj, S.; Invernizzi, RW.; Negro, A.; Calcagno, E.; Rodilossi, S.; Forloni, G.;
Albani, D. The Parkinson’s Disease-Related Protein DJ-1 Protects
Dopaminergic Neurons in vivo and Cultured Cells from Alpha-Synuclein and
6-Hydroxydopamine Toxicity. Neurodegener. Dis. 2015, 15, 13-23,
doi:10.1159/000367993.

Kim, R.H.; Smith, P.D.; Aleyasin, H.; Hayley, S.; Mount, M.P.; Pownall, S,;
Wakeham, A.; You-Ten, A.J.; Kalia, S.K.; Horne, P.; et al. Hypersensitivity of
DJ-1-deficient mice to 1-methyl-4-phenyl-1,2,3,6- tetrahydropyrindine
(MPTP) and oxidative stress. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 5215-
5220, doi:10.1073/pnas.0501282102.

Meulener, M.; Whitworth, A.J.; Armstrong-Gold, C.E.; Rizzu, P.; Heutink, P,;
Wes, P.D.; Pallanck, L.J.; Bonini, N.M. Drosophila DJ-1 Mutants Are Selectively
Sensitive to Environmental Toxins Associated with Parkinson’s Disease.

Curr. Biol. 2005, 15,1572-1577, d0i:10.1016/j.cub.2005.07.064.

Raninga, P. V,; Di Trapani, G.; Tonissen, K.F. The Multifaceted Roles of DJ-1 as
an Antioxidant. In Advances in Experimental Medicine and Biology; Springer

New York LLC, 2017; Vol. 1037, pp. 67-87.

Itoh, K., Wakabayashi, N.; Katoh, Y., Ishii, T.; Igarashi, K. Engel, ].D;
Yamamoto, M. Keap1 represses nuclear activation of antioxidant responsive
elements by Nrf2 through binding to the amino-terminal Neh2 domain.

Genes Dev. 1999, 13, 76-86, d0i:10.1101/gad.13.1.76.

Kobayashi, A.; Kang, M.-I; Okawa, H.; Ohtsuji, M.; Zenke, Y.; Chiba, T,
Igarashi, K.; Yamamoto, M. Oxidative stress sensor Keapl functions as an
adaptor for Cul3-based E3 ligase to regulate proteasomal degradation of

Nrf2. Mol Cell. Biol. 2004, 24, 7130-9, doi:10.1128/MCB.24.16.7130-

193



200.

201.

202.

203.

204.

205.

206.

207.

194

7139.2004.

Nguyen, T.; Sherratt, P.J.; Pickett, C.B. Regulatory Mechanisms Controlling
Gene Expression Mediated by the Antioxidant Response Element. Annu. Rev.

Pharmacol. Toxicol. 2003, 43, 233-260.

Clements, C.M.; McNally, R.S.; Conti, B.].; Mak, T.W.; Ting, ].P.-Y. DJ-1, a cancer-
and Parkinson’s disease-associated protein, stabilizes the antioxidant
transcriptional master regulator Nrf2. Proc. Natl. Acad. Sci. U. S. A. 2006, 103,
15091-6, doi:10.1073 /pnas.0607260103.

Srivastava, S.; Blower, P.J.; Aubdool, A.A.; Hider, R.C.; Mann, G.E.; Siow, R.C.
Cardioprotective effects of Cu(II)ATSM in human vascular smooth muscle
cells and cardiomyocytes mediated by Nrf2 and DJ-1. Sci. Rep. 2016, 6, 7,
doi:10.1038/s41598-016-0012-5.

Gan, L.; Johnson, D.A.; Johnson, ].A. Keap1-Nrf2 activation in the presence
and absence of DJ-1. Eur. J. Neurosci. 2010, 31,967-77,d0i:10.1111/j.1460-
9568.2010.07138.x.

Xu, X.M.; Lin, H.; Maple, ].; Bjorkblom, B.; Alves, G.; Larsen, ].P.; Mgller, S.G.
The Arabidopsis DJ-1a protein confers stress protection through cytosolic

SOD activation. J. Cell Sci. 2010, 123, 1644-1651, doi:10.1242 /jcs.063222.

Girotto, S.; Cendron, L.; Bisaglia, M.; Tessari, 1., Mammi, S.; Zanotti, G.;
Bubacco, L. DJ-1 is a copper chaperone acting on SOD1 activation. J. Biol.

Chem. 2014, 289,10887-99, d0i:10.1074/jbc.M113.535112.

Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative
stress and cell death. Apoptosis 2007, 12, 913-922, do0i:10.1007/s10495-
007-0756-2.

Guo, C; Sun, L.; Chen, X.; Zhang, D. Oxidative stress, mitochondrial damage
and neurodegenerative diseases. Neural Regen. Res. 2013, 8, 2003-14,
doi:10.3969/j.issn.1673-5374.2013.21.009.



208.

2009.

210.

211.

212.

213.

214.

Peoples, J.N.; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, ].Q. Mitochondrial
dysfunction and oxidative stress in heart disease. Exp. Mol. Med. 2019, 51, 1-
13, doi:10.1038/s12276-019-0355-7.

Irrcher, L; Aleyasin, H.; Seifert, E.L.; Hewitt, S.J.; Chhabra, S.; Phillips, M.; Lutz,
AK,; Rousseaux, M.W.C.; Bevilacqua, L.; Jahani-Asl, A.; et al. Loss of the
Parkinson’s disease-linked gene DJ-1 perturbs mitochondrial dynamics.

Hum. Mol. Genet. 2010, 19,3734-3746, d0i:10.1093 /hmg/ddq288.

Hao, L.-Y.; Giasson, B.l; Bonini, N.M. DJ-1 is critical for mitochondrial
function and rescues PINK1 loss of function. Proc. Natl. Acad. Sci. U. S. A.

2010,107,9747-52,d0i:10.1073 /pnas.0911175107.

Wang, X.; Petrie, T.G.; Liu, Y.; Liu, J.; Fujioka, H.; Zhu, X. Parkinson’s disease-
associated DJ-1 mutations impair mitochondrial dynamics and cause
mitochondrial dysfunction. J. Neurochem. 2012, 121, 830-9,
doi:10.1111/j.1471-4159.2012.07734.x.

Thomas, K.J.; McCoy, M.K,; Blackinton, ].; Beilina, A.; van der Brug, M.
Sandebring, A.; Miller, D.; Maric, D.; Cedazo-Minguez, A.; Cookson, M.R. DJ-1
acts in parallel to the PINK1/parkin pathway to control mitochondrial
function and autophagy. Hum. Mol Genet. 2011, 20, 40-50,
d0i:10.1093 /hmg/ddq430.

Zhang, L.; Shimoji, M.; Thomas, B.; Moore, D.J.; Yu, S.-W.; Marupudi, N.I;; Torp,
R.; Torgner, L.A; Ottersen, O.P.; Dawson, T.M.; et al. Mitochondrial
localization of the Parkinson'’s disease related protein DJ-1: implications for
pathogenesis. Hum. Mol. Genet. 2005, 14, 2063-2073,
doi:10.1093/hmg/ddi211.

Zhou, T.-T.; Wang, X.-Y.; Huang, ].; Deng, Y.-Z.; Qiu, L.-],; Liu, H.-Y.; Xu, X.-W;
Ma, Z.-X;; Tang, L.; Chen, H.-P. Mitochondrial Translocation of DJ-1 Is
Mediated by Grp75. J. Cardiovasc. Pharmacol. 2020, 75, 305-313,
d0i:10.1097/F]C.0000000000000805.

195



215.

216.

217.

218.

2109.

220.

221.

196

Chen, R;; Park, H.A.; Mnatsakanyan, N.; Niu, Y.; Licznerski, P.; Wu, ].; Miranda,
P.; Graham, M,; Tang, ].; Boon, A.J.W.; et al. Parkinson’s disease protein DJ-1
regulates ATP synthase protein components to increase neuronal process

outgrowth. Cell Death Dis. 2019, 10,1-12, d0i:10.1038/541419-019-1679-x.

Shimizu, Y.; Lambert, ].P.; Nicholson, C.K.; Kim, ].].; Wolfson, D.W.; Cho, H.C,;
Husain, A.; Naqvi, N.; Chin, L.-S.; Li, L.; et al. DJ-1 protects the heart against
ischemia-reperfusion injury by regulating mitochondrial fission. J. Mol Cell.

Cardiol. 2016, 97, 56-66, doi:10.1016/j.yjmcc.2016.04.008.

Takahashi, K.; Taira, T.; Niki, T.; Seino, C.; Iguchi-Ariga, S.M.; Ariga, H. DJ-1
positively regulates the androgen receptor by impairing the binding of PIASx
alpha to the receptor. J. Biol Chem. 2001, 276, 37556-63,
doi:10.1074/jbc.M101730200.

Niki, T.; Takahashi-Niki, K.; Taira, T.; Iguchi-Ariga, S.M.M.; Ariga, H. D]BP: a
novel DJ-1-binding protein, negatively regulates the androgen receptor by
recruiting histone deacetylase complex, and D]J-1 antagonizes this inhibition

by abrogation of this complex. Mol. Cancer Res. 2003, 1, 247-61.

Zhong, N.; Kim, C.Y.; Rizzu, P.; Geula, C.; Porter, D.R.; Pothos, E.N.; Squitieri,
F.; Heutink, P.; Xu, J. DJ-1 transcriptionally up-regulates the human tyrosine
hydroxylase by inhibiting the sumoylation of pyrimidine tract-binding
protein-associated splicing factor. J. Biol. Chem. 2006, 281, 20940-8,
doi:10.1074/jbc.M601935200.

Shinbo, Y.; Taira, T.; Niki, T.; Iguchi-Ariga, S.M.M.; Ariga, H. DJ-1 restores p53
transcription activity inhibited by Topors/p53BP3. Int. J. Oncol. 2005, 26,
641-8.

Kato, I.; Maita, H.; Takahashi-Niki, K.; Saito, Y.; Noguchi, N.; Iguchi-Ariga,
S.M.M.; Ariga, H. Oxidized DJ]-1 Inhibits p53 by Sequestering p53 from
Promoters in a DNA-Binding Affinity-Dependent Manner. Mol. Cell. Biol.
2013, 33,340-359, doi:10.1128/MCB.01350-12.



222.

223.

224.

225.

226.

227.

228.

Yamaguchi, S.; Yamane, T.; Takahashi-Niki, K.; Kato, I.; Niki, T.; Goldberg,
M.S.; Shen, ].; Ishimoto, K.; Doi, T.; Iguchi-Ariga, S.M.M.; et al. Transcriptional
activation of low-density lipoprotein receptor gene by DJ-1 and effect of DJ-
1 on cholesterol homeostasis. PLoS One 2012, 7, e38144,
d0i:10.1371/journal.pone.0038144.

Yamane, T.; Suzui, S.; Kitaura, H.; Takahashi-Niki, K.; Iguchi-Ariga, S.M.M.;
Ariga, H. Transcriptional activation of the cholecystokinin gene by DJ-1
through interaction of DJ-1 with RREB1 and the effect of DJ-1 on the
cholecystokinin level in mice. PLoS One 2013, 8, 78374,
d0i:10.1371/journal.pone.0078374.

Kim, ].; Choi, D.; Jeong, H.; Kim, J.; Kim, D.W.; Choi, S.Y.; Park, S.-M.; Suh, Y.H,;
Jou, L; Joe, E.-H. DJ-1 facilitates the interaction between STAT1 and its
phosphatase, SHP-1, in brain microglia and astrocytes: A novel anti-
inflammatory function of DJ-1. Neurobiol Dis. 2013, 60, 1-10,
doi:10.1016/j.nbd.2013.08.007.

Hod, Y.; Pentyala, S.N.,; Whyard, T.C.; El-Maghrabi, M.R. Identification and
characterization of a novel protein that regulates RNA-protein interaction. J.

Cell. Biochem. 1999, 72, 435-44.

van der Brug, M.P.; Blackinton, J.; Chandran, J.; Hao, L.-Y.; Lal, A,; Mazan-
Mamczarz, K.; Martindale, J.; Xie, C.; Ahmad, R.;; Thomas, K.J.; et al. RNA
binding activity of the recessive parkinsonism protein DJ-1 supports
involvement in multiple cellular pathways. Proc. Natl. Acad. Sci. 2008, 105,
10244-10249, doi:10.1073 /pnas.0708518105.

Blackinton, J.; Kumaran, R.; van der Brug, M.P.; Ahmad, R.; Olson, L.; Galter,
D.; Lees, A;; Bandopadhyay, R.; Cookson, M.R. Post-transcriptional regulation
of mRNA associated with DJ-1 in sporadic Parkinson disease. Neurosci. Lett.

2009, 452,8-11, doi:10.1016/j.neulet.2008.12.053.

Repici, M.; Hassanjani, M.; Maddison, D.C.; Garc¢do, P.; Cimini, S.; Patel, B,;

197



229.

230.

231.

232.

233.

234.

198

Szego, E.M.; Straatman, K.R.; Lilley, K.S.; Borsello, T.; et al. The Parkinson’s
Disease-Linked Protein DJ-1 Associates with Cytoplasmic mRNP Granules
During Stress and Neurodegeneration. Mol. Neurobiol. 2019, 56, 61-77,
doi:10.1007/s12035-018-1084-y.

Gu, L.; Cui, T.; Fan, C; Zhao, H.; Zhao, C.; Lu, L.; Yang, H. Involvement of
ERK1/2 signaling pathway in D]J-1-induced neuroprotection against
oxidative stress. Biochem. Biophys. Res. Commun. 2009, 383, 469-74,
doi:10.1016/j.bbrc.2009.04.037.

Wang, Z; Liu, J.; Chen, S.; Wang, Y.; Cao, L.; Zhang, Y.; Kang, W,; Li, H.; Gui, Y,;
Chen, S; et al. DJ-1 modulates the expression of Cu/Zn-superoxide
dismutase-1 through the Erk1/2-Elkl pathway in neuroprotection. Ann.
Neurol 2011, 70, 591-599, doi:10.1002 /ana.22514.

Kato, I.; Maita, H.; Takahashi-Niki, K.; Saito, Y.; Noguchi, N.; Iguchi-Ariga,
S.M.M.; Ariga, H. Oxidized DJ]-1 Inhibits p53 by Sequestering p53 from
Promoters in a DNA-Binding Affinity-Dependent Manner. Mol. Cell. Biol.
2013, 33,340-359, doi:10.1128/MCB.01350-12.

Takahashi-Niki, K.; Kato-Ose, I.; Murata, H.; Maita, H.; Iguchi-Ariga, S.M.M.;
Ariga, H. Epidermal Growth Factor-dependent Activation of the Extracellular
Signal-regulated Kinase Pathway by DJ-1 Protein through Its Direct Binding
to c-Raf Protein. J Biol Chem. 2015, 290, 17838-17847,
doi:10.1074/jbc.M115.666271.

Fan, J; Ren, H; Jia, N,; Fei, E,; Zhou, T.; Jiang, P.; Wu, M.; Wang, G. DJ-1
decreases Bax expression through repressing p53 transcriptional activity. J.

Biol. Chem. 2008, 283, 4022-30, doi:10.1074/jbc.M707176200.

Kim, R.H.; Peters, M.; Jang, Y.; Shi, W.; Pintilie, M.; Fletcher, G.C.; DeLuca, C;
Liepa, J.; Zhou, L.; Snow, B.; et al. DJ-1, a novel regulator of the tumor
suppressor PTEN. Cancer Cell 2005, 7, 263-73,
doi:10.1016/j.ccr.2005.02.010.



235.

236.

237.

238.

2309.

240.

241.

Yang, Y.; Gehrke, S.; Haque, M.E.; Imai, Y.; Kosek, |J.; Yang, L.; Beal, M.F,;
Nishimura, I.; Wakamatsu, K;; Ito, S.; et al. Inactivation of Drosophila DJ-1
leads to impairments of oxidative stress response and phosphatidylinositol
3-kinase/Akt signaling. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 13670-5,
doi:10.1073/pnas.0504610102.

Yao, Y.; Wei, H,; Liu, L.; Liu, L.; Bai, S; Li, C;; Luo, Y.; Zeng, R.; Han, M.; Ge, S.;
et al. Upregulated DJ-1 promotes renal tubular EMT by suppressing
cytoplasmic PTEN expression and Akt activation. . Huazhong Univ. Sci.

Technolog. Med. Sci. 2011, 31, 469, doi:10.1007/s11596-011-0475-3.

Fang, M.; Zhong, X.-Y.; Du, B;; Lin, C.-L.; Luo, F.; Tang, L.-].; Chen, ]. Role of DJ-
1-induced PTEN down-regulation in migration and invasion of human

glioma cells. Chin. J. Cancer 2010, 29, 988-94, d0i:10.5732/¢jc.010.10307.

Choi, M.S.; Nakamura, T.; Cho, S.-].; Han, X,; Holland, E.A.; Qu, J.; Petsko, G.A,;
Yates, J.R.; Liddington, R.C.; Lipton, S.A. Transnitrosylation from DJ-1 to
PTEN Attenuates Neuronal Cell Death in Parkinson’s Disease Models. J.
Neurosci. 2014, 34,15123-15131, doi:10.1523 /JNEUROSCL.4751-13.2014.

Ariga, Y.-C,; Kitaura, H.; Taira, T.; Iguchi-Ariga, S.M.M.; Ariga, H. Oxidation of
DJ-1-dependent cell transformation through direct binding of DJ-1 to PTEN.
Int. J. Oncol. 2009, 35,1331-1341, doi:10.3892/ijo_00000451.

Aleyasin, H.; Rousseaux, M.W.C.; Marcogliese, P.C.; Hewitt, S.J.; Irrcher, L;
Joselin, A.P.; Parsanejad, M.; Kim, R.H.; Rizzu, P.; Callaghan, S.M.; et al. D]-1
protects the nigrostriatal axis from the neurotoxin MPTP by modulation of
the AKT pathway. Proc. Natl Acad. Sci. 2010, 107, 3186-3191,
doi:10.1073/pnas.0914876107.

Mo, ]J.-S.; Jung, J.; Yoon, ].-H.; Hong, ].-A.; Kim, M.-Y.; Ann, E.-].; Seo, M.-S.; Choi,
Y.-H.; Park, H.-S. DJ-1 modulates the p38 mitogen-activated protein kinase
pathway through physical interaction with apoptosis signal-regulating

kinase 1. J. Cell. Biochem. 2010, 110, 229-37, d0i:10.1002/jcb.22530.

199



242.

243.

244,

245.

246.

247.

248.

249.

200

Cao, J.; Ying, M,; Xie, N.; Lin, G.; Dong, R.; Zhang, ].; Yan, H.; Yang, X;; He, Q.;
Yang, B. The oxidation states of DJ-1 dictate the cell fate in response to
oxidative stress triggered by 4-hpr: autophagy or apoptosis? Antioxid. Redox
Signal. 2014, 21, 1443-59, d0i:10.1089 /ars.2013.5446.

Junn, E.; Taniguchi, H.; Jeong, B.S.; Zhao, X.; Ichijo, H.; Mouradian, M.M.
Interaction of DJ-1 with Daxx inhibits apoptosis signal-regulating kinase 1
activity and cell death. Proc. Natl Acad. Sci. 2005, 102, 9691-9696,
doi:10.1073/pnas.0409635102.

Tang, J.; Liu, J; Li, X;; Zhong, Y.; Zhong, T.; Liu, Y.; Wang, ].H.; Jiang, Y. PRAK
interacts with DJ-1 and prevents oxidative stress-induced cell death. Oxid.

Med. Cell. Longev. 2014, 2014, 735618, d0i:10.1155/2014/735618.

Richarme, G.; Mihoub, M. Dairou, J.; Bui, L.C; Leger, T.; Lamouri, A.
Parkinsonism-associated Protein DJ-1/Park7 Is a Major Protein Deglycase
That Repairs Methylglyoxal- and Glyoxal-glycated Cysteine, Arginine, and
Lysine Residues. | Biol. Chem. 2015, 290, 1885-1897,
doi:10.1074/jbc.M114.597815.

Richarme, G.; Liu, C.; Mihoub, M.; Abdallah, ].; Leger, T.; Joly, N.; Liebart, ].-C,;
Jurkunas, U. V.; Nadal, M.; Bouloc, P.; et al. Guanine glycation repair by DJ-
1/Park7 and its bacterial homologs. Science (80-. ). 2017, 357, 208-211,
doi:10.1126/science.aag1095.

Richarme, G.; Dairou, ]. Parkinsonism-associated protein DJ-1 is a bona fide
deglycase. Biochem. Biophys. Res. Commun. 2017, 483, 387-391,
doi:10.1016/j.bbrc.2016.12.134.

Lee, ].; Song, ].; Kwon, K;; Jang, S.; Kim, C.; Baek, K.; Kim, ].; Park, C. Human D]J-
1 and its homologs are novel glyoxalases. Hum. Mol. Genet. 2012, 21, 3215-
3225, d0i:10.1093 /hmg/dds155.

Zhao, Q.; Su, Y,; Wang, Z; Chen, C; Wu, T.; Huang, Y. Identification of



250.

251.

252.

253.

254.

255.

256.

257.

glutathione (GSH)-independent glyoxalase III from Schizosaccharomyces

pombe. BMC Evol. Biol. 2014, 14, doi:10.1186/1471-2148-14-86.

Mazza, M.C.; Shuck, S.C.; Lin, J.; Moxley, M.A.; Termini, ].; Cookson, M.R;;
Wilson, M.A. <scp>DJ</scp> -1 is not a deglycase and makes a modest
contribution to cellular defense against methylglyoxal damage in neurons. J.

Neurochem. 2022, 162,245-261,do0i:10.1111/jnc.15656.

Fournet, M.; Bonté, F.; Desmouliére, A. Glycation Damage: A Possible Hub for
Major Pathophysiological Disorders and Aging. Aging Dis. 2018, 9, 880,
doi:10.14336/AD.2017.1121.

Hegab, Z.; Gibbons, S.; Neyses, L.; Mamas, M.A. Role of advanced glycation
end products in cardiovascular disease. World J. Cardiol. 2012, 4, 90-102,
doi:10.4330/wjc.v4.i4.90.

Abordo, E.A; Minhas, H.S.; Thornalley, P.J. Accumulation of alpha-
oxoaldehydes during oxidative stress: a role in cytotoxicity. Biochem.

Pharmacol. 1999, 58, 641-8.

Thornalley, P.J. Dicarbonyl Intermediates in the Maillard Reaction. Ann. N. Y.
Acad. Sci. 2005, 1043,111-117, d0i:10.1196/annals.1333.014.

Andreeva, A.; Bekkhozhin, Z.; Omertassova, N.; Baizhumanov, T.; Yeltay, G.;
Akhmetali, M.; Toibazar, D.; Utepbergenov, D. The apparent deglycase
activity of DJ-1 results from the conversion of free methylglyoxal present in
fast equilibrium with hemithioacetals and hemiaminals. J. Biol. Chem. 2019,

294,18863-18872, doi:10.1074/jbc.RA119.011237.

Pfaff, D.H.; Fleming, T.; Nawroth, P.; Teleman, A.A. Evidence Against a Role
for the Parkinsonism-associated Protein DJ-1 in Methylglyoxal
Detoxification. ] Biol. Chem. 2017, 292, 685-690,
doi:10.1074/jbc.M116.743823.

Dongworth, RK.; Mukherjee, U.A,; Hall, A.R.; Astin, R,; Ong, S.-B.; Yao, Z;

201



258.

259.

260.

261.

262.

263.

264.

202

Dyson, A.; Szabadkai, G.; Davidson, S.M.; Yellon, D.M.; et al. DJ-1 protects
against cell death following acute cardiac ischemia-reperfusion injury. Cell

Death Dis. 2014, 5,e1082, doi:10.1038/cddis.2014.41.

Yan, Y.-F.; Chen, H.-P.; Huang, X.-S.; Qiu, L.-Y,; Liao, Z.-P.; Huang, Q.-R. DJ-1
Mediates the Delayed Cardioprotection of Hypoxic Preconditioning Through
Activation of Nrf2 and Subsequent Upregulation of Antioxidative Enzymes.
] Cardiovasc. Pharmacol. 2015, 66, 148-158,
doi:10.1097/FJC.0000000000000257.

De Lazzari, F.; Prag, H.A.; Gruszczyk, A. V.; Whitworth, A.J.; Bisaglia, M. DJ-1:
A promising therapeutic candidate for ischemia-reperfusion injury. Redox

Biol 2021, 41,101884.

Kaneko, Y.; Shojo, H.; Burns, |.; Staples, M.; Tajiri, N.; Borlongan, C. V. DJ-1
ameliorates ischemic cell death in vitro possibly via mitochondrial pathway.

Neurobiol. Dis. 2014, 62, 56-61, d0i:10.1016/j.nbd.2013.09.007.

Xin, L.-H.; Liu, W.-].; Song, T.; Zhang, L. Overexpression of DJ-1 expression
protects cardiomyocyte apoptosis induced by ischemia reperfusion. Eur.
Rev. Med. Pharmacol. Sci. 2019, 23, 1722-1729,
doi:10.26355/eurrev_201902_17134.

Dong, J.; Zhao, Y.; He, X.-K. Down-regulation of miR-192 protects against rat
ischemia-reperfusion injury after myocardial infarction. Eur. Rev. Med.

Pharmacol. Sci. 2018, 22,6109-6118, doi:10.26355/eurrev_201809_15950.

Aleyasin, H.; Rousseaux, M.W.C,; Phillips, M.; Kim, R.H.; Bland, R.J.; Callaghan,
S.; Slack, R.S.; During, M.].; Mak, T.W.; Park, D.S. The Parkinson’s disease gene
DJ-1 is also a key regulator of stroke-induced damage. Proc. Natl. Acad. Sci.

U.S. A .2007,104,18748-53,d0i:10.1073/pnas.0709379104.

Le Naour, F.; Misek, D.E.; Krause, M.C.; Deneux, L.; Giordano, T.J.; Scholl, S.;

Hanash, S.M. Proteomics-based identification of RS/DJ-1 as a novel



265.

266.

267.

268.

269.

270.

271.

272.

circulating tumor antigen in breast cancer. Clin. Cancer Res. 2001, 7, 3328-

3335.

Maita, C.; Tsuji, S.; Yabe, I.; Hamada, S.; Ogata, A.,; Maita, H.; Iguchi-Ariga,
S.M.M.; Sasaki, H.; Ariga, H. Secretion of DJ-1 into the serum of patients with
Parkinson'’s disease. Neurosci. Lett. 2008, 431, 86-9,
doi:10.1016/j.neulet.2007.11.027.

Allard, L.; Burkhard, P.R.; Lescuyer, P.; Burgess, ].A.; Walter, N.; Hochstrasser,
D.F.; Sanchez, ].-C. PARK7 and nucleoside diphosphate kinase A as plasma
markers for the early diagnosis of stroke. Clin. Chem. 2005, 51, 2043-51,
d0i:10.1373/clinchem.2005.053942.

Han, J.; Luk, B.; Lee, F.J.S. Neuroprotective effects of extracellular DJ-1 on
reperfusion  injury in  SH-SY5Y cells. Synapse 2017, 71,
doi:10.1002/syn.21963.

Yanagisawa, D.; Kitamura, Y.; Inden, M.; Takata, K.; Taniguchi, T.; Morikawa,
S.; Morita, M.; Inubushi, T.; Tooyama, I.; Taira, T.; et al. DJ-1 protects against
neurodegeneration caused by focal cerebral ischemia and reperfusion in
rats. ] Cereb. Blood Flow  Metab. 2008, 28, 563-78,
doi:10.1038/sj.jcbfm.9600553.

Animals, N.R.C. (US) C. for the U. of the G. for the C. and U. of L. Guide for the
Care and Use of Laboratory Animals. Guid. Care Use Lab. Anim. 2011,
doi:10.17226/12910.

Jgrgensen, C.; Linding, R. Simplistic pathways or complex networks? Curr.

Opin. Genet. Dev. 2010, 20, 15-22.

McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More Than Just a
Powerhouse. Curr. Biol. 2006, 16, R551-R560.

Ramachandra, C.J.A.,; Hernandez-Resendiz, S.; Crespo-Avilan, G.E.; Lin, Y.H,;

Hausenloy, D.J. Mitochondria in acute myocardial infarction and

203



273.

274.

275.

276.

2717.

278.

279.

280.

204

cardioprotection. EBioMedicine 2020, 57, 102884.

Treberg, ].R.; Brand, M.D. A model of the proton translocation mechanism of
complex I. ] Biol. Chem. 2011, 286, 17579-84,
doi:10.1074/jbc.M111.227751.

Bleier, L.; Drose, S. Superoxide generation by complex I1I: From mechanistic
rationales to functional consequences. Biochim. Biophys. Acta - Bioeneryg.

2013,1827,1320-1331.

Chen, Q.; Vazquez, E.J.; Moghaddas, S.; Hoppel, C.L.; Lesnefsky, E.]. Production
of Reactive Oxygen Species by Mitochondria. J. Biol. Chem.2003,278,36027-
36031, doi:10.1074/jbc.M304854200.

Stiburek, L.; Fornuskova, D.; Wenchich, L.; Pejznochova, M.; Hansikova, H.;
Zeman, J. Knockdown of Human Oxall Impairs the Biogenesis of F1Fo-ATP
Synthase and NADH:Ubiquinone Oxidoreductase. /. Mol. Biol. 2007, 374,
506-516, do0i:10.1016/j.jmb.2007.09.044.

Bonnefoy, N.; Kermorgant, M.; Groudinsky, O.; Minet, M.; Slonimski, P.P,;
Dujardin, G. Cloning of a human gene involved in cytochrome oxidase
assembly by functional complementation of an oxal- mutation in
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. 1994, 91, 11978-11982,
d0i:10.1073/pnas.91.25.11978.

Yao, G.-Y.; Zhu, Q; Xia, J.; Chen, F.-].; Huang, M.; Liu, J.; Zhou, T.-T.; Wei, ].-F,;
Cui, G.-Y; Zheng, K.-Y,; et al. Ischemic postconditioning confers
cerebroprotection by stabilizing VDACs after brain ischemia. Cell Death Dis.
20189102018, 9,1-15,doi:10.1038/s41419-018-1089-5.

Colliva, A.; Braga, L.; Giacca, M.; Zacchigna, S. Endothelial cell-cardiomyocyte
crosstalk in heart development and disease. J. Physiol. 2020, 598, 2923-
2939, doi:10.1113/JP276758.

Tsuboi, Y.; Munemoto, H.; Ishikawa, S.; Matsumoto, K.; Iguchi-Ariga, S.M.M.;



281.

282.

283.

284.

285.

286.

287.

Ariga, H. DJ-1, a causative gene product of a familial form of Parkinson’s
disease, is secreted through microdomains. FEBS Lett. 2008, 582, 2643-
2649, d0i:10.1016/j.febslet.2008.06.043.

Urano, Y.; Mori, C; Fuji, A.; Konno, K.; Yamamoto, T.; Yashirogi, S.; Ando, M.;
Saito, Y.; Noguchi, N. 6-Hydroxydopamine induces secretion of PARK7/DJ-1
via autophagy-based unconventional secretory pathway. Autophagy 2018,
14,1943, doi:10.1080/15548627.2018.1493043.

Jin, J.; Li, G.J.; Davis, ].; Zhu, D.; Wang, Y.; Pan, C.; Zhang, |. Identification of
Novel Proteins Associated with Both o-Synuclein and DJ-1. Mol Cell
Proteomics 2007, 6, 845-859, doi:10.1074/mcp.M600182-MCP200.

Bae, T.J.; Kim, M.S.; Kim, ].W.; Kim, B.W.; Choo, H.]; Lee, ].W.; Kim, K.B.; Chang,
S.L.; Kim, J.H.; Sun, Y.C,; et al. Lipid raft proteome reveals ATP synthase
complex in the cell surface. Proteomics 2004, 4, 3536-3548,
doi:10.1002/pmic.200400952.

Martinez, L.O.; Jacquet, S.; Esteve, ].P.; Rolland, C.; Cabezén, E.; Champagne,
E.; Pineau, T.; Georgeaud, V.; Walker, ].E.; Tercé, F.; et al. Ectopic B-chain of
ATP synthase is an apolipoprotein A-I receptor in hepatic HDL endocytosis.
Nature 2003, 421, 75-79, d0i:10.1038 /nature01250.

Kim, B.W.; Choo, H.J.; Lee, J]W.,; Kim, ]J.H.; Ko, Y.G. Extracellular ATP is
generated by ATP synthase complex in adipocyte lipid rafts. Exp. Mol. Med.
2004, 36,476-485, doi:10.1038/emm.2004.60.

Haller, P.D. von; Donohoe, S.; Goodlett, D.R.; Aebersold, R.; Watts, ].D. Mass
spectrometric characterization of proteins extracted from Jurkat T cell
detergent-resistant membrane domains. Proteomics 2001, 1, 1010-1021,

d0i:10.1002/1615-9861(200108)1:8<1010::aid-prot1010>3.0.co;2-1.

Burrell, H.E.; Wlodarski, B.; Foster, B.].; Buckley, K.A.; Sharpe, G.R.; Quayle,
J.M.; Simpson, A.W.M.; Gallagher, J.A. Human keratinocytes release ATP and

205



288.

2809.

290.

291.

292.

293.

294.

206

utilize three mechanisms for nucleotide interconversion at the cell surface.

J. Biol. Chem. 2005, 280, 29667-76, doi:10.1074/jbc.M505381200.

Schmidt, C.; Lepsverdize, E.; Chi, S.L.; Das, A.M.; Pizzo, S. V; Dityatev, A,;
Schachner, M. Amyloid precursor protein and amyloid beta-peptide bind to
ATP synthase and regulate its activity at the surface of neural cells. Mol

Psychiatry 2008, 13,953-69, doi:10.1038//sj.mp.4002077.

Comelli, M.; Domenis, R.; Buso, A.; Mavelli, I. F1IFO ATP Synthase Is Expressed
at the Surface of Embryonic Rat Heart-Derived H9c2 Cells and Is Affected by
Cardiac-Like Differentiation. J. Cell. Biochem. 2016, 117, 470-82,
doi:10.1002/jcb.25295.

Moser, T.L.; Kenan, D.J.; Ashley, T.A.; Roy, J.A,; Goodman, M.D.; Misra, UK,;
Cheek, D.J.; Pizzo, S. V Endothelial cell surface F1-FO ATP synthase is active
in ATP synthesis and is inhibited by angiostatin. Proc. Natl. Acad. Sci. U. S. A.
2001, 98, 6656-61, doi:10.1073 /pnas.131067798.

Chi, S.L.; Pizzo, S. V Cell surface F1Fo ATP synthase: a new paradigm? Ann.
Med. 2006, 38, 429-38, doi:10.1080,/07853890600928698.

Chi, S.L.; Wahl, M.L.; Mowery, Y.M.; Shan, S.; Mukhopadhyay, S.; Hilderbrand,
S.C.; Kenan, D.J,; Lipes, B.D.; Johnson, C.E.; Marusich, M.F,; et al. Angiostatin-
like activity of a monoclonal antibody to the catalytic subunit of F1FO ATP
synthase. Cancer Res. 2007, 67, 4716-4724, doi:10.1158/0008-5472.CAN-
06-1094.

Zhang, X.; Gao, F.; Yu, L.L.; Peng, Y.; Liu, H.H.; Liu, J.Y;; Yin, M.; Ni, ]J. Dual
functions of a monoclonal antibody against cell surface F1FO ATP synthase
on both HUVEC and tumor cells. Acta Pharmacol. Sin. 2008, 29, 942-950,
doi:10.1111/].1745-7254.2008.00830.X.

Wang, W.; Shi, X,; Liu, Y.; He, Y.; Wang, Y.; Yang, C.; Gao, F. The mechanism

underlying the effects of the cell surface ATP synthase on the regulation of



295.

296.

297.

298.

299.

300.

301.

intracellular acidification during acidosis. J. Cell. Biochem. 2013, 114, 1695-
1703, doi:10.1002/jcb.24511.

Moser, T.; Stack, M.; Wahl, M.; Pizzo, S. The Mechanism of Action of
Angiostatin: Can You Teach an Old Dog New Tricks? Thromb. Haemost. 2002,
87,394-401, doi:10.1055/s-0037-1613016.

Ma, Z.; Cao, M;; Liy, Y.; He, Y.; Wang, Y.; Yang, C.; Wang, W.; Du, Y.; Zhou, M,;
Gao, F. Mitochondrial F1Fo-ATP synthase translocates to cell surface in
hepatocytes and has high activity in tumor-like acidic and hypoxic
environment. Acta Biochim. Biophys. Sin. (Shanghai). 2010, 42, 530-537,
d0i:10.1093 /abbs/gmq063.

Timmers, L.; Pasterkamp, G.; De Hoog, V.C,; Arslan, F.; Appelman, Y.; De
Kleijn, D.P.V. The innate immune response in reperfused myocardium.

Cardiovasc. Res. 2012, 94, 276-283.

Sun, K;; Li, Y,; Jin, ]. A double-edged sword of immuno-microenvironment in
cardiac homeostasis and injury repair. Signal Transduct. Target. Ther. 2021,

6,79,d0i:10.1038/s41392-020-00455-6.

Protter, D.S.W.; Parker, R. Principles and Properties of Stress Granules.

Trends Cell Biol. 2016, 26, 668-679, doi:10.1016/j.tcb.2016.05.004.

Campos-Melo, D.; Hawley, Z.C.E.; Droppelmann, C.A.; Strong, M.]. The Integral
Role of RNA in Stress Granule Formation and Function. Front. Cell Dev. Biol.

2021, 9,808.

Wilson M.A,, Collins ]J.L., Hod Y., Ringe D., P.G.A. Crystal Structure of Human
DJ-1 2003.

207






	Títol de la tesi: Molecular Basis of Ischemic Post-Conditioning:
DJ-1 in Cardioprotection
	Nom autor/a: Alex Gallinat O’Callaghan


