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COX Cyclooxygenase (COX-1, COX-2)
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DELE1 DAP3-binding cell death enhancer 1
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elF2a Eukaryotic translation initiation factor 2A
ER Endoplasmic reticulum
ERK1/2 Extracellular signal-regulated kinases 1/2
ETC Electron transport chain
FAD Flavin adenine dinucleotide — quinone form
FADH; Flavin adenine dinucleotide — hydroquinone form
Fe** Iron ion
FET Forward electron transfer
FIS1 Fission protein 1
GAPDH Glyceraldehyde 3-phosphate dehydrogenase (also G3PDH)
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GPX
GR
GRP78
GSH
GSSG
H&E
H*

H20
H20.
HCR
HEPES
HMOX
Hprt
HRI
HSC
HSP60
Hspab

IkBal

IIR

IL-1R
IMM
IMS
IRE1
IRI
JNK
KC
KCI
LC3
LDH

Glutathione peroxidase

Glutathione reductase

78 kDa glucose-regulated protein

Reduced glutathione

Oxidised glutathione

Haematoxylin/eosin staining

Hydrogen ion (proton)

Water

Hydrogen peroxide

Hepatic control region
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Heme oxygenase 1

Hypoxanthine phosphoribosyl-transferase

Eukaryotic translation initiation factor 2 alpha kinase 1, EIF2AK1
Hepatic stellate cell

Heat shock protein 60

Endoplasmic reticulum chaperone BiP (GRP78 encoding gene)

Nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha

Ischemia-reperfusion

Interleukin (IL-1, Interleukin 1; IL-1B, Interleukin 1B, I1L-18,
Interleukin 18)

Interleukin 1 receptor

Inner mitochondrial membrane

Intermembrane space

Inositol-requiring enzyme 1

Ischemia-reperfusion injury

c-Jun N-terminal kinase

Kupffer cell

Potassium chloride

Microtubule-associated protein 1A/1B-light chain 3

Lactate dehydrogenase



ABBREVIATIONS

LPO

LSEC
Ly6G
MAFLD
MFF

MFN
MgCl.
MIEF/MID

MPO
mPTP
mTOR
Na*
NAD*
NADH
NASH
NDUFA5
NF-xB
Nfe2l2
NLRP

NRF2
NSAID
Oye
OCT
OLT
OMA1
OMM
OPAl
OXPHOS
PBS
PC
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Lipid peroxidation

Liver sinusoid endothelial cells

Lymphocyte antigen 6 complex locus

Metabolic (dysfunction) associated fatty liver disease
Mitochondrial fission factor

Mitofusin (MFN1, MFN2)

Magnesium chloride

Mitochondrial elongation factor/mitochondrial dynamics protein
(MIEF1/MID51, MIEF2/MID49)

Myeloperoxidase

Mitochondrial permeability transition pore

Mammalian target of rapamycin

Sodium ion

Nicotinamide adenine dinucleotide — oxidised

Nicotinamide adenine dinucleotide — reduced

Non-alcoholic steatohepatitis

NADH dehydrogenase 1 alpha subcomplex subunit 5

Nuclear factor kappa-light-chain-enhancer of activated B cells
NRF2 coding gene

Nucleotide-binding oligomerization domain, leucine-rich repeat—
containing receptor (NLR) family pyrin domain-containing

Nuclear factor erythroid 2-related factor 2
Non-steroidal anti-inflammatory drug
Superoxide anion

Optimal cutting temperature compound
Orthotopic liver transplant

OMAL zinc metallopeptidase

Outer mitochondrial membrane

Optic atrophy-1

Oxidative phosphorylation
Phosphate-buffered saline

Preconditioning
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PERK
PFA
PG

PGCla

PGI;
PHGS
PI3K
PINK
PLA2
PLC
PMSF
POX
PRR
Pppargcla
Ptgs

PVDF
QH:
RET
RNA

mMRNA

ROS
Rplp0
SC
SCSIE
SDS
SEM
SOD
TCA

PKR-like ER kinase
Paraformaldehyde

Prostaglandin (PGD,, Prostaglandin D,; PGE,, Prostaglandin Ej;
PGF2, Prostaglandin F.,; PGG,, Prostaglandin G PGH,,
Prostaglandin H,)

Peroxisome coactivator

(PGC)-1 alpha
Prostacyclin (Prostaglandin 12)

proliferator-activated receptor-gamma

Prostaglandin G/H synthase
Phosphoinositide 3-kinase
PTEN-induced kinase 1
Phospholipase A2
Phospholipase C
Phenylmethylsulphonyl fluoride
Peroxidase

Pattern-recognition receptors
PGCla coding gene

Prostaglandin-endoperoxide synthase, PTGS (Ptgs) -1/2 (COX
coding gene)

Polyvinylidene difluoride
Ubiquinol
Reverse electron transfer
Ribonucleic acid
Messenger RNA
Reactive oxygen species
60S acidic ribosomal protein PO
Supercomplexes
Servicio central de soporte a la investigacién experimental
Sodium dodecyl sulphate
Standard error of the mean
Superoxide dismutase (MnSOD, Manganese SOD)
Tricarboxylic acid
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TEM
TFAM
Th2
TMPD
TMRM
TNB
TNF
TRAF2
TRAIL
TXA:
UPR
UCM
uv

Wit
XBP1
YME1L1
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Transmission electron microscopy
Transcription factor A, mitochondrial
T helper 2
N,N,N’,N'-tetramethyl-p-phenylenediamine dihydrochloride
Tetramethylrhodamine methyl ester
5-thio-2-nitrobenzoic acid

Tumour necrosis factor (TNFa)

TNF receptor associated factor 2
TNF-related apoptosis-inducing ligand
Thromboxane A2

Unfolded protein response
Universidad Complutense de Madrid
Universitat de Valéncia

Wild type

X-box binding protein 1

YMEL like 1 ATPase









ABSTRACT

Hepatic ischemia-reperfusion (I/R) injury (IRI) is a major cause of mortality
and morbidity in liver resection and liver transplantation. IRI causes up to 10% of
early organ failure and predisposes to chronic rejection. During the period of hypoxia,
the liver remains without oxygen supply, shifting its metabolism to anaerobic
pathways that will lower intracellular pH in addition to the arrest of ATP synthesis.
Paradoxically, the necessary restoration of oxygen flow causes the most damage with
an activation of the immune system that will generate a burst of reactive species of
oxygen (ROS) that will cause cell and tissue damage, leading to cell death and
compromising tissue viability. Cyclooxygenase-2 (COX-2) is a key enzyme in
prostaglandin biosynthesis and its importance in IRl is controversial. PGE,
prostaglandin E», is the main product of COX-2, and is mainly involved in mediating
pathological processes such as inflammation, fever and pain. While the use of
NSAIDs, specific COX inhibitors, points to a beneficial effect of inhibition in the
resolution of the inflammatory process, more and more studies now support the idea
of an anti-inflammatory role of COX-2. In fact, previous studies have shown that
COX-2 overexpression in hepatocytes protects mice from apoptosis and cellular
stress, as well as reducing the inflammatory response, in different liver disease models
(such as metabolic (dysfunction) associated fatty liver disease (MAFLD), and non-
alcoholic steatohepatitis (NASH)).

In this PhD thesis, a hepatocyte-specific COX-2 transgenic mouse (h-COX-2
Tg) was used to elucidate the role and involvement of COX-2 in IRI. Wild type (Wt)
and h-COX-2 Tg animals were subjected to 90 min of ischemia, followed by 4 or 24

h of reperfusion, and Sham surgery was used as a control in both groups of animals.

Comparing h-COX-2 Tg animals with their Wt littermates, cellular and tissue
damage resulting from IRI is attenuated. Among these pathways, the inflammatory
cascade is less activated, revealing less pro-inflammatory cytokine release with less
hepatic recruitment and neutrophil infiltration. Necrosis and apoptosis pathways are
also attenuated in h-COX-2 Tg mice after I/R, such as reduced endoplasmic reticulum

stress, while autophagy is increased. The antioxidant response appears to be enhanced
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in the context of COX-2 overexpression, by an increase in NRF2 and its antioxidant
target genes. Total ROS production is also lower, contributing to less tissue damage.
Interestingly, when livers from Wt animals are subjected to short ischemia prior to 90
min ischemia, termed preconditioning (PC), endogenous COX-2 is induced at higher
levels than without PC, and these livers show less damage, attenuated inflammation,
and an enhanced antioxidant response. The PC results validate those obtained with the
overexpression model and shed light on why PC is beneficial when liver resection or
transplant is required. Furthermore, the role of COX-2 in this observed protection has
been shown to be specific, as its inhibition with DFU, a specific COX-2 inhibitor,
reverses the observed effects, and matched the damage caused to Wt animals.
Mitochondria are central players in the pathophysiology of IRI; on the one hand, they
contribute to cell damage by modulating ROS generation, but on the other hand, they
play an essential role in the antioxidant response through specific antioxidant
enzymes. In this regard, mitochondrial function is preserved in COX-2-
overexpressing livers, as can be demonstrated by a conserved mitochondrial
membrane potential and a preserved respiratory rate associated with Complex |
electron-feeding pathways. In addition, h-COX-2 Tg-derived mitochondria show a
tendency to stabilise supercomplexes composed of Complex I, which may also
contribute to the conservation of membrane potential and respiration. The
maintenance of adequate mitochondrial membrane potential and respiratory rates,
compared to Wt, can be explained by a stabilisation of mitochondrial cristae.
Mitochondrial cristae, invaginations of the inner mitochondrial membrane (IMM), are
maintained through interactions of various isoforms of OPAL, an IMM protein
involved also in mitochondrial fusion. Its processing is mediated by proteases, such
as OMAL, which acts under certain stimuli. In h-COX-2 Tg mice, there is a reduced
OPA1 processing that correlates with attenuated OMAL activity, showing a
stabilisation of cristae in the context of COX-2 overexpression after I/R. On the other
hand, as a validation of the study in mice, a retrospective study was conducted in
patients who had undergone liver transplantation. In this part of the study, PGE; levels

were analysed and correlated with liver functions after transplantation. This analysis
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shows that the presence of PGE; in the plasma of recipients correlates with a better
prognosis, while lower PGE; levels are associated with early graft dysfunction.

All these results present COX-2 as a new player in liver protection after I/R,
showing an anti-inflammatory and antioxidant role, as well as reducing mitochondrial
damage, cell stress and cell death. Furthermore, it is shown how COX-2-derived
prostaglandins under physiological conditions can play a protective role in cases of

liver transplant.
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RESUMEN

La lesion por isquemia-reperfusion (I/R) hepética (IRI, del inglés ischemia-
reperfusion injury) es una causa importante de mortalidad y morbilidad en la
reseccion hepatica y el trasplante de higado. La IRI causa hasta un 10% de los fallos
organicos precoces y predispone al rechazo crénico. Durante el periodo de hipoxia, el
higado permanece sin aporte de oxigeno, cambiando su metabolismo a vias anaerobias
que disminuiran el pH intracelular ademas del arresto de la sintesis de ATP.
Paraddjicamente, el restablecimiento necesario del flujo de oxigeno causa mas dafio,
con una activacion del sistema inmunitario que generara una gran cantidad de especies
reactivas de oxigeno (ROS, del inglés reactive oxygen species) que causaran dafio
celular y tisular, provocando la muerte celular y comprometiendo la viabilidad tisular.
La ciclooxigenasa-2 (COX-2) es una enzima clave en la biosintesis de prostaglandinas
y su importancia en la IR es controvertida. La PGE, prostaglandina E., es el principal
producto de la COX-2, y participa principalmente en la mediacion de procesos
patoldgicos como la inflamacion, la fiebre y el dolor. Mientras que el uso de AINEs,
inhibidores especificos de la COX, apunta a un efecto beneficioso de su inhibicion en
la resolucion del proceso inflamatorio, cada vez mas estudios apoyan actualmente la
idea de un papel antiinflamatorio de la COX-2. De hecho, estudios previos han
demostrado que la sobreexpresion de COX-2 en hepatocitos protege a los ratones de
la apoptosis y el estrés celular, ademas de reducir la respuesta inflamatoria en
diferentes modelos de enfermedad hepatica (como la enfermedad del higado graso
asociada a disfuncion metabdlica (MAFLD, del inglés metabolic (dysfunction)
associated fatty liver disease), y la esteatohepatitis no alcohélica (NASH, del inglés

non-alcoholic steatohepatitis).

En esta tesis doctoral, se utilizé un ratén transgénico que sobreexpresa COX-
2 especificamente en los hepatocitos (h-COX-2 Tg) para dilucidar el papel y la
implicacion de la COX-2 en la IRI. Los animales de tipo silvestre (Wt, del inglés Wild
type) y h-COX-2 Tg fueron sometidos a 90 min de isquemia, seguidos de 4 0 24 h de
reperfusion, y se usé la cirugia Sham (placebo) como control en ambos grupos de

animales.
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Comparando los animales h-COX-2 Tg con sus hermanos de camada Wt, el
dafio celular y tisular se atenGa tras la IRI. Entre las distintas vias modificadas, la
cascada inflamatoria estd menos activada, lo que revela una menor liberacion de
citoquinas pro-inflamatorias con menor reclutamiento hepatico, e infiltracién de
neutrofilos. Las vias de la necrosis y la apoptosis también se atentan en los ratones h-
COX-2 Tgtras la I/R, como la reduccidn del estrés del reticulo endoplasmico, mientras
gue aumenta la autofagia. La respuesta antioxidante parece potenciarse en el contexto
de la sobreexpresion de COX-2, mediante un aumento de NRF2 y sus genes diana
antioxidantes. La produccion total de ROS también es menor, lo que contribuye a un
menor dafio tisular. Curiosamente, cuando los higados de animales Wt se someten a
una isquemia corta antes de la isquemia de 90 minutos, denominada pre-
condicionamiento (PC), la COX-2 enddgena se induce a niveles mas altos que sin PC,
y estos higados muestran menos dafio, una inflamacién atenuada, y una respuesta
antioxidante mejorada. Los resultados del PC validan los obtenidos con el modelo de
sobreexpresion y arrojan luz sobre porqué el PC es beneficioso cuando se requiere
una reseccion hepatica o un trasplante. Ademas, se ha demostrado que el papel de la
COX-2 en esta proteccion observada es especifico, ya gque su inhibicion con DFU, un
inhibidor especifico de la COX-2, revierte los efectos observados e iguala el dafio
causado a los animales Wt. Las mitocondrias son actores centrales en la fisiopatologia
de la IRI; por un lado, contribuyen al dafio celular modulando la generacion de ROS,
pero por otro, desempefian un papel esencial en la respuesta antioxidante a través de
enzimas antioxidantes especificas. En este sentido, la funcién mitocondrial esta
preservada en los higados que sobreexpresan COX-2, como puede demostrarse por un
potencial de membrana mitocondrial conservado y una tasa respiratoria preservada
asociada a las vias de suministracion de electrones del Complejo I. Ademas, las
mitocondrias derivadas de h-COX-2 Tg muestran una tendencia a estabilizar los
supercomplejos compuestos de Complejo I, lo que también puede contribuir a la
conservacion del potencial de membrana y la respiracion. EI mantenimiento de un
potencial de membrana mitocondrial adecuado y de las tasas respiratorias, en
comparacion con las mitocondrias Wt, puede explicarse por una estabilizacion de las

crestas mitocondriales. Las crestas mitocondriales, invaginaciones de la membrana
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mitocondrial interna (IMM, del inglés inner mitohcondrial membrane), se mantienen
mediante interacciones de varias isoformas de OPAL, una proteina de la IMM
implicada también en la fusion mitocondrial. Su procesamiento estd mediado por
proteasas, como OMAL, que actlia bajo determinados estimulos. En ratones h-COX-
2 Tg hay un menor procesamiento de OPAL, que se correlaciona con una actividad
atenuada de OMA1, mostrando una estabilizacion de las crestas en el contexto de la
sobreexpresion de COX-2 tras I/R. Por otro lado, y como validacion del estudio en
ratones, se realiz6 un estudio retrospectivo en pacientes que habian sido sometidos a
un trasplante hepatico. En esta parte del estudio, se analizaron los niveles de PGE; y
se correlacionaron con las funciones hepaticas tras el trasplante. Este analisis muestra
que la presencia de PGE: en el plasma de los pacientes receptores se correlaciona con
un mejor prondstico, mientras que unos niveles mas bajos de PGE: se asocian con una

disfuncion precoz del injerto.

Todos estos resultados presentan a la COX-2 como un nuevo actor en la proteccidn
del higado tras I/R, mostrando un papel antiinflamatorio y antioxidante, asi como
reduciendo el dafio mitocondrial, el estrés celular y la muerte celular. Ademas, se
demuestra cémo las prostaglandinas derivadas de la COX-2 en condiciones

fisiol6gicas pueden desempefiar un papel protector en casos de trasplante hepatico.
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RESUM

La lesio per isquémia-reperfusio (I/R) hepatica (IRI, de l'anglés ischemia-
reperfusion injury) és una causa important de mortalitat i morbiditat en la reseccio
hepatica 1 el trasplantament de fetge. L’IRI causa fins a un 10% de les fallades
organiques precoces i predisposa al rebuig cronic. Durant el periode d'hipoxia, el fetge
roman sense aportacié d'oxigen, canviant el seu metabolisme cap a vies anaerobies
que disminuiran el pH intracel-lular a més de l'arrest de la sintesi d'ATP.
Paradoxalment, el restabliment necessari del flux d'oxigen causa més danys, amb una
activacié del sistema immunitari que generara una gran quantitat d'espécies reactives
d'oxigen (ROS, de l'anglés reactive oxygen species) que causaran dany cel-lular i
tissular, provocant la mort cel-lular i comprometent la viabilitat tissular. La
ciclooxigenasa-2 (COX-2) és un enzim clau en la biosintesi de prostaglandines i la
seva importancia a I'IRI és controvertida. La PGE,, prostaglandina E,, és el principal
producte de la COX-2, i participa principalment en la mediaci6 de processos
patologics com la inflamacid, la febre i el dolor. Mentre que I'Gs d'AINES, inhibidors
especifics de la COX, apunta a un efecte beneficids de la seva inhibicio en la resolucio
del procés inflamatori, cada cop més estudis donen suport a la idea d'un paper
antiinflamatori de la COX-2. De fet, estudis previs han demostrat que la
sobreexpressid de COX-2 en hepatocits protegeix els ratolins de l'apoptosi i I'estrés
cel-lular, a més de reduir la resposta inflamatoria, en diferents models de malaltia
hepatica (com la malaltia del fetge gras associada a disfuncié metabdlica (MAFLD,
de l'angles metabolic (dysfunction) associated fatty liver disease), i I'esteatohepatitis

no alcohdlica (NASH, de I'anglés non-alcoholic steatohepatitis).

En aquesta tesi doctoral, s’ha utilitzat un ratoli transgenic que sobreexpressa
la COX-2 especificament en els hepatocits (h-COX-2 Tg) per dilucidar el paper i la
implicacié de la COX-2 a I’IRI. Els animals de tipus silvestre (Wt, de lI'anglés Wild
type) i h-COX-2 Tg van ser sotmesos a 90 min d'isquémia, seguits de 4 0 24 h de
reperfusio, i es va usar la cirurgia Sham (placebo) com a control en tots dos grups

d’animals.
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Comparant els animals h-COX-2 Tg amb els seus germans de ventrada Wt, el dany
cel-lular i tissular s'atenua després de I’IRI. Entre les diferents vies modificades, la
cascada inflamatoria esta menys activada, cosa que revela un menor alliberament de
citocines proinflamatories amb menor reclutament hepatic i infiltracié de neutrofils.
Les vies de la necrosi i lI'apoptosi també s'atenuen als ratolins h-COX-2 Tg després de
la I/R, aixi com la reducci6 de I'estrés del reticle endoplasmatic, mentre que l'autofagia
augmenta. La resposta antioxidant sembla potenciar-se en el context de la
sobreexpressié de COX-2 mitjancant un augment de NRF2 i els seus gens diana
antioxidants. La produccid total de ROS també és menor, fet que contribueix a un
menor dany tissular. Curiosament, quan els fetges d'animals Wt se sotmeten a una
isquémia curta abans de la isquémia de 90 minuts, anomenada precondicionament
(PC), la COX-2 endogena s'indueix a nivells més alts que sense PC, i aquests fetges
mostren menys dany, una inflamacié atenuada i una resposta antioxidant millorada.
Els resultats del PC validen els obtinguts amb el model de sobreexpressio i donen llum
sobre per que el PC és beneficiés quan es requereix una reseccid hepatica o un
trasplantament. A més, s'ha demostrat que el paper de la COX-2 en aquesta proteccid
observada és especific, ja que la seva inhibicié amb DFU, un inhibidor especific de la
COX-2, reverteix els efectes observats i iguala el dany causat als animals Wt. Els
mitocondris son actors centrals en la fisiopatologia de I'IRI; d'una banda,
contribueixen al dany cel-lular modulant la generacié de ROS, pero de l'altra, tenen
un paper essencial en la resposta antioxidant a través d'enzims antioxidants especifics.
En aquest sentit, la funcidé mitocondrial és preservada als fetges que sobreexpressen
COX-2, com es pot demostrar per un potencial de membrana mitocondrial conservat
i una taxa respiratoria preservada associada a les vies de subministrament d'electrons
del Complex I. A més, els mitocondris derivats de h-COX-2 Tg mostren una tendéncia
a estabilitzar els supercomplexos compostos de Complex I, cosa que també pot
contribuir a la conservacié del potencial de membrana i la respiracié. EI manteniment
d'un potencial de membrana mitocondrial adequat i de les taxes respiratories, en
comparacié amb els mitocondris Wt, pot explicar-se per una estabilitzacié de les
crestes mitocondrials. Les crestas mitocondrials, invaginacions de la membrana

mitocondrial interna (IMM, de I'anglés inner mitohcondrial membrane), es mantenen
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mitjancant interaccions de diverses isoformes d'OPA1, una proteina de la IMM
implicada també en la fusi6 mitocondrial. El seu processament esta mediat per
proteasas, com OMAL, que actua baix determinats estimuls. En ratolins h-COX-2 Tg
hi ha un menor processament d'OPAL, que es correlaciona amb una activitat atenuada
d'OMAL, mostrant una estabilitzacio de les crestas en el context de la sobreexpresion
de COX-2 després d'l/R. D'altra banda, i com a validacio6 de I'estudi en ratolins, es va
fer un estudi retrospectiu amb pacients que havien estat sotmesos a un trasplantament
hepatic. En aquesta part de ’estudi es van analitzar els nivells de PGE; i es van
correlacionar amb les funcions hepatiques després del trasplantament. Aquesta analisi
mostra que la preséncia de PGE; en el plasma dels pacients receptors es correlaciona
amb un millor pronostic, mentre que uns nivells més baixos de PGE; s'associen amb

una disfuncid precog de I'empelt.

Tots aquests resultats presenten a la COX-2 com un nou actor en la proteccio del
fetge després d'I/R, mostrant un paper antiinflamatori i antioxidant, aixi com reduint
la lesio mitocondrial, I'estrés cel-lular i la mort cel-lular. A més, es demostra com les
prostaglandines derivades de la COX-2 en condicions fisiologiques poden exercir un

paper protector en casos de trasplantament hepatic.
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[. INTRODUCTION

1. CYCLOOXYGENASE AND PROSTAGLANDINS

1.1 Cyclooxygenase description, function, and localisation

The enzyme cyclooxygenase (COX), also known as prostaglandin G/H synthase
(PHGS), is responsible for the limiting step in prostanoid biosynthesis, from
arachidonic acid (AA) to the prostaglandin intermediate PGH, [1]. It is characterised
by having two enzymatic activities that act sequentially, cyclooxygenase (COX)
activity and peroxidase (POX) activity. COX activity adds an oxygen molecule to AA
converting it to prostaglandin G2 (PGG;), an endoperoxide intermediate. POX
activity then reduces PGG, to PGH,. PGH> is an unstable intermediate that will be
further metabolised by tissue- and cell-specific isomerases to produce the final

bioactive components, the different types of prostanoids (Figure 1).

The main cellular location of the COX enzyme is the luminal side of the
endoplasmic reticulum (ER) membrane. However, it has also been detected in lipid
bodies, mitochondria, and nuclear membrane [2][3][4]. The oxidative potential of the
lumen of the ER is important for the function and folding of COX, allowing the
formation of the disulphide bonds of the enzyme and the N-glycosylation that has as
a post-translational modification [5]. In addition, PGH,, the end product of COX, is
sufficiently non-polar to diffuse across the ER membrane to be metabolised by

isomerases located in the cytosol or on the cytosolic surface of the ER [6] (Figure 1).

COX enzymes are highly conserved between species. They are composed of
around 600 amino acids, weigh ~ 70 kDa, and have similar primary structures.
Dimerisation of two COX monomers is necessary for its structural integrity and
activity [7]. Each monomer has the same structure: a growth factor binding domain in
the N-terminal, a membrane-binding domain and a globular catalytic domain in the
C-terminal, where the two active sites of COX and POX are present [8]. The COX
active site is a tunnel oriented towards the membrane-binding domain that accepts the
AA coming from the lipid membrane. In contrast, the POX active site is located away

from the membrane, in a surface groove facing the ER lumen [6] (Figure 1). Although
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the dimer contains two catabolic sites for each reaction, only one monomer is active

and it is thought that the second monomer plays an allosteric role.

Arachidonic
PGG, «... 7" acid+0;

0...."..0........

ER lumen

Cytosol

Figure 1. Schematic representation of the cyclooxygenase enzyme. Arachidonic
acid is converted, together with an oxygen molecule, to PGG: by the action of the
COX activity of the enzyme. Then, intermediate PGG: is converted, through the action
of the POX activity, to PGH2 which will exit the ER lumen into the cytosol. Figure
adapted from Chandrasekharan and Simons, 2004 [6].

1.1 COX isoforms, expression, and regulation

Two enzyme isoforms encoded by two different genes are described: COX-1 and
COX-2. COX-1 is constitutively expressed in almost all tissues of the body and is
involved in physiological processes such as platelet aggregation, maintenance of
gastric mucosa, and renal function [9]. In contrast, COX-2 is inducible under certain
stimuli like inflammatory stimuli, hormones and growth factors, and is related to both
physiological situations (vasodilation and vasoconstriction, reproductive functions,
pancreatic secretion) and pathological conditions (inflammation, fever, pain,
thrombaosis) [9].
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As mentioned above, the two COX isoforms, COX-1 and COX-2 are encoded by
two different genes: prostaglandin-endoperoxide synthase 1 and 2 (PTGS1 and
PTGS2) respectively. Although they are highly homogenous, they have some obvious
sequence and motif differences. The promotor of PTGS1 gene presents some elements
close to the ones found in “housekeeping” genes, such as the lack of TATA or CAT
boxes, and the presence of several transcriptional initiation sites and high GC content
[10][11]. On the contrary, the PTGS2 gene contains more regulatory elements in its
promotor that control its transcription, making its expression inducible under
determined circumstances. These regulatory elements in PTGS2 protomer are, for
example, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB)
binding sites, cyclic adenosine monophosphate (AMP) response element-binding
(CREB), CCAAT-enhancer-binding proteins (C/EBP), E-box and TATA box, among
others. These elements are found to be essential for COX-2 expression, induction, and
regulation [10], in addition to the presence of multiple copies of the ATTTA
destabilising element in the 3'-UTR, a determinant for messenger RNA (mMRNA)
instability through post-translational regulation [6]. Moreover, from a post-
translational regulation point of view, the COX-2 protein presents an instability

motive of 27 amino acids at the C-terminus, important for protein degradation [12].

The cyclooxygenase activity of the two COX isoforms is the target of non-
steroidal anti-inflammatory drugs (NSAIDs) [13][14]. They are commonly used to
treat inflammatory processes and to reduce fever and pain. Ibuprofen, flurbiprofen or
naproxen, among other classic NSAIDs, act by competing with the substrate at the
active site of COX [15], while aspirin covalently modifies the enzyme [16]. POX
activity is not modified by the action of NSAIDs. Since the discovery that COX-2
expression is inducible and involved in inflammatory processes, selective COX-2
inhibitors (COXIB) have been developed. [17].
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1.2 Prostanoids and prostaglandins

The primary product of COX enzymes was first detected in seminal fluids, and,
thought to be synthetized by the prostate gland, they were termed prostaglandins
(PGs) [18]. Subsequently, their production and secretion were detected in virtually all
cell types and tissues, and various isomers of the product were described. Thus, PGs
were included in a larger category encompassing all the different end products of the
COX synthesis pathway, which are the prostanoids. Prostanoids are active lipid
molecules that, together with the leukotrienes, are designated as eicosanoids, and act
as mediators in multiple physiological pathways. They are derived from AA, a 20-
carbon unsaturated fatty acid that is widely present in the phospholipids of all cell
plasma membranes. AA is released from membranes by the action of membrane-
bound phospholipases, such as phospholipase A2 (PLA;) or C (PLC) [19], and is
subsequently metabolised by both COX isoforms to form prostanoids, and by
lipoxygenase to form leukotrienes. The PGH; intermediate is further metabolised into
the different types of bioactive prostanoids by tissue- and cell type-specific isomerases
and oxidoreductases, giving rise to the different types of prostaglandins (PGE;, PGD:
and PGFy,), prostacyclin (PGI;) and thromboxane (TXA.). They all bind to different
receptors and perform different biological functions (Figure 2). For example, PGl,, a
powerful vasodilator, is highly expressed in the lung and is essential for maintaining
the lung in a dilated state [20]. PGFy, is involved in the uterus contraction [21], while
TXA, produced mainly by platelets, exerts vasoconstrictive and angiotensin
functions [22]. PGE: is the main product of cyclooxygenase in many tissues and is
responsible for the control of salt and water excretion in the kidneys [23], the
maintenance of gastric mucosa [24], as well as being involved in the reproductive

system [25] and mediating inflammation [26][27].
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Figure 2. Metabolic pathway of conversion of arachidonic acid (AA) into
different types of prostaglandins. AAis released from phospholipid membranes by
the action of phospholipases and then converted to the PGH: intermediate by the
action of COX-1 or COX-2. Tissue- and cell-specific isomerases will convert this
intermediate into the different type of prostaglandins, prostacyclin and thromboxane,
which through interaction with specific receptors will lead to specific actions. Figure
adapted from FitzGerald et al, 2003 and Funk, 2001 [15][31].

PGs, unlike hormones that are released into the circulation and take action
systemically, act at the autocrine or paracrine level, i.e. they are synthetized and
perform locally. Once produced and released into the extracellular space via specific
PG transporters [28], PGs are internalised into the cells by binding to specific PG
receptors. PG receptors are a family of rhodopsin-like 7-transmembrane-spanning G

protein-coupled receptors, and each type of prostanoid will bind a specific one, like
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PGE: that will bind receptors EP1.4, PGD2 will bind DP and CRTH2, PGF, will bind
FPa and FPg, PG, will bind IP-1P and IP-TP,, and TXA: will bind TP, and TPg [29].
All receptors will transduce the signal into the cell through different second
messengers such as CAMP (cyclic AMP), calcium, and IP3 (inositol triphosphate) that
mediate the effects of receptors on cellular functions [29][30]. PGs have a short half-
life and once synthesised and their action is performed, they are catabolised by the
enzyme 15-hydroxyprostaglandin dehydrogenase (15-PGDH).

2. PROSTAGLANDINS AND COX-2 IN HEPATIC
PHYSIOPATHOLOGY

2.1 The liver: function and structure

The liver is a vital organ in the body that handles for multiple essential functions,
mainly related to metabolism. Among all its functions, it is responsible for the
production of bile to process and facilitate absorption of fatty acids, the production of
plasma proteins, the production of cholesterol and cholesterol transport proteins, the
storage of glucose in the form of glycogen and the maintenance of glucose balance,
detoxification of the blood of drugs, and other poisonous substances, among many

others.

The hepatic portal vein, which originates from the pancreas, spleen, stomach, and
intestines, supplies the liver with nutrient-rich blood while the hepatic artery supplies
oxygenated blood. After passing through the liver, the de-oxygenated blood exits the
organ through the hepatic vein into the cava vein. The bile duct collects bile from the
liver and secretes its content into the duodenum, the first segment of the small intestine
(Figure 3). Histologically, the liver can be divided into individual anatomical
structures called hepatic lobules. These are hexagonal structures of hepatocytes,
linked by sinusoidal capillaries that radiate into a hepatic vein in the centre, and with

a portal triad at each corner consisting of a portal arteriole, a portal venule and a bile
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duct. Blood and nutrients move from the portal triad towards the centre of the lobule
in the direction of the hepatic vein, while bile flows backwards from the centre

towards the periphery to be discharged into the bile duct.

Hepatic artery
Oxygen-rich blood

Hepatic vein
Oxygen-poor blood

Blle dUCl\ Hepatic portal vein

Nutrient-rich blood

Hépatic lobule

Bile
Cholangiocyte Canal of canaliculus
Hering Space of
Disse
LSEC

Portal

venule Central vein

Hepatic

arteriole Sinusoid

HSC

Hepatocyte

Figure 3. Liver circulation and structure. Oxygen-rich blood enters the liver through
the hepatic artery and nutrient-rich blood through the hepatic portal vein. Oxygen-poor
blood exists the liver though the hepatic vein, and bile through the bile duct. The liver
is divided into lobules, hexagonal functional structures, composed of a portal venule
and a hepatic arteriole that conduct blood flow to the central vein and, a bile duct that
backs up the bile. These lobules are composed of the different types of liver cells:
hepatocytes, cholangiocytes, LSECs, KCs and HSCs. Abbreviations: LSECs, liver
sinusoidal endothelial cells; KCs, Kupffer cells; HSCs, Hepatic stellate cells.

39



I. INTRODUCTION

Hepatocytes are the most abundant cells in the liver, accounting for around 80%
of the liver volume [32]. They are the parenchymal cells of the tissue, responsible for
the main functions of the liver (glucose storage, detoxification, production of plasma
proteins, etc). The other 20% is composed of extracellular spaces (matrix,
sinusoids...) and non-parenchymal cells that are responsible for vital functions as
well. Cholangiocytes are biliary epithelial cells that form the Hering’s canal and
synthesise the bile acids that will make up bile. Liver sinusoidal endothelial cells
(LSEC) form the sinusoidal plexus to facilitate blood circulation in a fenestrated
fashion to allow transfer of molecules and proteins between serum and hepatocytes.
Between the sinusoids and the hepatocytes there is a space called Disse’s space where
the hepatic stellate cells (HSC) are located, and inside the sinusoids are the Kupffer
cells (KC). HSCs are of mesenchymal origin and are responsible for the storage of
vitamin A and the production of extracellular matrix. KCs are the resident
macrophages in the liver. They move between the sinusoids and, as agents in charge
of the immune system in the liver, are responsible for defending the tissue from
infection by phagocytosing any foreign particles and triggering the immune response
[33] (Figure 3).

2.2 Hepatic COX-2 expression

COX-2 expression is, as mentioned, inducible thanks to the binding of different
elements to the promoter region of the gene. The c-Jun N-terminal kinases (JNK),
extracellular signal-regulated kinases 1/2 (ERK1/2) and p38 elements, as well as NF-
kB element from transducer signalling pathways, are able to activate COX-2
expression. These elements are activated following a cascade of phosphorylation and
de-phosphorylation of their elements when specific molecules bind to their receptors,

especially inflammatory elements (Tumour necrosis factor alpha (TNF-a), Interleukin

1B (IL-1PB), cytokines and growth factors) [6][10].

Under physiological conditions, adult livers do not express COX-2. In particular,

although they express receptors for those ligands that stimulate its expression (IL-1,
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TNFa, etc.), hepatocytes are not able to express COX-2. Its expression is limited to
specific situations such as proliferation or dedifferentiation [34]. However, other liver
cells can express COX-2 when stimulated, such as KCs and HSCs, as well as
hepatocarcinoma cell lines used for in vitro studies. Nevertheless, this lack of COX-2
expression capacity is not absolute. In fact, foetal hepatocytes express COX-2 when
subjected to proinflammatory stimuli [35]. This is because foetal hepatocytes lack
expression of C/EBPa, a COX-2 repressor. Adult hepatocytes, in contrast, have high
amounts of C/EBPa, thus repressing COX-2 expression. Only after prolonged
aggression to hepatocytes or under proliferation/de-differentiation conditions,
C/EBPa levels decrease and allow COX-2 expression [36][37].

2.3 COX-2 in liver pathology

As already steated, hepatic COX-2 expression is very rare. Its expression is only
detected in models of partial hepatectomy in which part of the tissue is removed and
the remaining tissue proliferates to recover part of the tissue mass. In these situations,
hepatocytes undergo a process of de-differentiation, adopting a more foetal
phenotype, and begin to proliferate, inducing COX-2 expression [34]. In fact, the use
of COXIBs has been shown to delay tissue regeneration. In this regard, when the
enzyme 15-PGDH is inhibited or disrupted in a partial hepatectomy model,

regeneration is impaired [38].

Despite of uncommon expression of COX-2 in the liver, the use of NSAIDs to
reduce inflammation appears to be effective, therefore, COX-2 inhibition in
inflammatory processes appears to be beneficial. Many studies using COX-2
inhibitors in different models of liver injury have found a positive effect in reducing
inflammation [39][40][41][42]. However, long-term COX-2 inhibition or even total
depletion do not show any additional benefit, but seem to have detrimental effects
[43][44]. Therefore, inhibition of COX-2 does not seem to be the best way to treat
inflammation since its expression seems to be necessary to resolve pathological

processes.
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Figure 4. Role of COX-2 in different liver pathology models. COX-2
overexpression and its derived prostaglandins in hepatocytes confer protection and
reduce markers of damage in multiple liver pathology models (within the yellow circle),
such as partial hepatectomy, obesity, NASH, acute injury, CCls and MAFLD.
Abbreviations: NASH, Non-alcoholic steatohepatitis; CCl4, carbon tetrachloride;
MAFLD, metabolic (dysfunction) associated fatty liver disease.

Pharmacological induction of COX-2 has not yet been described, so to elucidate
the role of COX-2 in liver pathologies, studies have been carried out using genetically
modified animal models in a context of COX-2 overexpression specifically in the
hepatocyte. In this way, the effect of the enzyme and/or its derived PGs in the
establishment and resolution of different pathologies is evaluated. With these models,
it has been possible to determine that the constitutive COX-2 expression offers
multiple benefits and exerts a protective role (Figure 4). For example, a reduction in

apoptosis, mediated by Fas (acute injury) [45] and by hyperglycaemia (chronic injury)
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[46] has been demonstrated. Furthermore, COX-2 overexpression reduces steatosis,
obesity and insulin resistance in mouse models of metabolic (dysfunction) associated
fatty liver disease (MAFLD) [47], and in models of non-alcoholic steatohepatitis
(NASH), in which mice show reduced steatohepatitis and fibrosis [48].

3. LIVER ISCHEMIA-REPERFUSION INJURY

3.1 Liver transplant

Orthotopic liver transplantation (OLT) is a surgical procedure that involves the
removal of a non-functional liver, resulting from liver failure, and its replacement with
a healthy liver. OLT is an established therapeutic procedure for end-stage liver
diseases, such as hepatocellular carcinoma, viral hepatitis infection, alcoholic liver
disease and cirrhosis, metabolic diseases (non-alcoholic liver disease, steatosis and

steatohepatitis), cholestatic disease, acute liver failure, and others [49].

The first attempts at liver transplantation date back to the 1960s. Francis D.
Moore in Boston in 1963 and Jean Demirleau in Paris in 1964 performed liver
transplants in humans, but the patients died within hours of the procedure [50]. The
first successful transplant was performed by Thomas E. Starzl in Colorado in 1963.
Although the patient died of a pneumonia infection within weeks, it was considered a
breakthrough in transplant surgery, and after a lifetime of research into transplantation
and rejection, it was considered the “father of transplantation”. Following these early
attempts, medicine and surgery have been improving and benefiting from innovations
that have made OLT a routine procedure to treat end-stage liver diseases today [49].
In 2018, the European Liver Transplant Registry (ELTR) reported that since data
collection began in the late 1960s until 2016, 146.762 OLT have been performed in
Europe [51]. Technical innovations and improved access to healthcare have increased
survival rates of patients receiving liver transplants, to a survival rate of 86% after the
first year and of 74% after fifth year [51].
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Although OLT is the main therapeutic strategy to treat end-stage liver disease,
and despite all the improvements in the surgical techniques, livers are subjected to
risks that will determine transplant success or rejection. The main cause of rejection
and dysfunction after OLT is ischemia-reperfusion (I/R) injury, which is responsible
for 81% of primary non-function of liver allograph requiring re-transplantation and
causes up to 10% of early organ failure and predisposes to chronic rejection [52].

In addition, the availability of healthy organs for transplantation is an added
drawback. In today’s society, where obesity has become the epidemic of the 21st
century [53], the global population is increasing the risk of liver disease, to the extent
that the prevalence of non-alcoholic liver disease is now considered to be 25%
worldwide [54]. The shortage of healthy donor organs has led to increased use of
marginal livers, which are more susceptible to damage generated by I/R [55], such as
organs from elderly donors or steatotic livers. Indeed, the main cause of graft rejection
after OLT is hepatic steatosis, which exacerbates the problem of organ shortage [56].
Therefore, the search for therapeutic strategies that can mitigate I/R derived damage
is of interest both to improve clinical outcomes after transplantation, and to allow the

use of marginal liver grafts to expand the pool of livers available for transplantation.
3.2 Ischemia-reperfusion injury

The term ischemia comes from the Latin ischeamia, and this one comes from the
ancient Greek ioopog ischaimos “that stops the blood”, ioyew ischein “to hold” and
aipo haima “blood”. It occurs when tissue is deprived of blood flow for a period of
time, either accidentally (heart stroke or brain ictus) or as a consequence of surgical
intervention (in the case of the liver, due to transplantation or resection). Disfunction,
injury, and cell death caused by oxygen deprivation vary according to the degree and
duration of ischemia. Revascularisation and restoration of blood flow, called
reperfusion, is the only therapeutic approach to resolve ischemia. Paradoxically,
despite the need to restore oxygen and nutrient supply to the tissue, reperfusion

exacerbates ischemia injury [57]. Therefore, since much of the damage is generated
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at the time of reperfusion, the full name of the pathology is called ischemia-
reperfusion injury (IRI).

During IRI, several mechanisms are activated that ultimately lead to cellular
stress, cell death, and tissue damage. During the period of ischemia, due to the reduced
availability of oxygen to the cellular machinery, several pathways are altered. When
the electron transport chain (ETC) lacks oxygen as a final electron acceptor, a decrease
in adenosine triphosphate (ATP) production is observed and is evident at several
levels, including impaired mitochondrial function. For example, ion channels in the
cell membrane are disrupted as they become depleted of ATP. This phenomenon
causes an accumulation of intracellular calcium ions (Ca?") that will trigger calcium
signalling leading to cell death. In addition, the lack of oxygen pushes the cell into
anaerobic metabolism. The end product of the anaerobic pathways is lactate, which
will cause a drop in cytosolic pH. Calcium overload and the drop in pH will also cause
mitochondria to swell due to the closure of the mitochondrial transition pore (Figure
5, left). In the reperfusion phase, oxygen levels are restored, causing different effects.
On the one hand, the ETC function will be re-established, which will increase reactive
oxygen species (ROS) production (discussed in more detail in section “4.3 Role of the
mitochondria in ischemia-reperfusion injury”); on the other hand, pH will be corrected
by reverting metabolism to glycolysis. Lipid peroxidation caused by ROS
accumulation will facilitate membrane permeability and, together with the pH change
and accumulated calcium, trigger the opening of the mitochondrial permeability
transition pore (mPTP). This effect will cause a drop in the mitochondrial membrane
potential, which will no longer be able to maintain the normal functionality of the
ETC. The ion imbalance and ATP depletion will also contribute to cellular activation
of the immune system, that in turn will release pro-inflammatory cytokines and more
ROS contributing to cell death and tissue injury (Figure 5, right) [57][60][61][58].

45



I. INTRODUCTION

Na* H*

(" N
Reduced Restored
Ongen Ca% Na* Oxygen

| [
Anaerobic Sre Lactate i
<C | metabolism -
. . | =
w Lactate — {pH ._ Physiologic
x N / PH |
5 c
(&) mPTP opened \ &
" closed Caspase | _
— /'activation o
ER
P =4
D sy
NWE
AW
W
UL

Ly
.

Neutrophils KCs

Figure 5. Intracellular pathways activated during ischemia and during
reperfusion that cause cellular and tissue damage. Under reduced oxygen
conditions, metabolic changes lead to ATP depletion, mitochondrial alterations and
disruption of ionic exchange. When oxygen levels are restored, exacerbated ROS
production occurs and the apoptotic and necrotic pathways are activated. Figure
adapted from Kalogeris et al, 2012; Mendez-Braz et al, 2012 and Xia et al, 2016
[57][58][59]. Abbreviations: ER, endoplasmic reticulum; UPR, unfolded protein
response; CytC, cytochrome C; ETC, electron transport chain; mPTP, mitochondrial
permeability transition pore; KCs, Kupffer cells; ROS, reactive oxygen species;
DAMPs, damage-associated molecular patterns.

3.3 Inflammatory immune response

IRI elicits what is known as sterile inflammatory response, in which an immune
response is triggered by trauma, I/R or chemical-induced injury, in the absence of
microbial infection [62]. Like microbial-induced inflammation, sterile inflammation

is characterised by the recruitment of neutrophils and macrophages, and the
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production of pro-inflammatory cytokines and chemokines, especially tumour
necrosis factor (TNF) and interleukin-1 (I1L-1) [62].

3.3.1 Liver macrophages activation and recruitment

The macrophage-mediated immune response in the liver comprises distinct
macrophage populations. KC are the resident macrophages in the liver, accounting for
about 35% of non-parenchymal liver cells and 80-90% of the whole-body macrophage

population in an adult mouse individual [63].

Kupffer cells reside in the luminal sites of the hepatic sinusoids and are
responsible for sensing microenvironmental changes through long protrusions of their
cytoplasmic membranes. They are characterized as CD45", F4/80"%", CD11b"" and
CLEC" cells in mice. In the context of IRI, damaged liver cells release damage-
associated molecular patterns (DAMPs) that are detected by KC through pattern-
recognition receptors (PRRs) and activate them, triggering the release of cytokines
and chemokines. The release of these mediators promotes the recruitment of various
immune cells such as monocytes, lymphocytes and neutrophils, which will promote
tissue injury [64]. Activation of KC is also caused by ionic imbalance and ATP
depletion [65], which results in their swelling and that of LSEC, causing narrowing
of the sinusoidal lumen. This phenomenon contributes to the accumulation of
neutrophils and increased activation of immune cells [58]. KC are also major
producers of CCL2, a monocyte chemoattractant protein, which promotes neutrophil

accumulation in livers under I/R stress [66].

Intracellularly, DAMP-PRR signaling leads to the activation of multiple
signaling pathways that will initiate all immune responses (mainly cytokine and ROS
release). The inflammasome is one of the targets of signaling pathways involved in
the immune response. In activated immune cells, cytoplasmic PRRs can assemble into
a supramolecular structure, called the inflammasome, and transduce downstream
signals [67]. Activation of inflammasome, which is essential for initiating the

inflammatory cascade, includes increased transcription of pro-inflammatory
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cytokines, their subsequent processing and release (such as IL-1f or interleukin 18
(IL-18)), as well as activation of proinflammatory caspases, such as caspase 1 [61].
Caspase-activating inflammasomes can be classified according to their stimuli, like
toxins activate the nucleotide-binding oligomerization domain, leucine-rich repeat—
containing receptor (NLR) family pyrin domain-containing 1 (NLRP1), bacterial
proteins activate NLRC4, double-stranded DNA (dsDNA) activates AIM2, and
DAMPs and PAMPs (pathogen-associated molecular patterns) activate NLRP3 [68].

3.3.2 Neutrophil activation and recruitment

The release of DAMPs by stressed liver cells, together with the release of
cytokines by activated KC, promotes neutrophil infiltration in the tissue. In addition,
as mentioned above, chemoattractant proteins are detected by receptors on neutrophil
cells that stimulate their recruitment. Once in the tissue, neutrophils promote tissue
damage by releasing ROS and activating protease activity. Cytosolic myeloperoxidase
(MPO), which catalyses the formation of hypochlorous acid/hypochlorite and

oxidative species, is considered a reliable marker of neutrophil activity.

In the repair phase of sterile liver injury, neutrophil mobilisation is essential for
the elimination of dead cells by forming a chemotactic gradient at the site of injury
[69]. Neutrophils attract other immune cells, as well as other neutrophils, to maintain
their presence in the wound healing process. This attraction is mediated by the release
of cleaved proteins from damaged cells that bind to specific receptors present on
neutrophils [61].

3.4 Oxidative stress and antioxidant response

Oxygen re-entry during reperfusion is, as aforementioned, necessary for re-
establish oxygenation of the tissue, resume ATP production through ETC function
and sustain aerobic metabolism. But paradoxically, this oxygen supply causes further
damage, mainly due to the generation of ROS. ROS production is not intrinsically bad

for the cell; indeed, they participate in several signalling pathways and are needed to
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modify key regulatory proteins [70]. In physiological conditions, ROS production is
balanced by a whole antioxidant machinery that ensures the presence of a minimum
of these species for signalling purposes, avoiding further damage. Oxidative stress
occurs when this antioxidant response is overwhelmed or inhibited, as well as when
there is an increase in ROS production. This stress is characterised by direct damage
to molecules such as proteins, lipids or DNA by ROS.

The major producer of ROS is the mitochondria, as by-products of mitochondrial
respiration (reviewed in the section “4.1 Mitochondrial respiration”). The one-
electron reduction of oxygen to superoxide anion (Oze") is the most common reaction
in the generation of ROS by the mitochondrial ETC [71]. Oze”is a highly toxic species
but is rapidly demutated to hydrogen peroxide (H.O>) by superoxide dismutase (SOD)
enzymes, in either of its isoform (cytosolic, SOD1, or mitochondrial, SOD2 or
MnSOD). H20; is a very common signalling ROS, as it reversibly oxidises the thiol
groups of proteins. In mitochondria, H2O is detoxified by two groups of enzymes. On
the one hand, catalase (CAT) can transform it into H,O, and on the other hand, the
coupled reaction of glutathione peroxidase (GPX) and glutathione reductase (GR)
converts H,O, to water (H.0), oxidising and reducing glutathione [71]. If not
processed by any antioxidant enzyme, one-electron reduction of H.O, produces the
hydroxyl radical (¢OH), an extremely harmful ROS, in the so-called Fenton reaction,
involving ferrous ions (Fe**) [72]. The transcription of all these antioxidant enzymes
is regulated by one master regulator, the nuclear factor erythroid 2-related factor 2
(NRF2) transcription factor, that is activated under hypoxic conditions and oxidative
stress [73]. Heme oxigenase 1 (HMOX1), involved in the catabolism of heme and
considered the most sensitive and reliable marker of oxidative stress [74], is also

regulated transcriptionally by NRF2 [73].
3.5 Endoplasmic reticulum stress

The ER is a membranous organelle that forms flattened sacs within the cytoplasm

around the nucleus in eukaryotic cells. Its main functions are protein synthesis,
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modification and folding, but it is also involved in calcium homeostasis and lipid
biosynthesis. A variety of stressors disrupt the normal functioning of the ER, leading
to calcium release and protein misfolding. The accumulation of unfolded and
misfolded proteins is known as ER stress, and is detected by several transmembrane
receptors, which will trigger the unfolded protein response (UPR). The purpose of
UPR activation is to relieve the ER of these misfolded proteins by increasing
chaperone synthesis, reducing protein translation and accelerating the degradation of
misfolded proteins. However, if the UPR is unable to relieve this stress, the same

response triggers apoptotic signals, ultimately leading to cell death.

The three main membrane receptors responsible for detecting unfolded proteins
are PKR-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating
transcription factor 6 (ATF6). Under physiological conditions, the chaperone 78 kDa
glucose-regulated protein (GRP78) is bound to these three receptors, keeping them
inactive, but as misfolded proteins accumulate, this chaperone is released to bind to

them, facilitating receptor activation as a signal for initiation of the UPR.

On the one hand, once the ATF6 receptor is activated, it is internalised and
undergoes proteolytic cleavage in the Golgi apparatus. A short form of the ATF6 then
moves to the nucleus and act as a transcription factor to promote the transcription of
more chaperones, as well as CCAAT-enhancer-binding protein homologous protein
(CHOP), GRP94, and BIiP that will enhance protein folding activity in the ER [75].
The transcription of CHOP in particular is related to induce apoptosis [76]. On the
other hand, once activated, the PERK receptor will dimerise to induce the signal. This
dimerization allows it to auto-phosphorylate and also induces the phosphorylation of
eukaryotic translation initiation factor 2a (elF2a). P-elF2a will generally inhibit
protein translation but at the same time induce translation of ATF4. ATF4 migrates to
the nucleus and, like ATF6, induces transcription of chaperones, Ddit3 (CHOP coding
gene), among other genes. Finally, IRE1, like PERK, dimerises upon unbinding of
GRP78 and becomes phosphorylated. Once activated, it also acts at different levels.

It may contribute to inflammatory signalling by activating TRAF2 (TNF receptor

50



[. INTRODUCTION

associated factor 2), which subsequently transduces the signal via JNK and NF-«kB. It
may also play a role in mRNA processing, as in the case of the X-box binding protein
1 (Xbpl) mRNA, which undergoes a cleavage producing a splicing variant that, once
translated, will translocate to the nucleus and contribute to gene expression [75].

Cytokines and ROS produced during the reperfusion phase in IR are stressful
inducers of ER stress [77][78], as well as altered calcium homeostasis resulting from
cytosolic overload and calcium depletion in the ER [79]. As mentioned above, the
UPR is activated at early stages to ameliorate ER stress, but when the response is

prolonged over time, apoptosis signalling is the ultimate fate.

Several examples show that when the UPR is activated by transgenic expression
of one of its components [80] or by upregulating them [81] it is beneficial in I/R,
promoting protective effects. But, in contrast, some other studies propose that UPR
leads to I/R damage when other UPR factors are overexpressed or upregulated
[82][83]. These controversies respond to this dual action over time of the UPR to

alleviate ER stress.

3.6 Cellular death

There are many mechanisms that cause damage at a cellular level and that
ultimately leads to cells, especially hepatocytes in the context of hepatic IRI, to die.
Each mechanism can trigger whereas a programmed cell death (apoptosis), normally
non-related with inflammation, or a more general and indiscriminate cell death

(necrosis), usually related to inflammatory processes [61].

3.6.1 Apoptosis

Apoptotic mechanisms can be divided into “extrinsic death receptor-dependent”
and “intrinsic mitochondrial-dependent” pathways [61]. Activation of TNFa, Fas and
TRAIL (TNF-related apoptosis-inducing ligand) receptors triggers the extrinsic cell

death pathway, in which the receptors are internalised into the cell, trimerized and
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oligomerised with many other proteins containing death domains. This death complex
will activate caspase-8, which in turn cleaves and activates caspase-3 [84][57].
Intrinsic pathways are activated by different stressors, such as I/R-derived ROS, and
induce the translocation of pro-death members of B-cell lymphoma 2 (BCL-2) family
proteins (BCL-2-like protein 4 (BAX), BCL-2 homologous antagonist/killer (BAK),
etc) to the outer mitochondrial membrane. Specifically, the function of the BAX
protein is the formation of pores in the membrane causing membrane permeability,
which favours the release of proteins from the intermembrane space, such as
cytochrome C (CytC) [85]. Free CytC in the cytoplasm will bind to different partners
that ultimately activate both caspase-9 and caspase-3. Caspase-3 acts as a cell
executioner, proteolising any type of protein. In the apoptotic process, there is no
release of cellular contents to the outside, i.e. no rupture of the cell membrane,
however, after induction of apoptosis, cells may also undergo secondary necrosis if
the injury is too aggressive or the apoptotic process is not triggered in time [61], thus

causing membrane rupture.

3.6.2 Necrosis

In contrast to apoptosis, cell death by necrosis is characterised by swelling of
cells and organelles, disruption of the membrane and dissipation of cell contents. And
also, unlike apoptosis, it was thought to be a type of uncontrolled cell death, leading
to accidental cell death in response to overwhelming stress. However, this theory has
been discarded as it has been shown that necrosis can also be induced by receptor
signalling, a mechanism now known as necroptosis [86][87]. Along with this new
term, two other types of necrosis have been described. Pyroptosis is characterised by
the activation of caspase 1 [88], for example, via the NLRP3 inflammasome [89]; and
ferroptosis is due to iron-dependent accumulation of lipid peroxides [90]. All types of
necrosis result in the release of intracellular contents into the tissue environment,
leaking DAMPs that will promote an inflammatory response and local inflammation
[57][61].
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3.7 Autophagy

Autophagy is a cellular mechanism by which cells can get rid of defective
proteins, damaged parts or entire organelles and even cytosolic fractions, and allows
the recycling of cellular materials for further utilisation. It provides cells with a
“survival” pathway, when they suffer starvation, hypoxia, mitochondrial dysfunction,
among other stress conditions that leave the cell depleted of amino acids and other
building materials, or damage its components [57]. Autophagy is a highly regulated
pathway that consists in the formation of autophagosomes, membrane structures that
wrap around different cargoes and deliver them to the lysosome for degradation. The
first step in autophagy is initiation, where 5> AMP-activated protein kinase (AMPK)
signalling pathway promotes the formation of the ULK1 (Unc-51 like autophagy
activating kinase) initiation complex [91], in coordination with inhibition of the
mammalian target of rapamycin (mTOR), an inhibitor of autophagy [92]. Membrane
nucleation and phagophore formation is the second step, which consists of the
elongation of an isolated membrane around the tagged cargoes for degradation. The
p62 factor acts as a marker of cargoes for degradation, especially misfolded or
unfolded proteins. Several proteins of the autophagy related (ATG) family act in this
step, such as ATG5, ATG7, ATG10 or ATG12. Next, the phagophore expansion step
takes place, with the incorporation of the microtubule-associated protein 1LA/1B-light
chain 3 (LC3) tag. LC3 undergoes proteolytic cleavage when incorporated into the
phagophore, from LC3-1 in its full form to LC3-I1 in its processed form, and will be
one of those in charge of detecting degradation-tagged cargoes. Once the phagophore
is fully formed, it fuses with the lysosome, forming what is known as the
autophagolysosome, where the cargoes will be degraded due to the acidic pH and

lysosomal proteases [93][94].

After I/R, several stress pathways end up affecting different cellular
compartments and structures, so autophagy is a good mechanism to prevent further
cell damage by removing all these injured structures [95]. Furthermore, given that

under hypoxic conditions tissues remain in a state of starvation, autophagy acts as a
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good survival mechanism and is often upregulated [96]. Indeed, inhibition of
autophagy has been reported to cause more damage after IRl [97], and
pharmacological induction has a protective effect [98]. However, uncontrolled
autophagy flux leads to cell death and contribute to I/R damage [99].

4. MITOCHONDRIA

Due to the lack of oxygen that occurs during the hypoxic period, mitochondria
are the organelles most affected by ischemia [100]. Mitochondria are said to be the
“powerhouse” of cells, providing cells with ATP through oxidative phosphorylation
(OXPHOS), which transfers electrons from tricarboxylic acid (TCA) cycle
metabolism to molecular oxygen, generating an electrochemical gradient that will be
exploited by ATP synthase [71][101]. However, in addition to this energetic role,
mitochondria are involved in many other vital functions, such as apoptosis and cell
death, stem cell differentiation, activation of the immune response, and so on
[71][101]. In addition, for example, mitochondria are responsible for the assembly of
iron-sulphur clusters, which are essential enzyme cofactors; as well as for various
catabolic and anaerobic reactions, such as fatty acid p-oxidation, biosynthesis of
haem, of some phospholipids and other metabolites. Due to their essential functions,
their regulation is tightly controlled, and respond and adapt to cellular demand, as well
as being affected in certain circumstances, such as in the present case, under I/R [72].
In addition, mitochondria are the main generators of ROS during I/R, and are thus
primarily responsible for ROS-induced cell damage and compromised cell viability

after I/R. Therefore, mitochondria emerge as a central player in I/R.

Mitochondria are double-membraned organelles responsible for many vital
functions. In the 1950s, an early study using transfer electron microscopy (TEM)
images first described this double-membrane architecture [102], and the first
mitochondrial compartments were described: an outer membrane, an inner membrane,

a space between the two membranes and a matrix. The outer mitochondrial membrane

54



[. INTRODUCTION

(OMM) is a smooth and permeable membrane (allowing diffusion of molecules up to
5000 Da) that borders the organelle and receives signals from the cytosol, where all
the pathways converge, are decoded, and are transmitted into the mitochondria. In
addition, the OMM establishes membrane contact sites with other structures and
organelles, such as the ER, lysosomes, peroxisomes or lipid droplets [103]. The inner
mitochondrial membrane (IMM) is a much less permeable membrane (freely
permeable only to oxygen, carbon dioxide, and water), with several exchangers and
pumps for ions, metabolites and small molecules, necessary to generate two
essentially different environments: the intermembrane space (IMS), the space
between the two membranes and the matrix, the inner mitochondrial lumen. The IMM
can also be divided into two distinct compartments: the inner rim membrane, parallel
to the OMM, and the cristae, deeply convoluted invaginations that extend the
membrane surface and house the machinery necessary for mitochondrial respiration,
held by cristae junctions, at their ends. The matrix is where most enzymatic and

metabolic reactions take place, and act as a reservoir for calcium and ions.

Early TEM images showed mitochondria as static individual compartments in
the cell cytosol, but as imaging techniques evolved, this assertion was increasingly
discarded. In the 1980s, with the advent of live cell microscopy techniques, it was
shown that mitochondria are highly dynamic organelles, and that they organise into
large, interconnected intracellular networks [104]. These networks are coordinated by
the antagonist function of fission and fusion events, and their balance determines
mitochondrial number, size, positioning within the cell and mitochondrial
elimination; all encompassed in what are termed mitochondrial dynamics
[103][105][106]. In addition, the synthesis, import, and incorporation of proteins and
lipids to existing mitochondria, plus the duplication of mitochondrial DNA (mtDNA),
are comprised in the so-called mitochondrial biogenesis [107]. This process is highly
regulated by different transcription factors, like transcription factor A, mitochondrial
(TFAM), and co-activators, like PPARG coactivator 1 alpha (PGC1la) [100][107].
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4.1 Mitochondrial respiration

Mitochondrial respiration is defined as the set of metabolic reactions that convert
the energy stored in macromolecules, such as glucose, fatty acids or amino acids, into
ATP, the cell's universal energy donor, with a final consumption of oxygen. [71].
These metabolic reactions occur in coordination between the TCA cycle that happens
in the mitochondrial matrix and the ETC located in the IMM, referred to as OXPHOS.
Electrons donated from substrates originating from the TCA are transferred from one
complex to another, causing a proton pumping that will generate an electrical and
chemical gradient, which will be further utilised by ATP synthase (Figure 6) [101].
The production of ROS as a by-product of this mitochondrial respiration is often used
by the cell as signalling mediators, when generated at low levels [108]. Any
dysfunction in OXPHQOS leading to exacerbated ROS production, accompanied by an
overwhelmed antioxidant response, can propagate damage and cause cellular and

tissue injury.

4.1.1 Electron transport chain and oxidative phosphorylation system

The catabolism of glucose, fatty acids and amino acids feeds the TCA, generating
substrates for the ETC. Glucose, catabolised by glycolysis, and fatty acids catabolised
in B-oxidation, generate pyruvate and acetyl-CoA, that will enter the TCA via the
“first step”, the conversion of acetyl-COA to citrate. Amino acids, such as glutamine,
through oxidative deamination and transamination, enter the TCA at a different point
with glutamate. The reducing equivalents, nicotinamide adenine dinucleotide
hydrogen (NADH) and flavin adenine dinucleotide dihydrogen (FADH)), are
generated in many reactions of the TCA cycle and will donate their electrons at the
level of complex | (CI) and complex 11 (CII), respectively. The electrons from NADH
are given up to CI (NADH dehydrogenase), inducing the pumping of protons (H")
from the matrix to the IMS. The electrons are then transferred to the Q-cycle, where
ubiquinone (CoQ) is reduced to ubiquinol (QH2). CII (succinate dehydrogenase) is

somewhat special, as it is part of both ETC and TCA. In its case, in the succinate to
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fumarate step, it switches from FAD to FADH,, and electrons from FADH, pass
immediately to the CoQ and the Q-cycle. Unlike CI, CII is not coupled to proton
pumping. In IMM there are other enzymes that deliver FADH; electrons to the Q-
cycle directly, like glyceraldehyde-3-phosphate dehydrogenase (G3PDH), that take
the electrons from glycerol-3-phosphate [109]. Through Q-cycle, electrons are
transferred to complex Il (ClII, coenzyme Q - cytochrome c reductase), and then
transferred to CytC, accompanied by additional H* pumping. CytC is a mobile
element that moves in the IMS and delivers electrons from CIII individually to

complex 1V (CIV, cytochrome c oxidase).

In CIV, electrons will finally oxidise molecular oxygen, and together with two
protons, a molecule of water will be formed, while more H* are also pumped into the
IMS. All the H" accumulated in the IMS will generate an electrochemical gradient,
called the mitochondrial membrane potential (Aym). This potential gradient, together
with a pH gradient (ApHm) generates what is known as the proton motive force (Ap),
which will drive the re-entry of H* through the CV to ultimately synthesise ATP. The
coupling of the ETC with the ATP synthesis process is collectively referred to as the
OXPHOS system [71][101][109] (Figure 6).

4.1.1 Supercomplexes

The first theory on the passage of electrons from each complex in the ETC to the
next imply that the complexes “bump” into each other randomly, while moving freely
in the IMM. This theory was termed the “fluid system”, and is supported by the
experimental purification of individual active complexes [110]. However, a new
theory emerges to challenge this fluid system, the so-called “solid system”, which
proposes stable interactions within ETC complexes in a supra-molecular organisation
called supercomplexes [111]. This model was supported by different experimental
evidences such as electrophoretic resolution of supercomplexes with blue-native
polyacrylamide gels (BN-PAGE), in-gel supercomplexes activity, electron

microscopy observation of large entities comprising different ETC complexes,
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Figure 6. Overview of the mitochondrial TCA cycle and OXPHOS. The cofactors
NADH and FADH, the main electron donors to the ETC, are generated in multiple
steps, from fatty acid B-oxidation to TCA cycle (through the input of multiple substrates
such as pyruvate, glutamate). Electrons can also directly enter the ETC through the
CoQ. Once electrons enter the ETC, they pass through the different complexes until
they combine with oxygen and protons to form water, accompanied by proton pumping
that will generate the proton motive force needed by ATP synthase to form ATP.

respiratory flow experiments revealing that supercomplexes act as a single functional
unit, or that point mutations in a single subunit of a complex can affect supercomplex
formation [112]. Different combinations of individual complexes are described to
form supercomplexes, as well as different stoichiometries. The most common
combination is the “respirasome”: the stable interaction of CI+CIII+CIV:.2, S0 called
because it can autonomously carry out respiration in the presence of ubiquinone and
CytC [112]. Other combinations of complexes can also be found, such as
CI+ClI+Cll,, CI+ClI+CIVs, or Cl+Clll; [113]. The proportion of each
supercomplex found in each cell type or under different conditions, as well as the
proportion of free complexes versus supercomplexes responds to metabolic needs and
differences in the utilisation of mitochondrial respiration [114]. Indeed, a combination
of free complexes within the membrane appear to coexist with supercomplexes, in a
“dynamic system” [115], and helps mitochondria and the cell to adapt to different

energy demands.

The functional arguments for the formation of supercomplexes are still under
debate, but are beginning to be widely accepted. On the one hand, the close proximity
between the different complexes helps electrons to move from one to the other in a
shorter space, thus reducing electron leaking (and thus oxygen reduction and ROS
formation) [111]. On the other hand, it was proposed that each complex needs to
interact with the others to stabilise in the membrane [114][116][117].
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Complex V is not part of supercomplexes because its higher organisation is
exceptional; it organises into larger structures called strings, long oligomeric chains
[112]. ATP synthase is composed of two domains; an intermembrane domain (FO)
through which protons pass, and a matrix domain (F1), where the catalytic site is
located. The CV monomers dimerise randomly through the interaction of FO domains
due to attractive forces, in a stable manner. This interaction produces a strong
deformation in the IMM, which with the formation of larger CV chain-forming
interactions, leads to the invaginations of the IMM, generating the characteristic

mitochondrial cristae [118].

4.2 Mitochondrial dynamics

Mitochondria are highly dynamic organelles, constantly moving and undergoing
structural changes to adapt and respond to ever-changing cellular and energetic
demands [106][119]. While fusion promotes the formation of long and fused
mitochondria, favouring the exchange of lipids and internal contents, fission drives
the fragmentation of mitochondria into small individuals, favouring its transport, their
division into dividing cells or their elimination (Figure 7) [106][120]. The balance
between these two phenomena maintains mitochondrial function and responds to
cellular needs by adapting the network to the availability of nutrients and the
metabolic state of the cell [106].

Fusion is mediated by two mitofusins (MFN1 and MFN2) and the Optic atrophy-
1 (OPAL), located in the OMM and the IMM respectively. MFN1 and MFN2 share a
high degree of homology, although they are different and have distinct functions. In
mitochondrial fusion, MFNs from two nearby mitochondria interact in both
homotypic and heterotypic interactions. Although both MFNs are involved in fusion,
MFN2 has been implicated more in mitochondrial-mitochondrial interactions, and
mitochondrial contacts with other organelles, such as ER [103]. Internal
mitochondrial fusion is carried out by OPAL, which is present in the IMM in different
isoforms: a long form (L-OPAL), and a shorter form (S-OPA1). The interactions

between L-OPA1 and S-OPA1 favour mitochondrial fusion, whereas the interaction
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between two L-OPALls has been linked more to the maintenance of cristae at cristae
junctions. The presence of these two isoforms is largely due to the action of two
proteases. YMEL like 1 ATPase (YMELL1), located in the IMM, acts basally, and is
classically related to the maintenance of the balance between the two isoforms. OMAL
zinc metallopeptidase (OMAL) is also located in the IMM but, unlike YMELL1, it is
an inducible protease (associated with mitochondrial dysfunction and pathology), and
its cleavage of OPA1 favours the presence of the shorter form, obstructing both fusion
and maintenance of the cristae [103]. In fact, the maintenance of the cristae, and thus
of the internal mitochondrial structure, is also a dynamic process and is related to the

mitochondrial metabolic state [105].

Fission

FIS1
MFF
MIEF1/2

~Parkin  Mitophagy

Fusion

/" Transport

Figure 7. Mitochondrial dynamics. Two mitochondria fuse through the binding of
MFN1/2 in the OMM and the action of L-OPA1 and S-OPAL in the IMM. YME1L1 and
OMAL are responsible for processing OPAL. Long mitochondria divide by fission
through the action of DRP1 which binds to its partners (FIS1, MFF, MIEF1/2) and
forms a ring around the dividing mitochondrion. Small mitochondria are easily
transported or marked for degradation (mitophagy) through the action of PINK1 and
Parkin. Adapted from Xie et al, 2020 [120].
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Fission is carried out by dynamin-related protein 1 (DRP1), a cytosolic protein
that is recruited on the OMM by interacting with its partners (receptors): fission
protein 1 (FIS1), mitochondrial fission factor (MFF), mitochondrial elongation factor
1 (MIEF1/ MID51), and mitochondrial elongation factor 2 (MIEF2/MID49) [120].
Activated DRP1 oligomerises around a mitochondrion forming a ring that constricts
and divides it. Different post-translational modifications drive DRP1 activation and
interaction with its mitochondrial partners [103][120]. Sites of mitochondrial fission
occur in the vicinity of the ER and ER contact sites, where the ER membrane

participates in the mitochondrial fission process [103].

In addition, mitochondrial fission promotes two other important events related to
mitochondrial dynamics: transport and mitophagy. Transport of small mitochondria
appears to be easier than that of larger ones, and has a high impact on division events,
ensuring the equal distribution of mitochondria in daughter cells. Furthermore, it is
essential for driving and recruiting mitochondria to active regions of cells to meet their
energy demands. Transport takes place via contacts between mitochondria and
microtubules and actin filaments [120]. Mitophagy is the degradation of dysfunctional
or damaged mitochondria by autophagy. It is mediated by the PTEN-induced kinase
1 (PINK) /Parkin system and results in ubiquitination of mitochondrial proteins for
degradation and ultimately, encapsulation of mitochondria in an autophagophore for

processing and recycling of element [120].
4.3 Role of the mitochondria in ischemia-reperfusion injury

As mentioned in the section “3.4 Oxidative stress and antioxidant response”,
mitochondria are the main generator of ROS in the cell. Under physiological
conditions, when Ap is not very high because CV is dissipating the Aym, while
producing ATP, ROS production is low, and they are generated as by-products of ETC
function in what is known as forward electron transfer (FET) [71]. This electron
pathway is the physiological situation, when electrons flow through CI or Cll to CllI,

and finally to CIV, and is characterised by a minimal electron leakage at CI, Cll and
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CIll, which will generate small amounts of ROS, generally serving as signalling

mediators.

During I/R, ROS production is exacerbated, mainly due to an imbalance in
metabolism and ETC. Under conditions of hypoxia, such as during ischemia,
molecular oxygen is not available and therefore the normal flow of ETC is blocked,
as well as the TCA cycle. In this situation, substrates accumulate, in particular
succinate, which accumulates significantly [121]. A reverse action of succinate
dehydrogenase (CII), which transports electrons from accumulated QH. to fumarate,
is responsible for the exceptional accumulation of succinate [122]. During
reperfusion, the accumulated succinate acts as the main substrate providing reducing
potential to the ETC. In addition, the Q pool is greatly reduced as a consequence of
the hypoxic period and the Ap is restored from proton pumping by CIlI and CIV at
the onset of reperfusion. These three conditions trigger reverse electron transport
(RET), in which electrons flow back from the Q-cycle to the CI, reducing NAD" to
NADH, thus producing high amounts of O,e™ [109][122][123].

The accumulation of ROS during I/R causes damage at many levels, such a
protein, lipid and DNA damage. An example of protein oxidation leading to
mitochondrial and cellular damage is the oxidation of thiol groups in CI subunits,
which will contribute to further ROS formation [124]. Cardiolipin, an IMM specific
phospholipid, is a lipid highly susceptible to peroxidation by ROS. Its oxidation is
highly detrimental because it causes membrane destabilisation, affecting Clll and CIV
activities [125].

In addition to the generation of ROS, mitochondria can undergo other alterations
that damage the cell under I/R. One consequence of oxygen depletion and impaired
OXPHOS function is ATP depletion: increased mitochondrial permeability and
membrane potential dissipation following I/R lead to reduced OXPHQOS activity and
thus the impaired ATP supply to the cell [126]. Another intermediate that is altered is
NAD", which contributes to ATP depletion [100][127].
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Mitochondrial calcium accumulation is also a hallmark of I/R damage [100].
During ischemia, the ATP depletion and the acidification of the cytosol due to lactate
accumulation (due to anaerobic metabolism), drives the accumulation of sodium ions
(Na*) through the Na*/H* membrane exchanger, which in turn will be pumped out
through the Na*/Ca? pump [128]. This Ca®* will rapidly accumulate in the
mitochondria when oxygen flow is restored. The Ca?* accumulation will then trigger
the opening of the mPTP [128], which will increase the permeability of the
mitochondrial membrane, dissipating its membrane potential, releasing to the cytosol
ROS and CytC that will cause damage and apoptosis signalling, as well as the release
of other mitochondrial proteins and mtDNA, which will also signal as damage
markers [129].

Finally, mitochondrial dynamics are also affected under oxygen deprivation
[100][130]. Fission-induced mitochondrial fragmentation has been observed after I/R,
contributing to ROS generation and Ayn, dissipation and ATP depletion [131].
Blocking fission, by genetic knock-out [132], dominant-negative transfection [133]
or chemical inhibition [129] of fission-related proteins, promotes survival and
protection after I/R. Conversely, fusion enhancement is associated with reduced
damage and survival after I/R, by protecting mitochondria from mitophagy, and the
release of ROS and pro-apoptotic signals [134][135][136]. In addition, mitochondrial
biogenesis is also impaired in IRI. Initially, hypoxia can induce mitochondrial
biogenesis in order to compensate ATP supply, however, when hypoxic conditions
are maintained, Ppargcla (PGCla encoding gene) and Tfam expression is reduced,

leading to a reduced mitochondrial biogenesis [137][138].
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[I. OBJECTIVES

Since COX-2 expression has been shown to be associated with several liver
pathologies, and its overexpression triggers a protective function, the main aim of this
thesis is to further investigate the role of COX-2 in liver pathophysiology. To this end,
a general objective has been proposed:

- To study the role of the COX-2 enzyme in the context of hepatic ischemia-

reperfusion injury.

In order to achieve this objective, more specific goals have been proposed, being

these:

a) Validation and characterisation of the I/R model in a transgenic mouse model
overexpressing COX-2 in hepatocytes.

b) To elucidate the molecular mechanism of COX-2 in the liver during ischemia
and especially reperfusion.

c) Assuming that mitochondria play a central role during I/R, both in the
establishment of damage and during pathology resolution, determine whether
COX-2 modulates mitochondria and wether it is involved in its mechanism

of action.
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[ll. MATERIALS AND METHODS

1. REAGENTS AND EQUIPMENT

Instruments and devices used were from Bio-Rad (Hercules, CA, USA), Eppendorf

(Hamburg, Germany), Especialidades Médicas Myr S.L (Tarragona, Spain), GE Healthcare
(Chicago, IL, USA), Invitrogen (Thermo Fisher Scientific, Geel, Belgium), Isogen Life
Sciences (De Meern, Ultrecht, Netherlands), Leica Microsystems (Wetzlar, Germany),
Macrogen (Geumchcongu, Seoul, Korea), Milteny Biotec (Bergisch Gladbach, Germany),
Oroboros instruments (Innsbruck, Austria), and Thermo Fisher Scientific (Geel, Belgium).

General reagents and chemicals were from Acros Organics (Thermo Fisher Scientific (Geel,

Belgium)), BD Biosciences (Franklin Lakes, New Jersey, U.S), Biobasic (Marham, Ontario,
Canada), Bio-Rad (Hercules, CA, USA), Biotium (Fremon, CA, USA), Calbiochem (San
Diego, CA, USA), Electron Microscopy Sciences (Hatfield, Pennsylvania, USA), Invitrogen
(Thermo Fisher Scientific (Geel, Belgium)), Karizoo (Barcelona, Spain), Merck Life
Sciences S.L.U. -Sigma (Darmstadt, Germany), Milteny Biotec (Bergisch Gladbach,
Germany), NZYtech (Lisbon, Postugal), Oroboros instruments (Innsbruck, Austria),
Promega (Madison, WI, USA), Roche Diagnostics (Basel, Switzerland), Scharlab
(Barcelona, Spain), Serva (Heidelberg, Germany), TCI (Zwijndrecht, Belgium), Thermo
Fisher Scientific (Geel, Belgium), and Tocris (Bristol, UK). Antibodies were from Abcam
(Cambridge, UK), Cayman Chemicals (MI, USA), Cell Signaling Technology (Danvers,
MA, USA), Enzo Life Sciences (Farmingdale, NY, USA), Merck Life Sciences S.L.U. —
Sigma (Darmstadt, Germany), MBL (Sunnyvale, CA, USA), Proteintech (Rosemont, IL,
USA), and Santa Cruz Biotechnology (Dallas, TX, USA). Kits were from Arbor assays (Ann
Arbor, MI, USA), BD Biosciences (Franklin Lakes, NJ, USA), Biosystems (Wako Chemicals
GmbH, Neuss, Germany), Enzo Life Sciences (Farmingdale, NY, USA), Luminex (Austin,
TX, USA), Merck Life Sciences S.L.U. -Sigma (Darmstadt, Germany), Promega (Madison,
WI, USA), Roche Diagnostics (Basel, Switzerland), and Vector Laboratories (Burlingame,
CA, USA). Software was from GraphPad Software (San Diego, CA, USA), Leica
Microsystems (Wetzlar, Germany), Li-cor (Lincoln, NE, USA), Oroboros Instruments
(Innsbruck, Austria), Rasband (NIH, Bethesda, MD, USA), and IBMCorp (Armonk, NY,
USA).
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2. ANIMAL MODELS AND EXPERIMENTAL DESIGN

2.1 Generation and maintenance of the h-COX-2 Tg mice

The animal model used in this study is a transgenic mouse generated by the
classical transgenesis method of pronuclear injection (1-cell state). A fragment of the
PTGS2 (h-COX-2 coding gene) cDNA was cloned in a pLiv-Le6 vector that contains
the constitutive human APOE gene promoter and its hepatic control region (HCR),
and was injected into pronucleus of one-cell mouse embryos obtained from mating of
hybrid (C57BL/6JRccHsd x DBA2JRccHsd) F1 mice. The resulting progeny were
tested for the number of inserted copies in the genome by southern blot. One male
with approximately 55 copies of the transgene was selected as founder. The colony
was maintained by systematically mating heterozygous B6D2JRccHsd-Tg(APOE-
PTGS2)4/Upme males expressing the h-COX-2 enzyme with B6D2JRccHsd F1
females for more than 7 generations (B6D2) (Figure 8A). A full characterization of
the model was performed and it was determined that no significant phenotypic
differences were observed when comparing the livers of h-COX-2 Tg mice and their
wild type (Wt) littermates at 12 weeks of age [45]. The colony was maintained at the
IBV-CSIC animal facility in a 14-10 light-dark cycle, under a constant temperature of
23 °C, with chow and water ad libitum (SAFE A40 Rodent Maintenance Diet,
Rettenmaier Iberica, Spain). The animals were housed in filter cages, with poplar
bedding and nest material as enrichment. All experimental procedures were performed
during the light cycle. All animal experimentation was controlled following the
recommendations of the Federation of European Laboratory Animal Science
Associations on health monitoring, European Community Law (2010/63/ UE), with
approval of the Ethics Committee of the Spanish National Research Council, Spain
and Spanish law (R.D. 53/2013; Projects approved 2016/VSC/PEA/00189 and
2020/VSC/PEA/0154).
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Figure 8. Generation of the h-COX-2 Tg mouse line and maintenance of the
colony. The h-COX-2 Tg mice were generated using the classical transgenic method
of pronuclear injection from B6DBA2JRcc embryos. The vector contains the PTGS2
cDNA together with the APOE promoter and the hepatic control region (HCR) to
express the enzyme specifically into hepatocytes. (A) To maintain the colony,
heterozygous transgenic males are crossed with B6D2 F1 Wt females and 50% of the
progeny carry the construct, while the other 50% are Wt. B6D2 F1 Wt females are
obtained through the crossing of a B6 female and a DBA male. (B) The pure genetic
background was obtained by backcrossing an h-COX-2 Tg mouse from the mixed
genetic background with a pure genetic background female. The cross of a male
carrying the transgene in heterozygosis with a Wt female maintains the colony, and
the progeny carry the transgene in a 50% proportion. (C) The F1 colony is obtained
by crossing a pure genetic background female carrying the transgene in
heterozygosis with a DBA male. The progeny is 50% h-COX-2 Tg and 50% Wit.
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2.2 Pure genetic background h-COX-2 Tg mice line generation (B6)

A pure C57BL/6JRccHsd (B6) genetic background mouse line
(B6JRcc.B6D2JRccHsd-Tg (APOE/PTGS2)4/Upme) was also used. This line was
obtained by crossing an h-COX-2 Tg male from the mixed genetic background line
with a C57BL/6JRccHsd (B6) female (first cross). An h-COX-2 Tg female from the
F1 was then crossed with a Wt B6 male (second cross) and then an h-COX-2 Tg male
from the F2 with a Wt B6 female. From this moment, one male of each generation
was crossed with a B6 female, until the 10th generation, when it is assumed that full

passage to pure background has been achieved (Figure 8B).

2.3 F1 hybrid genetic background animals (B6D2 F1)

To further study the influence of genetic background in the experiments, F1
hybrid animals were also used. These animals were obtained by crossing a B6JRcc-
Tg(APOE/PTGS2)/Upme female with a DBA2JRccHsd male. Male mice carrying the
transgene and their Wt littermates were used (B6D2 F1) (Figure 8C).

2.4 Mice genotyping

To detect the presence of the h-COX-2 transgene, animals were genotyped before
weaning. At day 10-12 mice were marked by toe tattooing and a tail biopsy was taken
and incubated with 500 pL of Lysis Buffer for DNA extraction (Table 1) with 100
ug/uL Proteinase K (BioBasic) at 55 °C overnight. Once the tails were digested, the
tubes were shaken, centrifuged at maximum speed for 5 min and the supernatant was
transferred to new tubes. The DNA was precipitated with a volume of isopropanol,
the tubes were shaken by inversion until the DNA strand was visualised and
centrifuged at maximum speed for 5 min. Once the DNA pellet was formed, the
supernatant was discarded, the pellet was washed twice with 70% ethanol and air dried
at room temperature. The DNA was then dissolved in T.E. 10/0.1 (10 mM Tris, 0.1
mM EDTA) for 15 min at 55°C or overnight at 4°C.
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When the DNA pellet was completely dissolved, DNA was quantified in a
BioPhotometer (Eppendorf) and purity was determined. Conventional PCR was
performed with h-COX-2 specific primers (Table 2) and PCR Master Mix (Table 3,
Promega). The PCR program was run (Table 4) and the PCR product was resolved in
a 1% agarose gel (w/v) (in 1X TAE (40 mM Tris, ImM EDTA, 0.1% Acetic Acid
(v/v)) at 90 V for 30 min. The gel was then stained with Gel-red solution (1/20.000
dilution in distilled H,O, Biotium) for 10 min, and images were taken on a

transilluminator (ULTima 16si Plus, I1sogen Life Sciences).

Table 1. Lysis Buffer for DNA extraction

Compound Concentration

Tris pH 8.5 100 mM

EDTApH 8 5mM
SDS 0,002 % (wiv)
NaCl 200 mM

Table 2. Primers for PCR genotyping of PTGS2

Gene Primer pair

FP: 5 -CGCAGTACAGAAAGTATCACAGGC- 3
RP: 5" -GCGTTTGCGGTACTCATTAAAA- 3

PTGS2

75



Ill. MATERIALS AND METHODS

Table 3. PCR Master Mix

Compound Concentration
GoTaq Green Buffer (5X) 1X
MgClz (25 mM) 1,5mM
Forward primer (10 puM) 0,2 uM
Reverse primer (10 uM) 0,2 uM
dNTPs (10 mM) 0,2 uM
Taq (5 u/ul) lu
DNA template 5 ng/ul
Reaction volume 20 4

Table 4. PCR program for PTGS2 detection

Temperature Time
95°C 2 min
95°C 20s
60 °C 20s x 35 cycles
72°C 30s
72°C 3 min

2.5 Experimental design

2.5.1 Liver ischemia-reperfusion model

Male h-COX-2 Tg mice aged 8 to 10 weeks and their Wt siblings were used. Only

male mice were used in the procedures to avoid hormonal modulation of endogenous

prostaglandin levels. Mice were randomly divided into 2 groups: Sham surgery group

and hepatic ischemia-reperfusion (I/R) group. 30 min before surgery, 100 puL of an

analgesic solution (Buprenorphine, 0,05 mg/kg) was injected subcutaneously.

Animals were anesthetized with 1,2-2% isoflurane (Isoflutek, Karizoo), and a warm

segmented (70%) hepatic I/R protocol was performed for 90 min, clamping the
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hepatic triad (Figure 9) [139]. Reperfusion was initiated with the removal of the
clamp and prolonged for 4 h or 24 h (Figure 10). 300 puL of warm saline was injected
subcutaneously before the animals were awakened. The animals were sacrificed by
cervical dislocation, opened at the abdominal level and the livers were removed. The
different lobes were divided and preserved according to future uses (frozen, fixed or
used fresh). Whole blood was also collected by cardiac puncture just after the

sacrifice.

Bile
duct

' Hepatic
Hepatic ar?ear;/
vein

Figure 9. Schematic representation of the 70% liver ischemia model in mouse
liver. The clamp is placed on the hepatic triad, interrupting hepatic artery supply as
well as hepatic vein and bile duct flow. During ischemia, the median, left, and caudal
lobes are deprived of blood supply and the right lobes remain hyperoxygenated.

2.5.2 Ischemia preconditioning

Prior to the ischemia-reperfusion model described above, a preconditioning (PC)
is performed in some Wt animals. Once the animal is anesthetized, a short 20 min
ischemia is performed clamping the hepatic triad. After this time, the clamp is
removed, and a reperfusion of 30 min is allowed before the 90 min ischemia starts
(Figure 10).
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2.5.3 Drug-inhibition of COX-2

A group of h-COX-2 Tg and Wt PC mice were treated with the COX-2 inhibitor
5,5-dimethyl-3(3-fluorophenyl)-4-(4-methylsulfonyl)phenyl-2(5H)-furanone (DFU)
prior to the ischemia surgery. Mice were injected intraperitoneally with 5 mg/kg DFU
(reconstituted in dimethyl sulfoxide (DMSO) and diluted in saline) four times: once a
day for 3 days and 45 min prior to surgery (Figure 10). Control mice were injected
with DMSO diluted in saline.

|Ischemia|[Reperfusion| ~ Sacrifice

[ 9omin | 4or24h | R
[20min{30 min | 90 min_| 4 h | PCIR
DFU 5mg/kg /é&’ /f j /ﬁ" 5
{ 90min | 4 h | DFUI/R

Day Day Day -45 min

Figure 10. Temporal diagram of the three different conditions of the
experimental design. The ischemia/reperfusion (I/R) consists of 90 min of ischemia,
followed by 4 or 24 h of reperfusion before sacrifice. The PC condition consists of a
short ischemia of 20 min, followed by 30 min of reperfusion, before I/R protocol. The
DFU condition consists of 4 intraperitoneal injections of DFU at 5mg/kg prior to I/R.

3. SUBCELLULAR FRACTIONATION

3.1 Mitochondrial isolation

Liver mitochondria were isolated following the method described by Frezza et al
[140]. Briefly, a liver lobe (average weight 300-500 mg) was washed 3 times with
cold Mitochondria Isolation Buffer (mIB, Table 5), cut into small pieces (~ 30 mg)

and homogenised in a glass/Teflon Potter-Elvehjem homogenizer with 5 mL of cold
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mIB at low revolutions. The homogenate was transferred to a 50 mL centrifuge tube
and centrifuged at 600x g for 10 min at 4 °C. The pellet was discarded and the
supernatant was transferred to a centrifuge tube and centrifuged at 7000x g for 10 min
at 4 °C. The supernatant was discarded; the pellet was resuspended in 5 mL of cold
mIB and centrifuged again at 7000x g for 10 min at 4 °C. The supernatant was
discarded and the mitochondrial pellet was resuspended in 1 mL of miB.
Mitochondrial protein concentration was determined using the DC Protein Assay
(Bio-Rad,) with bovine serum albumin (BSA) diluted in mIB for standard curve
generation. Fresh mitochondria were used for functional assays (high-resolution
respirometry) and frozen aliquots were used for protein assays (Western blotting and

supercomplex resolution).

Table 5. Mitochondria Isolation Buffer (mIB)

Compound Concentration
Sucrose 0,2M
Tris-MOPS 10 mM
EGTA-Tris 1 mM
pH 7.4

3.2 Nuclear fractionation

Nuclear extract was isolated from 100 mg of liver tissue with 0,3 M sucrose
solution. The tissue was homogenized in a glass/Teflon Potter- Elvehjem
homogenizer and centrifuged at 1000x g for 10 min at 4 °C to separate the cytosolic
fraction (supernatant) and nuclear fraction (pellet). The pellet was washed 4 times
with 0,3 mM sucrose solution and centrifuged at 8000x g for 15 min at 4 °C. The pellet
was then resuspended in Lysis buffer (Table 6) and shaked for 1 h at 4 °C. Finally,
total protein concentration was determined using the DC Protein Assay (Bio-Rad),

with BSA diluted in Lysis buffer for standard curve generation.
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4. HISTOLOGICAL ANALYSIS

4.1 Fixation, paraffin tissue inclusion, and sectioning

Liver pieces were fixed in cold 4% PFA (v/v) overnight, then rinsed with 1X
PBS and kept in cold 40% ethanol. Each piece of liver was then placed in a grating
and processed in a Tissue Processor (Spin Tissue Processor STP 120, Especialidades
Meédicas). The protocol followed consists of 1 h in ethanol 70%, 3 h in ethanol 96%
I, 1,5 h in ethanol 96% II, 2 h in ethanol 100% I, 6 h in ethanol 100% II, 1,5 h in
xylene I, 2,5 h in xylene I, 2,5 h in paraffin | and 2 h in paraffin 1l. The tissues were
then embedded in hot paraffin and allowed to cool to form the paraffin blocks.

Sections of 4 um thick were then cut on a microtome (Leica Microsystems).

4.2 Deparaffination, rehydration, and dehydration of samples

The preparations were kept at 60 °C for 30 min, and then washed twice in xylene
for 15 min. The tissues were then rehydrated in decreasing concentrations of ethanol
(100% twice for 10 min, 90% for 5 min, 70% for 5 min and 50% for 5 min), washed
with distilled H,O and maintained in distilled H,O before starting any staining
protocol. After the staining, the preparations were dehydrated in increasing
concentrations of ethanol (50% for 5 min, 70% for 5 min, 90% for 5 min and twice in
100% for 10 min) and xylene (twice in xylene for 15 min). A drop of mounting xylene-
based DPX mounting solution (Scharlab) was then placed on the tissue sections and

covered with a coverslip.

4.3 Fixed paraffined tissue stains

4.3.1 H&E staining

After deparaffination and rehydration, the sections were immersed in
Haematoxylin for 3 min, washed with distilled H,O, for 1 min and immersed in
differentiator (soft acid) for 1 min. The sections were incubated with Eosin for 1 min

and then dehydrated, mounted and scanned on a digital scanner (Aperio Versa 200,
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Leica Microsystems). H&E stain was performed by the department of Animal
Medicine and Surgery at the Veterinary Faculty, Universidad Complutense de Madrid
(UCM) and by the Microscopy Facility at the Servicio Central de Soporte a la
Investigacion Experimental (SCSIE), Universitat de Valéncia (UV). Semi-
quantitative analysis was used to estimate the extent of parenchymal necrosis,
performed by a professional pathologist (Dr. Juana M. Flores (UCM) and Echervarne
Laboratories, blinded to the features of animal group). At least five fields of each
sample were examined at low power fields at 100X magnifications. To determine
tissue lesion, the scores used were O=none, 1=mild lesion (0-20% of necrosis), 2=
moderate lesion (20-40% of necrosis), 3=severe lesion (more than 40% of necrosis)
[141][142].

4.3.2 Ly6G" staining

To estimate the degree of hepatic neutrophil infiltration, fixed paraffin-embedded
liver sections were used. A standard immunohistochemistry protocol was followed
using anti-mouse Ly6G (BD Pharmingen™). Briefly, after deparaffination and
rehydration, an antigen retrieval step was performed by immersing the sections in
Citrate Buffer (10 mM Sodium Citrate, 0,05% Tween-20 (v/v), pH 6) and
microwaving for 5 min. The sections were then allowed to cool down and washed
with 1X PBS. The sections were then incubated with Peroxidase Blocking Solution
(10% methanol, 3% H,O; in 1X PBS) for 10 min to block the endogenous peroxidase,
and later with Blocking Solution (6% BSA (w/v), 2% normal horse serum (v/v),
0.05% Tween-20 (v/v)) for 1 h to block any non-specific binding of the antibody.
Sections were incubated with the primary antibody diluted in Blocking Solution
overnight at 4 °C and the next day incubated with the secondary antibody for 1 h at
room temperature. The signal was amplified incubating the slides in ABC solution for
45 min and was finally revealed by incubating the slides with DAB Peroxidase
Substrate (Vector Laboratories) solution for 4 min. The reaction was stopped with tap
water for 2 min; the slides were washed with 1X PBS and mounted with Prolong

(Invitrogen).
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4.4 Tissue cryopreservation and sectioning

Liver pieces were washed in 1X PBS, kept overnight in 4 % PFA and then passed
through increasing concentrations of sucrose in 1X PBS (1 h at 10 % and 20 % and
overnight at 30 % (w/v)). Tissues were then briefly washed with 1X PBS, embedded
in moulds with OCT embedding medium (LAMP/OCT, Thermo Fisher Scientific)
and kept on dry ice until solidification. Sections of 8 um thick were cut on a cryostat

(Leica Microsystems).

4.5 Dihydroethidium staining

Superoxide content was determined in frozen liver sections following the
protocol previously described [143]. Fresh liver pieces were washed in 1X PBS,
inmediatly embedded in OCT and frozen in dry ice. 8 pum sections of unfixed frozen
liver samples were incubated for 15 min at 37 °C with 5 uM dihydroethidium (Merck
Life Sciences S.L.U. —-Sigma) diluted in 1X PBS. Slides were washed with cold 1X
PBS and covered with a coverslip. Sections were visualised with a Leica DM RXA2
fluorescence microscope. Fluorescence intensities in a minimum of five randomly
selected areas (40X magnification) were quantified with Image J software

(https://imagej.nih.gov/ij/).

4.6 Transmission Electronic Microscopy (TEM)

For transmission electronic microscopy (TEM), tissues were fixed in 2%
glutaraldehyde (v/v) (Electron Microscopy Sciences) in 0,1 M sodium cacodylate at
pH 7.2, washed with cacodylate buffer containing 0,1 M sucrose and post-fixed with
1% osmium tetroxide (w/v) in phosphate buffer. After washing with H.O and
dehydration with ethanol, the samples were embedded in epoxy resin. Ultra-thin slices
(60 nm) were stained with 2% uranyl acetate (w/v) before TEM visualisation using a
HITACHI HT7800 120Kv microscope at 60 Kv. Sample preparations was performed
by the Microscopy Facility at the SCSIE, UV.
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Images were acquired using an EMSIS XAROSA digital camera with Olympus
image analysis software. Quantifications were performed at 12 k or 25 k
magnification. An average of a minimum of five visual fields was assessed for each
mouse liver. Quantifications were performed with Image J software

(https://imagej.nih.gov/ij/) as described in [144].

5. PROTEIN DETECTION

5.1 Protein extraction and quantification

Protein extracts were obtained by homogenising a piece of frozen tissue (~ 50
mg) in cold Lysis Buffer (Table 6) with an Ultra Turrax. Homogenates were kept
under orbital shaking for 2 h in cold and centrifuged at maximum speed for 20 min at
4 °C. Clear supernatants were collected and protein content was determined using the
DC Protein Assay (Bio-Rad). BSA was used for the generation of the standard curve
diluted in Lysis Buffer.

Table 6. Lysis Buffer for protein extraction

Compound Concentration
NaCl 150 mM
NP-40 1% (VIV)
Tris 50 mM
EDTA 5mM
EGTA 5mM
PMSF 0,1 mM
protease(iggict:gr cocktall 1 tablet
pH 8
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Table 7. Laemli sample Buffer

Compound Concentration
SDS 4 % (wiv)
Glycerol 20 % (viv)
Bromophenol blue 0,004 % (wiv)
Tris-HCI 0,125 M
DTT 200 mM
pH 6.8

5.2 Protein electrophoresis and immunoblotting

For detection of proteins by immunoblotting (Western blot), the same amount of
protein for each sample was boiled in Laemli sample buffer (Table 7) for 5 min at 95
°C (50 ug for liver homogenates and 20 g for isolated mitochondria). For detection
of the OXPHOS proteins with the OXPHOS antibody cocktail detection, samples
were heated at 50 °C for 5 min. Samples were loaded onto 8, 10, or 12% SDS-
polyacrylamide (acrylamide/bisacrylamide, 29:1) electrophoresis gel (SDS-PAGE)
and allowed to run for 90 min at 150 V in 1X Running Buffer (Table 8). Proteins were
then transferred to PVDF membranes (Merck Life Sciences S.L.U. —Sigma) for 1 h
with cold 1X Transfer Buffer (Table 8) at 100 V, and the blots were blocked with
blocking solution (1X TBS (Table 8), 0,1% Tween-20 (v/v) and 5% milk (w/v) (Difco
Skim Milk, BD Biosciences) for 1 h at room temperature. The blots were incubated
overnight at 4 °C with the primary antibodies (Table 10) diluted in blocking solution.
All blots were washed after and before incubations with antibodies with 1X TBS,
0,1% Tween-20 (v/v). After incubation with the corresponding secondary antibodies
(anti-mouse IgG HRP, anti-rabbit IgG HRP or anti-goat 1gG HRP diluted in blocking
solution, 1:10.000 (Santa Cruz Biotechnology; Cayman Chemicals)) for 45 min at
room temperature, the blots were washed with 1X TBS and developed with NZY
Advanced ECL reagent (NZYTech). Images were acquired on a luminescent image

analyser (LAS 4000 mini, GE Healthcare), and densitometric analysis of the bands,
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expressed in arbitrary units, was performed with Image Studio Lite software (version
5.2.5, Licor). Band densities of target proteins were quantified and normalised with
GAPDH or VINCULIN for cytosolic proteins and LAMIN B for nuclear proteins as
loading controls. When isolated mitochondria were used, the loading control selected
was CytC.

Table 8. Western blot buffers

1X Running 1X Transfer

Buffer Buffer IXTBS
Compound Concentration

TRIS-base 25 mM 25 mM 50 mM

Glycine 0,2 M 0,2 M -

SDS 3,5mM - -

Methanol - 20% -
NaCl - - 150 mM

pH 7.6

5.3 Protein native electrophoresis for supercomplex detection (BN-PAGE)

Identification of mitochondrial supercomplexes was performed with blue-native
gels (BN-PAGE). Briefly, the isolated mitochondria were centrifuged at 7000x g for
10 min at 4 °C. The mitochondrial pellet was resuspended in an appropriate volume
of resuspension buffer (Table 9) to a final mitochondrial concentration of 10 pg/uL.
100 ug of mitochondria were incubated 5 min on ice with 10% digitonin (w/v) (Table
9), and then centrifuged at maximum speed for 30 min at 4 °C. The supernatant was
collected in a new tube and blue sample buffer (5% (w/v) blue G dye, 1 M 6-
aminohexanoic acid) was added (20% of the final volume). Samples were loaded in
the XCellSureLock Mini-Cell Electrophoresis System (Thermo Fisher Scientific);
dark blue Cathode buffer (20% (w/v) comassie brilliant blue G250 in 1X Anode
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buffer) was loaded on the inside and 1X Anode buffer (NativePAGE 20X Running
Buffer, Thermo Fisher Scientific) in the outside. The gel was run 30 min at 150 V at
4 °C, then the dark blue Cathode buffer was replaced with light blue Cathode buffer
(1/10 dilution dark blue Cathode buffer : 1X Anode buffer), and run for further 150
min at 250V at 4 °C. At the end of the run, the gel was stained with blueSafe

(NZYTech) and scanned or transferred to a PVDF membrane for immunaoblotting

assays.
Table 9. Buffers for the isolation of mitochondrial supercomplexes
Digitonin Buffer Resuspension Buffer
Compound Concentration Compound  Concentration
S 6-amino-
D 10 % . . 1M
igitonin 0 % (wiv) hexanoic acid
NaCl 50 mM Bis-Tris/HCI 50 mM
Imidazole 50 mM pH 7.0
6-am|no—hexan0|c 5 mM
acid
PMSF 4mM

Table 10. Primary Antibodies used for Western blot (WB) and Immunofluorescence

(IF)
Antibody Hos.t Dilution Manufacturer Cat. No. Technique
specie
ALBUMIN goat 1:150 R&D Systems AF-3329 IF
AKT rabbit 1:1000 Cell Signaling Technology 9272 WB
p-AKT rabbit 1:1000 Cell Signaling Technology 4060 WB
AMPK rabbit 1:1000 Cell Signaling Technology 5832 WB
p-AMPK rabbit 1:1000 Cell Signaling Technology 2535 WB
ATG7 mouse 1:1000 Santa Cruz Biotechnology  sc-376212 WB
BAX rabbit 1:1000 Cell Signaling Technology 2772 WB
BCL-2 rabbit 1:1000 Cell Signaling Technology 2830 WB
CHOP rabbit 1:1000 Santa Cruz Biotechnology sc-793 WB
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CLEC4F

COX-1
COX-2
(monoclonal)
COX-2
(polyclonal)
CytC

DRP1
elF2a
p-elF2a
FIS1
GAPDH
GRP78
HSP60
IkBou
p-1kBa
JNK/SAPK
p-JNK/SAPK
LAMIN B
LC3

MFN1
MFN2
NDUFA5
NRF2
OMA1
OPAl1
OXPHOS
p62

p65

p65
MnSOD
VINCULIN
YME1L1

goat
rabbit

mouse

rabbit

mouse
rabbit
rabbit
rabbit
rabbit
mouse
mouse
rabbit
rabbit
mouse
rabbit
rabbit
goat
rabbit
rabbit
mouse
rabbit
rabbit
mouse
rabbit
mouse
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit

1:150
1:100

1:1000

1:1000

1:1000
1:500
1:1000
1:1000
1:1000
1:1000
1:1000
1:100
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:250
1:1000
1:1000
1:150
1:1000
1:2000
1:1000

R&D Systems
Cell Signaling Technology

Cayman Chemicals

Cayman Chemicals

Thermo Fisher Scientific
Abcam
Cell Signaling Technology
Cell Signaling Technology
Proteintech
Ambion
Santa Cruz Biotechnology
Abcam
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Sigma-Merck
Proteintech
Abcam
Proteintech
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam
Abcam
MBL
Cell Signaling Technology
Santa Cruz Biotechnology
Enzo Life Sciences
Proteintech

Proteintech

AF-2784
4841

160107

160106

45-6100
ab184247
9722
9721
10956-1-AP
AM4300
sc-376768
ab46798
sc-371
sc-8404
9252
9251
sc-6217
L7543
13798-1-AP
ab56889
16640-1-AP
sc-13032
sc-515788
ab15457
ab110413
PM045
8242
sc-109
ADI-SOD-110
26520-1-AP
11510-1-AP

WB

WB

WB
WB
WB
WB
WB
WB
WB

WB
WB
WB
WB
WB
WB
WB
WB
WB
IF, WB
WB
wB
wB
wB
wB
IF
IF, WB
WB
WB
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5.4 Immunofluorescence

For cryopreserved tissues, sections were fixed with 4% PFA (v/v) at 4 °C for 30
min. For 4% PFA-fixed, paraffin-embedded tissues, sections were deparaffinised and
rehydrated before starting the protocol. For the HSP60 immunostaining specifically,
antigen retrieval was performed by incubating the tissues with 0,01% Trypsin (v/v) in
1X PBS at 37 °C for 10 min and microwave heating in Tris-EDTA buffer (10 mM
Tris, 0,1 mM EDTA, pH 9) for 10 min. For all sections, non-specific binding was
blocked with blocking solution (10% normal horse serum (v/v), 1% BSA (w/v), and
0,2% Triton X-100 (v/v) in PBS) for 1 h at room temperature and incubated overnight
with primary antibodies diluted in blocking solution (Table 10). On the next day, the
slides were washed with 1X PBS and incubated with secondary antibodies (Alexa
Fluor 488 donkey anti-goat, Alexa Fluor 647 donkey anti-rabbit or Alexa 546 goat
anti-rabbit diluted in blocking solution, 1:500 (Invitrogen, Thermo Fisher Scientific))
for 45 min at room temperature in the dark. Slides were washed with 1X PBS and
nuclei were stained with Hoescht 33342 (at 160 uM in 1X PBS, Thermo Fisher
Scientific) for 10 min at room temperature in the dark. Finally, the slides were
mounted with Prolong (Invitrogen). Photographs (magnifications 40X and 63X) were
taken with a confocal microscope (SP-8, Leica Microsystems) using the LAS AF

software (Leica Application Suite Advanced Fluorescence, Leica Microsystem).

6. GENE DETECTION AND EXPRESSION

6.1 Isolation of total DNA from frozen liver tissue

Total DNA was isolated from small pieces of frozen liver tissues (~ 30 mg). The
pieces were homogenized in 100 pL of DNA Isolation Homogenisation Buffer (Table
11) in a small glass/Teflon Potter-Elvehjem homogenizer manually. The homogenate
was transferred to a 1,5 mL tube and 5 U/pL of RNase (NZYtech) was added. The
tubes were incubated at 37 °C for 30 min. Next, 300 pL of DNA Isolation Lysis Buffer

88



[ll. MATERIALS AND METHODS

(Table 11) plus 2% (v/v) B-mercaptoethanol were added. The tubes were vortexed
briefly and incubated at 65 °C for 30 min. After this time, a volume of chloroform-
isoamyl alcohol (24:1) was added, the tubes were shaken until the 2 phases were
combined and centrifuged at 16000x g for 10 min at room temperature. The upper
phase was then collected in new tubes and a volume of isopropanol was added. The
tubes were kept at -20 °C for at least 1 h and then centrifuged at 16000x g for 25 min
at 4 °C. The supernatant was discarded and the DNA pellet was washed twice with
70% ethanol, dried at room temperature and resuspended in T.E. 10/0,1 (10 mM Tris,
0,1 mM EDTA).

Table 11. DNA Isolation Buffers

DNA Isolation H isati . .
solation Homogenisation DNA Isolation Lysis Buffer

Buffer
Compound Concentration Compound Concentration
Tris-HCI 10 mM CTAB 2% (Wiv)
MgCl2 10 mM Tris-HCI 100 mM
Triton X-100 5% (vIV) EDTA 20 mM
pH 7.0 NaCl 1,4M

pH 8.0

6.2 Determination of mitochondrial DNA content

DNA quantification was performed with a Nanodrop 2000 (Thermo Fisher
Scientific), and diluted to a final concentration of 10 ng/mL. The nuclear encoded
gene ApoB was used as a nuclear genetic marker (nDNA) and mitochondrial encoded
gene CytB as a mitochondrial genetic marker (mtDNA). Both genes were amplified
by gPCR with Power SYBR Green Master Mix (Thermo Fisher Scientific) (Table 12)
with specific primers (Table 14). The gPCR was performed with a QuantStudio 5
System (Thermo Fisher Scientific). Each sample was run in duplicate and mtDNA
was normalized to nDNA. The biological replicates were then averaged and fold

induction was determined in a 2**“* -based fold-change calculation.
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6.3 RNA extraction, RT, and gPCR

Total RNA from frozen liver pieces was extracted using TRI Reagent (Thermo
Fisher Scientific) according to the manufacturer’s indications. Briefly, frozen liver
pieces (~30 mg) were homogenised with an Ultra Turrax in 1 mL of TRI Reagent and
incubated at room temperature for 5 min. The tubes were centrifuged and the
supernatants were collected in new tubes. 200 uL of chloroform were added to the
tubes, mixed vigorously and kept at room temperature for 15 min. After centrifugation
at 12.000x g for 10 min at 4 °C, the aqueous phase (on top) was transferred to new
tubes. 500 upL of isopropanol were added; the tubes were shacked by several
inversions and kept at room temperature for 10 min. RNA pellet was formed after
centrifugation of 10 min at 12.000x g at 4 °C, and washed twice with cold 70%
ethanol. Pellets were dried at room temperature for 5 min, resuspended in H.O

(RNase-free), and stored at -80 °C for later use.

RNA was reverse transcribed using a Transcriptor High Fidelity cDNA Synthesis

Kit according to the manufacturer's indications (Roche Diagnostic) (Table 13).

Table 12. Reverse Transcription (RT) program

Temperature Time
65 °C 10 min
4°C -
25°C 10 min
55°C 30 min
85°C 5 min
4°C -
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Table 13. gPCR programs for SYBRGreen and TagMan reagents

Fast SYBRGreen reagents TagMan reagents
Temperature Time Temperature Time

95°C 20s 95°C 10 min

95°C 1s x 40 95°C 15s 45

cycles X

60 °C 20s 60 °C 60 s cycles

95°C 1s Melt 72 °C 1s

60 °C 20s curve 40 °C 30s

t
95 °C 1s slage

The cDNA was used as a template for real-time qPCR. Specific genes were
amplified using Fast SYBR Green Master Mix (Thermo Fisher Scientific) (Table 13)
with specific primers (Table 14) or Eagle Taqg Universal MMX w/ROX (Roche
Diagnostic) (Table 13) master mix with specific primers and UPL probes (Table 14)
in a real-time gPCR thermocycler. Each sample was run in duplicate and normalized
to Hprt or RplpO genes as housekeeping genes. The replicates were then averaged,

and fold induction was determined in a 2*“* based fold-change calculations.
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Table 14. Primers for gPCR

Gene Primer pair Technology
Atf4 FP: 5-CTCATGGGGCCTTTAGGACG-3 SYBRGreen
RP: 5-GTGGTCACGTGATCCTACCG-3'
FP: 5 CGTGGGCTCCAGCATTCTA 3'
Apob RP: 5' TCACCAGTCATTTCTGCCTTTG 3' SYBRGreen
Cybb FP: 5 GCTTTCCACTTCATCTTACCATTTA 3 SYBRGreen
RP: 5' TGTTGGGTTGTTTGATCCTG 3
Atf6 FP: 5-AGGTGTCTGTTTCGGGGAAG-3 SYBRGreen
RP: 5-CAAACAACGTCGACTCCCAGT-3'
Ddita FP: 5-CCTGAGGAGAGAGTGTTCCAG-3' SYBRGreen
RP: 5-GACACCGTCTCCAAGGTGAA-3'
pr FP: 5’-ATCGACATCGAACCTGACAT -3‘ SYBRGreen
RP: 5-GAGTGCAGCCAGTAATCACC -3
Gsr FP: 5-ATTGGCTGTGATGAGATGCT-3' SYBRGreen
RP: 5-GGTAGGATGAATGGCAACTG-3
FP: 5-AGGCTAAGACCGCCTTCCT -3
Hmox1 RP: 5-TGTGTTCCTCTGTCAGCATCA -3 SYBRGreen
Hort FP: 5 -TCCTCCTCAGACCGCTTTT- 3 TagMan (UPL probe
P RP: 5' -CCTGGTTCATCATCGCTAATC- 3' #95)
FP: 5-TGTGTGTGAGACCAGAACCG-3
Hspas RP: 5-GCAGTCAGGCAGGAGTCTTA-3' SYBRGreen
FP: 5-CTGGACAACATACTGCTAACCG- 3
II-10 RP: 5-GGGCATCACTTCTACCAGGTAA-3 SYBRGreen
FP: 5-AGAAGCTGTGGCAGCTACCTG- 3
IL-1b RP: 5-GGAAAAGAAGGTGCTCATGTCC-3 SYBRGreen
6 FP: 5-GAGGATACCACTCCCAACAGACC- 3' SYBRGreen
RP: 5-AAGTGCATCATCGTTGTTCATACA-3
FP: 5-ATTACCCGCCCGAGAAAGG-3
Nirp3 RP: 5-TCGCAGCAAAGATCCACACAG-3' SYBRGreen
FP: 5-TAGATGACCATGAGTCGCTTGC -3
Nfe2i2 RP: 5-GCCAAACTTGCTCCATGTCC-3' SYBRGreen
boaraela FP: 5 -AATTTTTCAAGTCTAACTATGCAGACC- 3 TagMan (UPL probe
parg RP: 5' -CAAAATCCAGAGAGTCATACTTGC- 3' #31)
FP: 5-ATGAGTCGAAGGAGTCTCTCG-3
Ptgsl RP: 5 GCACGGATAGTAACAACAGGGA-3 SYBRGreen
FP: 5- CGCAGTACAGAAAGTATCACAGGC-3'
PTGS2 RP: 5- GCGTTTGCGGTACTCATTAAAA -3 SYBRGreen
RpIpO FP: 5 -ACTGGTCTAGGACCCGAGAAG- 3 SYBRGreen
RP: 5 -TCCCACCTTGTCTCCAGTCT- 3
FP: 5-TGTGTCCATTGAAGATCGTG-3'
Sod1 RP: 5-CTTTGCCCAAGTCATCTTGT-3 SYBRGreen
Sod2 FP: 5-TCAGTGCTCACTCGTGTCAT-3 SYBRGreen
RP: 5-ACACGATAGGTTTGGGCATA-3
Tfam FP: 5 -TGAGGCTTGGAAAAATCTGTCT- 3' TagMan (UPL probe
RP: 5 -TCGTCCAACTTCAGCCATC- 3 #103)
FP: 5-CAGGCGGTGCCTATGTCTC- 3'
Tnf RP: 5-CGATCACCCCGAAGTTCAGTAG-3' SYBRGreen
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6.4 Determination of Xbp1l splicing

The cDNA was used as a template to detect splicing variants of the Xbpl gene.
Splicing variants were amplified with conventional PCR with specific primers (Table
15) and PCR program (Table 16). The PCR product was loaded onto a 6%
polyacrylamide (acrylamide/bisacrylamide, 29:1) electrophoresis gel for 90 min at 80
V. The gel was stained with ethidium bromide and visualised on a transilluminator.
Densitometric analysis of the bands was performed with Image Studio Lite software

(version 5.2.5, Licor) and expressed as percentages (spliced band to total).

Table 15. Primers for Xbpl cDNA PCR and splicing detection

Gene Primer pair

FP: 5 -GAACACGCTTGGGAATGGACAC- 3

Xbpl RP: 5' -AGAAAGGGAGGCTGGTAAGGAAC- 3

Table 16. PCR program for Xbp1 splicing detection

Temperature Time
95°C 3 min
95°C 20s
62 °C 20s x 35 cycles
72°C 30s
72°C 3 min
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6.5 RNAseqg and NGS analysis

Briefly, total RNA was obtained using the mirVana miRNA Isolation Kit
(Thermo Fisher Scientific,) and prepared for sequencing using the lllumina TruSeq
RNA Sample Prep Kit v2 according to the manufacturer’s instructions. RNA was
sequenced on a Hiseq 4000 platform (Macrogen). The Illumina Hiseq 4000 generated
raw images using HCS (HiSeq Control Software v3.3) for system control and base
calling through an integrated primary analysis software called RTA (Real Time
Analysis, v2.7.3). The Base Class Library (BCL) binary was converted into FASTQ
using the Hlumina package bcl2fastq (v2.17.1.14). Trimmed 100bp sequenced paired-
end reads were mapped to a reference genome with HISAT2. After mapping the reads,
Stringtie was used for transcript assembly. An expression profile was calculated for
each sample and transcript/gene as fragments per kilobase of transcript per million

mapped reads. Sequencing and analyse were performed by Macrogen.

7. DETERMINATION OF METABOLITES AND CYTOKINES

7.1 Plasma collection

Whole blood was obtained by cardiac puncture of the post-mortem left atrium
with a heparinised syringe, and collected in 1,5 mL tubes containing 10 puL of heparin
(5% heparin solution (w/v) in saline). The tubes were centrifuged at 300x g for 30 min

at 4 °C and the plasma (upper phase) was collected in new tubes.

7.2 PGE:

PGE; was determined in liver homogenates and plasma by means of a specific
immunoassay (K051, Arbor Assays). Briefly, plasma and tissue homogenates were
loaded onto a plate with a mouse 1gG antibody conjugate at the bottom of the wells.
PGE»-peroxidase conjugated and monoclonal antibodies to PGE, were then added to

the samples. Incubation was performed to allow for the binding reaction before adding
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the substrate. The substrate reacts with the bound peroxidase and after a short
incubation the reaction is stopped. The intensity of the generated colour is detected in
a microtiter plate reader at a wavelength of 450 nm. The concentration of PGE in the
samples is calculated using a standard curve supplied with the kit.

7.3 Plasma transaminases

Alanine transaminase (ALT) and aspartate transaminase (AST) activities were
determined in plasma with specific kits from BioSystems (COD 11832 and COD
11830 respectively). For the ALT measurement, the kit is based on a two-step
reaction. First, ALT present in the sample will transform alanine and 2-oxoglutarate
into pyruvate and glutamate. Secondly, lactate dehydrogenase (LDH) catalyses the
reaction between the pyruvate generated in the previous reaction with NADH and free
protons to generate lactate and NAD®. ALT activity will be measured indirectly
through the decrease of NADH at 340 nm. For the measurement of AST, the kit uses
an approach very similar to that of ALT. In this case, AST present in the sample will
transform aspartate together with the 2-oxoglutarate to generate oxaloacetate and
glutamate. In a second reaction, the malate dehydrogenase enzyme catalyses the
reaction between oxaloacetate, NADH, and free protons to generate malate and
NAD". AST activity will also be measured indirectly through the decrease of NADH
at 340 nm. Samples are mixed with the appropriate reaction buffer containing all
reagents and enzymes, incubated for 1 min and measured in a microtiter plate reader
at 340 nm every min for 3 min. The absorbance increment per minute is calculated
and the concentration of ALT and AST are calculated according to the manufacturer’s

instructions.

7.4 Plasma cytokines

LDH, IL-1B, TNF-a and IL-6 levels were assessed in plasma with a Luminex
analysis kit (MCYTOMAG-70K, Millipore, Merck Life Sciences S.L.U. —Sigma).
Parameters were measured by the Flow Citometry Facility at the Centro Nacional de
Biotecnologia (CNB-CSIC).
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7.5 Total NAD and NADH content determination

For determination of the total NAD and NADH content, the NAD/NADH Assay
Kit (Colorimetric) was used (ab65348, Abcam). Briefly, frozen liver pieces (~20 mg)
were homogenised in the corresponding NAD/NADH extraction buffer at a ratio of
400 uL/20 mg in a glass Teflon homogeniser. Deprotienisation of the samples was
performed with 10 kDa spin columns. Total NAD and NADH samples were loaded
in duplicates into a 96-well flat-bottomed plate and the assay was performed
according to the manufacturer's instructions. The absorbance was measured at 450 nm
in a Spark TECAN microplate reader until the optical density stabilised (Tecan,

Mannedorf, Switzerland).

7.6 AMP and ATP determination

The determination of AMP content was performed with the AMP Assay Kit
(Colorimetric) (ab273275, Abcam). Frozen liver tissue (minimum 10 mg) was
homogenised in AMP assay buffer at a ratio of 100 uL/10 mg in a glass Teflon
homogeniser. Deprotienisation of the samples was performed with 10 kDa spin
columns and the filtrate was loaded into a 96-well flat-bottomed plate in duplicate.
The assay was performed according to the manufacturer’s instructions and absorbance

was measured at 560 nm in a Spark TECAN microplate reader.

Detection of total ATP was analysed with the ATP colorimetric/fluorometric
assay (MAK190, Merck Life Sciences S.L.U. —Sigma). 10 mg of liver tissues were
homogenised in 100 puL ATP assay buffer in a glass Teflon homogeniser. Samples
were diluted with ATP assay buffer and loaded into a black 96-well flat-bottomed
plate, in triplicate. The assay was performed according to the manufacturer’s
instructions. Fluorescence was measured with a Spark TECAN microplate reader,

AEX=535 nm, AEm=587 nm.
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8. ENZYMATIC ACTIVITIES

8.1 Caspase 3

Caspase-3 was determined by Caspase-3 Fluorogenic Substrate kit (556485, BD
Biosciences) in plasma. A caspase-3 fluorogenic substrate (Ac-DEVD-AMC) is
added to the samples and after an incubation for 1 h at 37 °C, fluorescence is measured
in a microtiter plate reader, AEx=380 nm, AEm=420-460 nm. Protease activity is
represented by arbitrary units of fluorescence and normalised to protein content of the
samples. Protein levels were determined using the DC Protein Assay (Bio-Rad). BSA

was used for the generation of the standard curve.

8.2 Catalase

Catalase (CAT) activity was determined using a specific Enzo Life Sciences kit
(ADI-907-027). The kit is based on the determination of the final amount of H.0,
present in the medium after incubation with the CAT in the sample. Using a standard
curve supplied by the kit with different concentrations of CAT, the CAT activity of
the sample can be determined from the traces of H,O; that it does not metabolise.
Briefly, H,O; is added to the samples, the reaction that converts H,O; to O, and H,O
by the CAT present is allowed to occur, and then a detection reagent is added. This
detection reagent will react with the remaining H,O, and emit fluorescence. The
fluorescence intensity is measured in a microtiter plate reader, AEx=570 nm,

AEM=590-600 nm.

8.3 Superoxide dismutase

The superoxide dismutase (SOD) activity assay was based on the method of
Donahue et al. [145], which measures the SOD inhibition of the photochemical
reduction of nitroblue tetrazolium. Gel activity assays were performed on total extract
fraction containing 35 pg of protein separated by 12% non-denaturing PAGE at 4 °C.
Gels were pre-equilibrated in 0,05 M potassium phosphate solution, pH 7.8, and 1
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mM EDTA for 30 min, and then immersed in 0,24 mM nitroblue tetrazolium (NBT),
33,2 mM riboflavin, and 0,2% N,N,N’,N’- tetramethylethylenediamine (TEMED)
(v/v) in pre-equilibrating buffer for 30 min in the dark. In eukaryotic cells there are 2
types of SODs: Cu/zZn SOD and Mn SOD. Cu/Zn SOD is the predominant form
present in cell cytosol (about 80% of total SOD), while the remainder is Mn SOD
present in the mitochondrial matrix. To identify the individual isoforms, the gels were
treated with or without 0,2 mM potassium cyanide in the pre-equilibration buffer. The
Cu/zn SOD isoform is inhibited by this way, but the activity of Mn SOD is not
affected. Quantification, performed by densitometric analysis of the bands, was
carried out with ImageJ software (Rasband, http://imagej.nih.gov) and expressed in

arbitrary units.

8.4 Glutathione reductase and Glutathione Peroxidase

Glutathione Reductase and Glutathione Peroxidase activities were monitored
using specific colorimetric detection kits from Enzo Life Sciences (ADI-900-159 and

ADI-900-158, respectively) according to manufacturer’s indications.

In the assays, the oxidation of NADPH to NADP™ is monitored by decreasing
absorbance at 340 nm. This rate of decrease in absorbance at 340 nm is directly

proportional to the enzymatic activities.

8.5 Total glutathione and oxidised glutathione measurement

To determine the concentrations of total glutathione and oxidised glutathione in
the samples, a specific kit from Enzo Life Sciences (ADI-900-160) was used. The
assay is based on the principle of glutathione reductase reduction of oxidised
glutathione (GSSG) to reduced glutathione (GSH). A detection agent, DTNB (5,5’-
dithiobis-2-nitrobenzoic acid), reacts with GSH to produce a yellow 5-thio-2-
nitrobenzoic acid (TNB) which absorbs at 405 nm. The detection of TNB is directly
proportional to the concentration of glutathione in the sample. Liver samples were

homogenised in 5% (w/v) meta-Phosphoric acid (20 mL/g tissue), centrifuged and the
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clear supernatant was collected for the assay. Standards and samples were loaded into
a 96-well plate, incubated with the reaction mix composed of glutathione reductase
and DTNB and then absorbance was measured in a microtiter plate reader at 450 nm.
For the detection of GSSG, the same assay was performed but with the addition of 4-
vinylpyridine-treated to the samples and standards. The GSH measurement is
calculated as total glutathione minus GSSG.

8.6 Myeloperoxidase activity

Myeloperoxidase (MPO) activity was determined using a fluorometric detection
kit (ADI1-907-029, Enzo Life Sciences) according to the manufacturer’s instructions.
Briefly, tissue samples were washed and homogenised, then loaded onto a 96-well
plate. Next, a reaction cocktail containing H.O, and the detection agent was added to
the samples and incubated to allow the reaction. The MPO present in the sample will
react with the H,O, and the detection agent who will then emit fluorescence.

Fluorescence signal was measured in a microtiter plate reader, AEx= 530-571nm;

AEm= 590-600nm.
8.7 Indirect measurement of ROS production

Lipid peroxidation (LPO) levels were determined as indirect measures of ROS
production. The amount of aldehyde products generated by LPO was quantified ex
vivo in liver tissue by TBA reaction according to the method of Ohkawa and
colleagues [146]. Liver tissue (30 mg) was homogenised with 300 pL of 0,15 M KCI,
and 50 pL of liver homogenate was incubated for 60 min at 95 °C with 0,3 % TBA
(v/v) pH 3-3.5, 0,5 % SDS (w/v), and 7,5 % acetic acid (v/v). The mixture was
centrifuged at 4000x g for 10 min. The amount of TBA reactants (TBARS) was
expressed in terms of MDA using 1,1,3,3-tetramethoxypropane as a standard (nmol
MDA/mg protein) [147].
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9. FUNCTIONAL ASSAYS

9.1 Measurement of mitochondrial membrane potential

Mitochondrial membrane potential measurement was performed by flow
cytometry. Briefly a fresh small liver lobe was washed in 1X PBS and minced with
scissors. The small pieces were placed in a GentleMACS tube (Miltenyi Biotec)
containing 5 mL of pre-warmed DMEM with 0,75 mg/mL collagenase A. Liver pieces
were homogenised in the Octo Dissociator (Miltenyi Biotec) following a pre-set
programme (37C_m_LIDK 1), then the homogenate was filtered in a 100 um filter,
and the collagenase reaction was stopped with 5 mL of cold DMEM. The homogenate
was centrifuged and the cell pellet was washed with 1X PBS once, and then
resuspended in 10 mL of 1X PBS. A 200 uL aliquot of the cell suspension was treated
with 10 uM cyclosporin H (1 mM stock in DMSO), labelled with 200 nM TMRM (20
MM stock, Invitrogen), and incubated at 37 °C for 30 min in the dark. After this time,
50 uL of cell suspension was passed through a flow cytometer (MACS Quant,
Miltenyi Biotec) to determine the TMRM labelling with the 561 nm excitation filter
(20.000 events analysed).

9.2 High resolution respirometry

For high-resolution respirometry assays, an Oroboros Oyxgraph-2k
FluoRespirometry (O2k, Oroboros Instruments) was used. Chambers A and B were
loaded with 2 mL of MiR05 medium (Table 17) and calibrated at 30 °C. 50 ug of fresh
isolated mitochondria were loaded into each chamber. All experiments were
performed comparing Wt- and h-COX-2 Tg-derived mitochondria. A substrate-
uncoupler-inhibitor-titration protocol called SUIT-RP2 was performed (Figure 11)
[148]. The substrates used can be found in Table 18. ADP was added to initiate
OXPHQOS, 0,1 mM malate and 0,5 mM octanoyl-carnitine were then added to record
the electron transfer flavoprotein complex (CETF) from fatty acid -oxidation to CoQ
(F pathway). Next, complex | substrates were added (2 mM malate, 5 mM pyruvate
and 10 mM glutamate), to record OXPHOS at the N-junction. Succinate (50 mM) was
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then added to record the OXPHOS capacity of the FNS state with convergent electron
entry through complex | and Il into the respiratory system. 10 mM glycerol-3-
phosphate was added to activate the glycerol-3-phosphate dehydrogenase shuttle. To
determine the state of ETS capacity at maximal oxygen flow, stepwise titrations with
Carbonyl Cyanide Chlorophenylhydrazone (CCCP) in 0,5 UM increments were
performed. Inhibition of complex | was performed by the addition of rotenone. All
respiratory coupling states were corrected for residual oxygen consumption (ROX),
which was obtained after the addition of antimycin A. Finally, 2 mM ascorbate plus
N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride (0,5 mM TMPD) were
used as substrates to assess complex 1V activity [149]. All substrates were added when
the flow stabilised after the addition of the previous substrate (approximately every
10 min), except for inhibitors, which were added after 5 min. CCCP titrations were

added each time the flow reached a maximum (every 1,5 min).

Mitochondrial membrane integrity was verified after addition of CytC, and
changes were always less than 10%. Oxygen concentrations (mM) and oxygen flux
(pmoL/s-mL) data were processed with DatLab 7.4.0.4 software (Oroboros
Instruments) and specific flux (pmoL/s-mg) data were obtained. All experiments were
performed using instrumental background correction and after calibration of the

polarographic oxygen sensors.

Table 17. MiR0O5 medium composition

Compound Concentration
Sucrose 110 mM
k-lactobionate 60 mM
k-HEPES 20 mM
Taurine 20 mM
KH2PO4 10 mM
MgCl, 3mM
EGTA 0,5mM
BSA 1 mg/mL
pH 7.1
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Figure 11. Summary of the high respirometry SUIT2 protocol. Sequentially
added substrates and ET-pathway states are indicated. Figure adapted from
Bioblast, Oroboros Instruments.

Table 18. Substrates, decoupling agents, and inhibitors for high-resolution
respirometry protocols

Concentration Final Iniection
Reagents Abbreviation in syringe concentration in voI{Jme( )
(solvent) 2ml O2k chamber H
Substrates
ADP D 0,5M 5mM 20
DL-Octanoylcarnitine Oct 0,1 M 0,5mM 10
Cytochrome C c 4 mM 10 uM 5
L-Malic Acid M 0,05-0,4mM 2mM 4-95
Pyruvic Acid P 2M 5mM 5
L-Glutamic Acid G 2M 10 mM 10
Succinate S 1M 50 mM 100
Glycerophosphate Gp 1M 10 mM 20
Ascorbate As 0,8 M 2mM 5
TMPD ™ 0,2M 0,5mM 5
Decoupling agents
CCcCP U 1mM steps of 0,5 uM titrations of 1
Inhibitors
Antimycin A Ama 5 mM 2,5 uM 1
Rotenone Rot 1mM 0,5 uM 1
Sodium Azide Azd 4 M 200 mM 100
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10. PATIENTS

This study used plasma samples and patient data available from a cohort of 64
patients who had received OLT provided by Hospital Gregorio Marafién (Madrid).
This analysis was approved by the Ethics Committee on Clinical Research of the
Hospital Gregorio Marafion (Madrid, Spain; June 2016) and all patients had
previously signed an informed consent allowing plasma collection and analysis.
Patient information regarding gender, age, liver pathology, time of ischemia etc can
be found in Annex 1. Patient’s plasma was obtained from cadaveric donors 60 min
after reperfusion, and PGE; levels were measured with a specific kit (section 7.2 of
Materials and Methods). Early graft function was assessed using the Toronto
classification, which takes into accounts ALT elevation, coagulopathy and bile flow
[150]. Patients were classified into good early graft function (grades 1 and 2) and poor

early graft dysfunction (grades 3 and 4).

11. STATISTICS

Data are expressed as mean * standard error of the mean (SEM). The sample size
(N) is indicated in each experiment. To assess the normality of the variables, a
Shapiro-Wilk test was performed and all behave in a normal distribution. Therefore,
statistical significance was tested by t-test when comparing two variables (Wt I/R to
h-COX-2 Tg I/R, Wt I/R to Wt PC or h-COX-2 Tg I/R to h-COX-2 Tg DFU) or one-
way ANOVA, followed by Tukey’s posthoc test when multiple variables were
compared (Wt Sham, h-COX-2 Tg Sham, Wt I/R and h-COX-2 Tg I/R; Wt I/R, Wt PC
and Wt PC DFU; Wt Sham, Wt I/R and Wt PC). For patients, the Kolmogorov-Smirnov
test was used to assess the normality of the distribution of numerical variables. In this
case, samples follow a non-normal distribution. To compare means between
independent samples, the Mann-Whitney rank-sum test was used. To assess a

significant relationship between two variables, Spearman’s correlation was
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calculated. The analysis was performed with the statistical software SPSS (IBMCorp;
Version 27.0). Graphs and additional statistical tests were performed with GraphPad

Prism (GraphPad Software, Version 7).

* p<0,05 versus Wt Sham; # p<0,05 versus Wt I/R; $ p<0,05 versus Wt PC; ¥
p<0,05 versus h-COX-2 Tg I/R; & p<0,05 versus h-COX-2 Tg Sham.
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The results presented in sections 1, 2 and 3 below were done in collaboration
with Dr. Omar Motifio and Dr. Daniel E. Francés; Dr. Carme Cucarella performed the
splicing-variant detection PCR of Xbpl. The results presented in section 4 were
obtained entirely by the PhD candidate. The results presented in section 5 were
elaborated from data provided by the Hospital Gregorio Marafién and laboratory

measurements.






IV.RESULTS

1. CHARACTERIZATION OF THE ROLE OF COX-2 IN
HEPATIC ISCHEMIA-REPERFUSION MODEL

1.1 Establishment of the ischemia-reperfusion injury pathology

The mouse model used in this study is a transgenic mouse that constitutively
expresses the human COX-2 enzyme (h-COX-2) specifically in the hepatocyte. The
generation of this transgenic model is already described [45]. Male h-COX-2 Tg mice
and their Wt siblings were subjected to a 90 min hepatic ischemia by clamping the
hepatic triad, followed by 4 or 24 h of reperfusion (I/R) or a laparotomy without
clamping (Sham). First, h-COX-2 mRNA and h-COX-2 protein expression were
analysed, and there is no change in either protein (Figure 12A) or mRNA (Figure
12D) expression in the h-COX-2 Tg mice after ischemia and 4 or 24 h of reperfusion.
The expression of the endogenous Ptgsl mRNA isoform and its protein mCOX1 is

also not altered under any condition (Figure 12A-C).

Hepatic prostaglandins are, as expected, significantly increased in the livers of h-
COX-2 Tg mice, and are maintained under all conditions (Figure 12B). Wt mice only
showed an increase in PGE, expression after 90 min of ischemia and 24 h of

reperfusion.

1.2 Liver of h-COX-2 Tg mice have less tissue damage compared to the

Wt animals

After 4 and 24 h following the initiation of reperfusion, the animals were
sacrificed and tissue and blood samples were collected. Plasma ALT and AST
transaminases were analysed as markers of hepatic damage (Figure 13A). The
presence of these markers is higher after I/R in all conditions, reflecting the presence
of liver damage, although after 24 h of reperfusion, these levels are lower compared
to 4 h of reperfusion. In addition, h-COX-2 Tg animals have lower levels of
transaminases compared to Wt animals, indicating less liver damage in the transgenic

mice. LDH was measured as a marker of necrosis.
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Figure 12. h-COX-2 expression evaluation in h-COX-2 Tg mice. (A)
Representative Western blot of endogenous COX-1 and human COX-2 proteins
expression in livers from Wt and h-COX-2 Tg mice under Sham and I/R conditions,
after 4 and 24 h. (B) Measurement of hepatic PGE: levels of Wt and h-COX-2 Tg mice
under Sham and I/R conditions after 4 and 24 h. (C) Measurement of mMRNA levels of
Ptgsl1 gene (endogenous COX-1-encoding gene) and (D) PTGS2 gene (human COX-
2-encoding gene) expression from livers of Wt and h-COX-2 Tg mice under Sham and
I/R conditions, after 4 and 24 h. Data are represented as mean + SEM (n=5-8 per
group). *p<0,05 versus Wt Sham. Abbreviations: GAPDH, glyceraldehyde 3-
phosphate dehydrogenase, F.I., fold induction.

Like transaminase levels, plasma LDH is higher after I/R, compared to the Sham
condition (Figure 13B). In this case, LDH levels are higher at 24 h of reperfusion,
compared to 4 h of reperfusion. LDH levels increase after a few hours after the onset
of injury because necrosis is a phenomenon that occurs later in the injury [151].
Plasma LDH levels in h-COX-2 Tg animals are significantly lower than those in Wt
animals, after 4 and 24 h of reperfusion, in agreement with transaminase levels. Less
necrotic areas are also observed in h-COX-2 Tg livers when histological samples are
analysed. Liver sections were stained with H&E stain (Figure 13D), and different
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grades of necrosis were assigned according to necrotic areas (Figure 13C). Liver IRI
causes liver damage and necrosis, but COX-2 expression attenuates its severity in h-
COX-2 Tg mice.
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Figure 13. Assessment of the liver damage after I/R. (A-B) Plasma transaminases
(A) and LDH (B) levels of Wt and h-COX-2 Tg mice under Sham and I/R conditions
after 4 and 24 h. (C) Degree of necrosis assessed by histological examination. Scores
used were 0=none, 1=mild lesion (0-20% of necrosis), 2=moderate lesion (20-40% of
necrosis), 3=severe lesion (more than 40% of necrosis). (D) Representative H&E
images of liver sections from Wt and h-COX-2 Tg mice from Sham and I/R conditions
after 4 and 24 h. Necrotic areas are marked with asterisks. Data are represented as
mean + SEM (n=5-8 per group). *p<0,05 versus Wt Sham; #p<0,05 versus Wt I/R.
Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; LDH,
lactate dehydrogenase; H&E, haematoxylin-eosin staining.
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1.3 A mixed genetic background is required to reproduce the ischemia-

reperfusion injury model in mice

Due to the technique used in the generation of the transgenic model, the genetic
background of the mouse strain is a combination of two backgrounds: DBA2JRcHsd
(D2) and C57BL/6JRccHsd (B6). Hence, it could be assumed that this mouse line will
be highly heterogeneous, and this genetic mixture could affect the results. Therefore,
two more homogenous lines were generated to compare the above results and to
determine the effect of genetic background on the establishment of the lesion after I/R
and the role of the COX-2 enzyme. First, a pure genetic background line (B6) was
generated by several crosses, known as backcrossing, with the C57BL/6JRccHsd
strain, until the 10" generation, when pure background is assumed to be reached.
Secondly, once the pure genetic background strain is established, an F1 generation is
obtained (B6D2 F1) by crossing a B6 h-COX-2 Tg female with a DBA2JRcc male
(described in “2.2 and 2.3 of Materials and Methods”). These F1 hybrid animals are
more similar to the original line (B6D2) but all these animals have the same amount
(50%) of contribution from the two genetic backgrounds in a stable way:. It is assumed
that these two new mice will have a more homogenous response to the experiments

as the genetically variability is avoided.

Therefore, with these two new animals, the 90 min ischemia model was
performed, followed of 4 h of reperfusion. After sacrifice of the animals, blood and
tissue samples were collected and analysed. First, the expression of the COX-2
enzyme was analysed. Both lines correctly express the h-COX-2 protein in the livers
of h-COX-2 Tg mice (Figure 14A), reflecting that the correct expression of the
transgene is not affected by the change of the genetic background. Interestingly,
plasma levels of transaminases are lower compared to the mixed line (B6D2) in both

mouse lines (Figure 14B).
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Figure 14. Pure genetic and F1 hybrid backgrounds don’t reproduce the I/R
model. (A) Representative Western blot and densitometric analysis of h-COX-2
protein expression (normalised to ACTIN), in liver extracts from B6 and B6D2 F1
genetic backgrounds mice, in both Wt and h-COX-2 Tg mice, after I/R 4 h. (B) Plasma
transaminases levels of Wt and h-COX-2 Tg mice in the three different genetic
backgrounds after I/R 4 h. (C) Representative H&E images of liver sections of Wt and
h-COX-2 Tg mice from B6 and B6D2 F1 genetic backgrounds after I/R 4 h. Data are
represented as mean = SEM (n=7-9 per group). #p<0,05 versus Wt I/R. Abbreviations:
ALT, alanine transaminase; AST, aspartate transaminase; H&E, haematoxylin-eosin
staining.

Furthermore, the observed differences in I/R between Wt and h-COX-2 Tg
samples in the mixed background are not present in the B6 and B6D2 F1 mice. This
decrease in damage, observed by the detection of the small increase in plasma
transaminases, is also observed in histological analyses, where necrotic areas are
hardly visible in either mouse strain under any condition (Figure 14C). These results
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led to the continuation of the study with the mixed genetic background (B6D2) mouse
strain as is the only one reflecting liver damage after I/R and the overexpression of
COX-2 enzyme appear to have an effect in the pathology.

1.4 Lower hepatic damage is due specifically to COX-2 expression

To demonstrate that the COX-2 enzyme is responsible for less liver damage after
I/R, selective inhibition of the enzyme was performed. To perform this experiment, a
new group of h-COX-2 Tg mice was selected and half of them were injected with the
COX-2 specific inhibitor DFU four times prior to ischemia surgery. All animals were
then subjected to 90 min ischemia followed by 4 h of reperfusion. Hepatic
prostaglandin levels are lower in DFU-injected h-COX-2 Tg mice (Figure 15A),
indicating effective inhibition of the drug at the functional level of the enzyme. Plasma
transaminase levels in DFU-injected h-COX-2 Tg mice are significantly increased,
compared to h-COX-2 Tg samples (Figure 15B), revealing increased tissue damage.
Necrosis is also increased, as seen in increased LDH levels (Figure 15C) and
histological analysis, where larger necrotic areas are observed (Figure 15D).
Therefore, reduced liver damage is closely related to the specific expression of h-
COX-2 in the hepatocytes.

Figure 15. Damage protection in h-COX-2 Tg mice is due to COX-2 activity. (A)
Measurement of hepatic PGE:z in h-COX-2 Tg mice and h-COX-2 Tg mice injected
with DFU, after I/R 4 h. (B-C) Plasma transaminases (B) and LDH (C) levels
measured in h-COX-2 Tg and h-COX-2 Tg DFU mice after I/R 4 h. (D) Representative
H&E images of liver sections from h-COX-2 Tg and h-COX-2 Tg DFU mice after I/IR 4
h. Necrotic areas are marked with asterisks and vascular congestion with arrowheads.
Data are represented as mean + SEM (n=5-8 per group). 1p<0,05 versus h-COX-2
Tg I/R. Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase;
LDH, lactate dehydrogenase; H&E, haematoxylin-eosin staining. (next page)
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1.5 Hepatic preconditioning attenuates liver damage in Wt mice

To test the role of the endogenous COX-2 enzyme, preconditioning (PC) was
performed in the liver to activate Ptgs2 expression. This experiment was carried out
with a new group of Wt mice. They were divided in 4 groups: Sham condition, I/R,
PC and preconditioning injected with DFU (PC-DFU). The PC group was subjected
to a shorter 20 min liver ischemia followed by 30 min of reperfusion before the 90
min ischemia model, followed by 4 h reperfusion. The PC-DFU group was injected
four times prior to ischemia surgery with DFU to inhibit COX-2 enzyme activity, then
subjected to PC and I/R. The mRNA analysis shows that the expression of the
endogenous Ptgs2 gene increases when ischemia is performed, compared to the Sham
condition in Wt animals, and this increase is greater when animals are preconditioned
(Figure 16A). This induction of expression is also observed at the protein level
(Figure 16B-C).
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Figure 16. Endogenous expression of COX-2 confers protection to Wt mice
following I/R. (A) Measurement of MRNA levels of the Ptgs2 gene (endogenous gene
encoding COX-2) in Wt mice under Sham, I/R and PC conditions. (B) Representative
Western blot and densitometric analysis of endogenous (m, mouse) COX-2 protein
expression in liver extracts from Wt mice after Sham, I/R and PC conditions. (C)
Representative immunofluorescence images of liver sections from Wt mice after I/R
and PC of endogenous COX-2 in red, ALBUMIN (hepatocyte marker) or CLEC4F
(macrophage marker) in green and DAPI (nucleus marker) in blue. (D) Measurement
of hepatic PGE:z in Wt mice after I/R, PC and PC+DFU. Plasma transaminases (E)
and LDH (F) levels measured in Wt mice after I/R, PC and PC+DFU. (G)
Representative H&E images of liver sections from Wt mice after I/R, PC and PC+DFU.
Necrotic areas are marked with asterisks and vascular congestion with arrowheads.
Data are represented as mean + SEM (n=5-8 per group). *p<0,05 versus Wt Sham;
#p<0,05 versus Wt I/R; $ p<0,05 versus Wt PC. Abbreviations: PC, preconditioning;
ALB, albumin; DAPI, 4’, 6-diamidino-2-phenylindole; ALT, alanine transaminase;
AST, aspartate transaminase; LDH, lactate dehydrogenase; H&E, haematoxylin-
eosin staining; F.1., fold induction.
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Prostaglandins assessment shows increased intrahepatic PGE, levels in
preconditioned Wt animals, compared to normal I/R Wt mice (Figure 16D), revealing
increased activity of endogenous COX-2. In addition, preconditioned Wt mice
injected with DFU had reduced PGE: levels (Figure 16D), demonstrating effective
inhibition of endogenous COX-2 activity. When analysing liver damage,
preconditioned Wt mice show lower levels of plasma transaminases compared to the
Wt animals that has undergone the common I/R model (Figure 16E). Moreover,
plasma LDH is lower in preconditioned Wt mice (Figure 16F), and they show smaller
necrotic areas (Figure 16G), reflecting less necrosis. Furthermore, as observed by
immunofluorescence staining, the expression of endogenous COX-2 when the tissue
is preconditioned is localised in hepatocytes, not in inflammation-mediating KCs,
which parallels the idea that the COX-2 expression in the hepatocyte is beneficial in
attenuating the onset of inflammation (Figure 16C). These results demonstrate that
preconditioning is effective in stimulating endogenous COX-2 expression and that

this expression protects the tissue from liver damage after I/R.

1.6 The gene expression profile is altered after ischemia-reperfusion injury

Based on the evidence that COX-2 is conferring a protection in front of IRI in
mouse liver, it is assumed that there will be changes in different cellular pathways and
signalling responses. Therefore, a whole transcriptome analysis was performed to
determine the differences in gene expression profiles in h-COX-2 Tg mice after IRI
and compare them to Wt mice. Whole RNA was extracted from livers after 90 min of
ischemia and 4 h of reperfusion, and subjected to transcriptomic analysis. Up to 70
genes had significant differential expression between Wt and h-COX-2 Tg samples
(false discovery rate <0,05, log, >2), 18 of them were up-regulated and the remaining
52 were down-regulated (Figure 17A-B). Gene ontology analysis was performed to
determine the biological functions in which these genes were involved. The pathways
that were highly altered after IRI comparing Wt and h-COX-2 Tg samples were the

inflammatory response, the stress response, as well as several pathways related to
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metabolic processes (Figure 17C). Therefore, these were the main pathways
investigated in this study, focusing on the establishment of the inflammation, the
response to different cellular stress pathways such as apoptosis or oxidative stress and,
finally, the mediation of the mitochondria as a central player between cellular
response to stress and metabolism.
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Figure 17. Whole transcriptome sequencing shows a differential gene
expression profile in h-COX-2 Tg mice after I/R. Total RNA was obtained from Wt
and h-COX-2-Tg mice after I/R at 4 h (n = 4 in each experimental group). (A)
Unsupervised heatmap of 70 genes with fold change >2 using Z score for normalised
values (log2-based). (B) Scatter plot of expression levels comparing Wt and h-COX-
2 Tg samples. Red dots mark genes with fold change >2. (C) A gene ontology-based
gene enrichment test was performed with a list of significant genes. The most
significantly enriched biological processes are shown (P < 0,001 by modified Fisher's
exact test).

2. THE INFLAMMATORY RESPONSE IS ATTENUATED WHEN
COX-2 IS EXPRESSED

2.1 Ischemia-reperfusion increases inflammatory markers that are lower in
h-COX-2 Tg mice

Ischemia-reperfusion initiates a cascade of different signals involving not only
the hepatocytes, but all the cell types present in the liver. Their combined action
promotes different signals that affect the outcome of the pathology. One important
pathway initiated during the reperfusion event is the inflammatory response [152].
The expression of different genes involved in this inflammatory response was
analysed in liver samples of h-COX-2 Tg and Wt mice, after 4 and 24 h of reperfusion.
Genes encoding the pro-inflammatory cytokines Tnf, 1lI-1b and 1I-6 are highly
expressed after I/R in Wt and h-COX-2 Tg livers, although in h-COX-2 Tg samples the
increase is significantly lower, compared to Wt (Figure 18A). The expression of the
inflammasome gene NlIrp3 is also increased in the I/R, with an attenuated increase in
h-COX-2 Tg samples. In contrast, the gene encoding the anti-inflammatory cytokine
11-10 is upregulated in h-COX-2 Tg samples, with a discrete increase in Wt samples,
after I/R. Consistent with these results, the presence of these cytokines in plasma is
higher after I/R, especially after 24 h of reperfusion in the Wt, while h-COX-2 Tg

samples have an attenuated increase (Figure 18B).
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Figure 18. Analysis of inflammatory-related genes and cytokines after I/R. (A)
Measurement of mMRNA levels of inflammation-related genes (Il-1b, Tnf, II-6, Nlrp3, II-
10) in liver extracts from Wt and h-COX-2 Tg mice under Sham and I/R 4 h conditions.
(B) Plasma levels of IL-1B, TNFa and IL-6 cytokines in Wt and h-COX-2 Tg mice
under Sham and I/R conditions after 4 and 24 h. (C) Measurement of mRNA levels of
inflammation-related genes in liver extracts from Wt and Wt PC mice and (D) h-COX-
2 Tg and h-COX-2 Tg DFU mice, under Sham and I/R 4 h conditions. Data are
represented as mean + SEM (n=5-8 per group). *p<0,05 versus Wt Sham; #p<0,05
versus Wt I/R; 1p<0,05 versus h-COX-2 Tg I/R. Abbreviations: PC, preconditioning;
Sh, Sham; F.1., fold induction; n.d., not detectable.

The attenuation of the inflammatory response by COX-2 action is supported by
the results obtained with preconditioned animals and COX-2 inhibition. When livers
from preconditioned Wt animals are analysed, the expression of pro-inflammatory
genes is shown to be decreased, compared to non-preconditioned Wt mice (Figure
18C). In addition, endogenous COX-2 expression observed in Wt PC animals
decreases NIrp3 gene expression and increases II-10 gene expression. In contrast,
when COX-2 activity is inhibited with DFU, all pro-inflammatory markers increase,
and the expression of the anti-inflammatory marker 11-10, decreases (Figure 18D).
These results demonstrate that COX-2 is involved in mitigating the inflammatory

response.

2.2 Neutrophil infiltration is decreased with COX-2 expression

Neutrophils are key players in mediating the inflammatory response [153].
Therefore, two analyses were performed to assess the presence and activity of
neutrophils. On the one hand, the MPO activity was analysed as an index of neutrophil
infiltration. The MPO enzyme is expressed mainly in neutrophils and acts as an
antimicrobial defence mechanism and in other defence responses. The reactive species
generated by MPO activity causes tissue damage, thus contributing to inflammation.
The detection of elevated MPO activity translates into elevated inflammation. MPO
activity was analysed in all conditions and increases significantly in Wt samples after
ischemia, but only after 24 h of reperfusion (Figure 19A). There is no evidence on

neutrophil accumulation after 4 h of reperfusion. On the other hand, another marker
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for neutrophil infiltration, Ly6G" cell staining, was analysed. Ly6G is a neutrophil
plasma membrane biomarker, so the presence of these cells in tissues reveals
neutrophil infiltration. Immunohistochemical analysis of this marker reveals a lower
presence of neutrophils in h-COX-2 Tg samples compared to Wt mice after 24 h
(Figure 19B). Both results point to an attenuated accumulation of neutrophils when
COX-2 is expressed, in agreement with the results presented above revealing less

inflammation.
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Figure 19. Analysis of pro-inflammatory markers after I/R. (A) MPO activity
measured in livers of Wt and h-COX-2 Tg mice under Sham and I/R 4 h conditions.
(B) Representative immunohistochemistry of Ly6G* staining in livers sections from Wt
and h-COX-2 Tg mice after I/R 4 and 24 h. (C) Representative immunofluorescence
images of liver sections from Wt and h-COX-2 Tg mice after I/R 4 h of p65 in red,
ALBUMIN (hepatocyte marker) or CLECA4F (Kupffer cell marker) in green and DAPI
(nucleus) in blue. (D) Representative Western blot and densitometric analysis of p65
protein (normalised to LAMIN B) and p-lkBa protein (normalised to IxBa), in nuclear
and cytosolic extracts of Wt and h-COX-2 Tg livers under Sham and I/R 4 h conditions,
respectively. Data are represented as mean + SEM (n=5-8 per group). *p<0,05 versus
Wt Sham; #p<0,05 versus Wt I/R. Abbreviations: MPO, myeloperoxidase; ALB,
albumin; DAPI, 4", 6-diamidino-2-phenylindole.

2.3 COX-2 expression attenuated NF-«x[3 pathway

One of the canonical pathways involved in the establishment of inflammation is
the NF-xp pathway [154]. Through the binding of different components to the cell
surface receptors, for example via the IL-1R, a signalling cascade involving different
factors such IkB or p65 is activated, culminating in the translocation of certain
transcription factors to the nucleus and promoting the expression of genes encoding
for cytokines, chemokines and other genes mediating inflammation. A marker of NF-
K pathway activation, p65 expression, was analysed. The expression of p65 increases
after I/R, and its increase is higher in Wt samples, compared to h-COX-2 Tg mice
(Figure 19D). Moreover, as can be seen in immunofluorescence images, its
expression is localised in the nucleus of Wt tissues after I/R, while is hardly present
in the nuclei of h-COX-2 Tg liver cells (Figure 19C). In addition, phosphorylation of
the iKPa factor was also analysed. Like with p65, phosphorylation of the iKBa factor,
i.e. its activation, is increased in Wt livers after I/R, and attenuated when COX-2 is
expressed (Figure 19D). All these data suggest a strong activation of the NF-xB
pathway in Wt mice after IRI, whereas this effect was attenuated in h-COX-2-Tg

mice.
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3. CELLULAR STRESS IS REDUCED WHEN COX-2 IS
EXPRESSED IN HEPATOCYTES

3.1 Constitutive hepatocyte COX-2 expression leads to decreased

apoptosis

Ischemia-reperfusion injury ultimately leads to cell death when cellular
mechanisms fail to cope with different types of cellular stress [155]. Cell death leads
to further tissue damage. COX-2 expression in hepatocytes has previously been shown
to have an anti-apoptotic role [45][46], therefore different apoptotic markers were
analysed in this study. Caspase 3 is a protease that is activated during apoptotic cell
death; so, its activity was measured after I/R. Its activity appears to increase after I/R
compared to the Sham condition, but only in the Wt samples, after 4 and 24 h of
reperfusion (Figure 20A). BAX and BCL2 are two other markers of apoptosis. As a
general convention, BAX protein is a pro-apoptotic maker, while BCL2 is anti-
apoptotic, so when the BAX/BCL2 ratio is high, it indicates favoured apoptosis.
Indeed, this is the result observed when comparing the different conditions. The
BAX/BCL2 ratio is higher after 24 h of reperfusion in the Wt samples compared to
the h-COX-2 Tg samples, which maintained the ratio as when there is no damage
(Sham condition) (Figure 20B). In addition, analysis of Protein kinase B (AKT) and
5> AMP-activated protein kinase (AMPKa) pathways are often used as markers of
survival. Here, both pAKT/AKT and pAMPKa/AMPKa ratios were increased in h-
COX-2 Tg samples compared to Wt after 4 h of reperfusion (Figure 20C-D), indicating
increased activation of these pathways. Taken together, these results demonstrate

reduced apoptosis after I/R when COX-2 is expressed in hepatocytes.
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Figure 20. Apoptotic markers analysis after I/R. (A) Caspase-3 activity in liver
extracts from Wt and h-COX-2 Tg mice under Sham and I/R 4 and 24 h conditions.
(B) Representative Western blot and densitometric analysis of BAX protein
(normalised to BCL2 protein), in liver extracts from Wt and h-COX-2 Tg mice under
Sham and I/R 4 and 24 h conditions. (C) Representative Western blot and
densitometric analysis of p-AKT and p-AMPK normalised to AKT and AMPK
respectively, in liver extracts from Wt and h-COX-2 Tg mice under Sham and I/R 4 h
conditions. Data are represented as mean + SEM (n=5-8 per group). *p<0,05 versus
Wt Sham; #p<0,05 versus Wt I/R. Abbreviations: A.U., arbitrary units.
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3.2 Hepatocyte COX-2 expression activates autophagy after ischemia-

reperfusion

Autophagy is characterised by the recycling of different cellular components,
from damaged or misfolded proteins to large organelles, in order to continue to reuse
its components, amino acids, fatty acids, etc. It is especially active under conditions
of starvation, or when stressful pathways affect and damage cellular compartments,
such as I/R [95]. In this process, several proteins and factors regulate the different
steps of the process, so the analysis of the presence of these factors is a marker of the
good state of the process and, therefore, of the cellular state. The autophagy-initiating
factor ATG?7 is analysed to assess the general status of autophagy. In this case, ATG7
is down-regulated in Wt mice after I/R, but its expression is conserved in h-COX-2 Tg
mice (Figure 21A). LC3 is mainly involved in autophagosome formation, undergoing
proteolytic processing from LC3-1 to LC3-1I when incorporated into the
autophagosome membrane. Expression of high amounts of LC3-Il correlates with
increased autophagy. After 4 h of reperfusion, h-COX-2 Tg mice have increased LC3-

Il levels, compared to Wt mice that remain as in control conditions.

However, after 24 h of reperfusion, both h-COX-2 Tg and Wt mice have increased
LC3-II levels, compared to Sham (Figure 21B). The p62 marker, which labels the
cargo for degradation, is less expressed in h-COX-2 Tg mice compared to Wt animals
after ischemia and 4 and 24 h of reperfusion (Figure 21C). Moreover, it is upregulated
in Wt samples, increasing significantly after 24 h of reperfusion. All these results point
to a decrease in autophagy after I/R in control conditions, and that COX-2 expression
in hepatocytes promotes autophagy, despite the fact that under control conditions
there would be more marked cargoes for its degradation, as indicated by the increase
in p62 protein. The electron microscopy images also show a greater presence of
autophagosome structures in the h-COX-2 Tg liver sections (Figure 21D), which

reinforces the idea of activated autophagy.
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Figure 21. Analysis of autophagy markers after I/R. Representative Western blot
and densitometric analysis of (A) ATG7, (B) LC3 Il, and (C) p62 proteins (normalised
to GAPDH), in liver extracts from Wt and h-COX-2 Tg mice under Sham and I/R 4 and
24 h conditions. (D) Representative transmission electron microscopic micrographs
of liver sections from Wt and h-COX-2 Tg mice after I/R 4 h. Original magnification
x4,000. Autophagosomes are marked with arrowheads. n means nucleus. Data are
represented as mean + SEM (n=4-6 per group). *p<0,05 versus Wt Sham; #p<0,05
versus Wt I/R. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

3.3 Unfolded protein response is activated in ischemia-reperfusion

Another pathway that is typically affected during ischemia-reperfusion is the
unfolded protein response (UPR) [156]. This pathway is activated as a stress signal
from the endoplasmic reticulum (ER) to respond to unfolded proteins and initiates a
signalling pathway that results in the synthesis and release of several chaperones,
autophagy-related genes, as well as an arrest of the translation machinery. The UPR
is mediated by 3 main sensors: ATF6, IRE1 and PERK. Each sensor transduces the

127



IV. RESULTS

signal that will ultimately lead to the activation of the response. In general, all major
players involved in the UPR are attenuated in h-COX-2 Tg livers after I/R, compared
to the Wt mice, and therefore, the ER stress is lower. ATF6 protein is an ER membrane
protein that when activated is internalised, processed by proteolytic cleavage in the
Golgi apparatus and translocated to the nucleus to act as a transcription factor.
Following I/R, h-COX-2 Tg cells have this gene up-regulated, compared to the Wt
cells (Figure 22A).
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Figure 22. Unfolded protein response (UPR) markers analysis after I/R. (A)
Measurement of mMRNA levels of genes involved in UPR (Atf6, Atf4, Ddit3, Hspab) in
liver extracts from Wt and h-COX-2 Tg mice after I/R 4 h. (B-C) Representative
Western blot and densitometric analysis of GRP78 (B) and CHOP (C) proteins
(normalised to GAPDH), from liver extracts of Wt and h-COX-2 Tg mice under Sham
and I/R 4 and 24 h conditions. (D-E) Representative Western blot and densitometric
analysis of p-JNK/SAPK (D) and p-elF2a (E) proteins (normalised to JNK/SAPK and
elF2a respectively), from liver extracts of Wt and h-COX-2 Tg mice under Sham and
I/R 4 h conditions. (F) Representative gel of PCR product after Xbpl specific
amplification and densitometric analysis. Spliced (s) and total forms of Xbpl are
marked with arrows. Data are represented as mean + SEM (n=4-9 per group). *p<0,05
versus Wt Sham; #p<0,05 versus Wt I/R. Abbreviations: F.I., fold induction.

Like ATF6, IRE1 is a membrane protein that under normal conditions binds to
the chaperone GRP78. When there is an accumulation of misfolded proteins, GRP78
detaches from IRE1 and binds the misfolded proteins. The release of IRE1 will allow
its dimerisation, autophosphorylation and initiation of its own signalling cascade. This
cascade will promote alternative splicing of the Xbpl mRNA, resulting in a shorter
form of the protein that will internalise into the nucleus and promote chaperone
transcription and others related genes. In addition, IRE1 pathway will activate the
JNK pathway that will ultimately lead to apoptosis and cell death. In this sense, the
alternative splicing of Xbp1l is slightly enhanced in the Wt livers after I/R as it is shown
by a higher presence of spliced form of Xbpl mRNA (Figure 22F), favouring the
synthesis and translocation to the nucleus of the short form of XBP1. Meanwhile the
JNK pathway is highly active in Wt after I/R (Figure 22D). Finally, the last sensor of
the UPR is PERK which, like IRE1, under normal conditions binds to GRP78 but in
the presence of unfolded proteins it is released, dimerised and autophosphorylated.
This active dimer will phosphorylate the elF1la factor that will act at two levels: on
the one hand it will stop the synthesis of new proteins, and on the other hand it will
promote the synthesis of the ATF4 factor which will promote the transcription of
genes related to autophagy and apoptosis, such as Ddit3 (encoding gene for CHOP).

Atf4 gene expression shows no difference after I/R comparing Wt and h-COX-2 Tg
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samples (Figure 22A); on the other hand, both gene and protein expression of
Ddit3/CHOP is decreased in h-COX-2 Tg samples after I/R compared to Wt (Figure
22A-C). However, the p-elF2a/elF2a ratio shows no differences (Figure 22E). The
chaperone GRP78 (encoded by the gene Hspab), the first sensor of unfolded protein
response, is unaltered after ischemia and 4 h of reperfusion in Wt and h-COX-2 Tg
samples, both mRNA (Figure 22A) and protein (Figure 22B). While after 24 h of
reperfusion, its presence expressed in protein is higher in Wt samples, compared to h-
COX-2 Tg that remain unaltered (Figure 22B). Taken together, these results show an
impaired unfolded protein response, in particular that h-COX-2 Tg livers exhibit
decreased ER stress after I/R, compared to when COX-2 is not expressed.

3.4 The antioxidant response is enhanced when COX-2 is overexpressed

Since the role of reactive oxygen species (ROS) in ischemia-reperfusion injury
is well defined [157], an extensive study of the ROS levels and the oxidative stress
was performed to understand the effect of COX-2 in the model. Using dihidroethidium
staining, which labels the ROS present in tissue, it is clear that large amounts of ROS
are generated after I/R, and that they are significantly lower when COX-2 is
overexpressed (Figure 23A). This lower presence of ROS in h-COX-2 Tg samples
after I/R is also observed when lipid peroxidation is measured (Figure 23B), as an
indirect measure of ROS production. The lower ROS accumulation could be due to
lower ROS production or higher antioxidant activity. In this regard, several
antioxidant genes were measured and indeed their expression is higher in h-COX-2
Tg livers after I/R compared to Wt livers. The transcription factor NRF2, encoded by
the gene Nfe2l2, which regulates the expression of several antioxidant response
proteins, was analysed in depth. Its mMRNA expression appears to be higher, as well
as that of other antioxidant enzymes, such as Gpr, Gsx, Sod1 and Sod2 (Figure 23C).
Moreover, when subcellular fractionation was performed, NRF2 protein is found to
be more present in nucleus in the h-COX-2 Tg samples (Figure 23D). It is even found
more enriched in the nucleus of hepatocytes, rather than KCs, in h-COX-2 Tg sections
after I/R than in Wt sections observed by immunofluorescence staining (Figure 23E).

Other important antioxidant enzymes are those of the superoxide dismutase (SOD)
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group. The Sodl and Sod2 genes code for different isoforms of SOD proteins, which
are either cytosolic (SOD1) or mitochondrial (SOD2). Both Sod1 and Sod2 mRNAs
are highly increased in the h-COX-2 Tg samples (Figure 23C). The mitochondrial
form of SOD, SOD2, also known as Manganese SOD (MnSQOD), is responsible for
the transformation of the superoxide ion to hydrogen peroxide in the mitochondrial
matrix. Both its expression (Figure 23G) and activity (Figure 23H) are increased in
h-COX-2 Tg samples after I/R, especially its presence after 4 h of reperfusion.
Moreover, immunofluorescence staining shows that it is the hepatocytes that express
SOD2 (Figure 23F), at least when COX-2 is overexpressed, just like NRF2. Other
antioxidant enzyme activities are also increased in h-COX-2 Tg samples, such as CAT,
GR and GPX, compared to Wt after I/R (Table 19).

Finally, glutathione is also a classical marker for assessing oxidative stress. Total
glutathione decreases in Wt samples after I/R and 4 h of reperfusion, whereas h-COX-
2 Tg samples remain unchanged (Figure 23I). The ratio GSSG/GSHt (oxidised
glutathione to total glutathione) is higher in Wt samples (Figure 23l), indicating a
higher presence of oxidised glutathione, a marker of oxidative stress. The higher
expression of antioxidant genes, higher antioxidant enzymes activity and lower
presence of ROS are indicators of an enhanced antioxidant response after I/R in

hepatocytes in the presence of the COX-2 enzyme.

The relationship between COX-2 and the antioxidant response is also
demonstrated when endogenous COX-2 is induced. In preconditioned Wt animals, the
expression of some genes related to antioxidant response is increased. In contrast, in
h-COX-2 Tg animals injected with DFU, the expression of these genes does not
decrease compared to h-COX-2 Tg after I/R 4 h, and they remain at the same levels
(Figure 24).
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Figure 23. Oxidative stress and antioxidant response after I/R. (A) Representative
images of DHE staining and quantification in liver sections from Wt and h-COX-2 Tg
mice under Sham and I/R conditions. (B) Measurement of lipid peroxidation in liver
homogenates from Wt and h-COX-2 Tg mice under Sham and I/R 4 and 24 h
conditions. (C) Measurement of mRNA levels of genes related to the antioxidant
response (Nfe2l2, Hmox1, Gpx, Gsr, Sod1, Sod?2) in livers of Wt and h-COX-2 Tg
under Sham and I/R 4 h conditions. (D) Representative Western blot and
densitometric analysis of NRF2 protein (normalised to LAMIN B), from nuclear
extracts of livers from Wt and h-COX-2 Tg mice under Sham and I/R 4 h conditions.
(E) Representative immunofluorescence images of Wt and h-COX-2 Tg liver sections
after I/R 4 h of NRF2 in red, ALBUMIN (hepatocyte marker) or CLEC4F (Kupffer cell
marker) in green and DAPI (nucleus) in blue. (F) Representative immunofluorescence
images of liver sections from Wt and h-COX-2 Tg mice from Sham and I/R 4 h
conditions, of SOD2 in red, ALBUMIN (hepatocytes) or CLECAF (Kupffer cells) in
green and DAPI (nucleus) in blue. (G) Representative Western blot and densitometric
analysis of liver extracts of MnSOD protein (normalised to GAPDH), from Wt and h-
COX-2 Tg mice under Sham and I/R 4 and 24 h conditions. (H) MnSOD activity
assessed by reduction inhibition assay with nitro blue tetrazolium chloride in native
polyacrylamide gel electrophoresis, and densitometric analysis, of Wt and h-COX-2
Tg liver extracts under Sham and I/R 4 and 24 h conditions. (I) Measurement of total
glutathione and GSSG/GSHIt ratio of Wt and h-COX-2 Tg liver extracts under Sham
and I/R 4 and 24 h conditions. Data are represented as mean + SEM (n=4-8 per
group). *p<0,05 versus Wt Sham,; #p<0,05 versus Wt I/R. Abbreviations: DHE,
Dihydroethidium; LPO, lipid peroxidation; F.l., fold induction; ALB, albumin; SOD2,
superoxide dismutase 2 (mitochondrial); MNSOD, manganese superoxide dismutase;
GSSG, oxidised glutathione; GSHt, total glutathione.

Table 19. GR, GPX and CAT enzymatic activities.

4 h 24 h

Sham I/IR Sham I/IR

h-COX-2 h-COX-2 h-COX-2 h-COX-2
Wt Tg Wt Tg Wt Tg Wt Tg

GR 0,0122 0,0110 0,0097 0,0110 0,0139 0,0128 0,0139 0,0128
Activity + + + + + + + +

(Umg) 0,0006 0,0007 0,0006 0,0006# 0,0013 0,0009 0,0012 0,0004

GPX  1703,83 1707 1387,60 1755,67 1529,29 1709,76 1048,65 1798,81
Activity + + + + + + + +

(Umg) 163,13 16,62 61,82 66,92# 14439 12341 24137 179,36#

CAT 319,2 410 323,4 308 319,2 274 311,2 299,1
Activity + + + + + + + +

(Umg) 1002 413 49,8 33,9 57 30,5 73 9,2
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Figure 24. Antioxidant response is increased in COX-2 expressing tissues.
Measurement of mMRNA levels of genes related to the antioxidant response (Nfe2l2,
Hmox1, Gpx, Gsr, Sodl, Sod2) in livers of Wt, Wt PC, h-COX-2 Tg and h-COX-2 Tg
DFU mice under Sham and I/R 4 h conditions. Data are represented as mean + SEM
(n=5-8 per group). #p<0,05 versus Wt I/R. Abbreviations: PC, preconditioning, Sh,
Sham.

4. STUDY OF THE MITOCHONDRIAL FUNCTION

4.1 Mitochondrial respiration is higher in h-COX-2 Tg livers after ischemia-

reperfusion

The lower presence of ROS in h-COX-2 Tg livers after I/R could be due to an
increased antioxidant response in hepatocytes. However, a lower production of ROS
in the cells could contribute to the lower ROS accumulation in the tissue. To this end,
an in-depth study of mitochondrial function was performed. First, analyses of
mitochondrial function were assessed. Fresh, intact mitochondria were isolated from
Wt and h-COX-2 Tg livers after Sham surgery or ischemia and followed by 4 h of

reperfusion. These mitochondria were loaded into an O2k oxygraph (Oroboros) and
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fed with the different substrates that contribute to the generation of electrons that will
move through the different ETC complexes, and finally will be accepted by molecular
oxygen. Therefore, the measurement of the concentration of oxygen available in the
chambers and the rate of oxygen consumption are indicators of mitochondrial
respiration. The response of all the complexes after injection of their specific
substrates is very similar between mitochondria derived from Wt and h-COX-2 Tg
mice, but not in all pathways (Figure 25A). Observed in detail, the injection of a low
concentration of malate and octanoyl-carnitine, that will initiate fatty acid oxidation,
shows a lower specific flux, i.e. a lower respiration, in the Wt samples after I/R
(Figure 25B). The same lower respiration is seen in the Wt samples after I/R when
substrates that generate NADH and thus feed complex | (pyruvate, malate and
glutamate) are added to the system (Figure 25B). However, the h-COX-2 Tg-derived
mitochondria respond to all substrates like mitochondria in the Sham condition, acting
as if they were not damaged at all. All other substrates feeding the other complexes
(succinate, glycerol-3-phosphate) show no significant difference; complex IV shows

no change (Figure 25B).

Surprisingly, the increase in respiration due to increased efficiency of the F- and
N- pathways is not reflected in a change in NADH or NAD" levels in the livers of Wt
and h-COX-2 Tg animals after I/R (Figure 25C). When AMP and ATP levels were
analysed to see if the increased activity translated into increased ATP production, it
was observed that AMP levels did not change and ATP levels showed a slight

tendency to increase in the transgenic animal’s samples (Figure 25C).

Mitochondrial respiration is linked to ROS production, so H20- production was
also measured in parallel to respiration. In this case, the ratio between ROS production
and respiration is lower in mitochondria isolated from I/R livers, but there was no
difference when comparing Wt and h-COX-2 Tg samples (Figure 25D). These results
indicate that although there is a higher substrate utilisation of ETC complex I, it does
not translate into a higher ROS generation, or into significantly higher ATP

production.
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Figure 25. High-resolution mitochondrial respirometry analysis. (A) Complete
SUIT2 protocol profile of isolated liver mitochondria from Wt and h-COX-2 Tg mice
under Sham and I/R 4 h conditions. The different substrates added (ADP, malate (M),
octanoyl-carnitine (Oct), pyruvate (P), malate, glutamate (G), succinate (S), glycerol-
phosphate (Gp), CCCP and rotenone (Rot)) and ET-pathways states (ROX, residual
oxygen consumption; F, F-junction pathway; N, N-junction pathway; S, succinate
pathway; Gp, glycerol-phosphate pathway; e, uncoupled state, maximal respiration),
are indicated. After the addition of CI inhibitor rotenone, the respiration was inhibited
by addition of complex Il inhibitor antimycin A (Ama), and complex IV was fed with
ascorbate (As) and TMPD (TM). Subsequently, the whole system was inhibited with
sodium azide and complex IV was measured after calibration of the chemical
background (b.c., background correction). (B) Specific flux of ET-pathway states F,
FN and CIV are shown in detail. (C) Measurement of NADt, NADH, ATP and AMP
cofactors in livers from Wt and h-COX-2 Tg mice after I/R 4 h. (D) Combined
determination of oxygen consumption and H20: flux by O2k-Fluorometry in isolated
liver mitochondria from Wt and h-COX-2 Tg mice under Sham and I/R 4 h conditions,
using succinate as initial substrate. The H20: flow/O2 flow ratio was calculated.
Fluorescence signals were calibrated using the H20: titrations at the corresponding
state. Bar graphs represent mean £ SEM (n=4-9 per group). *p<0,05 versus Wt Sham;
#p<0,05 versus Wt I/R. Abbreviation: SUIT, substrate-uncoupler-inhibitor titration; F,
F-junction pathway; N, N-junction pathway; CIV, complex IV.

Mitochondria isolated from Wt mice show a lower respiration rate compared to
Sham condition, indicating that the damage generated by I/R is affecting the
mitochondrial respiration chain. Furthermore, h-COX-2 Tg mitochondria have similar
respiration rate to the control conditions, indicating that they are protected and IRI
does not cause a decrease in respiratory activity. When mitochondria isolated from
B6 (Figure 26A) and B6D2 F1 (Figure 26B) animals were analysed in high-resolution
respirometry, the previously observed difference between Wt-derived and h-COX-2
Tg-derived mitochondria is lost, as they respond equally to all substrates. These results
are consistent with the idea mentioned above that these animals, although they are
more homogenous in terms of genetic background, are not damaged after I/R, so their

mitochondria behave unchanged at the level of respiration.
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Figure 26. Pure genetic and F1 hybrid backgrounds lose differences due to
COX-2 expression with respect to mitochondrial respirometry. Full SUIT2
protocol profile of isolated liver mitochondria from Wt and h-COX-2 Tg mice after I/R
4 h, and F, FN and CIV specific flux in detail from (A) B6 genetic background mice
and (B) B6D2 F1 genetic background mice. Substrates and ET-pathway states are
indicated. (n=8 per group). Abbreviations: SUIT, substrate-uncoupler-inhibitor
titration; F, F-junction pathway; N, N-junction pathway; CIV, complex IV.

4.2 Higher respiration in h-COX-2 Tg mitochondria is not due to an

increase in ETC complexes expression

Reduced respiration at the level of complex | after I/R in Wt samples could be
due to a reduced presence of complex | in the ETC of the mitochondria. To explore
this possibility, isolated mitochondria were resolved on polyacrylamide gels and one
subunit of each complex was detected in immunoblot. This analysis showed no
differences in the presence of all ETC complexes comparing the four conditions
(Figure 27A), therefore, the presence of complex | is not altered in Wt mitochondria

after I/R, nor is its presence enhanced in h-COX-2 Tg-derived mitochondria.
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Figure 27. Analysis of mitochondrial electron transfer chain (ETC) protein
content. (A) Representative Western blot and densitometric analysis of one subunit
of each ETC complex (ATP5A for CV, MTCO1 for CIV, UQCRC for Clll, SDH for ClI
and NDUFBS for CI), from isolated liver mitochondria from Wt and h-COX-2 Tg mice
under Sham and I/R 4 h conditions. (B) ETC supercomplexes analysis of liver-derived
mitochondria from Wt and h-COX-2 Tg mice under Sham and I/R 4 h conditions.
Representative images of BN-PAGE and immunoblots, and its densitometric analysis,
incubated with anti-complex | antibody (anti-NDUFA5) and anti-OXPHOS antibody.
Data are represented as mean = SEM (n=4-9 per group). Abbreviations: Cl, complex
I; OXPHOS, oxidative phosphorylation; SC, supercomplexes; Sh, Sham.

ETC complexes do not move freely on the mitochondrial membrane, but interact
with each other and form what are known as supercomplexes (SC). These SCs
facilitate the transport of electrons from one complex to another, preventing the
formation of ROS, as well as stabilising their folding and membrane presence. The
presence and abundance of SC can be analysed by non-denaturising gels, and
subsequent immunoblot analysis. In this case, mitochondria were permeabilised with

digitonin that ensures the formation of pores in the mitochondrial membrane but
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maintains the presence of the proteins anchored to it. They were then loaded onto gels
under non-denaturising conditions and supercomplexes were resolved. Apparently,
supercomplexes comprising complex | subunits are subtly more stabilised in h- COX-
2 Tg mitochondria after I/R compared to Wt mitochondria (Figure 27B). Nevertheless,
these results seem to be not strong enough to explain the increased respiration due to
higher complex | activity but may be related to a lower contribution to ROS

generation.

4.3 Ischemia-reperfusion causes lost in mitochondrial membrane potential

and is prevented by COX-2 expression

Changes in mitochondrial respiration can be the cause or consequence of an
alteration of the mitochondrial membrane potential (AYm). The AWYm is generated
due to the accumulation of protons in the intermembrane space of mitochondria as
electrons pass through the different ETC complexes. This chemical and energetic
potential is used by ATP synthase to generate ATP from ADP and inorganic
phosphate. Therefore, the analysis of the state of the A¥m is an indicator of the state
of the mitochondria and subsequently, of the cell. To assess the state of mitochondrial
membrane potential in liver mitochondria after I/R, liver homogenates were labelled
with the TMRM probe and passed through a flow cytometer (Figure 28A). The
TMRM probe will label anything that is positively charged, so in terms of
mitochondria, it will label all mitochondria with an intact membrane potential. Indeed,
mitochondria derived from Wt livers after I/R have a dissipated membrane potential,
as indicated by number of positive TMRM events (Figure 28B) and the intensity of
the TMRM signal (Figure 28C), which are both very low values. In contrast, h-COX-
2 Tg-derived mitochondria have an intact membrane potential, as if it had not been
lost after I/R.
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Figure 28. Assessment of mitochondrial membrane potential. (A) Representative
flow cytometry images of TMRM probe-labelled mitochondria from Wt and h-COX-2
Tg liver homogenates after I/R 4 h. (B) Percentage of TMRM-positive cells and (C)
TMRM intensity. Data are represented as mean + SEM (n=5-8 per group). #p<0,05
versus Wt I/R. Abbreviations: TMRM, Tetramethylrhodamine methyl ester; A.U.,

arbitrary units.

4.4 Mitochondria number and phenotype are not altered because of the

COX-2 expression

A lower respiration rates and a decrease in mitochondrial membrane potential in
mitochondria after I/R could lead to major changes in the distribution of mitochondria
in the tissue, altered morphology, disorganisation of cristae or even lower number of
mitochondria. All these aspects were ruled out by comparing Wt and h-COX-2 Tg
samples after Sham and I/R. First, mitochondrial biogenesis was analysed to assess
whether it was altered during I/R or by the influence of the COX-2 enzyme. The
transcriptions factors TFAM and PGClo (encoded by the gene Ppargcla) are
responsible for the expression of several mitochondrial genes and are therefore closely
related to mitochondrial biogenesis. Both gene expressions decreased after I/R, but no
differences were found when comparing Wt and h-COX-2 Tg samples (Figure 29A).
Despite this decrease in mitochondrial biogenesis transcription factors after 1/R, no
differences were found when analysing the mitochondrial DNA copy number (Figure
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29B). This analysis is usually assessed to reveal the number of mitochondria by
comparing the ratio mtDNA/nDNA (mitochondrial to nuclear DNA). Furthermore, by
counting the number of mitochondria in a representative number of electron
microscopy micrographs (Figure 29C), no difference in the number of mitochondria
is observed (Figure 29D). Moreover, the area of invididual mitochondria is the same
in all four conditions, measured by total area, length and width separately (Figure
29E-G).

Further analysis of the appearance of mitochondria was performed by analysing
mitochondrial cristae. These structures are invaginations of the inner membrane that
localise the entire ETC machinery, as well as other protein structures, and allow the
generation of microenvironments to enhance mitochondrial respiration. The analysis
of these cristae was performed by counting the number of cristae per mitochondria
and the area (Figure 29H). The number of cristae is lower in h-COX-2 Tg
mitochondria compared to Wt under Sham conditions, but no differences were found

in I/R conditions, nor in the area of these cristae (Figure 29I-J).

Figure 29. Mitochondrial number, morphology, and appearance analysis. (A)
Measurement of MRNA levels of genes related to mitochondrial biogenesis (Tfam and
Ppargcla), from liver extracts of Wt and h-COX-2 Tg mice under Sham and I/R 4 h
conditions. (B) Mitochondrial DNA content (CytB) in relation to nuclear DNA content
(ApoB) assessed by qPCR of liver extracts from Wt and h-COX-2 Tg mice under
Sham and I/R 4 h conditions. (C) Representative transmission electron microscopic
micrographs of liver sections from Wt and h-COX-2 Tg mice under Sham and I/R 4 h
conditions. Number of mitochondria relative to area (D) and percentage of area
occupied by mitochondria (E) quantified from TEM images. Measurement of
mitochondrial length (F) and width (G) in TEM images, as indicated in (H). Number of
cristae per mitochondrion (1) and relative area occupied within the mitochondrion (J),
measured as indicated in (H). Data are represented as mean + SEM (n=4-9 per group
for (A) and (B); 5 images/animal, 3-5 per group for (D-J)). *p<0,05 versus Wt Sham;
& p<0,05 versus h-COX-2 Tg Sham. Abbreviations: mtDNA, mitochondrial DNA;
NDNA, nuclear DNA; F.I., fold induction. (next page)
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4.5 Mitochondrial dynamics is altered after ischemia-reperfusion

Mitochondria are highly dynamic organelles that change their shape and
distribution in the cell to respond to different stimuli [158]. During ischemia-
reperfusion, mitochondria are heavily damaged, mainly by the generation of ROS and
the opening of the mitochondrial transition pore. One mechanism by which the cell
eliminates damaged mitochondria is through their fragmentation and subsequent
selective autophagy, called mitophagy. The mitochondria found in Wt and h-COX-2
Tg tissues take a doughnut shape after ischemia and followed by 4 h of reperfusion,
whereas under Sham conditions they remain with a filamentous phenotype (Figure
30A). This phenomenon has already been described and suggests that this peculiar
remodelling of the mitochondrial network allows mitochondria to protect themselves
from damage, fragmentation and elimination [159]. Interestingly, the lower damage
observed in tissue and specifically in the mitochondria of h-COX-2 Tg mice after I/R
is not sufficient to block the alteration of mitochondrial shape, as their mitochondrial

network resembles that of Wt samples after I/R.

The changes in the mitochondrial network respond to changes in the dynamic
processes of fusion and fission. Both mechanisms involve several cytosolic and
mitochondrial proteins that are analysed in this study. The fission pathway involves
the recruitment of the cytosolic factor DRP1 to the mitochondrial membrane. This
small protein will interact with different receptors; including FIS1, and will
oligomerise around the mitochondria, eventually forming a ring and constricting the
mitochondria until finally dividing it. Despite what can be seen in the mitochondrial
network images, where mitochondria appear to lose the filamentous conformation,
DRP1 levels are lower in the Wt samples after I/R, while they remain unchanged in
the h-COX-2 Tg samples (Figure 30B). FIS1 levels are unchanged in all conditions
(Figure 30C).
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Figure 30. Analysis of mitochondrial dynamic. (A) Representative
immunofluorescence images of liver sections from Wt and h-COX-2 Tg mice under
Sham and I/R 4 h conditions, of HSP60 (mitochondrial marker) in green and DAPI
(nucleus) in blue. (B-E) Representative Western blot and densitometric analysis of
DRP1 (B), FIS1 (C), MFN1 (D), and MFN2 (E) proteins (normalised to VINCULIN),
from Wt and h-COX-2 Tg liver extracts, under Sham and I/R 4 h conditions. Data are
represented as mean = SEM (n=4-9 per group) *p<0,05 versus Wt Sham; #p<0,05
versus Wt I/R. Abbreviations: Sh, Sham; VINC, vinculin.

On the other side, the fusion pathway consists of a first approach and later fusion
of the outer membrane and a second fusion of the inner mitochondrial membrane.
Outer membrane fusion is mediated by mitofusins (MFN1 and MFN2) and inner
membrane fusion is mediated by OPAL. In this regard, the expression of both MFN1
and MFNZ2 does not differ, neither by I/R nor the presence of COX-2 (Figure 30C-D).
In contrast, the inner membrane fusion protein OPAL is significantly less expressed
in Wt livers after I/R, but is maintained in the h-COX-2 Tg livers (Figure 31A). These
results show that the overall dynamics of mitochondria are not altered, but only OPAL,
which has more functions in addition to mitochondrial fusion. Therefore, the observed
changes in respiration, and even in mitochondrial membrane potential, could be due
solely to changes in OPAL.
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4.6 OPAL processing is enhanced by a higher activity of OMAL1 in Wt

mitochondria after ischemia-reperfusion

A detailed study of the expression of the OPA1 protein reveals that it can be
found as different isoforms of different molecular weight. In fact, the OPAL protein
undergoes different proteolytic changes, and these different forms have different
functions. The long forms interact with each other and are responsible for keeping the
mitochondria cristae tight. When OPAL is processed, shorter forms appear, and the
interaction between the short and long forms is responsible for the fusion of the inner
membranes of two fusing mitochondria. When analysing separately the two bands
observed in Western blot analysis of OPAL, a consistent decrease of both long (L-
OPAL1) and short (S-OPA1) isoforms is observed in the Wt samples, while the h-COX-
2 Tg samples have a minor decrease of the long form, and a fully maintained short
form (Figure 31B). The ratio between L-OPAL to S-OPAL shows that under Sham
condition both forms are close to be equal, and is the same in Wt and in h-COX-2 Tg
samples, while in Wt after I/R the short form is predominant (Figure 31C). When the
livers were left 24 h of reperfusion (Figure 31D), the predominance of the short form

of OPAL is maintained (Figure 31E-F), as in short periods of reperfusion (4 h).

Figure 31. OPALl expression and processing analysis. (A, D) Representative
Western blot and densitometric analysis of OPA1 protein (normalised to VINCULIN),
from Wt and h-COX-2 Tg liver extracts under Sham and I/R 4 h conditions (A) and
Sham and I/R 24 h conditions (D). (B, E) Differential densitometric analysis of L-OPA1
and S-OPA1 from Sham and I/R 4 h conditions (B) and Sham and I/R 24 h conditions
(E). (C, F) Ratio between the two forms (L-OPAL relative to S-OPA1) of Sham and
I/R 4 h conditions (C) and Sham and I/R 24 h conditions (F). (G) Representative
Western blot and densitometric analysis of YMELL1 protein (normalised to
VINCULIN), from Wt and h-COX-2 Tg liver extracts under Sham and I/R 4 h
conditions. (H) Representative Western blot and densitometric analysis of OMAL
protein and its different proteolytic forms (normalised to VINCULIN), from Wt and h-
COX-2 Tg liver extracts under Sham and I/R 4 h conditions. (I) Ratio between the
short form (s-OMA1) and the mature form (OMAL). Data are represented as mean +
SEM (n=3-9 per group). *p<0,05 versus Wt Sham; #p<0,05 versus Wt I/R; & p<0,05
versus h-COX-2 Tg Sham. Abbreviations: VINC, vinculin; L-OPAL, long-OPA1; s-
OPAL1, short-OPA1; s-OMAL, short OMAL; Sh, Sham. (next page)
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The processing of OPA1 is mainly performed by two proteases. The YME1L1
protease acts basally and is responsible for the balance between the short and the long
form, to maintain both cristae stability and mitochondrial fusion. OMAL, on the other
hand, only acts under certain stimuli, for example when there is a drop in the
mitochondrial membrane potential. Before being incorporated into the mitochondrial
membrane, OMAL appears as a pre-protein (pre-OMAL); this isoform undergoes
proteolytic cleavage that allows it to be incorporated in the membrane (mature
OMAZ1) where it remains inactive. When the membrane potential is lowered, a new
cleavage occurs, giving rise to the short form of OMA1 (s-OMAL), which is the active
form. When analysing the expression of both proteases, YME1L1 shows no difference
in expression under any condition (Figure 31G), but OMA1 does. After I/R, Wt livers
show a higher accumulation of s-OMAL, which correspond to the active form of the
enzyme (Figure 31H-I). This result correlates with the predominant presence of the
short form of OPAL in Wt samples. Taken together, these results reveal that following
I/R, loss of mitochondrial membrane potential can trigger OMAL protease activation,
leading to further processing of OPAL. The h-COX-2 Tg samples have similar levels
of the different forms of OMAL compared to the Sham conditions, in agreement with

an intact membrane potential.

5. INCREASED PLASMATIC PGE. ARE ASSOCIATED WITH
AN IMPROVEMENT IN LIVER FUNCTION

To translate all the results found in this study and validate them in a more
physiological context, prostaglandin levels were measured in a retrospective study of
a cohort of liver transplant (LT) patients. Liver transplantation is often the final stage
of liver pathologies and is highly affected by ischemia-reperfusion injury. It involves
a period of hypoxia when livers are resected from donors and have to face the period
of reperfusion when they are transplanted into recipient patients. Therefore, the
conditions under which ischemia-reperfusion occurs will determine the success of the

transplantation or trigger graft dysfunction. Examples of different conditioning factors
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are the time the graft spends on ice, the time before reperfusion occur, the conditions
of the donor liver, such as whether the donor has a liver pathology like cirrhosis,
hepatocellular carcinoma, viral infections, fatty liver or others. As demonstrated in
the mouse model, COX-2 overexpression in hepatocytes plays an important role in
the attenuation of I/R damage, so it can be assumed that its derived prostaglandins,
PGE_, are mediating this effect. For this part of the study, PGE: levels collected from
a cohort of 64 patients who had received LT were analysed. The cohort consisted of
41 men and 23 women; recipients ranged in age from 18 to 69 years and donors ranged
in age from 14 to 81 years. The predominant cause of the need for liver transplantation
was chronic cirrhosis (alcoholic or viral) and hepatocellular carcinoma. The
preservation solution was Celsior solution (Genzyme Corporation, Naarden, The
Netherlands) or University of Wisconsin solution (Du Pont Merck Pharmaceutical,
Wilmington, DE, USA). The ischemia time was 563 min + 164 min, of which 47 min
+ 22 min correspond to warm ischemia and 544 min + 161 min to cold ischemia. Other

data, such as graft outcome and length of hospital stayare, can be found in Annex 1.

Arterial plasma was collected 60 min after reperfusion and several plasma
parameters, including PGE; levels, were measured, and correlated with liver function
parameters. Patients were divided according to whether or not they had experienced
early graft dysfunction after transplantation based on ALT levels, coagulopathy and
bile flow. Patients without early graft dysfunction, i.e. when transplantation was
successful, have higher hepatic arterial plasma PGE: levels compared to those with
early graft dysfunction, which have a lower presence of PGE: (Figure 32A).
Furthermore, there is a negative correlation between the amount of PGE; detected and
the length of hospital stay of the patients (Figure 32B), linking a shorter stay with
higher prostaglandin levels, meaning that the presence of hepatic arterial plasma PGE:
is indicative of a good prognosis in the liver transplant. These results point to a better
acceptance of transplantation when prostaglandins are elevated in the patient’s hepatic
arterial plasma, validating the protective role of prostaglandins when the tissue is
damaged by ischemia-reperfusion. Another parameter analysed in these patients was
the duration of ischemia. In this case, a negative correlation was found when relating

plasma PGE; levels and ischemia time during transplantation (Figure 32C). The
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longer the ischemia; the less prostaglandins are detected in recipient patients. This
may indicate that it is necessary to do the transplant in the shortest possible time, to
ensure that prostaglandin levels are sufficient to exert their protective effect.
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Figure 32. Correlative studies of PGE; levels in plasma and graft function in
patients receiving OLT. (A) Correlation between PGE: levels and graft function,
*p=0,026. (B) Correlation of PGE: levels and time spent in the hospital after receiving
the transplant. (C) Correlation between PGE: levels and time of the ischemia. Both
correlations (B, C), show a significantly negative correlation.
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Ischemia-reperfusion injury is generated when a tissue is subjected to hypoxia
followed by a period of reperfusion, causing various damages and disorders at both
the cellular and tissue level. Paradoxically, the necessary restoration of oxygen flow
causes the most damage, leading to an oxidative response, inflammation, and
ultimately cell death. In this study, the h-COX-2 Tg mouse model was used to evaluate
the role of COX-2 in hepatic ischemia-reperfusion injury. In general, COX-2
expression in hepatocytes has a beneficial effect that mitigates liver damage following
ischemia-reperfusion. The data obtained in the study support this claim at different

levels which will be discussed below.

The use of a mouse strain with a specific genetic background is a controversial
issue and a crucial point depending on the research being attempted [160], as is the
selection of the sex of the animals [161]. Regarding sex selection, male individuals
were selected for the present study to avoid hormonal modulation of endogenous
prostaglandin levels [162][163]. Mouse strains are more difficult to choose because
several aspects have to be considered, as mutations that differ from each other may
determine the outcome of the results. In this study, the selection of a hybrid genetic
background was a consequence of the methodology for the generation of the
transgenic animal. Assuming that this hybrid genetic background could be the reason
for the variability obtained in the results, two more homogenous backgrounds were
obtained and several experiments were performed with these animals to test its
susceptibility to IRI, as well as the variability between the individuals. The results
clearly showed that, compared to the hybrid background mice, there was no damage
in these two more homogenous strain mice, the pure C57BL/6JRccHsd strain and the
F1, a 50-50% mixture C57BL/6JRccHsd and DBA. These results are surprising since
many other studies have used pure genetic background mice to perform liver I/R and
obtained the expected liver damage, but generally are different backgrounds than the
ones used in this thesis, such as BALBc [164][165]. Even when using C57BL/6 as the
strain of choice [166][167][168], is still a different strain from the one used in the
present study (C57BL/6JRccHsd), as is also the C57BL/6J [169][170]. These results

are striking but not necessarily strange. Differences in I/R outcomes may be due to
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differences in the mouse sub-strain used, but also due to the type of ischemia, ischemia
time, and duration of reperfusion [171]. On the other hand, it has been reported that
some mouse strains are not suitable for some models in research. For example,
C57BL/6J animals do not progress to hepatocellular carcinoma [172], so the choice
of another mouse strain is mandatory. Or even differences of two closely related
mouse strains, such as C57BL/6J and C57BL/6N, are sufficient to behave
differentially in models of MAFLD and NASH [173]. Therefore, after empirical
demonstration of susceptibility and resistance to the I/R model in three different
mouse strains, and although it is not clear why pure or F1 mixed strains do not behave
the same way as the hybrid, selection and thus all subsequent studies were performed

with the most susceptible mouse strain, which is the mixed strain.

When looking for the involvement of COX-2 in the initiation of inflammation or
involution of disease, its inhibition is often found to be beneficial and administration
of NSAIDs, that block its activity, are desirable to resolve the pathology of interest
[38][174][175][176]. The overexpression model used in this thesis presents a
contradiction of what is generally described (inhibition is better than induction), but
several other studies have shown that PGE; are beneficial in different liver pathologies
and have a protective role [177][178][179][180]. For example, the activation of the
prostaglandin receptor EP, with agonists or its overexpression has been shown to
improve liver function after I/R [181], reducing liver damage [182]. Moreover, the
overexpression h-COX-2 Tg mouse model used in the present study has also been used
in other liver pathologies such as acute liver damage, fatty liver disease, alcoholic
liver disease and hyperglycaemia [47][48][183][184], which, although they are
different pathologies and affect the liver at different levels, support the hypothesis of
a protective role of COX-2. Therefore, the role of COX-2 in liver pathophysiology is

still under debate.

Transgenic models of overexpression are not ideal in terms of translation to
humans or the clinic, but they are very suitable tools for discovering and investigating

the role and action of a protein when working with laboratory animals. In this case,
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COX-2 expression specifically in the hepatocyte is constitutive, unlike in adult livers
where its expression is inducible under stress signals and only in certain cell types
[35]. But it has no further implications for liver development since COX-2 is
expressed in embryonic stages, which does not imply any alteration in the normal
development of the tissue.

After a period of ischemia, endogenous COX-2 is slightly expressed, suggesting
that COX-2 expression is involved in the onset of inflammation, as reported by several
authors [185]. But its induction need not be responsible for inflammation, but could
be caused by it, in an attempt by the cell to protect itself from the damage that will be
caused. In 2000, Clavien et al demonstrated that a short period of ischemia in the liver
before the true period of ischemia, called preconditioning (PC), was beneficial for the
tissue and ensured a better prognosis in the case of liver transplantation [186]. Of all
the mechanisms activated in preconditioned livers, COX-2 expression is one of those
that is significantly increased, leading to a rethinking of its role as a damage-causing

factor, to consider it as a protective enzyme.

In recent years, many studies have tried to unravel the role of COX-2 in IRI in
different tissues. In myocardial IR1, both endogenous and exogenous PGE; have been
shown to protect cardiomyocytes after I/R [187], stimulate differentiation of
progenitors to cardiomyocytes [188], and promote regeneration [189]. Moreover,
COX-2 inhibition causes further cardiac damage and compromises cardiac function
when subjected to ischemia-reperfusion [190][191]. In fact, a previous study using a
model of COX-2 overexpression in cardiomyocytes showed that COX-2 confers a
permanent cardioprotective stage against reperfusion injury [192]. The kidneys are
other organs that may undergo transplantation and thus be subjected to ischemia and
reperfusion. In renal IRI, PGE; has been shown to protect kidneys from IRI through
upregulation of antioxidant, antiapoptotic, and anti-inflammatory pathways
[193][194].

Based on this idea, the model of COX-2 overexpression in the hepatocyte has

been used to address all the pathways responsible for COX-2-mediated reduction of
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liver damage after IRI, creating a parallel with what happens when preconditioning is
performed, and try to assign the correct role of COX-2 in this framework. To
characterise the IRl model and validate the protective role of COX-2, several analysis
and studies were performed and are described and discussed below.

First, h-COX-2 Tg mice subjected to I/R have lower levels of plasma
transaminases (ALT and AST) compared to Wt, demonstrating less liver damage.
Plasma transaminases are markers of acute liver damage as they are first released
because of the rupture of cell membranes due to a necrotic state [195]. Thus, ALT and
AST levels are higher after 4 h of reperfusion, when acute damage is generated, but
their presence in plasma is decreased over time as no more cells die as a consequence
of a first exacerbated reaction due to reperfusion. Furthermore, these transaminases
will not remain in the bloodstream for long, according to the results of increased
detection of transaminases at 4 h compared to 24 h of reperfusion. Like the release of
liver transaminases, the detection of LDH in plasma is also an indicative of damage
in response to the release of cytosolic enzymes that are only present in the bloodstream
when cell membranes are disrupted. And like transaminases, LDH levels are lower in
h-COX-2 Tg samples, supporting the idea of less liver damage in these animals.
Although LDH could be released from any other tissue, not specifically from the liver
like ALT and AST, the concordance of lower transaminases levels and the presence
of fewer and smaller necrotic areas in transgenic samples lead to the conclusion that
COX-2 expressing livers have less damage caused by I/R after 4 and 24 h of

reperfusion.

One of the effects of this attenuated damage is a reduced activation of the
inflammatory response. I/R in the liver causes global inflammation and can be
observed by increased expression of pro-inflammatory genes (Tnf, 1I-6, 1I-1b) or
release of proinflammatory cytokines into the bloodstream in Wt animals. In the
presence of COX-2, the inflammatory response is attenuated after I/R, as can be seen
by a lower expression of these proinflammatory genes, as well as by a lower presence

of proinflammatory cytokines. In addition, the expression of the anti-inflammatory
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cytokine IL-10 is increased in h-COX-2 Tg animals, consistent with an attenuated
proinflammatory profile. COX-2 expression in hepatocytes has already been shown
to be protective by attenuating inflammation in other liver pathologies, reinforcing the
idea of an anti-inflammatory role of COX-2 [48][184]. Other inflammatory markers
support the idea that COX-2 expression has a beneficial effect. Lower MPO activity
is detected in COX-2 expressing samples, reflecting lower neutrophil infiltration,

which is also observed in a lower presence of Ly6G* cells in transgenic samples.

Paradoxically, COX-2 inhibition has been a classic strategy to reduce
inflammation, as prostaglandins are responsible for the main signs of inflammation,
especially PGE; [31]. Several studies show that COX-2 inhibition with specific
inhibitors (like NSAIDs) reduces the establishment of inflammation and promote the
resolution of the pathology [39][43]. Hamada and colleagues described that global
COX-2 deficiency enhances T helper 2 (Th2) immune function, reducing lymphocyte
recruitment in the liver after I/R [40]. But, interestingly, the same authors later
described that selective COX-2 inhibition in myeloid cells does not prevent liver
injury after I/R, resulting in extensive necrosis and leukocyte infiltration [43], in
addition to other studies that shown that signalling through PGl (another COX-2
product besides PGE>) reduces inflammation by enhancing the production of the anti-
inflammatory cytokine IL-10 in Th2 cells [196]. Indeed, what was observed is that
COX-2 may have an anti-inflammatory role, depending on the expression of the
enzyme at different times in the process. While at the onset of inflammation it plays

arole in establishing inflammation, later it contributes to its resolution [44][197][198].

It should be noted that the model used in the present study has high basal levels
of COX-2 expression, which could be assimilated to a situation close to the resolution
of inflammation, when its expression has already been induced and is at its higher
levels. Indeed, when Wt mice were preconditioned, the livers show attenuated
inflammation compared to the Wt subjected to normal ischemia without PC. Actually,
as mentioned above, liver preconditioning was described as protective in liver

resections [186], and indeed preconditioned mice show overall less liver damage, less
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necrosis and a lower antioxidant response, supporting the idea that COX-2 expression
is beneficial in the setting of liver damage. In fact, and as also mentioned above, after
I/R, Wt mice show a small increase in COX-2 expression, but after PC this increase is
significantly higher, supporting the idea that the induction of COX-2 expression is
beneficial in a context of liver damage. Furthermore, it validates the COX-2
overexpression mouse model to study the pathways that are activated or attenuated in

PC livers and that contribute to tissue protection.

In addition, another fact that supports the idea of the role of COX-2 in the
prevention of global injury is the results observed with the selective inhibition of the
enzyme with DFU. In other studies, inhibition of 15-PGDH, the enzyme responsible
for metabolising and reducing circulating PGE: levels, improves liver regeneration
[38]. In the present study it is shown that inhibition of COX-2 in h-COX-2 Tg animals
exacerbates liver damage, showing higher levels of liver damage, more necrosis,
increased inflammatory response, and oxidative stress. Therefore, expression and

activity of COX-2 enzyme is required to prevent exacerbated liver damage.

Necrotic areas are common after I/R, as observed by H&E staining. However,
necrosis is not the only death pathway that leads cells to die after I/R, since apoptosis
pathways are also activated [199]. Programmed cell death is activated after 90 min
ischemia followed by 4 or 24 h of reperfusion, as can be seen in the increased
activation of Caspase 3 and increased levels of BAX/BCL-2 ratio in Wt samples. In
contrast, apoptosis markers do not increase in h-COX-2 Tg samples, demonstrating
that pro-apoptotic signalling pathways are not activated in these cells. This anti-
apoptotic effect of COX-2 has already been reported in models of fatty liver disease

and acute liver injury [48][184].

In the context of reducing apoptosis, AKT and AMPK emerge as key players, as
they are involved in several survival signalling pathways. Likewise, AKT and AMPK
activations have been described to play a protective role in IRI [200]. AKT is known
to be in the downstream signalling pathway of prostaglandin through binding to the

EP./EP4 receptor dimer, and signalling through Gy factor and hosphoinositide 3-
158



V. DISCUSSION

kinases (P13K) [201]. In hyperglycaemic mouse models with COX-2 overexpression,
AKT phosphorylation is enhanced, promoting survival pathways [46][47]. Following
I/R, transgenic samples also exhibit increased AKT phosphorylation compared to Wt,
evidencing survival signalling. In addition, AMPK phosphorylation is also increased
in the transgenic samples. In this case, in the Sham condition, p-AMPK appears
already elevated in the transgenic samples, and after I/R it remains higher than in the
Wt samples, where it is decreased. Indeed, inhibition of AMPK signalling leads to
apoptosis [202], which reinforces the idea of an anti-apoptotic role of AMPK and
suggests an interaction between COX-2, its derived prostaglandins and AMPK.

As mentioned above, AMPK is involved in several survival pathways, but also
plays a role in the inflammation process. The higher p-AMPK/AMPK ratio observed
in h-COX-2 Tg animals could explain the lower leukocyte infiltration, as it has been
shown that AMPK can reduce the expression of adhesion molecules, inhibiting
neutrophil infiltration, and inflammatory cytokines release [203]. Furthermore,
activation of AMPK in preconditioning reduced liver injury by preserving ATP levels

and reducing lactate accumulation [204].

Another pathway in which AMPK is actively involved is autophagy. Activation
of AMPK is known to promote autophagy, and inhibition of AMPK-activating
pathways leads to impaired autophagy [205][206][207]. In the context of ischemia,
autophagy has been suggested to be impaired in liver IRI [208], and in particular a
study showed that autophagy mediated by AMPK/mTOR signalling pathway reduces
liver IRl in mice [209]. Indeed, increased autophagy is observed in h-COX-2 Tg
samples after I/R, with an increase in autophagy initiating factor ATG7 and
autophagosome protein LC3 Il, compared to Wt. These results support the idea that
COX-2 promotes AMPK-mediated autophagy. This connexion between COX-2 and
autophagy is supported by other studies that reported in other cell types that up-
regulation of COX-2 and PGE; induces autophagy [210], or that inhibition of
autophagy and increased apoptosis are related to down-regulation of PGE; production

[211]. Interestingly, levels of the cargo-marker protein p62 are higher in Wt after I/R,
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compared to the transgenic samples which are lower, even before ischemia.
Apparently, there are more cargoes marked for degradation in Wt, suggesting that
more structures and materials are affected. Indeed, one study showed that increasing
phosphorylation of AMPK at Thr172 leads to up-upregulation of autophagy with
decreased levels of p62, but increased levels of Beclin-1, ATG7, and LC3 [212].
Actually, autophagy is a well-known mechanism that is activated in cases of starvation
[205][213], or in this case, in the absence of blood supply, which ultimately leads to
nutrient deprivation. With these findings, it can be concluded that increased autophagy

is a good mechanism to prevent liver damage after I/R and that COX-2 promotes it.

Cell death and apoptosis can also be promoted through the ER. Cellular stress,
such as that caused by IRI, can alter ER function leading to the accumulation of
misfolded proteins that will eventually trigger the UPR [77][214]. If this response fails
to alleviate ER stress, the response itself will eventually drive the cells into apoptosis.
Livers expressing COX-2 have an attenuated UPR compared to Wt, a fact that
correlates with less apoptosis in these samples. Analysing the UPR from the
beginning, h-COX-2 Tg samples have lower levels of the chaperone GPR78,
indicating that there are fewer misfolded proteins to bind to. Chemical inhibition of
chaperons has been shown to inhibit ER stress and protect against IRI [215], so lower
chaperon expression or activity means less ER stress. Subsequently, although the Atf6é
gene appears up-regulated in the h-COX-2 Tg samples, the other two pathways, IRE1
and PERK pathways, remain attenuated in transgenic samples, compared to Wt.
Following I/R, lower levels of Atf4 and CHOP are indicative of reduced PERK factor
activation. Atf4 has been shown to be activated under different type of stress stimuli
[216], which will stabilise CHOP expression and thus promote apoptosis [217][218].
In addition, IRE1 pathway is also attenuated, as observed by reduced JNK
phosphorylation in the transgenic samples, as is Xbpl splicing. Reduced UPR
activation is also related to AMPK activation, as can be seen in hypoxia studies in
cardiomyocytes [219], a fact that could be extrapolated to these results since in the
presence of COX-2, the activation of the AMPK pathway is promoted and there is

less activation of the UPR. This ultimately translates into less reticulum stress and
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ultimately less apoptosis. Indeed, Nakamura and colleagues demonstrated that
antibiotic pre-treatment prior to transplantation activates the PGE./EP4 axis that
regulates ER stress and autophagy and is beneficial in liver transplantation [220].

Reperfusion after an ischemic period is a source of cytokines and ROS that act
as stress factors that will target the ER and activate the UPR [77][221]. It has already
been shown in this work that in COX-2 expressing livers, less inflammation occurs,
but also the overall presence of ROS is attenuated. The reduction of ROS may be a
consequence of reduced ROS production, but also of increased antioxidant capacity
of cells and tissues. The transcription factor NRF2 is a major player mediating the
antioxidant response by inducing the expression of several antioxidant genes [222].
Previous studies demonstrated that NRF2 has a protective role against ischemia-
induced hepatocellular damage [223], for example, pre-treatment of rats with an
NRF2 inducer protects the animals against IRI [224]. The results in the present work
show an increase of NRF2, both in gene and protein expression, as well as an
increased localisation in the nucleus of hepatocytes in COX-2 expressing samples,
indicating a favoured onset of antioxidant response. Thus, COX-2-derived
prostaglandins would act as other metabolites that induce nuclear translocation of
NRF2 [225], and reduce ROS levels in IRl models [226]. Some of the NRF2 target
genes are antioxidant enzymes that detoxify tissue in the presence of ROS, such as
Sod, Hmox1, Catalase, Gr or Gpx [227][228][229][230]. The expression and/or
activities of these enzymes are higher in h-COX-2 Tg livers, consistent with a higher
presence of NRF2 and the lower presence of ROS in these tissues. In fact, this data
show on the one hand that h-COX-2 Tg livers have a better antioxidant response, with
a higher antioxidant capacity, and on the other hand a lower oxidative stress, probably
due to a lower ROS production. In any case, all these results reinforce the idea of an
antioxidant role of COX-2.

Lipid peroxidation has been used as a biomarker of oxidative stress, and has also
been linked to several conditions that generate oxidative stress, such as inflammation

resulting from diabetes [231]. ROS not detoxified by an overwhelmed antioxidant
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response can oxidise membrane-forming phospholipids and, over time, can form
pores and allow the release of ROS into the cell and tissue, as well as damaging
membrane-formed organelles, and cause damage to macromolecules, DNA, and
proteins [232]. Ischemia-reperfusion cause lipid peroxidation as can be seen in the
measurement of LPO in Wt samples, and again the presence of COX-2 mitigates this
reaction, either as a consequence of increased scavenging of the ROS produced or

directly by reduced ROS generation in these tissues.

Of all the cellular organelles that are affected by IRI, mitochondria are the most
closely related to this phenomenon [57]. On the one hand, they participate to cell
damage by contributing to ROS generation, but on the other hand they play an
essential role in the antioxidant response through specific antioxidant enzymes
[178][233]. General damage to mitochondria during IRI can determine the fate of the
cell, changing its metabolism and affecting cellular energy status, or ultimately
leading to cell death [57]. One of the key players mediating the antioxidant response
in mitochondria is the mitochondrial isoform of superoxide dismutase (SOD2 or
MnSOD) [234][235]. Both its expression and activity are increased in h-COX-2 Tg
samples. In fact, its protein levels are already higher in control conditions, favouring
the antioxidant response once the onset of oxidative stress occurs during I/R.
Moreover, SOD2 expression is specific in the hepatocyte, supporting the idea of a

hepatocyte-mediated antioxidant response under the effect of COX-2 expression.

As mentioned above, mitochondria are essential in the cellular response to IRI.
Their direct dysfunction due to oxygen deprivation favours the generation of ROS and
thus contributes to oxidative cell damage. Moreover, their preservation under hypoxic
conditions is an indicator of cellular fitness [236] and proven therapy efficacy
[237][238][239]. Due to the accumulating evidence demonstrating reduced I/R
damage in COX-2 expressing livers, and the reported evidence that mitochondria play
an essential role in the onset and resolution of cellular oxidative damage following

I/R, an in-depth study of mitochondrial function was performed in this study.
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One macroscopic effect caused by hypoxia is a change in the mitochondrial
network. Mitochondrial morphology changes to adapt to specific cellular and tissue
demands, and this remodelling influence different aspects such as ETC activity,
apoptotic sensitivity and mitochondrial dynamics [240]. In general, large fused
mitochondria are associated with increased ETC activity, mitophagy protection and
resistance to apoptosis stimuli, whereas fragmented mitochondria are more
susceptible to apoptosis and mitophagy [241]. Oxygen deprivation has been reported
to cause mitochondrial fragmentation through increased mitochondrial fission [242].
Ong’s team demonstrated that this hypoxia-induced fragmentation is mediated by
DRP1 activity [133], and Bouche’s group reported that pharmacological inhibition of
DRP1 protected murine cardiomyocytes from IR1 [243]. But, contrary to expectations,
in the present study, Wt tissues have lower levels of DRP1 compared to h-COX-2 Tg
samples after I/R, expecting lower mitochondrial fission. However, the mitochondrial
network is altered after I/R, although the mitochondria do not appear fragmented but
in a particular doughnut shape. A study by Liu and Hajnoczky showed that hypoxia
can induce this network remodelling during reperfusion to protect mitochondria from

fission and thus from mitophagy or apoptosis [159].

The fact that no further fission is observed in the samples after I/R is supported
by the absence of changes in other mitochondrial aspects, such as the number or size
of mitochondria. Thus, although the mitochondrial network appears to be modified
towards doughnut-shaped morphology after IRI, neither the length nor the width of
individual mitochondria is affected, and the number of mitochondria is the same in all
conditions. Such contradictory results have already been described and are due to
differences in the models used, in the in vivo or in vitro analysis, in the times chosen
for ischemia and reperfusion, among other variables [244][245]. However, the
mitochondrial copy number study, used to determine the number of mitochondria,
shows no alteration in any condition, making it clear that there are no more

mitochondria, i.e. no more fission.
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Mitochondrial remodelling is carried out by several fission/fusion proteins such
as OPAL [246][247]. It has been reported that during hypoxia there is a decrease in
OPAL1 protein expression [242] and that its overexpression blocks fission [248].
Likewise, OPA1-mediated mitochondrial protection has been shown in models of
cerebral and cardiac ischemia-reperfusion injury [135][249]. Indeed, this effect was
observed in Wt livers after I/R, where there is a lower presence of OPAL. In this sense,
COX-2 seems to stabilise OPA1 because its presence is maintained after I/R in h-
COX-2 Tg samples. Moreover, OPA1 processing is also important in mitochondrial
remodelling after I/R, as Duvezin-Caubet’s team described that OPAL processing
increases after hypoxia [248]. Again, this increased processing is observed in Wt liver
samples after I/R, and this effect is mitigated in the presence of COX-2. Furthermore,
as detected in this study, the OPAl-related protective mechanism is independent of
variations in MFN1 or MFN2 [250], which are normally altered when there are

changes in mitochondrial fusion and fission dynamics [103].

OPAL1 processing is required for a couple of basic functions. Basal processing by
the YMEL1L1 protease ensures the presence of both short and long forms of OPAL that
will maintain balance in mitochondrial fusion, as the interaction of the two isoforms
ensures the fusion of two fusing inner mitochondrial membranes[103][251][252]. On
the other hand, the interaction of two long isoforms ensures the preservation of the
cristae junctions, membrane unions at the end of these invaginations called
mitochondrial cristae [253]. An imbalance of these two isoforms can cause cristae
junctions to open and lead to a reduction in the rate of respiration, CytC release and
ROS production [254][255][256]. Under hypoxia, OPAL processing is imbalanced
[257]. In particular, in the present study after I/R in liver, the L-OPAL/S-OPAL1 ratio
decreases, and S-OPAL becomes the predominant isoform, indicating increased OPA1
processing. Since mitochondrial fragmentation does not seem to be affected, this
result suggests that cristae would be less stabilized. However, this hypothesis could
not be demonstrated because the analysis of cristae did not reveal changes in the

number of cristae per mitochondria, nor in the area of cristae. Nevertheless, this part
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of the study is based on TEM images, which lack sufficient depth to be fully
representative of the situation of mitochondria in cells.

As mentioned above, YMELL1 is the protease responsible for the basal
proteolysis of OPAL. This enzyme is not modified under any conditions, which means
that the observed OPA1 processing is not mediated by YMELLL1. But it has been
described that OPA1 can be processed by a stress-induced protease called OMA1
[258][259][260]. OMAL localises to the inner mitochondrial membrane and acts
under stimuli such as loss of membrane potential [261]. In this case, it is more
activated in Wt samples, while in h-COX-2 Tg samples remains less activated, as
observed by Western blot analysis where less of the short form of the enzyme
corresponding to the activated form is detected in the transgenic samples. In fact,
OMAL1 activation in Wt livers correlates with the low membrane potential detected in
these samples. In this case, the presence of COX-2 preserves the membrane potential,
which does not trigger OMAL activation. Therefore, as described in the bibliography,
under control conditions the loss of membrane potential triggers OMAL activation
and OPAL processing; and this whole chain of events is prevented under the effect of

COX-2 overexpression.

The drop in mitochondrial membrane potential is closely related to the opening
of the mPTP, which occurs during periods of ischemia and subsequent reperfusion
[262]. Opening of the mPTP leads to a fall in membrane potential, CytC release, and
increased ROS production, events that are prevented by COX-2 overexpression.
Furthermore, preconditioning prevents mPTP during reperfusion [262][263],
supporting the idea that COX-2 protection could be through preservation of

mitochondrial functionality, directly or indirectly.

In parallel, OMAL activation has also been linked to mitochondrial stress through
the interaction of the DAP3-binding cell death enhancer 1 (DELE1l) and the
eukaryotic translation initiation factor 2 alpha kinase 1 (HRI or EIF2AK1). DELE1 is
an inner mitochondrial membrane protein related to apoptotic signalling pathways and

HRI is an elF2a-type kinase present in the cytosol. When OMAL1 is activated, due to
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a drop of membrane potential, it cleaves the DELE1 protein releasing it to the cytosol
and its accumulation will eventually activate the elF2 kinase activity of HRI. This
activation will promote translation inhibition on one hand and translation of Atf4 on
the other hand, thus activating stress signalling in the cell [154]. As described above,
Atf4 is less expressed in h-COX-2 Tg samples which, as just mentioned, reflects lower

overall cellular stress.

Cristae disorganisation can lead to a reduction of the respiratory rate, ROS
production, CytC release, as well as a reduction of the membrane potential
[254][255][256]. In this case it is not possible to know exactly what triggers what,
whether the loss of membrane potential causes OPAL processing and thus further
disorganisation of the cristae, or whether cristae opening is itself responsible for the
drop of membrane potential. In either case, both situations generate a disorganisation
of the components of the electron transfer chain, which has been described as leading

to decreased respiration, generation of ROS, and reduced ATP production [264][265].

The electron transport chain is, together with the glycolysis and the tricarboxylic
acid cycle, an essential step in maintaining the energetic demands on the cell. Its
function is impaired after periods of hypoxia due to a lack of oxygen, the final electron
acceptor of the chain. This alteration in its function causes ROS at the mitochondrial
level [266], more in detail, due to the reverse electron transport (RET) that causes
superoxide at level of Complex | [121]. Maintenance of respiration is compromised
in Wt samples after I/R, compared to transgenic-derived mitochondria. The electron-
feeding fatty acid pathway through the CETF is maintained in h-COX-2 Tg
mitochondria after I/R, whereas Wt-derived mitochondria have a lower contribution
of this pathway to the overall respiration. The NADH pathway (N-pathway) that uses
substrates that feed the ETC with electrons from the NADH, such as malate, pyruvate
and glutamate, is also maintained in h-COX-2 Tg mitochondria, revealing that Wt
mitochondria have impaired mitochondrial respiration at ClI level. Actually, an

increase in CI activity has been shown to be protective in IRI [267].
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Although ETC activity appears to be affected in Wt samples after I/R, no changes
in ATP or AMP levels, nor in NADH levels, were observed compared to Tg samples.
This observation is interesting because a lower ETC activity should translate into
lower ATP production, but AMPK has been described to maintain ATP levels by
promoting catabolic pathways, and inhibiting anabolic pathways to prevent ATP
depletion [267].

The individual presence of ETC components does not reveal changes in any
situation, not even after I/R or under COX-2 expression. This means that the reduction
of respiration due to a reduced contribution of electrons feeding ClI is not due to a
reduction of CI expression. However, ETC complexes do not move freely in the
membrane, but are described to be organised into SC [115][268]. This organisation
ensures better respiration because it reduces the leakage of electrons when they are
transferred from one complex to another [269][270], as well as being related to stress
situations to ensure maintenance in respiration [264]. Furthermore, stabilisation of
cristae affects the formation and activity of the SC [271], so it can be assumed that the
observed changes in OPAL will affect this balance. The analysis of SC points to a
trend of destabilisation of the SC composed of CI in the Wt samples after I/R. These
results could support the idea of reduced Cl-dependent respiration, as the SC tend to
be less organised. In relation to this result, it has been described that increased SC
composed of complex | ensure higher respiration and lower ROS formation and when
Cl is predominately alone, more ROS are generated [270][272]. These results may
also be related to the fact that Wt mitochondria have lost their membrane potential and
mitochondrial cristae are opened. Indeed, the destabilisation of cristae may be due to
a disorganisation of SC [253].

Overall, h-COX-2 Tg-derived mitochondria are less affected and show reduced
damage after I/R compared to the Wt-derived mitochondria. This attenuated damage
can be observed through a maintained respiratory capacity, preserved mitochondrial

membrane potential and protection of mitochondrial structure (Figure 33).
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Figure 33. Proposed model of mitochondrial damage after I/R and preservation
of mitochondrial function in the context of COX-2 overexpression. Under
physiological conditions, I/R results in mitochondrial damage causing a decrease in
Complex | activity, loss of membrane potential, and activation of the OMAL protease.
Activated OMAL will further process OPA1, decreasing the presence of L-OPAL,
leading to a destabilisation of the cristae, contributing to loss of membrane potential
and dysfunction of respiration. When cellular and tissue damage is prevented under
COX-2 overexpression (due to reduced inflammation, oxidative stress and ER stress,
among other beneficial effects), mitochondria suffer less; they maintain membrane
potential, OPA1 processing is prevented, leading to prevention of cristae opening and
respiration rates are also preserved.

Finally, the contribution of COX-2 to the prevention of tissue damage after I/R
was analysed in the context of clinical translation. In this study, the relationship
between plasma PGE: levels and clinical data of patients undergoing LT has been
evaluated [273]. This analysis shows that the presence of PGE; in the plasma of
recipients correlates with a better prognosis, while lower PGE; levels are associated

with early graft disfunction, assessed with a previously described scale [274].
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These results support the data obtained with animal models and reinforces the
idea of a protective role of COX-2 and its derived prostaglandins in the prevention of
liver damage after I/R. Experimental results suggests that, even at levels in the
physiological range, PGE> may be protective in patients receiving LT. In fact, it has
been reported that when liver donors are subjected to preconditioning, thereby
increasing PGE: prior to liver resection, liver protection is promoted and transplant

outcome is improved [275].

An important detail that emerges from these results is that the protective function
of COX-2 is effective when performed by the hepatocyte. In a common context of
inflammation and oxidative response, it is the KCs that is responsible for the
expression of COX-2 [276] and this cell-specific expression is correlated with a higher
ROS production and therefore tissue damage [276]. But, when COX-2 expression is
driven through the hepatocyte, either by overexpression or preconditioning, it is

protective (Figure 34).

Taken together, COX-2 expression in hepatocytes appears to protect livers from
ischemia-reperfusion injury. What all these results point to is an induction of COX-2
when liver damage occurs, and that this expression is beneficial. Under normal
conditions, this expression is low and is not enough to generate any beneficial effect,
leaving the tissue unprotected against the burst of liver damage caused by
inflammation and oxidative stress. But, when COX-2 induction is higher, due to
preconditioning or through transgenic overexpression, the role of COX-2 is clearly

protective and prevents liver damage at several levels.
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Figure 34. Proposed model of cell and tissue injury by I/R and the role of COX-
2 in protecting and reducing liver damage. Under physiological conditions, I/R
damage causes activation of Kupffer cells that generate a burst of oxidative stress
that leads to cells death, via necrosis or apoptosis. Inside the cell, ROS produced by
Kupffer cells join within ROS produced intracellularly, along with other cellular
stresses such as UPR, to contribute to cell death. In the context of COX-2
overexpression, COX-2 and its derived prostaglandins prevent Kupffer cells from
activating, reducing ROS generation; and together with an enhanced antioxidant
response, cell death is prevented. In addition, autophagy is increased, aiding the
maintenance and survival of cells in the tissue. Created with Biorender.com
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VI. CONCLUSIONS

Based on the results obtained during the research and in order to respond to the
objectives set out at the beginning of this thesis, the following conclusions can be

drawn:

1. Mice expressing COX-2 in hepatocytes show attenuated liver damage after
I/R compared to Wt mice, showing decrease in markers of liver damage,

markers of necrosis and necrotic areas.

2. To obtain a higher degree of damage and an adequate representation of the

injury model, a mixed genetic background mouse line is required.

3. The reduction of liver damage in h-COX-2 Tg mice is specifically due to
COX-2 expression, as demonstrated by COX-2 inhibition, where damage
levels match those of a Wt mouse; as well as when a Wt mouse is
preconditioned by inducing endogenous expression of Ptgs2, which shows

protection from damage.

4. h-COX-2 Tg mice have a lower inflammatory response, showing a reduced
NF-kB signalling pathway, a low pro-inflammatory profile, and reduced

neutrophil infiltration.

5. Canonical cellular stress markers are reduced in h-COX-2 Tg mice, revealing
decreased apoptosis, ER stress, and oxidative stress, while autophagy is

promoted.
6. The antioxidant response is enhanced in h-COX-2 Tg mice through activation

of the NRF2 transcription factor pathway, resulting in antioxidant gene

expression increase.
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7.

10.

Mitochondrial function is preserved in h-COX-2 Tg mice, maintaining
mitochondrial respiration and membrane potential, through increased
Complex | activity, without altering mitochondrial number and shape.

There is a tendency to stabilise supercomplexes composed of Complex | in
mice overexpressing COX-2, without altering the expression of individual

complexes.

Preservation of mitochondrial function in h-COX-2 Tg mice may be mediated
by stabilisation of mitochondrial cristae through maintenance of OPAl

isoforms and reduced activation of the OPA1-processing enzyme, OMAL.

The presence of elevated plasma levels of PGE; in patients receiving OLT
correlates with a good prognosis, reduced graft rejection and faster recovery.
This result suggests that, even at physiological range levels, prostaglandins

may have a protective role in patients receiving liver transplantation.
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ANNEX 1 — PATIENT INFORMATION TABLE

Warm

Cold

Length of

Gender- Age Weight Aetiology! | Preservation Ischemla ischemia | ischemia| Early graft | hospital Mechan!cal Time Of. PGE2 Age
Recipient (years) - Kg)- 1 Recipient | medium? time time time | dysfunction stay ventilation | resuscitation (pg/mL) (years)
Recipient | Recipient (min) (min) (min) (days) (h) (days) - Donor
Man 29 70 PSC W 322 42 322 Yes 39 12 3 1154 45
Man 57 70 AC W 689 36 689 No 15 12 3 1157 73
Woman 48 58 AC c 336 26 336 No 12 13 2 555,6 63
Woman 59 52 HCVC c 366 30 366 No 44 9 2 949,3 39
Woman 44 73 HCVC + AC W 787 45 787 No 32 96 6 161,4 32
Man 48 89 HCVC + AC C 480 45 480 No 22 119 7 344 59
Woman 46 62 AC W 747 57 747 No 19 116 8 423,5 48
Man 64 68 HBYC c 634 40 634 No 30 24 10 3958 | 54
Man 53 72 HCVC W 620 45 620 No 30 5 2 384,8 60

L AC, Alcoholic Cirrhosis; HCVC, Hepatitis C Virus Cirrhosis; HBVC, Hepatitis B Virus Cirrhosis; AIC, Autoimmune Cirrhosis; OC, Other Cirrhosis;

HCC, Hepatocelular Carcinoma; PSC, Primary Sclerosing Cholangitis; PBC, Primary Biliary Cholangitis; HC, Hemochromatosis; NA, not available

2\W, Wisconsin; C, Celsior.
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Age Weight . ) Ischemia|. Warm_ . Cold . Lengt_h of Mechanical Time of Age
Gender- Aetiology! | Preservation . ischemia | ischemia| Early graft | hospital S o PGE2
Recipient R(’)éte:iap:ise)n-t Re(:i%)ie-nt - Recipient | medium? (tr'nr?f) time time | dysfunction stay ventgrll?uon resmzdsg;ltglon (pg/mL) -()Iljeoar:z)r
(min) (min) (days)
Man 41 84 AC w 438 30 438 No 17 6 3 1049 70
Man 56 85 HCVC + AC C 522 55 522 No 17 9 3 NA 60
Man 46 83 AC C 656 20 656 No 16 10 3 607,2 41
Woman 63 60 NA C 267 26 241 No NA 176 9 475,1 71
Woman 60 76 AC C 426 63 426 No 18 36 4 1011 77
Woman 63 60 AC w 766 30 720 Yes 50 176 9 290,7 71
Man 42 76 HCVC + AC W 297 NA NA No 17 14 2 2213 NA
Woman 58 66 HBVC W 430 50 430 No 30 42 3 607 66
Man 41 70 HCVC W 395 55 395 No 18 14 3 7447 26
Woman 63 65 HCC W 526 172 526 Yes 16 500 17 629,9 71
Woman 60 65 HCVC C 631 31 631 No 26 6 4 757,5 71
Man 36 79 AC W 600 47 600 Yes 19 40 60 351,8 43
Man 55 74 AC + HCC W 545 58 487 No 13 17 3 656,6 47
Man 53 73 HCVC + AC W 656 48 818 Yes 1 24 1 1609 73
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Age Weight . ) Ischemia|. Warm_ . COId. Lengt_h of Mechanical Time of Age
Gender- Aetiology! | Preservation . ischemia | ischemia| Early graft | hospital S o PGE2
Recipient R(’)éte:iap:ise)n-t Re(:i%)ie-nt - Recipient | medium? (tr'nr?f) time time | dysfunction stay ventgrll?uon resmzdsg;ltglon (pg/mL) -()lljeoar:z)r
(min) (min) (days)
Man 53 64 AC W 495 50 495 No 17 21 3 337,7 27
Man 18 70 NA w 402 48 412 No 20 62 5 724 14
Man 44 64 AC w 665 30 665 No 17 9 3 4242 77
Man 39 77 AC w 698 48 698 No 19 14 4 232,7 74
Man 35 65 HCVC w 356 36 236 No 22 9 3 2027 60
Woman 47 60 NA W 701 58 643 No NA 140 9 208,6 16
Man 38 76 HBYC W 558 57 558 No 10 4 2 9877 | 73
Man 67 110 Heve w 488 55 488 No 29 247 12 8758 | 81
Man 61 85 HBYC W 645 50 505 Yes 43 24 15 1047 | 50
Woman 67 79 HCVC W 661 44 617 No 38 20 3 741 67
Man 56 88 AC W 653 48 653 No 58 19 4 202,9 56
Woman 54 68 AC W 539 65 530 Yes 29 75 6 340,1 62
Man 69 76 HC W 736 59 677 No 39 21 12 340 59
Woman 29 55 NA W 514 32 482 No 30 106 9 520 48
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Age Weight . ) Ischemia|. Warm_ . COId. Lengt_h of Mechanical Time of Age
Gender- Aetiology! | Preservation . ischemia | ischemia| Early graft | hospital S o PGE2
Recipient R(’)éte:iap:ise)n-t Re(:i%)ie-nt - Recipient | medium? (tr'nr?f) time time | dysfunction stay ventgrll?uon resmzdsg;ltglon (pg/mL) -()Iljeoar:z)r
(min) (min) (days)
Man 52 90 ocC w 351 46 305 Yes 69 34 6 659,4 65
Woman 52 62 HCC w 527 41 486 Yes 57 18 3 297,8 70
Man 57 103 HBVC w 514 47 467 No 20 18 3 359,6 66
Man 43 77 HBVC w 408 59 349 Yes 13 96 4 428,6 76
Man 59 53 HCVC + AC w 343 24 319 No 66 16 3 109 67
Man 38 84 AC W 840 NA 775 Yes 50 20 4 147,4 28
Woman 60 68 PBC w 780 NA 689 Yes 23 6 6 261,2 69
Man 35 70 AC W 900 NA 842 Yes 35 118 7 230,1 19
Woman 60 62 NA W 618 NA 558 No 51 90 8 351,4 35
Man 41 84 HBVC W 360 NA 320 Yes 41 68 12 138,8 46
Woman 20 54 oC W 690 NA 655 No 32 5 3 508,1 21
Woman 54 53 AC W 345 14 315 No 59 9 3 94,3 54
Man 62 64 AC W 680 50 630 No 23 19 3 483,6 61
Man 63 85 AC W 400 NA 358 No 32 16 2 209,6 50
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Age Weight . ) Ischemia|. Warm_ . COId. Lengt_h of Mechanical Time of Age
Gender- Aetiology! | Preservation . ischemia | ischemia| Early graft | hospital S o PGE2
Recipient R(’)éte:iap:ise)n-t Re(:i%)ie-nt - Recipient | medium? (tr'nr?f) time time | dysfunction stay ventgrll?uon resmzdsg;ltglon (pg/mL) -()lljeoar:z)r
(min) (min) (days)
Man 60 65 AC w 400 NA 370 No 22 4 3 824.,8 19
Woman 57 58 HCVC + AC w 675 NA 645 Yes 17 8 17 2204 73
Man 50 99 AC w 957 NA 897 Yes 79 264 13 81,58 32
Man 65 69 AC W 660 NA 613 Yes NA 62 8 151,2 73
Man 58 74 AC w NA 60 NA No NA 6 5 406,1 65
Man 60 83 Heve w NA 50 NA Yes 30 144 7 153 | 44
Man 51 60 HCVC W 550 36 510 No 29 10 1 295 54
Man 60 67 HCVC W NA 41 NA No 323 19 2 329,7 57
Man 56 9 Hove w NA NA NA No 119 19 1 2079 | 50
Man 50 90 AC w 480 NA 420 No 30 12 2 567,6 60
Man 37 60 AC W 820 70 730 Yes 66 24 4 119,2 49
Woman NA NA AIC W 700 NA 670 No 22 NA NA 1132 17
Woman NA NA PBC W NA NA NA Yes 7 NA NA 101,2 58
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