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Targeting oxidative stress, a crucial challenge in renal transplantation outcome
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Graphical abstract.

The phenomenon of ischemia/reperfusion (I/R) is characterized by a blood supply arrest to a specific tissue or organ. This leads first to oxygen deprivation, additionally to nutrients and glucose deprivation, and second to sudden hyperoxygenation inducing cell death through complex mechanisms and in fine to irremediable ischemic lesions (1,[START_REF] Lopez-Neblina | Molecular biology of apoptosis in ischemia and reperfusion[END_REF]. This ischemic stress occurs in pathological situations such as impairments of the circulatory system (mainly stroke and myocardial infarction), but also during surgery involving arterial clamping such as in organ transplantation or in general-and cardiovascular surgeries (1). Reactive oxygen and nitrogen species (ROS and RNS), a major hazard in the absence of effective selfregulation, are excessively generated after I/R. They cause rapid injury of the tissues and contribute to damage expansion by stimulating inflammatory response. Ischemic injuries are one of the main challenges in public health. Their consequences are often a source of permanent deterioration for the well-being of patients. They are at the origin of acute kidney injury (AKI), increase the risk of delayed graft function (DGF), prime the donor kidney for rejection, and contribute to the long-term risk of graft loss.

Unfortunately, and up to now, no clinical or pharmacological opportunity is truly effective against ischemic damage.

After transplantation, the functional recovery of the organ is better if the donor is alive, young and healthy [START_REF] Saat | Improving the outcome of kidney transplantation by ameliorating renal ischemia reperfusion injury: lost in translation?[END_REF]. This is mainly because planning the surgery from a living donor allows shorter ischemia times and thereby better preservation of organ quality [START_REF] Veighey | Ischemic Conditioning in Kidney Transplantation[END_REF]. The current increasing number of situations requiring transplantation has contributed to a shortage of organs and therefore necessitates an expansion of the number of potential donors [START_REF] Rosendale | Increased transplanted organs from the use of a standardized donor management protocol[END_REF][START_REF] Pessione | Multivariate analysis of donor risk factors for graft survival in kidney transplantation[END_REF]. It is therefore necessary to develop approaches to limit ischemic lesions in all types of donors, particularly brain dead and extended criteria or donation after circulatory death donors, in order to increase the quantity of transplantable organs and the quality of their functional recovery [START_REF] Rosendale | Increased transplanted organs from the use of a standardized donor management protocol[END_REF]. Thus, effective treatments to limit the morbidity and mortality of these ischemic lesions are in demand. The main reason of the lack of therapeutic approach is the absence of clearly identified pharmacological targets, among numerous candidates, probably because the consequences of an ischemic stress are diverse and involve many physiological pathways. An emerging field demonstrates the role of oxidative stress in I/R [START_REF] Granger | Reperfusion injury and reactive oxygen species: The evolution of a concept[END_REF] and more particularly the overproduction of ROS and RNS that indistinctly react with local proteins, lipids or nucleotides. More and more studies are focused on their roles in current clinical and pharmacological treatments, and new approaches and molecules emerged as potentially efficient to limit or blunt I/R deleterious consequences [START_REF] Melis | Emerging therapeutic strategies for transplantation-induced acute kidney injury: protecting the organelles and the vascular bed[END_REF]. In this review, we will described ROS and RNS origin (Figure 1) and effect along I/R by focusing on kidney transplantation, finally we will present several new interesting approaches developed in preclinical models to limit ROS and RNS impact at various step of kidney transplantation protocols.

Oxidative species production along kidney I/R.

The context of kidney transplantation is particular as kidney consumes 10% of the body's total oxygen and is therefore extremely sensitive to I/R [START_REF] Hansell | Determinants of kidney oxygen consumption and their relationship to tissue oxygen tension in diabetes and hypertension[END_REF]. This sensitivity is also explained by the fact that the oxygen level supplied to the renal parenchyma is relatively low due to oxygen shunt diffusion between the arterial and venous vessels, which are close to each other in the kidney [START_REF] Honda | The role of oxidative stress and hypoxia in renal disease[END_REF]. Indeed, the partial pressure of oxygen is higher in the renal vein than at any site in the cortex, which implies precapillary oxygen shunting from the arteries to the veins [START_REF] Welch | Nephron pO2 and renal oxygen usage in the hypertensive rat kidney[END_REF]. Consequently, microvascular oxygen pressure in the kidney decreases faster compared to other organs when systemic blood oxygen supply decreases as found during anaemia or blood flow arrest [START_REF] Van Bommel | Heart, kidney, and intestine have different tolerances for anemia[END_REF]. This leads the kidney more rapidly to hypoxia condition. Conversely, this preglomerular arterial-venous shunt protects partially the kidney during reperfusion by limiting the fast rise in oxygen pressure [START_REF] O'connor | Renal preglomerular arterialvenous O2 shunting is a structural anti-oxidant defence mechanism of the renal cortex[END_REF]. In kidney transplantation, ischemic damages are initially produced when the kidney perfusion and blood flow are temporarily stopped, called warm ischemia step (Figure 2). When the availability of oxygen falls below a critical value, the aerobic energy source is compromised, i.e. the rate at which adenosine triphosphate (ATP) is generated falls below the rate of its use by the cell (1). This lack of oxygen triggers anaerobic metabolism and disrupts the synthesis of aerobic ATP, leading to generation of oxidative stress [START_REF] Raedschelders | The cellular and molecular origin of reactive oxygen species generation during myocardial ischemia and reperfusion[END_REF]. In addition, lesions also appear upon recovery from reperfusion, where the return of oxygen overwhelms the cell capacity and generate oxidative stress (Figure 2) [START_REF] Granger | Reperfusion injury and reactive oxygen species: The evolution of a concept[END_REF]. This I/R phenomenon therefore generates an oxidative stress sequence characterized by an overproduction, in duration and quantity, of ROS and other oxidative species as RNS (Figure 1 and 2) [START_REF] Loor | Mitochondrial oxidant stress triggers cell death in simulated ischemia-reperfusion[END_REF].

Generalities about ROS and production pathways

The reduction of O2 to H2O is characterized by a series of redox reactions (transfer of electrons to the final acceptor) giving rise to several reduced intermediates which are called primary radicals such as the superoxide anion (O2 •-), the hydroxyl radical (OH • ) as well as non-radical oxygenated derivatives such as hydrogen peroxide (H2O2) (Figure 1). These free radicals or oxygen derivatives, generally termed ROS, carry a single electron on their outer shell, making them unstable and so able to (highly) react with other surrounding chemical molecules [START_REF] Schieber | ROS function in redox signaling and oxidative stress[END_REF]. Essential for cell signalling and sensors of environmental changes [START_REF] Schieber | ROS function in redox signaling and oxidative stress[END_REF][START_REF] Forman | Signaling functions of reactive oxygen species[END_REF], ROS are present in the cells at physiological concentrations due to an equilibrated balance between their production and their elimination via antioxidant systems (Figure 1) [START_REF] Gutteridge | Mini-Review: Oxidative stress, redox stress or redox success?[END_REF]. A first way to regulate their concentration is to inhibit their production by sequestering transition metals, such as Iron (Fe) and Copper (Cu), which can react with H2O2 and generate OH • (= Fenton reaction). A second method makes it possible to metabolize these ROS via enzymes.

While mitochondrial (Mn-SOD) and cytoplasmic (Cu/Zn-SOD) superoxide dismutase catalyse the transformation of O2 •--in H2O2, catalase and glutathione peroxidase (GPx) generate H2O from H2O2 [START_REF] Gutteridge | Mini-Review: Oxidative stress, redox stress or redox success?[END_REF].

Most of the ROS are produced by the mitochondria, but they also come from other cellular sources (Figure 1) [START_REF] Schieber | ROS function in redox signaling and oxidative stress[END_REF]. The balance between production and detoxification can be upset either by an overproduction of ROS (as in cases of aging, atherosclerosis or cancer) or by a decrease in antioxidant capacity (as in obese or smokers where they are already used). The deficiency of these protective systems leads to oxidative stress causing irreversible oxidation of biological molecules such as DNA and proteins, and ultimately cell death by apoptosis [START_REF] Orrenius | Mitochondrial oxidative stress: implications for cell death[END_REF]. Among the numerous and complex cellular and molecular mechanisms involved in I/R, mitochondria play a key role [START_REF] Mukhopadhyay | Mitochondrial reactive oxygen species generation triggers inflammatory response and tissue injury associated with hepatic ischemia-reperfusion: therapeutic potential of mitochondrially targeted antioxidants[END_REF]. Impairment of mitochondrial function and loss of energy metabolites are particularly important. The depletion in oxygen supply during ischemia affects directly the mitochondrial coupling, causing inhibition of electron transport in the mitochondrial respiratory chain and decrease in ATP levels [START_REF] Loor | Mitochondrial oxidant stress triggers cell death in simulated ischemia-reperfusion[END_REF][START_REF] Orrenius | Mitochondrial oxidative stress: implications for cell death[END_REF]. This condition leads to an impairment of the Na + /K + pump, membrane depolarization and intracellular Ca 2+ accumulation: a typical scenario that links the mitochondrial respiratory activity and the mechanism of I/R injury. Mitochondrial alteration associated with the accumulation of Ca 2+ and the production of free radicals triggers apoptosis with an increase in membrane permeability (opening of the mitochondrial transition pore MTP), the release of cytochrome C and mainly activation of caspase 9 and then other apoptotic proteases [START_REF] Lopez-Neblina | Molecular biology of apoptosis in ischemia and reperfusion[END_REF][START_REF] Jassem | The role of mitochondria in ischemia/reperfusion injury[END_REF].

Mitochondrial ROS production during I/R

The synthesis of aerobic ATP, or oxidative phosphorylation (OXPHOS), is carried out at the level of the mitochondrial inner membrane via electron transport chains composed of 5 complexes (I to V), electron transporters such as ubiquinone (coenzyme Q (CoQ)) and cytochrome c (Cyt c). This allows a flow of electrons from complex I to complex IV, which is coupled with the formation of a proton gradient between the inter-membrane space and the matrix of the mitochondria, thus conveying the energy necessary for the synthesis of ATP at the level of the complex V (ATPsynthase) [START_REF] Zhao | Mitochondrial electron transport chain, ROS generation and uncoupling (Review)[END_REF]. Physiologically, during these transfer reactions, 1 to 5% of the electrons escape and result in the production of ROS which are eliminated by the cell detoxification systems [START_REF] Zhao | Mitochondrial electron transport chain, ROS generation and uncoupling (Review)[END_REF][START_REF] Cadenas | Mitochondrial free radical generation, oxidative stress, and aging[END_REF]. During ischemia complexes I and III functions are altered, leading to the generation of ROS (Figure 1) [START_REF] Ricci | Caspase-mediated loss of mitochondrial function and generation of reactive oxygen species during apoptosis[END_REF][START_REF] Ricci | Mitochondrial functions during cell death, a complex (I-V) dilemma[END_REF][START_REF] Turrens | Mitochondrial formation of reactive oxygen species[END_REF]. This production seems to be linked to the membrane potential and/or to the redox state of the substrate. More precisely, the production of superoxide anions by complex I is optimized by a high NADH/NAD + ratio and/or a high membrane potential. An elevated potential promotes the reduction of electron carriers and increases their movement into the complex. If the electron carriers are reduced, the production of superoxide anion O2 •-increases [START_REF] Chen | Production of reactive oxygen species by mitochondria: central role of complex III[END_REF].

At the level of complex III, the oxidation/reduction cycles of quinones generate unstable semiquinone intermediates that move freely in the complex allowing the electron escape towards O2, thus forming ROS [START_REF] St-Pierre | Topology of superoxide production from different sites in the mitochondrial electron transport chain[END_REF]. During reperfusion, the reactivation of aerobic metabolism and hyperoxygenation also alters the functioning of mitochondrial complexes, inducing an increase in the production of ROS, which exceeds the antioxidant capacity of the cell [START_REF] Chouchani | A Unifying Mechanism for Mitochondrial Superoxide Production during Ischemia-Reperfusion Injury[END_REF].

Non-mitochondrial ROS production along I/R. a) Xanthine oxidase

Xanthine oxidoreductase (XOR) is an enzyme that exists in two forms; xanthine dehydrogenase (XDH) and xanthine oxidase (XO) which respectively use NAD + and O2 as electron acceptors (Figure 1). Thus, XDH generates NADH concomitantly to the oxidation of hypoxanthine in xanthine, which is in turn oxidized in uric acid by XO concomitantly to the production of O2 •-. During I/R, an ischemic injury leads to a decrease in the energy load of the cell as well as a conversion of XDH to XO. During reperfusion, oxygen reacts with XO leading to an overproduction of ROS [START_REF] Lee | Measurement and characterization of superoxide generation from xanthine dehydrogenase: a redox-regulated pathway of radical generation in ischemic tissues[END_REF].

b) NAPDH oxidase

The NADPH oxidase (NOX) family is made up of several enzymes (NOX-1,2,3,4,5 and DUOX-1,2 for dual oxidase) capable of transporting electrons across the plasma membrane. It is involved in the production of extracellular ROS following I/R. DUOX and NOX enzymes produce extracellular superoxide radicals by reduction of one electron of oxygen using cytoplasmic NADPH as an electron donor (Figure 1) [START_REF] Brandes | NADPH oxidases in cardiovascular disease[END_REF]. O2 •-can generate spontaneously H2O2 which will serve as substrate of the peroxidase domain of DUOX enzymes to carry out other substrate oxidations. The kidney expresses preferentially NOX-1, -2 and -4 following a regional repartition along the nephron [START_REF] Sedeek | NADPH oxidases, reactive oxygen species, and the kidney: friend and foe[END_REF]. While NOX-2 produces high level of O2 •-especially for pathogen response, other NOXs produce lower amounts of ROS as regulatory metabolites. In the kidney, NOXs are involved in various key function especially in glucose and electrolytes sensing and reabsorption [START_REF] Nistala | Redox control of renal function and hypertension[END_REF].

Involvement of NOX subtypes in the oxidative stress due to I/R is unclear. While NOX-2 knock-down protects mice from I/R injury [START_REF] Fukuda | Potentiation by candesartan of protective effects of pioglitazone against type 2 diabetic cardiovascular and renal complications in obese mice[END_REF], NOX-4 is required to limit fibrosis along chronic renal injury [START_REF] Sedeek | Critical role of Nox4-based NADPH oxidase in glucose-induced oxidative stress in the kidney: implications in type 2 diabetic nephropathy[END_REF]. Moreover, as NOXs activity is dependent both on oxygen and NADPH, which come from metabolization of glucose through the pentose phosphate pathway, their involvement at the ischemic stage where oxygen and glucose are unavailable is limited but increased with reperfusion. In addition, during ischemia and at the time of reperfusion, different chemical mediators with the potential to activate NOX are produced and released by cells. This include the activation of the complement system [START_REF] Simone | Complement-dependent NADPH oxidase enzyme activation in renal ischemia/reperfusion injury[END_REF], the production of several cytokines as well as angiotensin II increase the activity of NADPH oxidase in post-ischemic tissues [START_REF] Barth | Proinflammatory cytokines provoke oxidative damage to actin in neuronal cells mediated by Rac1 and NADPH oxidase[END_REF].

c) Nitric oxide synthase uncoupling

In addition to NO production (cf. §1.4), Endothelial nitric oxide synthase (eNOS) is directly involved in ROS generation (Figure 1). Indeed, in few conditions (tetrahydrobiopterin cofactor deficiency, NOS monomerization) NOS activity is altered and leads to an increase in O2 •-production instead of NO [START_REF] Gebhart | Site and mechanism of uncoupling of nitric-oxide synthase: Uncoupling by monomerization and other misconceptions[END_REF]. This uncoupling of eNOS during I/R is involved in the generation of ROS and promotes damages to cell constituents [START_REF] Granger | Reperfusion injury and reactive oxygen species: The evolution of a concept[END_REF].

NO and RNS production during I/R. a) NO and Nitric oxide synthase (NOS)

All NOS isoforms generate nitric oxide (NO) by oxidation of L-arginine (Figure 1). The constitutive neuronal (nNOS/NOS1) and endothelial (eNOS/NOS3) isoforms of NOS generate low levels of intracellular NO involved especially in cGMP signal events. Differently, inducible NOS (iNOS/NOS2) can produce various quantity of NO, from low to high concentrations, correlating with various biological responses. eNOS and iNOS are highly expressed in kidney where they generate NO which is involved in various pathways depending on its production level [START_REF] Thomas | Signaling and stress: The redox landscape in NOS2 biology[END_REF]. At low concentration NO can interact with iron and cupper generating metal nitrosyl complexes. This occurs especially with heme proteins, as cytochrome, haemoglobin, myoglobin and soluble guanyl cyclase, and can modify their activity. At higher concentration, NO acts mainly by S-nitrosative modification (= S-nitrosation or S-nitrosylation) of proteins, in general on the thiol group (SH) of cysteine residues. This modification leads to activation or inhibition of these proteins or to secondary modification as S-glutathyonilation [START_REF] Mieyal | Molecular mechanisms and clinical implications of reversible protein S-glutathionylation[END_REF].

Recently, it has been demonstrated that NO protects the kidney from I/R through S-nitrosation-mediated inhibition of a key protein of cell metabolism, pyruvate kinase M2 (PKM2) [START_REF] Zhou | Metabolic reprogramming by the S-nitroso-CoA reductase system protects against kidney injury[END_REF]. In this work, S-nitrosation of PKM2 was obtained by the molecular inhibition of the denitrosylase AKR1A1, an enzyme which normally eliminates Snitrosation [START_REF] Anand | Identification of S-nitroso-CoA reductases that regulate protein S-nitrosylation[END_REF]. PKM2, that belongs to the PK family composed of four isoforms (PKM1, PKM2, PKL and PKR), catalyses the final step of glycolysis to generate pyruvate from phosphoenolpyruvate [START_REF] Israelsen | Pyruvate kinase: Function, regulation and role in cancer[END_REF]. PKM2 has an increased interest in metabolic adaptation to hypoxia as it shunts the energy production generated by the Krebs's cycle from pyruvate in favour of lactate production via LDH [START_REF] Williams | HIF1 mediates a switch in pyruvate kinase isoforms after myocardial infarction[END_REF][START_REF] Wu | Dual roles of PKM2 in cancer metabolism[END_REF]. Nevertheless, PKM2 inhibition by post-translational modifications as nitrosylation has also a high interest. Indeed, PKM2 inhibition leads to glycolysis block in its last step and promotes the accumulation of glycolytic metabolites which can be re-routed into the pentose phosphate pathway and thus generate the reducing factor NADPH, required for the activity of antioxidant enzymes [START_REF] Puckett | The Role of PKM2 in Metabolic Reprogramming: Insights into the Regulatory Roles of Non-Coding RNAs[END_REF]. These interesting results about the inhibition of PKM2 by NO, that have only been described in mouse genetic models for now, may open new perspectives in prevention of I/R injury. Indeed, pharmacological inhibitors of AKR1A1 (sulfonylnitromethane) and of PKM2 (shikonin, compound 3K) are already available and could be tested in pre-clinical models of I/R.

b) Peroxynitrite and Reactive nitrogen species

Peroxynitrite (ONOO -) is obtained by the non-enzymatic but diffusion-controlled combination of NO and O2 •-, a reaction particularly present in the reperfusion stage of I/R (Figure 1). The involvement of peroxynitrite in oxidative stress is complex. Its generation leads to 1) a decrease in O2 •-and NO concentrations that can be considered as an antioxidant and protective mechanism, 2) a decrease in NO availability, and can limit protein nitrosation involved in cell survival and resistance to I/R. Therefore, peroxynitrite is considered at the same time as an oxidative compound and a precursor of several highly reactive species as carbonate (CO3 •-) and nitrogen dioxide ( • NO2) radicals.

Peroxynitrite can directly interact with the transition metal centres of proteins to inhibit their activity, as shown for heme containing proteins Cytochrome C (47) and iNOS [START_REF] Huhmer | Inactivation of the inducible nitric oxide synthase by peroxynitrite[END_REF] or non-heme proteins Aconitase [START_REF] Castro | Aconitase is readily inactivated by peroxynitrite, but not by its precursor, nitric oxide[END_REF] and eNOS [START_REF] Zou | Peroxynitrite and vascular endothelial dysfunction in diabetes mellitus[END_REF]. In addition, peroxynitrite can directly modify cysteine by thiol oxidation, such as in several glycolytic [START_REF] Souza | Glyceraldehyde-3-phosphate dehydrogenase inactivation by peroxynitrite[END_REF] and mitochondrial ( 52) key proteins, which demonstrated the crucial role of peroxynitrite in cell metabolism control. Due to the capacity of peroxynitrite to oxidize low-molecular-weight thiols as GSH, it can be scavenged by this antioxidant molecule and its toxic impact is highly related to intracellular GSH concentration [START_REF] Arteel | Protection against peroxynitrite[END_REF].

Through generation of • NO2, peroxynitrite can initiate lipid peroxidation as well as can modify tyrosine residues of proteins by addition of a nitrate residue. Tyrosine nitration is the main cytotoxic action of peroxynitrite and only targets a specific set of proteins [START_REF] Pacher | Nitric oxide and peroxynitrite in health and disease[END_REF], like Mn-SOD whose inhibition by tyrosine nitration in kidney transplantation leads to oxidative stress [START_REF] Macmillan-Crow | Nitration and inactivation of manganese superoxide dismutase in chronic rejection of human renal allografts[END_REF].

Interrelation between ROS, NO and antioxidant pathways a) The HIF pathway

A family of hypoxia-inducible transcription factors (HIF) has been identified as mediators of transcriptional responses to hypoxia, which include the regulation of erythropoietin, metabolic adaptation, vascular tone, and neo-angiogenesis ( 56). This factor is composed of two subunits, an oxygen-sensitive HIF-α subunit and a constitutively expressed HIF-β subunit, also named aryl hydrocarbon receptor nuclear translocator (ARNT) [START_REF] Rabinowitz | Inhibition of hypoxia-inducible factor prolyl hydroxylase domain oxygen sensors: tricking the body into mounting orchestrated survival and repair responses[END_REF]. Under normoxia the 𝛼 subunit is hydroxylated by oxygenand iron-dependent prolyl hydroxylases (PHD) (Figure 1). This hydroxylation leads to HIF-𝛼 ubiquitination and degradation by the proteasome through the von Hippel-Lindau-E3 ubiquitin ligase complex. Under low O2 levels, PHD is inactivated and prolyl hydroxylation is suppressed. Consequently, HIF-𝛼 subunits are stabilized, translocated to the nucleus and dimerized with their respective 𝛽 subunits, allowing nuclear expression of gene products by binding to hypoxia response elements (HREs), which are consensus sequences present in the gene regulatory regions [START_REF] Semenza | Regulation of oxygen homeostasis by hypoxia-inducible factor 1[END_REF]. Three isoforms of HIF-α subunits have been identified, HIF-1α, HIF-2α, and HIF-3α. These different HIF-α subunits are known with variable tissue expressions and abundances but similar O2-dependent mechanisms of regulation: HIF-1α is expressed in all nucleated cells and is responsible for acute responses; HIF-2α, which is expressed in the brain tissue, vascular endothelium, and type II pneumocytes, is responsible for chronic responses; and HIF-3α, is found in different area of the brain, lung, heart, liver, and kidney [START_REF] Gyongyosi | The Impact of Moderate Chronic Hypoxia and Hyperoxia on the Level of Apoptotic and Autophagic Proteins in Myocardial Tissue[END_REF].

HIF pathways regulate either specific or identical target genes, but all are involved in cell survival and metabolic adaptation under hypoxia [START_REF] Semenza | Regulation of cancer cell metabolism by hypoxia-inducible factor 1[END_REF][START_REF] Hu | Differential roles of hypoxiainducible factor 1alpha (HIF-1alpha) and HIF-2alpha in hypoxic gene regulation[END_REF].

As HIF pathway is activated by hypoxia and mediates metabolic adaptation and survival of cells and organs, it plays a key role in I/R response and adaptation of kidney [START_REF] Conde | Hypoxia inducible factor 1-alpha (HIF-1 alpha) is induced during reperfusion after renal ischemia and is critical for proximal tubule cell survival[END_REF][START_REF] Rosenberger | Up-regulation of HIF in experimental acute renal failure: evidence for a protective transcriptional response to hypoxia[END_REF][START_REF] Nangaku | Hypoxia and hypoxia-inducible factor in renal disease[END_REF]. In this organ, even if HIF-1 and HIF-2 pathway are involved in tissue adaptation to I/R, HIF-2 is mainly involved in interstitial and endothelial cells response while HIF-1 have a preponderant role in epithelial cells [START_REF] Hill | Inhibition of hypoxia inducible factor hydroxylases protects against renal ischemia-reperfusion injury[END_REF][START_REF] Rosenberger | Cellular responses to hypoxia after renal segmental infarction[END_REF]. During prolonged activation, these isoforms exert mutually antagonistic effects on the redox state and on proinflammatory pathways [START_REF] Packer | Mutual Antagonism of Hypoxia-Inducible Factor Isoforms in Cardiac, Vascular, and Renal Disorders[END_REF]. Consequently, persistent ischemia in renal tissues is a crucial factor in the development and progression of chronic kidney disease related to renal microcirculation rarefaction and vascular remodeling [START_REF] Kerforne | Hypercholesterolemia-induced increase in plasma oxidized LDL abrogated pro angiogenic response in kidney grafts[END_REF][START_REF] Maiga | Renal autotransplantation promotes cortical microvascular network remodeling in a preclinical porcine model[END_REF]. The main metabolic role of HIF pathways is to redirect pyruvate from oxidative phosphorylation to lactate production allowing a shift of the cell from aerobic to anaerobic metabolism. This role of HIF is in part mediated by the expression of PKM2 isoform of PK, instead of PKM1, the former favoring LDH metabolization of pyruvate and the latter pyruvate enter in Krebs's cycle [START_REF] Williams | HIF1 mediates a switch in pyruvate kinase isoforms after myocardial infarction[END_REF].

HIF activity is of paramount importance in oxidative stress production and redox homeostasis and its relationship with ROS, NO and RNS is currently the subject of many studies [START_REF] Samanta | Maintenance of redox homeostasis by hypoxiainducible factors[END_REF]. HIF can be regulated by ROS and NO production [START_REF] Mahfoudh-Boussaid | Ischemic preconditioning reduces endoplasmic reticulum stress and upregulates hypoxia inducible factor-1alpha in ischemic kidney: the role of nitric oxide[END_REF][START_REF] Movafagh | Regulation of hypoxia-inducible factor-1a by reactive oxygen species: new developments in an old debate[END_REF][START_REF] Selvaraju | Molecular mechanisms of action and therapeutic uses of pharmacological inhibitors of HIF-prolyl 4-hydroxylases for treatment of ischemic diseases[END_REF] and can reciprocally regulate, indirectly via cell metabolism or directly by modulating enzymes expression and activity, ROS and NO production [START_REF] Chen | Reactive Oxygen Species Formation in the Brain at Different Oxygen Levels: The Role of Hypoxia Inducible Factors[END_REF][START_REF] Zhang | Activation of hypoxiainducible factor-1 ameliorates postischemic renal injury via inducible nitric oxide synthase[END_REF]. An interesting target of HIF is heme oxygenase-1 enzyme (HO-1) [START_REF] Jiang | HIF-1alpha ameliorates tubular injury in diabetic nephropathy via HO-1-mediated control of mitochondrial dynamics[END_REF][START_REF] Ockaili | HIF-1 activation attenuates postischemic myocardial injury: role for heme oxygenase-1 in modulating microvascular chemokine generation[END_REF] which is involved in free heme catabolism leading to reduced heme-dependent ROS production. In addition, HO-1 degrades heme into biliverdin that is subsequently reduced to bilirubin [START_REF] Gozzelino | Mechanisms of cell protection by heme oxygenase-1[END_REF], a major antioxidant molecule efficiently scavenging RNS [START_REF] Gazzin | A Novel Perspective on the Biology of Bilirubin in Health and Disease[END_REF].

In normoxic condition, NO is able to inhibit PHD by nitrosylation leading to HIF α subunit stabilization and thus its activity (Figure 1) [START_REF] Sandau | Accumulation of HIF-1alpha under the influence of nitric oxide[END_REF]. Differently, in hypoxic condition NO displays an opposite effect (Figure 1) [START_REF] Sogawa | Inhibition of hypoxia-inducible factor 1 activity by nitric oxide donors in hypoxia[END_REF]. Several studies demonstrated that high concentrations of NO can inhibit mitochondrial activity, in part by Cytochrome C nitrosation, allowing reduced ROS production and/or redistribution of cellular O2, which leads to PHD activation and finally HIF-α degradation [START_REF] Hagen | Redistribution of intracellular oxygen in hypoxia by nitric oxide: effect on HIF1alpha[END_REF][START_REF] Pan | Multiple factors affecting cellular redox status and energy metabolism modulate hypoxia-inducible factor prolyl hydroxylase activity in vivo and in vitro[END_REF]. Others showed that NO can target directly the PHD targeting domain of HIF-α [START_REF] Huang | Inhibition of hypoxiainducible factor 1 activation by carbon monoxide and nitric oxide. Implications for oxygen sensing and signaling[END_REF]. Evidences showed that exogenous H2O2 addition, as well as SOD inhibition, is sufficient to stabilize HIFα protein in normoxic condition (Figure 1) [START_REF] Chua | Stabilization of hypoxia-inducible factor-1alpha protein in hypoxia occurs independently of mitochondrial reactive oxygen species production[END_REF][START_REF] Kaewpila | Manganese superoxide dismutase modulates hypoxia-inducible factor-1 alpha induction via superoxide[END_REF]. Importantly, mitochondrial ROS production seems essential to activate HIF pathway under hypoxia and independently of OXPHOS activity [START_REF] Brunelle | Oxygen sensing requires mitochondrial ROS but not oxidative phosphorylation[END_REF][START_REF] Guzy | Mitochondrial complex III is required for hypoxia-induced ROS production and cellular oxygen sensing[END_REF][START_REF] Mansfield | Mitochondrial dysfunction resulting from loss of cytochrome c impairs cellular oxygen sensing and hypoxic HIF-alpha activation[END_REF]. This modulation of HIF by ROS could be direct through oxidation of the iron co-factor of the PHD enzyme [START_REF] Brune | Nitric oxide and superoxide: interference with hypoxic signaling[END_REF], or indirect through the decrease in NO concentrations due to ROS concentration increase leading to HIF-α stabilization [START_REF] Thomas | Superoxide fluxes limit nitric oxide-induced signaling[END_REF].

b) The NRF2/KEAP1 pathway

The Nuclear factor erythroid2-related factor2 (NRF2), a master regulator of redox homoeostasis, is a key transcription factor binding to antioxidant responsive elements (AREs) and thus regulates a wide array of genes involved in the oxidative homeostasis of the cell. These target genes comprise glutathione s-transferases, enzymes involved in NADPH production and heme metabolism, such as HO-1 ( 91).

This suggests a protective effect for a variety of organs from various kind of stress.

The current knowledge on NRF2 regulation includes Kelch-like ECH-associated protein 1 (KEAP1)-dependent and KEAP1-independent cascades [START_REF] Baird | Regulatory flexibility in the Nrf2mediated stress response is conferred by conformational cycling of the Keap1-Nrf2 protein complex[END_REF][START_REF] Suzuki | Molecular basis of the Keap1-Nrf2 system[END_REF]. The KEAP1/NRF2 system is a master regulator of cellular response against a variety of environmental stresses. NRF2 is constitutively synthesized but degraded by the NRF2specific ubiquitin ligase complex, in which Keap1 directly captures NRF2. KEAP1 contains cysteine thiols and acts as a sensor of ROS, NO and RNS produced during oxidative stress. Cysteine-modified Keap1 no longer binds to NRF2 which can also play its transcriptional factor function allowing a rapid and inducible response to redox insults [START_REF] Suzuki | Molecular basis of the Keap1-Nrf2 system[END_REF].

NRF2 is activated in kidneys during I/R, mainly at the reperfusion step, but its activation seems not sufficient to protect efficiently the tissue to I/R injury [START_REF] Leonard | Reoxygenation-specific activation of the antioxidant transcription factor Nrf2 mediates cytoprotective gene expression in ischemiareperfusion injury[END_REF].

Furthermore, NRF2 genetic inactivation decreased expression of antioxidant genes and aggravated kidney injury due to ischemia [START_REF] Hirayama | Electron paramagnetic resonance imaging of oxidative stress in renal disease[END_REF][START_REF] Liu | Transcription factor Nrf2 is protective during ischemic and nephrotoxic acute kidney injury in mice[END_REF], while genetic deletion of KEAP1 led to an hyperactivation of NRF2 and to an increased protection of kidney against I/R injury [START_REF] Leonard | Reoxygenation-specific activation of the antioxidant transcription factor Nrf2 mediates cytoprotective gene expression in ischemiareperfusion injury[END_REF].

Which treatments are worth considering for preventing oxidative stress in organ transplant?

Transplantation requires an unavoidable I/R sequence associated to deleterious effects at the cellular and tissue level (see above). As organ harvesting is the first step in transplantation, the donor status will therefore have an influence on the I/R lesions.

In a context of increasing organ demand, clinicians are required to use those from extended-criteria and circulatory death donors, two situations that maximize I/R injuries [START_REF] Rosendale | Increased transplanted organs from the use of a standardized donor management protocol[END_REF][START_REF] Pessione | Multivariate analysis of donor risk factors for graft survival in kidney transplantation[END_REF] that could benefit from preconditioning treatments. While several clinical and pharmacological approaches have been developed in preclinical model to treat or prevent ischemic damage in the kidney, only a few are used in humans [START_REF] Melis | Emerging therapeutic strategies for transplantation-induced acute kidney injury: protecting the organelles and the vascular bed[END_REF]. We will discuss several therapies implemented in the donor and the recipient before, during and after transplantation to increase the tolerance of the kidney to I/R and to preserve their integrity (Figure 2).

Clinical approaches

The clinical protocols set up in donors involve warm ischemia, i.e. the graft is no longer perfused due to cardiac arrest or clamping of the artery irrigating it and this lasts until anastomosis (the reconnection of the graft's blood vessels to those of the recipient). The consequences of this interruption that are often irreversible are directly linked to the duration of blood low-flow and no-flow. To counter this issue, several types of protocols have been developed, first to preserve the graft and then to ameliorate its resistance to I/R (Figure 2).

a) Normothermic regional perfusion

When the graft comes from alive or brain-dead donors the duration of warm ischemia can be planned and reduced, which is often not the case when the graft come from circulatory death donors. In this situation newly accepted in transplantation and to limit deleterious consequences, warm ischemia must be as short as possible (<120-150 minutes) and after the 5 minutes of no-flow, a normothermic (36.5-37.5 °C) regional perfusion allowing reoxygenation of the organs must be established [START_REF] Summers | Kidney transplantation following uncontrolled donation after circulatory death[END_REF][START_REF] Hessheimer | Hypothermic or normothermic abdominal regional perfusion in high-risk donors with extended warm ischemia times: impact on outcomes?[END_REF].

The purpose of this normothermic regional perfusion is to extract the blood, oxygenate it through a membrane oxygenator allowing gas exchange similarly to alveolar situation, to maintain its temperature and then to inject it back through continuous or pulsatile perfusion. Conventionally, blood is taken with a cannula introduced into the femoral vein and reinjected through a second cannula introduced into the femoral artery. An intra-aortic occlusion balloon prevents the revascularization of the supraceliac region to limit the perfusion to the abdominal region [START_REF] Barrou | The use of extracorporeal membranous oxygenation in donors after cardiac death[END_REF]. The objective of this technique is to optimize the oxygenation of the organ and therefore to limit the lesions due to warm ischemia as demonstrated in porcine preclinical model (100). This allows a better recovery of the grafts by improving renal blood flow and improving function during the early phase of reperfusion [START_REF] Summers | Kidney transplantation following uncontrolled donation after circulatory death[END_REF][START_REF] Hessheimer | Hypothermic or normothermic abdominal regional perfusion in high-risk donors with extended warm ischemia times: impact on outcomes?[END_REF][START_REF] Barrou | The use of extracorporeal membranous oxygenation in donors after cardiac death[END_REF]. One of the potential mechanisms for this improvement could be an early increase in circulating NO within the first hour of perfusion and a decrease in oxidative stress molecules (100).

b) Donor and graft hypothermia

An approach to limit warm ischemia and to prepare the graft to anoxia is the use of hypothermia, which reduces the oxygen requirements of the cells by 85-90% at 4-6°C and prevent destruction of cell structural elements. Hypothermia can be applied before graft harvesting by submitting donor to cold environment, especially for brain death donors. A comparison between mild hypothermic (34-35°C) and normothermic (36.5-37.5°C) preservation of brain-dead donors have demonstrated a significant reduced risk of delayed graft recovery function among recipients, especially for grafts from donors with comorbidities (101).

More commonly and independently of donor origin, graft is preserved ex situ from warm ischemia, until anastomosis into the recipient, by submitting it to cold following two different protocols: static cold ischemia or hypothermic ex situ perfusion.

The advantages of one protocol compared to the others is still matter of debate [START_REF] Hessheimer | Hypothermic or normothermic abdominal regional perfusion in high-risk donors with extended warm ischemia times: impact on outcomes?[END_REF]102). Nonetheless, the graft is placed/perfused in/with cold preservation solution (4-8°C) (103). In the case of hypothermic ex situ perfusion, the organ is connected to a perfusion machine. Several are available, but their vantages, in terms of ability to predict the functional quality of grafts based on perfusion parameters, remain to be demonstrated. However, randomized studies have shown that graft perfusion improves delayed function recovery in recipients, including grafts from uncontrolled donors (104, 105), and allows better kidney survival at 1 year (104). Recently, it was demonstrated using a porcine model, that non-oxygenated hypothermic ex situ perfusion allowed NO-dependent vasodilation of renal arteries as well as improved microcirculation of the renal cortex during reperfusion in recipient (106). Nevertheless, the biological processes associated with perfusion machine and allowing the reduction of lesions are not yet fully understood.

Many cold solutions have been developed and compared with the same objective of acting on the formation of free radicals and the occurrence of mitochondrial alterations. If interesting results have been obtained in pig preclinical models, no solution of conservation has so far proven to be of great superiority in terms of prevention of renal ischemia reperfusion in human and the use of different preservative liquids remains to the appreciation of each transplant team. Interestingly, molecules can be added to the preservation solutions to ameliorate graft outcome. Several of them are the focus of pre-clinical or clinical studies, such as extracellular haemoglobin (HEMO2 life and Hemarina-M101) developed from the marine worm Arenicola marina, that displays high O2 carrier capacity. After interesting results in pigs (107, 108), a study is ongoing in clinical setting (Clinical Trial NCT04181710).

This ex vivo preservation step is used in all transplantation protocols but is not enough to completely protect the graft from the I/R stress. More trickily, cold ischemia has been related to noxious effect leading to delayed function and graft failure risks. This seems related to the time of cold ischemia and can be partly prevented by reducing delay before transplantation (109). In addition, studies of deep mammalian hibernators, which naturally display reduction of metabolic rate and body temperature, have highlighted hydrogen sulfide (H2S) as a key protector of cold induced renal injury (110). H2S is an endogenously produced gaseous molecule with several cellular roles (111). Interestingly, H2S is an antioxidant agent able to decrease mitochondrial metabolism and to increase intracellular GSH synthesis (111). H2S exhibits promising protective effects in a variety of physiological and pathological processes and it have been extensively studied in the context of kidney disease and I/R (112). Interestingly, in models of rat kidney transplantation, H2S supplementation of solution during graft cold ischemia preservation improved early graft survival and function and decreased kidney injury but did not modify graft rejection (113,114). The encouraging results and increasing literature about H2S make it promising to mitigate the inevitable cold injury during transplantation. In this way, various compounds allowing H2S release, mainly after ROS or RNS activation, are under development and should open new perspectives in clinical use of H2S in combination with cold ischemia (115).

c) Ischemic preconditioning (IPC)

In recent decades, ischemic preconditioning (IPC) or hypoxic conditioning have emerged as interesting opportunities for improving the success of organ transplant (116), because they could be used on the donor, the recipient or on the isolated organ, thus making it possible to prepare the organ for both future ischemic stress and to a lesser extent reoxygenation. IPC consists in applying brief repeated occlusion of the organ artery by clamping in order to mimic sequential ischemia and reperfusion steps.

IPC induces protection against future and prolonged occlusion. So after a period of time (ranging from few minutes to several weeks before ischemia), tissue and organ develop resistance or tolerance to noxious stimuli, helping to prevent or reduce the damage that occurs in the future against the same kind of stress (117).

Effective protection of several IPC protocols has been described for kidney transplantation. i) Remote IPC that consists to multiple cycles of ischemia and reperfusion of leg or arm lower extremities allows protection of distant organs as kidney. This IPC protocol seems to trigger the release of circulating factors able to modulate kidney cells redox status and inflammation in response to ischemia (118). ii)

Local IPC which involves the application of brief repeated clamping of the renal artery (119). This protocol directly stimulates the organ to activate signaling pathways, various genes transcription and associated enzyme activities which in turn modulate redox status and energetic metabolism to protect against ischemic injury (117).

Unfortunately, these processes are long, invasive and the promising results described in animal models (119-121) have not been fully validated along human clinical trials [START_REF] Veighey | Ischemic Conditioning in Kidney Transplantation[END_REF]122). Nevertheless, encouraging results have been obtained in REPAIR clinical trial that showed evidence of remote IPC benefits on the glomerular filtration rate after kidney transplantation (123,124). Numerous studies aimed to characterize the signaling pathways and molecular mechanisms induced by IPC to develop better pharmacological approaches. Moreover, as IPC protocols need to be anticipated, it would be of high interest to develop pharmacological approaches reducing this preconditioning delay (125). These holds promise to increase both the number of potential grafts and the resumption of function of these grafts, the two limiting factors to date in renal transplantation.

d) Ozone oxidative preconditioning (OzoneOP)

Ozone, an allotropic gaseous variety of oxygen, heavier than air and very toxic at high concentration, has been used as a therapeutic agent in Human (126, 127) due to its anti-oxidant properties (128). Preconditioning of rats by a daily insufflation of ozone, through a rectal route and for a period of 15 days, provide organ protection in renal and hepatic I/R injury (129,130). This phenomenon is called ozone oxidative preconditioning (OzoneOP). The amelioration of rat kidney function after I/R by OzoneOP involve stimulation of antioxidant system, as GSH levels, GSH peroxidase and SOD expression, NO levels and both eNOS and iNOS expression (131). NO production seems crucial for OzoneOP effect, as pharmacological manipulation with the non-selective NOS blocker (L-NAME) abolishes its protective properties.

Interestingly, OzoneOP displays the same effects that IPC (applied with the same frequency) and no additivity was found (131). These findings indicate that OzoneOP has important clinical implications, particularly to replace IPC in view of minimizing the invasively and simplifying the protocol of preconditioning before transplantation.

Pharmacological approaches

By studying oxidative stress and its repercussions in greater depth, several pharmacological molecules have been tested to reduce this stress, particularly by targeting ROS and NO production or by directly mimicking hypoxia (Figure 2).

a) Activators of HIF pathway

It has been demonstrated that IPC activates HIF-1 downstream pathway and participates to resistance of the organ against I/R (64, 132). Thus, multiple HIF activators have been experimented to protect kidney from I/R, mainly by inhibiting PHD using iron-chelator, iron-competitor or other PHD inhibitors, which lead to HIF-α stabilization.

Desferrioxamine (DFO) is an iron-chelator used to treat iron overload or βthalassemia in Human, but it displayed inconsistent results when used alone, even exhibiting toxicity at high doses (133,134). DFO, injected concomitantly to reperfusion, prevents I/R induced injuries in different animal models (135,136). Unfortunately, to date clinical translation of DFO and its derivatives failed in treatment of human kidney injury (137) and severe adverse effects have been found (138,139). In the same way, Cobalt chloride (CoCl2) is a recognized hypoxia-mimicking agent inhibiting PHD mostly by competition with iron i) within active site of PHD or ii) at the level of membrane transporter so limiting iron influx. CoCl2 displayed antioxidant and anti-inflammatory effect on renal cells in vitro (140) and protected kidney in vivo in a rodent renal I/R model when administrated from day 10 before injury up to day 3 after this one (141).

CoCl2 has been used in clinic for some applications as anemia, but never in case of human kidney injury. Moreover, CoCl2 displayed known toxic effect at high doses (142). FG-4497 is a PHD inhibitor which promotes renal ischemia tolerance in ex vivo rat models of I/R in perfused kidneys (143) and in vivo following kidney transplant (144), when it is used 6 hours before intervention. This compound deserves consideration to be transposed in Human clinic, but to the best of our knowledge there is no running clinical trials addressing its effect. Differently, several pre-clinical data are available (145) and clinical trials are ongoing (146) for FG-4592 (Roxadustat) in the treatment of anemia and chronic kidney disease. This molecule structurally related to FG-4497 but chemically distinct prevents cisplatin-induced kidney injury in mouse (147) and might be tested in other pre-clinical kidney I/R injury and transplant models to clearly assess its potential. Unfortunately, no mechanistic analysis is available to explain renal protection by these compounds apart from their known effect on HIF activity.

b) Activators of NRF2 pathway

Several pharmacological activators of NRF2 are available and have been experimented in kidney injury models. Among them, 1- [2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]-imidazolide (CDDO-imidazolide) and CDDO-methyl ester, also named bardoxolone, are triterpenoids able to covalently bind to cysteine residues of KEAP1 and thus to inhibit its association with NRF2 (148). CDDO-imidazole daily treatment from 24 hours before to 24 hours after kidney ischemia protects efficiently the kidney to I/R injury and alleviates mice survival. Differently, if the treatment is administrated once 1 day after ischemia, it does not protect mice against I/R injury (149). In another model of I/R in mice, oral administration of CDDO-imidazolide after reperfusion, and then every two days, ameliorates kidney function and limits tissue damages (150). This demonstrates that initiation of CDDO-imidazolide treatment at the reperfusion stage is essential to obtain a protection of the kidneys from I/R injury (150).

These results are confirmed in a rat model of I/R where pre-treatment few hours before injury with CDDO-methyl ester reduces early renal damage by reducing oxidative stress and increasing antioxidant defence (151). These studies demonstrate that CDDO derivatives have the potential to be used in clinic to reduce renal IR injury through antioxidant effects. CDDO-methyl ester has been already used in several clinical trials to treat chronic kidney disease in diabetic patients. A non-placebo controlled trial first (152) and then a double-blind and placebo-controlled trial demonstrate an increase in glomerular filtration rate (GFR) in patients treated with . Unfortunately, the phase 3 trial has been stopped early due to increased incidence of heart failure in patients treated with CDDO. Nevertheless, in this trial CDDO group displays also an increase in GFR (154). Taken together, these data suggest that pharmacological activation of NRF2 pathway can ameliorate kidney function in human, but the long-term impact on the tissue is still not evaluated and the adverse effect on heart function is challenging.

Instead of CDDO, other compounds are of interest such as sulforaphane, a natural isothiocyanate coming from the hydrolysation of the glucoraphanin present in cruciferous vegetables (155). Due to its ability to chemically modify the cysteine sensors of KEAP1, like CDDO, sulforaphane is a potent NRF2 activator (156).

Sulforaphane inhibits renal injury in rats and preserves organ function when it is injected 24 hours (157) or just before I/R (158). This is related to an increased Nrf2 activity and antioxidant enzyme expression, concomitantly to a decreased Keap1 expression. Closer to human situation, it has been demonstrated using a kidney transplantation model in rats that sulforaphane improves post-transplant kidney function recovery and prevents tubular injury (159). Interestingly in this work, graft and donor were untreated as sulforaphane is injected only in recipient rats 24 and 1 hour before the surgery, and 6 hours after. 48 hours after transplant, kidney grafted in treated rats displayed an increase in antioxidant defence compared to those from untreated rats (159). Another very interesting study in rat analyses long term effect of sulforaphane in a chronic renal allograft dysfunction model. Transplanted rats were treated every day and followed for 24 weeks. Sulforaphane treated rats displayed kidney function improvement and delayed renal morphological deterioration. This protective effect was related to a decrease in oxidative marker due to activation of NRF2 (160). However, in this model the protective effects of sulforaphane is not apparent early after graft but needs to be sustained several weeks before to clearly perceive any protective effect (160). Altogether, these approaches demonstrated the efficiency of sulforaphane to protect kidney from oxidative stress as well as early after the reperfusion stage and later with an increased kidney function recovery. At this date, no clinical approaches have been developed using sulforaphane in a context of renal graft or kidney ischemic injury, but several trials targeting other diseases are ongoing (155).

In another way, an elegant study led in a pig model of kidney transplantation reported that the preconditioning of the donor with the spermidine analog N1-guanyl-1,7-diamine-heptane (GC7) at the time of the brain death and during the 4 hours management period limits late graft dysfunction in part through the enhancement of the expression of NRF2 (161). These data open a new pharmacological approach concerning the stimulation of oxidative stress defences including NRF2. The other beneficial effects of GC7 in kidney transplantation will be exposed below.

c) Anaesthetics

In addition to their anaesthetic and analgesic effects, volatile anaesthetics, as isoflurane and sevoflurane, both used during and after renal ischemia protect rodent kidney against I/R injury (162-164). In the same way, propofol limits kidney I/R injury in rat (165, 166), and displays in human an equivalent (167) or better renal protection compared to other volatile anaesthetics (168, 169) after a vascular surgery leading to kidney I/R injury. The exact mechanism induced by these anaesthetics are yet unknow.

Nevertheless, this protective effect is linked to antioxidant and anti-inflammatory activities, especially for propofol as demonstrated in porcine model of kidney I/R (170).

The same kind of results were found with xenon, an another anaesthetic gas, when it is used as preconditioning agent in mouse the day before I/R ( 171), but at this date no clear results have been found in human (172).

d) Inhibitors of ROS production

To directly inhibit ROS production, several pharmacological compounds known to inhibit enzymes that produce ROS have been evaluated in preclinical model of kidney I/R. Among these, some interesting results have been found using pretreatment with the NOX inhibitors ML171 and apocynin (173,174), or the XO inhibitors allopurinol (174, 175) and febuxostat both in pre-(176) or post-treatment (177).

Allopurinol is an already used compound in human to treat gout and kidney stones and thus deserves consideration to prevent kidney injury due to I/R in clinic (178). α-bisabolol is an alcohol of the terpene family that inhibits NAPDH oxidase; NOX4. When used as post-treatment in a rat I/R injury α-bisabolol helps to attenuate ischemic damage (179). In addition, it has been shown in vitro that treatment with αbisabolol leads to an increase in cell viability as well as a decrease in the production of ROS. This was performed on LLC-MK2 monkey proximal tubular epithelial cells under anaerobic conditions as well as on immortalized proximal tubular epithelial cells from a normal adult human kidney HK2 under hypoxia. This molecule has antioxidant properties as well as the ability to restore the mitochondrial membrane potential, thus allowing an improvement in cellular respiration (180). These promising results need to be expanded in preclinical models.

The use of mimetics of the enzymes responsible for ROS metabolization also improves post I/R results. They allow the ROS to be trapped, thus having beneficial effects on the mitochondrial metabolism. TEMPOL is a SOD mimetic able to scavenge superoxide thereby to interfere at an early stage of the redox chain. In fact, the chelation of superoxide suppresses the production of H2O2 as well as the production of NO (181). TEMPOL therefore provides antioxidant protection and prevents ROS from reducing mitochondrial function during I/R. This compound when used throughout the period of I/R in rats provides better, but partial, recovery of several parameters of renal function (182,183).

e) Inhibitors of RNS production

Few compounds have been developed to directly inhibit NO production and its reactive metabolites, certainly due to the ambivalent role of NO in I/R protection. In this way, it has been demonstrated in rat that inhibition of NO production worsens kidney injury after I/R differently to induced NO production which protects the kidney (184,185). Nonetheless, a study showed that inhibition of iNOS, using S-methylisothiourea, 6 hours before kidney I/R in rat partially prevents kidney injury and decreases oxidative stress (186). More importantly, in the same study, treatment 6 hours before I/R with a scavenger of peroxynitrite (mercaptoethylquanidine) protected powerfully kidney from I/R injury (186). These results seem to demonstrate that blockade the final reactive species generated from ROS and RNS is sufficient to protect kidney from oxidative stress.

f) Inhibitors of Ferroptosis

Recently, a new form of regulatory cell death called Ferroptosis, with a highly iron-and ROS-dependence has been described (187). This particular cell death is usually accompanied by a large amount of iron accumulation and lipid peroxidation. (190). In addition to its effect on ferroptosis, a plausible explanation for the effects of quercetin is the induction of the antioxidant enzyme . These results are encouraging and echo an older clinical study showing beneficial effects of quercetin and curcumin after renal transplantation (192). Indeed, post-surgery treatment of recipient patients for one month with quercetin and curcumin improved early graft function and no acute rejection was found up to six months compared to placebo population. To note, HO-1 expression is increased in quercetin treated patients (192).

g) Inhibitor of eIF5A hypusination

A crucial link between hypoxic tolerance and inhibition of Eukaryotic Translation Initiation Factor 5A (eIF5A) protein has recently been demonstrated (193). eIF5A is activated by a post-translational modification, called hypusination, unique and extremely conserved mechanism in living organisms. This modification is carried out from the polyamine spermidine by the successive action of two enzymes: deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH) (Figure 3A). The eIF5A protein and its activated hypusinated form play an essential role in cell growth from yeast to eukaryotic cells (194).

It has been shown in an I/R rat model by temporary occlusion of the renal artery, that the inhibition of eIF5A hypusination by GC7 (N1-guanyl-1,7-diamineoheptane), a spermidine analogue and specific DHPS inhibitor (195), protects renal function from the induced ischemic stress (196) (Figure 3B). These results have been transposed in a relevant preclinical model of kidney transplantation in pigs (161) (Figure 3C). In this model, the ischemia reperfusion alone induces early and late graft dysfunction (197), whereas pretreatment of the donor with GC7 improves drastically the functional recovery of the graft up to 3 months after the surgery, whether the donor is alive (196) or a brain death donor (161). This includes an effective diuresis one day posttransplantation in GC7-preconditioned group vs. 3 days in control group, as well as a protection against interstitial fibrosis 3 months post-transplantation in GC7preconditioned kidney (161,196). It appears clearly that GC7 preconditioning improves graft function outcome in kidney transplantation.

The molecular mechanisms involved in GC7 protection that appeared to be concomitant but not directly related to HIF-1α stabilization have been studied in vitro on cells isolated from the proximal convoluted tubule (PCT) of mouse kidneys (Figure 3D). GC7 preconditioning drastically decreases mitochondrial oxidative phosphorylation process in PCT cells that almost exclusively performed anaerobic glycolysis (196). Consequently, PCT cells are able to survive in hypoxic and anoxic conditions for more than 24 hours and regain a completely normal metabolism after a 48 hours period of recovery (196,198). Interestingly, while GC7-preconditioned cells produce less ROS under anoxic condition, this was not investigated whether it is a cause, or a consequence of the GC7-induced protection. Similar results have been found in vivo in brain-death pigs donors, where GC7 preconditioning decreases ROS production in the kidney of donor as well as RNS production characterized by a decrease in nitrosated tyrosine residue which are due to peroxynitrite (161). Thus, preconditioning of brain-death pig with GC7 reduces both the production and the impact of oxidative stress on GC7-preconditioned kidney, and ultimately ameliorates graft function recovery. To note, GC7 delivered as a pre-or post-treatment has also been shown to afford neuronal and brain protection against ischemic stroke (199). Indeed, GC7 is able to protect primary neurons submitted to an oxygen and glucose deprivation protocol and to limit infarct volume and post-stroke deficits in a mouse model of transient focal cerebral ischemia (tFCI). Interestingly, in these models the GC7-induced protection of mitochondria and reduction of oxidative stress was similar to those observed in kidney models (199). This suggests that the effect of GC7 is not specific to a cell type or organ but targets a deleterious mechanism specific to ischemia linked to oxidative stress.

Conclusion and Perspectives

Lesions due to both blood flow and oxygen arrest and recovery have been the focus of numerous basic and clinical researches in recent years. Various molecular mechanisms have been proposed to explain the impact of ischemia/reperfusion in different organs. During kidney I/R the excessive production of ROS and RNS is considered to be among the major causes of injury (Figure 1). These reactive species that contribute to oxidative stress are produced at an accelerated rate in tissues subjected to I/R and their accumulation contributes to reperfusion injury (Figure 2).

Research has focused on the direct deleterious effects of ROS and RNS and the molecular aspects of cell dysfunction. Notable progress has been made in the comprehension of the contribution of the different sources of ROS and RNS production in tissues exposed to I/R. These studies provide a new perspective on the adaptation of cells and grafts to oxidative stress and have led to several pharmacological treatments to prevent ischemic lesions, especially during kidney transplant (Figure 2).

As highlighted in this review, the use of a single treatment alone is not sufficient to prevent all I/R damages, emphasizing the potential benefit of combining several approaches to reach optimal protection.
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Ferroptosis

  -inducing factors can directly or indirectly affect glutathione peroxidase through different pathways, resulting in a decrease in antioxidant capacity and accumulation of ROS in cells, ultimately leading to oxidative cell death. Indeed, it has been shown that ferroptosis could directly cause necrosis of renal tubules in models of I/R injury (187). Since a decade, in vitro studies have widely used the small molecule ferrostatin-1 (Fer-1), a potent and specific inhibitor of iron induced lipid peroxidation and thus of ferroptosis. However, despite the overwhelming evidence highlighting the therapeutic efficacy of Fer-1, the translation of Fer-1 in clinical application is limited due to its instability in vivo (188, 189). Recently, new drugs have been used and developed and one of them is quercetin, a natural flavonoid. Flavonoids form a class of polyphenolic compounds (tannins in the broad sense) ubiquitous in vascular plants (including vegetables and cereals). An in vitro study has shown that quercetin inhibits ferroptosis in renal proximal tubular epithelial cells (190). Moreover, acute treatment with quercetin before I/R prevented mouse kidney function and limited morphological alterations. In this model, quercetin reduced tubular necrosis, renal inflammation and increased the levels of antioxidant pathways and GSH

Figure 1 .

 1 Figure1. Schematization of the principal oxidative stress components leading to reactive oxygen species (ROS, red/orange), reactive nitrogen species (RNS, red) and nitric oxide (NO, green) production, as well as antioxidant defense (blue) and HIF-1 (purple) pathways. NOX, NADPH oxidase; DUOX, dual oxidase; XOR, xanthine oxidoreductase; XDH, xanthine dehydrogenase; NOS, nitric oxide synthase; SOD, superoxide dismutase; HO, heme oxygenase; GR, glutathione reductase; GPx, glutathione peroxidase; HIF, hypoxia inducible factor; PHD, prolyl-hydroxylase; NRF2, nuclear factor erythroid-2-related factor 2; KEAP1, Kelch-like ECH-associated protein 1; GST, glutathione S-transferase.

Figure 2 .

 2 Figure 2. Oxygen availability (O2) and reactive species productions (nitric oxide, NO; reactive nitrogen species, RNS; reactive oxygen species, ROS) (lower panel) along kidney transplantation procedure and place and duration of treatments (upper panel) developed only in pre-clinical models (in black) or used in clinic for kidney transplantation (in green) or for other applications (in orange). IPC, ischemic preconditioning; I/R, ischemia/reperfusion.

Figure 3 .

 3 Figure 3. GC7 and its application in kidney I/R. A/ Focus on GC7 interaction with enzymatic cascade leading to activated eiF5A (deoxyhypusine synthase, DHPS; deoxyhypusine hydroxylase, DOHH; eukaryotic translation Initiation Factor 5A, eIF5A; N1-guanyl-1,7-diamineoheptane, GC7). B/ GC7 effect in rat model of kidney I/R. C/ GC7 effect in pig preclinical model of kidney transplant. D/ GC7 effect in in vitro kidney cells model of anoxia resistance.
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