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The aging of the population, the increased prevalence of chronic liver diseases in elderly and the need to broaden the list of potential liver donors enjoin us to better understand what is an aged liver. In this review, we provide a brief introduction to cellular senescence, revisit the main morphological and functional modifications of the liver induced by aging, particularly concerning metabolism, immune response and regeneration, and try to elude some of the signalling pathways responsible for these modifications. Finally, we discuss the clinical consequences of aging on chronic liver diseases and the implications of older age for donors and recipients in liver transplantation.

Introduction

Developing countries are facing an aging population. In 2018, life expectancy in France was 79.5 years for men and 85.4 years for women and the number of individuals older than 65, who represented 5.3 millions in 1960, is projected to increase to nearly 19 millions in 2050 (1.5 billion worldwide). In the last decades, aging and cellular senescence have attracted considerable interest with the recognition of pathways that are linked to cancer and metabolic disorders and with the development of senolytic drugs [START_REF] Childs | Cellular senescence in aging and age-related disease : from mechansims to therapy[END_REF]. Interestingly, aged liver is becoming a public health issue due to the increased susceptibility of elderly to chronic liver diseases [START_REF] Kim | Aging and liver disease[END_REF] but also to excellent results achieved with elder donors for liver transplantation (LT) [START_REF] Alamo | Results of liver transplantation with donors older than 70 years: a case-control study[END_REF][START_REF] Kim | Liver transplantation using elderly donors: a risk factor analysis[END_REF][START_REF] Jimenez-Romero | Long-term results using old liver grafts for transplantation: sexagenerian versus liver donors older than 70 years[END_REF][START_REF] Darius | Septuagenarian and octogenarian donors provide excellent liver grafts for transplantation[END_REF][START_REF] Jaime | Pushing the donor limits: Deceased donor liver transplantation using organs from octogenarian donors[END_REF].

However, despite less stringent criteria for donor's selection upon brain death, there is still a gap between the number of available livers and the number of patients who could benefit from LT, suggesting that the upper age limit for donor LT will probably continue to rise [START_REF] Dutkowski | Are there better guidelines for allocation in liver transplantation? A novel score targeting justice and utility in the model for end-stage liver disease era[END_REF][START_REF] Braat | The Eurotransplant donor risk index in liver transplantation: ET-DRI[END_REF].

Altogether, these data prompted us to define the main characteristics of an aged liver in order to better understand why it becomes more susceptible to develop chronic diseases with time and to optimize donor selection for LT.

Is aging a matter of cellular senescence?

Cellular senescence is a complex mechanism leading to a cell cycle arrest. Compared to quiescence, this cell cycle arrest is classically regarded as irreversible. Unfortunately, there is not a single marker that could define cellular senescence, but rather a cellular signature which associates senescence-associated heterochromatic foci (SAHF), DNA damage foci and an increase in reactive oxygen species (ROS) production. The main hallmarks of senescence are the expression of anti-proliferative genes such as p16 INK4a , an increased senescence-associated lysosomal β-galactosidase activity (SA-βgal) and an active metabolic status characterized by the secretion of pro-inflammatory cytokines, referred to as "senescence-associated secretory phenotype" or SASP [START_REF] Childs | Cellular senescence in aging and age-related disease : from mechansims to therapy[END_REF][START_REF] Campisi | Aging, cellular senescence and cancer[END_REF].

Two types of senescence are classically distinguished: while replicative senescence is due to telomere shortening with every cell division, a stress-induced premature senescence is switched on in the absence of any telomere loss, when liver experiences viral infection, toxic aggression, hypoxia-reoxygenation, or activation of oncogenes [START_REF] Kuilman | The essence of senescence[END_REF]. In these various conditions, the level of damage may overwhelm the self-defence capacity of the cell leading to decreased energy production and cell-cycle arrest. Once established, senescent cells seem resistant to apoptosis and thus accumulate in the organ, probably participating to the decline in its functions. Remarkably, the analysis of liver epithelial cells from individuals ranging from 5 to 79 years did not show any sign of replicative senescence with increasing age. Thus, hepatocytes and cholangiocytes maintain a constant telomere length in physiological aging conditions, while Kupffer and stellate cells of elderly's livers show telomere attrition [START_REF] Verma | Sustained telomere length in hepatocytes and cholangiocytes with increasing age in normal liver[END_REF]. In contrast, systemic chronic inflammation accelerates senescence via both replicative senescence and premature ROS-mediated telomere dysfunction [START_REF] Jurk | Chronic inflammation induces telomere dysfunction and accelerates aging in mice[END_REF]. Numerous studies observed an increase in the proportion of senescent hepatocytes with fibrosis stage with a telomere length shortening in cirrhosis, irrespective of the aetiology [START_REF] Wiemann | Hepatocyte telomere shortening and senescence are general markers of human liver cirrhosis[END_REF]. In other words, a cirrhotic liver has more signs of hepatocyte senescence than the liver of a healthy centenary! In keeping, cholangiocytes of patients with primary biliary cholangitis (PBC) or primary sclerosing cholangitis (PSC) showed many stigmas of cellular senescence (SASP triggering pro-inflammatory responses, p16 INK4a overexpression, SA-βgal activity and telomere shortening [START_REF] Nakamura | Autophagy and senescence in fibrosing cholangiopathies[END_REF][START_REF] Meng | Functional role of cellular senescence in biliary injury[END_REF][START_REF] Sasaki | Telomere shortening in the damaged small bile ducts in primary biliary cirrhosis reflects ongoing cellular senescence[END_REF]). In mice, chronic inflammation is sufficient to induce telomere dysfunction and to accelerate aging while antiinflammatory and antioxidant treatments prevent the accumulation of senescent cells [START_REF] Jurk | Chronic inflammation induces telomere dysfunction and accelerates aging in mice[END_REF].

Conflicting results have been reported in human liver concerning the global increase in oxidative stress with age [START_REF] Hamilton | Does oxidative damage to DNA increase with age?[END_REF]. Nevertheless, aged hepatocytes have a slower ROS removal state than young ones with an impaired complex I function and a compromised mitochondrial bioenergetics [START_REF] Ramanujan | Aging process modulates nonlinear dynamics in liver cell metabolism[END_REF] (Figure 1).

Aging induces a hepatocyte number decrease and an increase in hepatocyte volume, this latter being partly due to an increase in polyploidy. A normal adult liver contains polyploid hepatocytes that increases with age (Figure 1), representing 10% of the hepatocytes in young human adults and 30% to 40% in an 80-year-old individual [START_REF] Wang | Hepatocyte polyploidization and its association with pathophysiological processes[END_REF]. Since diploid hepatocytes proliferate faster than polyploids [START_REF] Wilkinson | The polyploid state restricts hepatocyte proliferation and liver regeneration in mice[END_REF], polyploidy can thus be considered as a marker of cellular senescence.

Impact of aging on liver homeostasis

Major liver functions are globally preserved in healthy elderly despite a reduction in liver cytochrome activity and a gradual increase in serum bilirubin [START_REF] Boland | Association of serum bilirubin with aging and mortality[END_REF]. The liver volume shrinks with age by 20% to 40%, this reduction being more marked in women than in men [START_REF] Wynne | The effect of age upon liver volume and apparent liver blood flow in healthy man[END_REF]. The hepatic arteriolar walls are thicker; endothelial cells fenestration is diminished and the liver blood is reduced, as is bile flow (Figure 1). From a cellular point of view, liver sinusoidal endothelial cells show a decrease in angiocrine markers and aged stellate cells harbor increased markers of activation that could partly explain the highest susceptibility of liver fibrosis with age [START_REF] Maeso-Diaz | Effects of aging on liver microcirculatory function and sinusoidal phenotype[END_REF]. The liver also acquires a brownish appearance due to the presence of lipofuscin in correlation with lysosomal aging and with a failure to degrade damaged proteins [START_REF] Kim | Aging and liver disease[END_REF][START_REF] Rajawat | Aging: central role for autophagy and the lysosomal degradative system[END_REF], a process called autophagy. There are several types of autophagy coexisting in a cell, macro-and chaperonemediated autophagy (CMA) [START_REF] Schneider | Liver autophagy : much more than just taking out the trash[END_REF] being reduced with age (Figure 1). This defect may lead to the accumulation of altered organelles and membranes within the hepatocytes and the liver immune cells that could contribute to their dysfunction. Interestingly, the genetic rescue of the lysosomal receptor expression for CMA at a "young" level was sufficient to rejuvenate the liver of aged mice, in restoring the oxidized proteins and the content of lipid droplets at a level observed in young mice [START_REF] Zhang | Restoration of chaperone-mediated autophagy in aging liver improves cellular maintenance and hepatic function[END_REF].

The rate of senescent cells accumulation is not linear along lifespan but clearly accelerates with aging. This increased proportion also results from a decline in the clearance of senescent cells that reflects the decline of immune functions with age [START_REF] Munos-Espin | Cellular senescence: from physiology to pathology[END_REF]. It has indeed been shown that monocytes, natural killer cells, regulatory T lymphocytes and peripheral B cells have decreased functions in aged individuals. Moreover, aged dendritic cells show a defect in antigen presentation. Cumulative oxidative stress is probably at least partially responsible for this deregulation since the in vivo administration of antioxidants can restore the ability of aged immune cells to elicit a T cell response [START_REF] Cannizzo | Age-related oxidative stress compromises endosomal proteostasis[END_REF][START_REF] Cuervo | Autophagy and the immune function in aging[END_REF]. While studies performed with bone marrow, lung or peritoneal macrophages demonstrated reduction in phagocytosis, it is not clear whether Kupffer cell phagocytosis is reduced with aging [START_REF] Stahl | Macrophages in the aging liver and agerelated liver disease[END_REF]. A decreased autophagy in phagocytic cells has been involved in the disturbed immune response with age, with decreased mitophagy inducing the production of inflammatory cytokines contributing to the SASP (Figure 1). Finally, a failure in self-tolerance with production of autoantibodies has been described with aging. This impaired adaptive immune responses could explain the higher susceptibility of elderly people for infections, but also the constitutive low-grade inflammation leading to an increased rate of autoimmune liver diseases with age.

The liver plays a critical role in metabolic homeostasis. Gluconeogenesis declines with age and a physiological increase in liver lipid accumulation promotes lipotoxicity, contributing to the increased prevalence of steatosis in elderly [START_REF] Petersen | Mitochondrial dysfunction in the elderly: possible role in insulin resistance[END_REF][START_REF] Slawik | Lipotoxicity, overnutrition and energy metabolism in aging[END_REF]. Interestingly, elimination of senescent cells by senolytic drugs has been shown to alleviate this aged-related liver steatosis [START_REF] Childs | Cellular senescence in aging and age-related disease : from mechansims to therapy[END_REF]. Aging, metabolism and autophagy are intimately intertwinkled: starvation or caloric restriction enhances lifespan while it stimulates autophagy and thereby contributes to the energetic balance through degradation of recycling glycogen or lipids [34,35]. Thus, the reduced macroautophagy or chaperone-mediated autophagy associated with age could also participate to the metabolic modifications observed in elderly (Figure 1). Finally, livers from elderly patients have a poorer recovery from large liver resections or from ischemia/reperfusion injury induced by LT. Indeed, the regenerative capacity of aged livers is severely reduced although the aged hepatocytes retain their proliferative capacity if exposed to specific stimuli [36,37]. The mechanisms responsible for this impaired regeneration are complex but include epigenetics modifications and circadian rhythms changes specific to the old liver. Remarkably, the specific circadian genomic signature observed in aged liver is reverted by autophagy [START_REF] Sato | Circadian reprogramming in the liver identifies metabolic pathways of aging[END_REF]. A liver accumulation with age of a multiprotein complex associating Brahma and C/EBPα, a strong inhibitor of cyclin-dependent kinases [START_REF] Timchenko | Aging and liver regeneration[END_REF], concomitantly to the decline in proteins of the circadian clock, such as Sirtuin 1 (Sirt-1), has been described [START_REF] Pibiri | Liver regeneration in aged mice: new insights[END_REF] (Figure 1). Sirt-1 is at the crossroad of several pathways: it is induced in the liver under caloric restriction and its normalization in old mice improves liver regeneration via the elimination of the C/EBPα-Brahma complex [START_REF] Jin | The reduction of SIRT1 in livers of old mice leads to impaired body homeostasis and to inhibition of liver proliferation[END_REF]. It has recently been shown that the restoration of proliferative capacity of senescent hepatocytes by young serum occurred through abrogation of autophagy inhibition [START_REF] Conboy | Rejuvenation of aged progenitor cells by exposure to a young systemic environment[END_REF][START_REF] Wang | Reversal of hepatocyte senescence after continuous in vivo cell proliferation[END_REF][START_REF] Liu | Young plasma reverses age-dependent alterations in hepatic function through the restoration of autophagy[END_REF]. Altogether, these data support a direct link between senescence, metabolism, autophagy and liver regeneration, a link reinforced by a recent publication showing that Inositol Polyphosphate Multikinase (IPMK), a protein involved in telomere homeostasis, nutrient-sensing and oxidative stress, is a determinant of autophagy that activates Sirt-1 and promotes liver regeneration [START_REF] Guha | IPMK mediates activation of ULK signalling and transcriptional regulation of autophagy linked to liver inflammation and regeneration[END_REF] (Figure 1).

Susceptibility of elderly patients to chronic liver diseases

Due to decreased liver regenerative capacity and immune response dysfunction, elderly people are more prone to liver fibrosis progression and chronicity and present higher susceptibility to acute liver injury, viral infections and non-alcoholic fatty liver disease (NAFLD).

Indeed, aging has been independently associated with poor outcome in acute and chronic liver diseases and with an increased risk of hepatocellular carcinoma (HCC) occurrence [START_REF] Hoare | Ageing, telomeres, senescence and liver injury[END_REF].

Nevertheless, elderly people are good responders and well tolerant to therapeutics when associated comorbidities are considered. Consequently, older age should not appear as a contraindication to start a treatment for the liver disease when indicated.

Viral hepatitis

Higher rates of hepatocellular dysfunction and mortality have been described in elderly patients who experience acute hepatitis A virus [START_REF] Brown | Hepatitis A epidemic in the elderly[END_REF]. Furthermore, age was associated with higher rate of progression to chronicity in case of acute hepatitis B or hepatitis C infections. Once chronicity is settled, the later the infection, the faster the progression of the disease and the higher risk for HCC will be [START_REF] Liver | EASL 2017 Clinical Practice guidelines on the management of hepatitis B infection[END_REF][START_REF] Terrault | Update on prevention, diagnosis and treatment of chronic hepatitis B: AASLD 2018 Hepatitis B guidance[END_REF][START_REF] Liver | EASL Recommendations on treatment of hepatitis C 2018[END_REF].

Autoimmune liver diseases

The prevalence of autoimmune liver diseases, including autoimmune hepatitis (AIH) and PBC is relatively high in elderly patients, while PSC is more common at the fourth decade. The diagnosis of AIH occurs in patients over 60 years in almost 20% of cases and usually at an advanced stage of fibrosis [START_REF] Rizvi | Autoimmune hepatitis in the Elderly: Diagnosis and pharmacological Management[END_REF][START_REF] Morii | Increasing incidence of elderlyonset autoimmune hepatitis[END_REF]. Nevertheless, due to lower parenchymal inflammation secondary to immune dysfunction, the liver disease is less aggressive [START_REF] Morii | Increasing incidence of elderlyonset autoimmune hepatitis[END_REF][START_REF] Al-Chalabi | Autoimmune hepatitis (AIH) in the elderly: a systematic retrospective analysis of a large group of consecutive patients with definite AIH followed at a tertiary referral centre[END_REF]. Even if the therapeutic management of the AIH can be complex because of the frequent comorbidities associated with age, elderly patients are good responders to corticosteroid therapy and present similar rates of remission compared to younger patients [START_REF] Al-Chalabi | Autoimmune hepatitis (AIH) in the elderly: a systematic retrospective analysis of a large group of consecutive patients with definite AIH followed at a tertiary referral centre[END_REF].

In about 30% of cases, diagnosis of PBC is made in patients older than 65 years and the characteristics of these patients are similar to the ones observed for AIH. Indeed, elderly patients also present higher rate of advanced fibrosis at diagnosis associated with less severe disease and are good responders to ursodeoxycholic acid [START_REF] Lehmann | Is primary biliary cirrhosis a different disease in the elderly?[END_REF][START_REF] Muratori | Clinical and serological profile of primary biliary cirrhosis in young and elderly patients[END_REF].

Non-Alcoholic fatty liver disease

As introduced previously, the aging liver is associated with an increased prevalence of steatosis, potentially through increased levels of cyclin-dependant kinase 4 (cdk4) [START_REF] Nguyen | Elimination of Ageassociated hepatic steatosis and correction of aging phenotype by inhibition of cdk4-C/EBPαp300 axis[END_REF]. Moreover, NAFLD livers show clear features of accelerated aging such as impaired regeneration, shorter hepatocytes telomere length and increased polyploidization compared to control livers [START_REF] Aravinthan | Hepatocyte senescence predicts progression in non-alcoholic related fatty liver disease[END_REF]. The occurrence of NAFLD clearly increases with age, with a prevalence of 22% in patients between 30-39 years that reaches 30% in patients older than 60 years [START_REF] Younossi | Global epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes[END_REF]. Moreover, the frequent association with metabolic risk factors such as obesity, hypertension, diabetes and hyperlipidemia in the elderly, increases the risk of non-alcoholic steatohepatitis and its progression toward cirrhosis and HCC [START_REF] Younossi | Non-alcoholic fatty liver disease -A global public health perspective[END_REF].

Hepatocellular carcinoma

A higher prevalence of HCC without chronic liver disease has also been described in elderly compared to younger people, suggesting that aging itself may be a predisposing factor for hepatocarcinogenesis [START_REF] Liver | EASL Clinical Practice Guidelines: Management of hepatocellular carcinoma[END_REF]. An impaired immune response associated with an accumulation of senescent cells induced by aging may promote tumorigenesis. Indeed, the experimental induction of senescence in mouse liver stromal cells triggers a pro-inflammatory response which results in tumour growth and in the increase in suppressive myeloid cells inhibiting anti-tumour T cell responses [START_REF] Ruhland | Stromal senescence establishes an immunosuppressive microenvironment that drives tumorigenesis[END_REF][START_REF] Yoshimoto | Obesity-induced gut microbial metabolite promotes liver cancer through senescence secretome[END_REF][START_REF] Kang | Senescence surveillance of pre-malignant hepatocytes limits liver cancer development[END_REF]. Accordingly, the pharmacological elimination of senescent cells in aged mice was associated with a reduction of tumour occurrence [START_REF] Baker | Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan[END_REF]. As nuclear polyploidy is amplified in HCC tumours, studying ploidy in liver tumours of elderly without chronic liver disease appears as a new research axis [START_REF] Bou-Nader | Polyploidy spectrum: a new marker in HCC classification[END_REF].

Impact of aging on liver transplantation

The number of LT is increasing since the last decades in parallel with improvement in post-transplant survival and quality of life, allowing considering LT as an option in aged patients [START_REF] Durand | Age and liver transplantation[END_REF]. Indeed, recipients over 65 now account for 25% of patients receiving LT in the United States and present encouraging long term survival [START_REF] Flemming | Reduction in liver transplant wait-listing in the era of direct-acting antiviral therapy[END_REF].

Elderly recipients

The outcome at one year after LT is similar between recipients under or over 60 years of age.

Nevertheless, some non-liver related complications, such as cardiovascular events, chronic kidney disease, immunosuppressive complications and malignancies impact the prognosis of elderly leading to a significant lower 5-year post transplant survival compared to younger recipients [START_REF] Cross | Liver transplantation in patients over 60 and 65 years: an evaluation of long-term outcomes and survival[END_REF][START_REF] Watt | Long-term probability of and mortality from de novo malignancy after liver transplantation[END_REF][START_REF] Sonny | Predictors of poor outcome among older liver transplant recipients[END_REF]. The risk of rejection is inversely related to age, especially in non-immune liver diseases. Because of immunosuppressive therapy's complications, immunosuppression should thus be reduced as much as possible in aged recipients [START_REF] Bilbao | Our experience in liver transplantation in patients over 65 yr of age[END_REF]. Consequently, physiological condition and comorbidities of the recipient, especially cardiovascular diseases, should be carefully considered in case of liver transplantation.

Aged liver donors

Because of the decline in liver regenerative properties, advanced donor age was associated with higher rates of graft lost and post LT mortality, mostly for younger recipients and patients with high MELD (model for end-stage liver disease) score [START_REF] Schlegel | Impact of donor age in donation after circulatory death liver transplantation: is Is the cutoff "60" still of relevance?[END_REF][START_REF] Feng | Characteristics associated with liver graft failure: the concept of a donor risk index[END_REF]. Nevertheless, good results have been observed with 5-year post LT survival rates exceeding 70% in some series for carefully selected donors older than 70 years when short cold ischemia was achieved [START_REF] Darius | Septuagenarian and octogenarian donors provide excellent liver grafts for transplantation[END_REF][START_REF] Jaime | Pushing the donor limits: Deceased donor liver transplantation using organs from octogenarian donors[END_REF][START_REF] Dutkowski | Are there better guidelines for allocation in liver transplantation? A novel score targeting justice and utility in the model for end-stage liver disease era[END_REF]. The outcome being better in young recipients receiving young donors, age matching could be an interesting approach [START_REF] Durand | Age and liver transplantation[END_REF][START_REF] Bittermann | Quantifying the effect of transplanting older donor livers into younger recipients: the need for donor-recipient age matching[END_REF].

Conclusion

Aging population is a global health issue in developing countries. Livers of the elderly show increased non-parenchymal cell senescence, decreased liver regenerative capacity, altered metabolism functions and immune response dysfunction, making them more susceptible to develop chronic liver diseases. However, liver transplantation in aged patients shows encouraging results provided that physiological condition of the recipients and their comorbidities, rather than their age, are taken into account. In the current context of organ shortage, the good outcome reported with selected hepatic graft from elderly donors should be underlined. Nevertheless, novel and flexible graft allocation algorithms, including age matching, should be developed in the near future according to the evolution of epidemiology and the aging of the population. 
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 1 Figure 1: Major modifications of the liver with physiological aging AMPK, AMP activated protein kinase; Brm, Brahma; DC, dendritic cells; CMA, chaperonemediated autophagy; IPMK, Inositol Polyphosphate Multikinase; Rb, Retinoblastoma; SASP, Senescent associated secretory phenotype; ULK, Unc-51 like autophagy.