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Abstract

Acute liver failure (ALF) and acute chronic liver failure (ACLF) atler&éfgening conditions

with mortality rates of up to 85%. The only reliable treatment is orthotopic liver
transplantation but there is a shortage of organ donors. Bioartificial livers (BALS) have been
developed to overcome the limitations associated with Amalogical devices and to

replace the metabolic activities of the liver as a bridge to transplant or organ recovery after
liver decompensation. These comprise hepatocytes within a biocompatible matrix.
However there is no evidence for enhanced patient survj¥at unknown reasonsontact

with the plasma of individuals with liver failure severely redubegatocytes key metabolic
functions.Although overall cell viability was unaffected this loss of function completely
compromised device function and represents an important batoehe development of
working BAL systemSince senescence contributes to altered hepatiecfunction in

cirrhosis andhe combination of an altered phenotype and unaffected viability in response
to physiological stressors seen in BAL hepatocyte pojpnlais highly reminiscent of

cellular senescencd&he aim of this study was therefore to investigate the role and
significance of senescence on Haidificial liver performance using an alginate modified p
(HEMAJMBA cryogel prototype seeded with hepatéey and consider mechanisms by

which to mitigate any effects on biartificial liver funtion using protective resveragpies.

In this studyHEMAMBA cryogels modified with alginate were used as a hepatocyte
extracellulamatrix to provide a @ environmenfor human hepatocyte studies. A model of
hepatocyte senescence induction was developed using etopdseated HepG2 cellgo
understand the role of senescence on bioatrtificial liver function, HepG2 cells were exposed
to anon-cytotoxic concentration ofenescenceénducing drugsuch as etoposide and

analysed for potential markers of cellular senescence. The impact of hepatocyte senescence
on key metabolic functions was analysed by measuring albumin and urea prodddien.

data showed that etoposide tréient induceda senescent phenotype in HepG2 cells that
combines growth arrest and loss of key functional phenotypes. The percentage of cell
proliferation markers including-ethynyl2'-deoxyuridine(EdU (p< 0.001)and K67 (<
0.0001)labelling decreasedignificantly after 48h treatment with 10M etoposide. In

addition, HepG2 senescence caused a significant reduction in albpn@i®%)and urea

production (p 0.001)at the 3-D surface HepG2 cells were treated witHiver toxins



cocktail at physiologal doses and over clinically relevant periods (6h) and the effect of liver
toxins on HepG2 celfwoliferstionwas measuredAlso, the effect of senescence inhibitor
compounds (resveratrol and resveralogues)rescuing HepG2 cells from liver toxins eféect
and reversion of senescence effects were studied. The results of this study showed that
HepG2 cells enter a senescent state in respongbddiver toxin and inflammatory cytokine
exposure which was confirmed by a significant reduction in the percerdbBeU and Ki67
positive cells (p<0.0001). However, senescence induction was inhibited {neptment

with 5uM resveratrol and resveraloguéscluding V31, V34 and V2&nd resulted ira

significant increase in the percentage of EdU positive cells cardga liver toxinstreated
cells(p<0.001). A multlayered HEMAVIBA-alginate cryogel bioreactor was used agteo

model of liver failure tassess induction of senescence ésdole in declining device

function and also evaluate the effect of resviech may reverse biertificial liver prototype
failure. In line with the earlier results of this study, liver toxins induced senescence in HepG2
cells after 6h exposure and resultedasignificant reduction in albumin and urea synthesis
(p < 0.001), and considerable increase aytokines production including-i& (p< 0.01)and
IL-8(p < 0.001). However, resveratrol at 5 UM concentration eitiefore or during

exposure to liver toxinsocktailpreserves their capacity to produce both urea and albumin
and suyppres®scytokine production. In conclusion, this study showed tratescence plays

a significant role in lost metabolising hepatocyte cell fraction over time and in the reduction
of BAL synthetic and detoxification functions. However, this can beepted by the use of
polyphenolic compounds to protect the cells in the device from senesecasseciated

phenotypic changes, via both SIRIgpendent and independent pathways.
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with liver toxins and RSV at 5uddncentration incubated for 61T liver toxinstreated cell.

Figure 3.26The percentage of Edpbsitive cells in ® surface (HEMMBA-alginate

cryogel) Data are presented as the MearSD of EDU positive cells using @viey ANOVA

with Bonferroni's Multiple Comparison Test (***p< 0.001, **p<0.01) (n=3). At least 300 cells
were counted on each cryogeRSV+ LT/RSV (2uNPretreated with RSV at 2uM
concentration for 24 h and then treatlewith liver toxins and RSV at 2uM concentration and
incubated for 6hRSV+ LT/RSV (5uMretreated with RSV at 5uM concentration for 24 h

and then treated with liver toxins and RSV at 5uM concentration incubated fdrT6hiver

L0 )] 1R 132
Figure 3.27The percentage of ki67 positive cells in HepG2 cells cultured 2D mafrtoes

bar graph shows the percentage of ki67 positive cells and data represent the average and

standard deviation ofwo independent counts of cells usingoege- € ! b h +! . 2Y T SNNJ
multiple comparison test ***P value<0.0001 (n=BSV+LT/RSpre-treated with
resveratrol and then treated with liver toxins and resverattdt. liver toxins................. 134

Figure 3.28The percentage of ki67 positive cells in HepG2 cells cultured 3D mairiees.

bar graph shows the percentage of ki67 positive cells and data represent the average and
standard deviation of three independeekperiments usingong | € ! b h £ ! . 2Y T SNNZ
multiple comparison test. (**P value<0.001). (NF3)......ccovviiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeenanns 135

Figure 3.29{f SONB A2y 2F | fodzYAYy O&a. I 1SLBAYEOES do Odz
AdzNFF YRS  LE FEEBNMF lo@Sao T FASNI ONBFOGYSYyld 640K
Ow{+0® ¢KS O2yOSYiNIGA2Y 2F GKS FfodzyAy Ay i
oflyl O2y(iNRf &dzodiN} OGSR F0a2NDbl yOSy @l i WSa |
YSIEY5 FNBY GKNBS AYRSLISYRSyld Odzfl @dzNBH +tH Yy R RS
2V FTENNRAFAGALIE S O2YLI NR&z2Yy (S&a0d pirFBAYHE f dzSf
ONBF O S R.OSE L A D 136

Figure 3.30) NBI LINRPRdzOUGA 2y o6& | ShmlDu f @3 i & 50Dl OBIH R
FyR St € L& FABNFIOGSa0 FFAOGSNI AyOdzol GA2Yy SAGK A
YSIYp {5 FNRBY (GKNBS AYRSLISYRSYSR | @dz! bdaNB & glIAVGR
. 2YFSNNRYAUE adz GALX S / 2YLI NRA2Y..6.540376F F F LI
Figure3.31¢ KS o6 NJ AN} LK aK2ga (GKS LISNOSyidl3Is 27 9
0KS | oSN 3VBRIENR RSOALFGAZ2Y 2F (62 MWIRSLISYRSYI
lbh+! | 20 FTEMNBYRAE S O2YLI NAaz2zy GSad fFrrpt @ f dz
fSFad pnn OStfa ¢SNGE LORuYy GEINGE |20yS RS | sOWKITKO 2p2xSaN B |
F2NI ¥R &KKEy GNBFGSR 6A @K | fiA OrSNI A2 E/WSRE WY 208F5 FA2
t NBNB I SR 6AGK NBAGSNI GNRE |0 pxa 02y OSydNF (.
YR NB&a@SNILID NEY+ il MIBl) © KR alBRiKO RMIKENENE | § pxa
@YyOSYiUNYGAZ2Y F2NJ Hn K FyR K8y (i RNBINITSRHSNS (i K
ERE= N = VAT WL C T« TP T USROS 138
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Figure 3.32{f SONB A2y 2F |t odzYAY Iy R BdzNRIENFFo- &xSIAS LID HO «
a. HftIAYFGES0 FFAGSNI GNBIGYSY(d 6AGK fAGBSNI G2EAy
GKS YSIY {5 FNRY (62 AYRSLISYRSymlI &dA hikaNBa Iy
2V T ENNRPIFAGALIE S O2 YA MNAMR yF AilFad abn.pF..038 n dnp 0
Figure 3.33. Representative live/dead confocal images of cryogel discs after 5uM resveratrol

and liver toxins treatment in muHayered bioreactor prototyp. (A: control, B: 5uM

)Y o R 5 10 1 RSP ERR PRSP 141

Figure 3.34 ®N2f AFTSNI GAy3 OSftfta ogSNB fFo6S

GAGK 51 tL 060f dzS® @& KESO IHLISINIECRMANIP &3NS i2EFS «
Ay ONER23ISftad 5141 FNB LINBaSyidSR Iml&KS aSlty
lbh+! GAGK . 2yFTSNNRByYyAUA adzZ GALIE S / 2YLI NRAZ2Y
gSNBE O2dzy i SR /23y BNEBKE RINELEWSHEINS | § SR oA G K w{
O2y OSYy iGN GA2Y F2N)un K YR GKSy GNBFGISR gAlK
CKM f ADBSNILA2ZEAY AU D 143

Figure 3.35Albumin productio in multilayered bioreactors (n=3) 48 h post liver toxins

treatment and urea synthesis 24h pestimulation with ammonium chloride in multilayers

bioreactors (n=3). Values represent mean = SD. Statistical analysis was performed using

ANOVA with Bonferroh Qa8 -K2®a i S&ad of LJ ndnp.Z. . .ff.5.L1184 ndnnam
Figure 3.36The protein level of 6 was measured by ELISA assay. HepG2 cells were seeded

on discs in the bioreactor and pteeated with 5uM reseratrol (RSV) for 24 h and then

treated with liver toxins and 5pM RSR{V+LTor a further 6h. The medium was collected

from each bioreactor 3 days after removing treatment and kep8fC until further

experiments. Control cellCg were grown in mdium only. The values are shown as the
means+SDusingomel @ ! bhx! GgAGK .2y FSNNRYAQa YdzZ (A LX
**p< 0.01) n=3LT:liver toxinstreated cells...........cccooveiiiiiiiiiiiieieeeee 145

Figure 3.37Thevalues are shown as the means + SD usingveaae ANOVA with

. 2YFSNNRYAQA Ydzf GALX S O2UliderNdkidsiegttediceéd.d G O F F f LI
RSV+LTcells pretreated with 5uM resveratrol (RSV) for 24 h and then treated with liver

toxins and S5UM RBFOr @ further Bh.............eeoiiiiiiiii e 146
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ABBREVIATIONS

ACLF Acute on chronic liver failure

ALD Alcoholrelated liver disease

ALF Acute liver failure

ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasia anithe RAD3related
BrdU Bromodeoxyuridine

BALs Bioatrtificial livers

BSA Bovine serum albumin

CDKi Gyclindependent kinase inhibitor
DDR DNA damage response

DMEM5 dzft 6 SO02Q& a2RAFTASR 91 3tS aSRAL
DMSO Dimethyl sulfoxide

DPP4 Dipeptidyl pegidase 4

ECM Hracellualr matrix

EdU  5-ethynyhH -@eoxyuridine

ELAD Extracorporeal liver assist device
ELISA Enzymédinked immunosorbent assay
EMT  [Hthelialgmesenchymal transition
FBS Fetal bovine serum

HO, Hydrogen peroxide

HCV épatitis C virus

HCCs djpatocellular carcinomas

HSC dpatic stellate cells

ICC nmimunocytochemistry assay

IF Immunofluorescence
IL-6 Interleukin-6
IL-8 Interleukin-8
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IHC  Immunohstochemistry

LB1  Nuclear lamin B1

MARS MolecularAdsorbent Recirculating System
MELS Modular extracorporeal liver support

MMPs Matrix metalloproteinases

MtDNA Mitochondrial DNA

MTT  3-(4,5Dimethylthiazol2-yl)-2,5-diphenyl tetrazolim bromide
NAFLD Non-alcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NK atural killer cells

OIS Oncogenenduced senescence

PD  Population doubling
PDGFAAPatelet-derived growth factor AA

RPA  Replicatigmotein A

Rb Retinoblastoma

ROS Reactive oxygen species

SDF  efescenceassociated DNAlamage foci
SASP eBescenceassociated secretory phenotype
SPAD Single pass albumin dialysis

SAi -Gal Senescencd & a 2 O AgalaciBsiRlase
SAHF Senescenceassociated heterochromatin foci
TGH  Transforming growth factobeta

TRE €lomere restrictionfragments

TNFh  Tumor necrosis factag h

uv Ultraviolet

VEGF Vascular endothelial growth factor

wB \asternblot
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Chapterl. Introduction



1.1. Overview

The liver perform$iundreds offunctions including bile production, plasma protein

synthesis, detoxification of drugs, metabolic wasteqessing, storage of dietary nutrients,
and immunoregulation. In the course of liver failure, metabolites normally processed by the
liver accumulate and promote hepatotoxicity through disruption of hepatocyte activity. The
accumulation of liver toxins mgyromote cell death due to activation of apoptotic pathways
or inflammation, mitochondrial damage, and oxidative stress which disrupt hepatocyte
function and contribute to the progression of liver failure. Acute liver failure (ALF) and acute
chronic liverfailure (ACLF) are |Hlareatening conditions with mortality rates of up to 85%

[1]. The only reliable treatment is liver transplantation but there is a shortage of organ
donors. In the UK ~29% of patients wait for more than 6 months on the transplant list, and
8% die before receiving aamsplan{2]. Theshortage of organ donors and high mortality

rates has created an urgent need for alternative functional liver replacement strategies that
either bridge patients to transplantatn or temporarily supportiver function allowing it to
recover. Approaches atude nonceltbased liver dialysis devices and 4xked therapies
including extracorporeal bioartificial liver, hepatocyte transplant, whole organ

xenotransplantation and liver tissue engineering transplants.

Although nonceltbased artificial liver syport devices have been developed, these systems
are not able to replicate liver function effectively and have shown no clinical efficacy in
terms of longterm survival benefits. The detoxification functions carpbetiallyaddressed

by artificial andalbumin dialysis devices but the synthetic functions of the liver can only be
performed by living cells. Thus, biological liver replacement devices incorporating a
hepatoma cell line or primary hepatocytes into a bioreactor to process blood or plasma
have beerdeveloped to partially replace the synthetic and regulatory function of the liver in
addition to patient plasma detoxification. However, no devices to date have shown
significant survival benefits in patients with acute liver faillge4]. A potential explanation

for limitations to current biological device efficacy could be the impact of biological toxins,
inflammatory and immunogenic stimulus on hepatocyte viability, and metabolic functional
characteristics a#ir exposure to patient plasma. One factor linked to altered liver function
which may be promoted by exposure to high toxin levels is the induction of senescence in

which cell death does not occur, but cells permanently exit the cell cycle and exhibit
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radically altered phenotypicharacteristics. It is known that cellular senescence plays a key
role in the human response to injury and disease and is potentially associated with organ
transplant failurg]5, 6] In thecontext of liver disease, it is known that hepatocyte

senescence plays a role in the progression of fibrosis, but nothing is known about the impact
of senescence on hepatocyte function within biological liver replacement devices. This
chaptersummarise®ur current understanding of senescence, its role in the development

of liver failureits potential role as a causative factor in the failure of current biological liver
replacement devices and potential mechanisms by which the impact of senescence may be

reduced for improved device longevity.

1.2.What is senescence and why does it exi&tBroad range of stressoexissin all living
cells. Cells can be damaged when they are exposed to different stress fsuthras
environmental stress or DNA damagingats. They can respond to damage in
different ways, ranging from the activation of pathways that develop survival or
promote cell death to remang damaged cells. So, the damage can initiate a reversible
(repair) or irreversible (senescence or apoptoséspionse in cultured cells which
dzft GAYIFGSte RSGSN¥YAYySa GKS FraS 2F G4KS RFEYL
stress is dependent on the level and duration of the insult as well as cell type. Cells
undergoing apoptosis (programmed cell deatig dnd disintegrate rapidly in response
to persistent stimuli or damagf’]. In recent years, apoptosis has been considehed
main response to cellular stress. However, in some circumstances, cells undergo
senesence as a consequence of less severe damage. In contrast to apoptosis,
senescent cells lose their proliferative capacity but remain viable and metabolically
active and they can also secrete a great number of inflammatory substances in their

surrounding enironment|[8].

Cellular senescence is the state of permanent and irreversible cell cycle arrest of previously
growingcells which is distindtom other forms of cell cycle arrest including quiescence
(transient gowth arrest) necrosis, and apoptosis. Quiescent cells areratiferating cells,

and they can enter growth arrest due to a lack of nutrition and growth factors. However,
they can reenter the cell cycle when the growth condition is restored. In oppdsite

guiescence, senescence, an irreversible and stable cell cycle arrest, happens as a result of
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ageing, DNA damage and other mutagens which can prevent or limit the transmission of
damage to the next cell generation. No normal physiological stiameknown that can
stimulate senescent cells to#enter the cell cycl¢9]. Recent studies show that the
proliferative potential of damaged or cloned cells during senescence is limited by the
induction of stable cell ©fe arrest. This mechanism can prevent damiage being
transmitted to the next cell generation. It can also act as a barrier to carcinogenesis and
cancer formation by preventing the clone of cells from accumudgind developing
procarcinogenic mutatios. Therefore, the transient presence of senescent cells can be
beneficial in modulating tissue homeostabislimitingthe proliferation of damaged cells in

tissue and acts as a tumour suppressor mechaiiginl1]

Cellular senescence was first discovered by Leonard Hayflick and Moorhead 121961
when they observed that cultured normal human fibroblastsitno ceased to proliferate

after 40 to 60 sufzultivations. These cells were grown in a suitable condition, but they
stopped proliferation after about 50 population doublings. Tkapwed that the death of
cultured normal cells was independent of growth medium contamination, medium
components, and culture conditiofi2]. A flattened and enlarged morphology was

observed in human primary fibroblasts when they lost theirlifgcative capacity after a

finite number of replications or when they reached their maximum capacity for replication.
This maximum potential for replication was reduced in cultured cells derived from older
donors compared to human embryos which showsraugise relationship between the age

of a human donor and the replicative capacityitro. Therefore, Hayflick introduced the
theory of ageing at the celluldevel based on this result. Heoposed a thregophase model

in normal cultured fibroblast cell®hase | was the primary culture and normal cells were
usually growing rapidly at this phase and it was followed by phase Il when the cells were
proliferating and multipliedPhase 1l represents stdultivated cells during the period of
exponential replicaon which the number of cells increases and the level of cell proliferation
is more than cell deathiThen, cells replicated slowly at phase Ill and stopped dividing after a
limited number of divisiongHayflick imith 1 S y I YSR (GKA A& LIKI &S aaSyS
cultured cells stopped proliferation permanentig(re 1.1) [12]. Along this line, ithe early
1970s, it was realised that the ends of linear DNA molecules cannot be completely copied

because the end of the linear chromosome is capped with nucleoprotein complexes called
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telomeres. Telomeres are placed at the end of chromosomes to prafeetend of the DNA
from degradation and a chromosomal etwtend fusion It was observed that telomeres
gradually became shorter in diploid cells with every cell division, and ultimately become
critically short, inducing replicative senescendde telomee or telomerase system has

been identified as a mediator of replicative capadiB).
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Figurel.1.Three phases of cultured normal human fibrobld4®]. Phase 1 indicates the
primary culture. Phase Il indicates theoliferation of the cultured cellsPhase Il shows that

cultured cells stopped dividing after a limited numbereplications

Telomeredependent replicative senescence is the prignenode of entry into senescence
like growth arrest irvitro for human fibroblastsAnaher type of cell has also behaved
analogously to human fibroblasts witro. Cell types known to undergeplicative
senescence include endothelial cells, epidermahtieocytes, vascular smooth muscle cells,
adrenocortical cells, lymphocytes, keratinocytasd chondrocyte414-16]. So, replicative
senescence is not just limited to fibroblasts, and it can happen in differdirypes.

However, the process of cellular senescence is likely to béypellspecificin a study by
Bodnaret al. n 1998[17], two telomerasenegative normal human cell types including
retinal pigment epithehl cells (RPE) and foreskin fibrobtafJ) were transfected withe

reverse transcriptase subunit of human telomer&ddBSVhTRT vectors which encode the
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human telomerase. This study showed that telomeragpressing cells had reduced
senescence biomarke includingN\B R dzOS R & {ijdlaktgsikiaselin bbta dllsiand
increased their normal lifespan from 60 population doubling (PD) in telomeragative BJ
fibroblast to 8590 PD in telomerase positive fibroblasts and 20 PD in telomeregative
RPE to 557 in tebmerasepositive cells suggesting a relationship between telomere
erosion and cellular senescencevitro. Therefore, the reintroduction of telomerase into

human cells resulted in a |Hgpan extension and prevented replicative senescdhg

In general, normal cells witro can undergo senescence after a finite number of divisions
but, cultured cells may bypass the senescence process and show an unlimited life span in
vitro and then become immortalisedCellsvith an unlimited growth proliferation initro

which display the characteristic of cells derived from malignant tissue, are abnormal and
result in the development of a malignant phenotyjd@]. This form of sporineous
immortalisation is a rare event that can be dependent on primarily species type. The
spontaneous immortalisation has already been reported in different cell lines such as mouse
embryonic fibroblasts (MEFs), liver sinusoidal endothelial cell lire&3)§enerated from

mouse liver, and mouse and rat epithelial cgll8, 20] Genetic instability including

mutation inthe p53 gene and changes in chromosomes are considered the main facilitators
of spontaneous immrtalisation in the mentioned cell lines. Inactivation of apoptotic
pathways with loss of the p53 and pRb pathways is another possible route for

immortalisation[20].

In summary, normal somatic cells grown in atdtare unable to proliferate indefinitely and

they usually cease to proliferate after a limited number of divisions despite having access to
sufficient growth factors, nutrients, and space. This phenomenon of permanent growth
arrest is known as replicavsenescence because it happens by replication. Senescent cells
cannot replicate anymore because thiegvereachedthe end of their replicative life span

which is termedhe Hayflick limitf12]. Cells with unlimited growth potential witro are

referred to as immortal or continuous cell lines whadmescape from senescence and

acquire an infinite lifespan. Immortalised cell lines can be categorised into two different
groups. Spontaneously immortadid cells or tumorous cells can undergo sogeaetic

changes and become resistant to senescence. These cells acquire an infinite life span which

can be produced from human cells such as HepG2 or HelLa cells. By contrast, non
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tumorigenic cells are artificially manipulated cells that htheunlimited proliferative
capacity and can be cultured for a long tif2d]. These cells are usually immortalised by
using viral genes such & simian virus 40 (SV40) T antigerthrough the expression of
Telomerase Reverse Transcriptase protein (TERT), especiallyddnaehre affected by

telomerelengthincluding human cells.

1.2.1 Mechanisms of entry into senescence

Permanent and irreversible cell cycle arrest is one of the most important features of
senescent cells which is controlled by activation of the p53ff2and the p18VK44Rb

tumour suppressor pathways (figure 2). This growth arrest is usually induced by a
continuous DNA damage response (DDR) in response to either intrinsic stimuli such as
progressive telomere shortening, changes in telomere structure, oxela@mage or

external insults including radiation, oxidative and genotoxic stress and chemotherapeutic
agentg22]. Progressive telomere shortening which happens as a result of replicative
senescence is the most kwa reason for induction of senescence, and DDR in this type of
senescence depends on telomere length. During replicative senescence of human
fibroblasts, telomeres become critically short leading to an uncapped and dstridleded
chromosomefree end and sbsequently initiating a DD[R2]. However, it is important to

note that senescence in some cells happens irrespectively of telomere length and it can be
mediated by the activation of tumour suppressor pathways3(p21 or p16/Rb]23]. For
example, replicative senescencecursin primary human astrocytes (NHAs) afg€r PDin a
p53-dependent but telomerendependent mannerThe majority of cells (~80%) were
immunopositivefor p21 and showed a low level of Bromodeoxyuridine (BrdU) labelling (1%)

I YR K A-GhKinddx (90 %) after approximately 20 PD. Furthermore, telomere length
RARY QU OKIFy3aS aAIYATFAOFIYyGfe& RdzNAYy3I GKS NBLX A
or M1 in astrocytes was associated with significant changes in -@dapendent kinase

inhibitor expression. A significant increase in p16INK4A expressidol{Qvas observed at

M1 in comparison to presenesceptoliferating cells suggesting that finarrest in NHAs

occurred independent of telomere length but resulted from the p53 activajiztj.

Regardless of which stressors cause DNA damage, the DDR is characterized by activation of
protein kinases ataxigetangiectasia mutated (ATM) and ataxia telangiectasia and the RAD3
related (ATR) kinases cascade. Different DNA damage sensors such as replication protein A
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(RPA), the RABRAD1HUS1 (9-1) and MRELRAD5ENBS1 (MRN) complexes detect

single and doublstranded breaks respectively and recruit ATM and ATR to the site of
damagg25]. Both ATM and ATR strengthen the DDR sigyaicreased deposition of

H2AX (DNA damage protei) the site of injurywhich helps in the gathering of other DNA
repair complexes to form nuclear foci and activation of a kinase casCaue ATM and ATR

are phosphorylated, they block cell cycle gression by activation of downstream cell cycle
regulators CHK1 and CHK2 leading to the P53 stabilisation. Subsequently, P53 activates the
transcription of the cyclirdependent kinase inhibitor (P21) which binds to a cyclin

dependent kinase (CDK) 2 comptesgulting in hypo phosphorylated retinoblastoma (Rb)

and consequently prevents E2fediated transcription of proliferatiopromoting genes

causing G1 cell cycle arrd¢%0] (figure 1.9.

The response of the p§p21 and pl16Iink4eRB effector pathways to the primary growth

arrest signal is dependent on the type and aliwn of stress. Either p53 or p16 pathways
become activated and both may eventually be involved to sustain senescence. When
proliferating cells are subjected to transient stress, p53 induction can activate a quiescence
state and DNA repair processes. Inotian of p53 pauses the cell cycle at the G1, S, or G2
phases of the cell cycle to prevent DNA synthesis and mitosis in the presence of unrepaired
DNA damage. Once the DNA damage is resolved, then the cell can resume cell cycling.
However, p16INK4a, an iittitor of CDK4 and CDKG®, is activated in the presence of
persistent stress and unrepaired DNA damage resulting in permanent cell cycle arrest or
senescenc?2)]. Senescence can be mediated through p16 activatiochvbinds

specifically to the CDK4 and CDK6 and displaces cyclin D thereby inhibiting the Rb
phosphorylation. Retinoblastoma protein (pRb) is a tumour suppressor protein that is
considered the master brake of the cell cycle. When RB isyp@phosphoryated state it

binds specifically to transcription factor E2F1 and inhibits transcription of E2F1 target genes
which are necessary for DNA replication and cell proliferation. Thexelfd6 activates the

G1-S checkpoint and inhibits the kinass activitie€8fK4 and CDKG6 via teevention of

Ldw. LI 2 a LIKkespdisénvhich s esgefitial to establish permanent growth arrest or
long-term maintenance of senescence phenotyge, 26](figure 1.9.
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Figure 12. Mechanisn of cellular senescenc®ifferent cellintrinsic and extrinsic stresses

can trigger cellularenescence by initiating DNA damage response which resulted in p53,
pl6ink4a, or both activations. Both p21 and p16 inhibit CDKs and prevent the inactivation of
Rb protein leading to inhibition of transcription of E2F1 target genes and G1 cell cycle arrest.
Upon moderate and transient stress (green arrows), the cell camter the cell cycle and
resume proliferation. In contrast, cells exposed to severe stress (red arrows) which causes
permanent damage age to enter the permanent cell cycle arrest anditrahs a

senescence staf&0].

1.2.2 Stressinduced premature cellular senescence

In human and mouse cells premature senescence can be induced by oxidative stress
through increasd intracellular levels of reactive oxygen species (ROS) that cause damage to
lipids, proteins and DNA. R@f& oxygercontaining radicals comprising the superoxide
FyA2Yy O0hHbOZ KalRNBEIhREIxyla8ida’ MR $he KOS produced from
either endogenous sources such as mitochondria or exogenous sources including
ultraviolet/ionising radiation smoke exposure, and chemotherapeutic drugs induce cellular
senescence via a DNA damage response pathway[11]. $ichgsed premature senescence
occursin many types of cells including normal anaitour cells when they were exposed to
ionising radiatioror oxidative stregd27]. The oxidative stress responses of human
endometriumderived mesenchymal stem cells (hMESCs) were studied after exposure to the
sublethalHO;R 2 & S & ® ©Oyinduced premature senescence in hMESCs after 1 h
treatment. Senesceardike morphology was observed after 24 h treatment and cells become
enlarged and flattened. An increasesahescenceassociated bet@jalactosidas¢SAi -Ga)
staining (95% ¥D»- treated cells), lack ofi&7 staining and increased levels of p21
confirmedthe permanent growth arrest andreversible loss of proliferative potential in

treated cells. So, hMESCs lost their proliferative potential and entered the state of

premature senescence in response to oxidative st[{28%

Oxidative stress and DNA damage similar to telomere damage initiate the DNA damage
response (DDR), a signalling pathway in which ATM or ATR kinases blogieell
progression through stabibgion of p53 and transcriptional activation of thgotin-

dependent kinase (Cdk) inhibitor p21. Then the growth arrest phenotype is established by

27



P53/P21 pathwg3]. Zhan et al (201(B9] investigated the role of ATM in rd&ting the
action of oxidative stress to induce premature senescence in endothelial cells. The ATM
dependent Akt/p53/p21 sigrilng pathway was activated muman umbilical vein
endothelial cells (HUVECS) through induction of unrepairable DNA damageanstent
oxidative stress. Aimcrease in ATM phosphorylation, p53, and p21 expressions was
O2y TANNSR I FiSMHSBLIhaaNBduding agent of oxidative stress.
This data suggests that oxidative stressivated ATM and p53 phosphaagion which was
followed by the upregulation of p21 expression. ATM likely activated p53 phosphorylation
which is the downstream signalling molecule of ATk/Ahen, p21 expression, a
downstream target of p53, was upregulated aftativation/phosphoryltion of ATM and
p53. These actions were abolished#0; -treated cells in which ATM was knocked down
using RNA interference(siRNA) and resulted in reduced ATM mRNA and protein levels
expression with inhibition of Akt and p53 phosphorylation and decrea2ddgene
expression (p < 0.05). In addition, the level of Sgalpositive cells itO; -treated cells
decreased significantly (p < 0.05) after ATM knockdown by siRNA. Thus, the phosphorylation
of ATM, Akt, and p53 and tnegulation of p21 expressiongelated the cellular response to
oxidative stress in endothelial cells.addition to ATM phosphorylation, the numberS#

i -galpositive cells were significantly increased uOH treated cell, compared with cells
incubated without HO» treatment. In @nclusion, oxidative stressduced DNA damage and
premature senescence in endothelial celtsconfirmed bySAl -galstaining and was
associated with théATM-dependent Akt/p53/p21 signalling pathwayhissignalling

pathway have a key role in mediatingetiction of oxidative stress and induction of
premature senescenda HUVECand can be considered as new therapeutic target for

cardiovascular diseas§29].

1.2.30ncogeneinduced senescence

Oncogeneanduced senesceng®IS) is a potent defensive mechanism against tumour
progression and cancer which arrest cell cycle progression upon oncogenic signalling. DNA
damage induced by oncogenic stimuli happens independently of telomere length. Oncogene
activation during earlyumorigenesis initially triggers a high degree of DNA replication
(hyperproliferative phase) which induces cellular senescence. The mitotic signals increase
the usage of DNA replication origins which leads to stalled replication forks and produces
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numerousdoublestranded DNA breaks and eventually activates DDR. DDR activates several
tumour & dzLJLINBhéiviosksydadiding the pI¥“YRB and p19ARF/p53/p21 pathways
which cause OIS, leading to cell cycle arrest after a few cell cycle diy&iqrisor example,

Di Micco et al (200gB1] showed that oncogenenduced senescence following an activated
oncogene (FRasV12) in normal human cells, happened because of DDR activatigper
replicative phase occurred immediately after the expression of oncogenic Ras resulting in
DDR and OIS and most of the cells that underwenh@& detected positively senescence
associated DNAlamage foci (SDR)pntaining the activated ATM (849NBS1(73%), and the
complex containing ATR (85%), ATRIPH{AERacting protein, 89%) and RPA (replication
protein A,87%). Activation ewes related to DNA damage include an increase in the p21 and
p16 cyclindependent kinase inhibitors together with f&and hypephosphorylated Rb gene
product accumulated in senescent cells. It was also shown that the inactivation of the DDR

pathwayincreasedhe fraction of growing cells which restarted DNA synthesis, confirmed

by a significant increase in the incorparda 2y 2F . NR! YR Ayl OGA QI GA:;
increased cell numbest ¢ ndnn v ® Ly shavahatOiSNSinkediwkh§he S R G |

presence of DNA damage. Complete activation of the DDR mechanism is necessary for the
establishment and maintenanad OIS. Also, the knockdown of the main DDR kinases

abolished OIS andegtelop cell transformation.

1.2.4 The altered phenotypes of senescent cells

Permanent exit from the cell cycle is seredthe main charactestic associated with
senescent cells. Howevenany studies showed that irressible cell cycle arrest was not

the only feature of senescent cells which disgunisheshem from normal growing cells. For
example, Shelton et al in 19982] showed that senescerells have altered pattesof

gene and protein expressions and secrete matrix renlodgenzymse plus, nflammatory
chemokines and cytokines. In this study, the level of soluble factors secreted by five human
fibroblast strains, derived from embryonieng (W438, IMR90), neonatal foreskin (BJ,
HCAZ2), or adult breast (hBF184) was measured by antibody arrays and senescence was
induced in these cells by either ref@itve exhaustion or by treating them with 10 Gy of
ionising radiation. Senescent cellpexssed higher levels of infranation-associated genes
includingchemokines (MGR and Gre® 0 = O @& (15 arkl YN &X -6 (CHBL-B)
compared to the normal fibroblasts. Also, these secretory phenotypes of senescent cells
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were not dependenbn whether senescencerasinduced by replicative exhaustion,

telomere erosion or genotoxic stre€9nce the cels proliferation is permanently arrested,

they start to express different secreted molecules which are known as senescence
associated secretory phenqgig (SASP) factors. SASP was developed by senescent cells 4 to
7 days after DNA damage and it reached the maximum t@vahy 10. Consequently,
senescent cells started to bergidered metabolically active viable cells with permanent

growth arrest which isinique tothe senescent phenotyd82].

SASP is responsible for many positive and negative imptgdtsuted to senescent cells.

One of the major functions of SASP is to act in an autocrine fashion to reinfarazth

cycle arrest and facilitate the immune clearance of senescent cells. The secretion of SASP
factors including proinflammatory cytokines and chemokines mediate the activation and
recruitment of the immune system to eliminate senescent cells. The &#&®ponents

recruit adaptive and innate immune cells including macrophages, natural killer cells (NK),
neutrophils, and T lymphocytes to eliminate senescent cells. Also, the proteins responsible
to remodel the extracellular matrix facilitate the entry ofnmine cells to the areas of
senescent cell localisation for their removal and secrete growth factors to stimulate the
proliferation of surrounding cells for subsequent replacement of eliminated cells and
maintain thetissue homeostasj83]. For example, In studyy Kang and cavorkers(2011)
showed that senescent hepatocytesmmunicatel with their environment byproducing
different cytokines and growtfactors and these secretory phenotype can hant-
tumorigeniceffects. Firstly,oncogeneinduced senescemcoccurred in the mouse liver by
delivelingtransposable elementg expressing oncogenic Nras (NrasGlatb)hepatocytes

and sescence was confirmed by positstainingsof p21, p16 and SA-galin NrasG12V
expressing hepatocytd hen, reutrophils lymphocytes, and monocytes/macrophages were
found in immune cell clusters around senescent hepatocytes (hepatocytes expressing
NrasG12V) and accompanied by the increased numbhBiKocells, macrophages, dendritic

cells, and CD4+ and CD8+ lymphocytes quantified by flow cytometry. Thesgflitrating

AYYdzyS OStfta YSRAFGSR GUKS Of SINIyOS 2F aSy

AdzZNDSAT £ yOSQU ¢ KA OK-cah@adiStgdrRdaptigeyimmune respgrsd. O
6 days after delivery of oncogenic NrasG12V or NrasG12V/D3#%jsimilar numbers of

Nraspositive and p21and pl6positive s@escent cells were found in moubeer.
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However, timecourse analysis confirmedrapid loss of Nrapositive and senescent cells
2PSNJ GAYS 6A0K -pogitivécells remainmghat:day 12 &nd boMpledie loss of
Nraspositive cells after 60 days. It was also reported that immune surveillance -of pre
malignant senescent hepatygtes was abrogated by an jpaired adaptive immunity in
mousemodel with impaired adaptive immune response and resulted in the development of
murine hepatocellular carcinomas (HCCs). In summary, the results of this study showed that
the autocrine activityof senescent cells has a positive effect becadgbeactivation of the
immune system which leads to removing damaged cells and preventing the accumulation of
senescent cells within a tissue (atimour barrier). In addition, senescence surveillance

plays a key role to inhibit tumour progression and liver cancer developmenvaj34].

Specific components of SASP such as proteases and other factors secreted by SASP including
growth factors maylaya central rdée in physiological functions. For example, matrix
metalloproteinases (MMPs), one of the components of SASP, may play a positive role in the
context of liver fibrosis and wound healing by contributing to radgébrotic plaques in

the extracelllar matrix(ECM) and fibrotic tissue remadteg. Growth factors including

vascular endothelial growth factor (VEGF) and platdxived growth factor AA (PDGYA)

are secreted from senescent cells in SASP form at the site of injury and they are regarded as
key fadors to induce angiogenesis, wound contraction during wound healing and fibrotic
reduction35]. For instance, Krizhanovsky et al (20@&jshowed that senescent cells

derived from activated hepatic stellate cells (HSC) in murine liver treated with CCl4 (induce
fibrosis in experimental animal) plays a key role to limit liver fibrosis. In mice without key
senescence regulators (pa@ice), HSCs constantly proliferated whiet to severe liver

fibrosis. HSCs produced extracellular matiégrading enzymes and secrete cytokines which
resulted in improving immune surveillance and consequently facilitated fibrosis resolution.
Senescence was also induced in cultured primary huactimated HSCs by treatment with a
DNA damaging agent, etoposide, or replicative exhaustion, and senescence was confirmed
by accumulated SA-gal activity plus acquired senescerassociated heterochromatic foci

within several days after etoposide treatnmei he results of RPCR analysis showed

increased expression of extracellular mattiggrading enzymes such as MMP1, MMP13,
MMP10, and MMP12 and decreased expression of extracellular matrix components such as

collagens type I, I, IV, and fibronectin alniare constituents of the fibrotic scar, in
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chronic liver damage, senescent HSCs limit the fibrotic tissue accumulation by producing
MMPs which have fibrolytic acttyiand inhibit fibrogenic factors production, helping the

fibrosis resolutiof36].

Factors secreted by senescent cells can influence surrounding cells and tissue
microenviraament in a paracrine fashion to promotemour progression and exacerlat
senescence during amg or in the course of persistent damdgé, 38] IL-6, 1.y > Dwhh X
IGBP7, and TGIB are among the specific SASP components which can reinforce and spread
the senescence phenotype in a paracrine manner to neighbouring cells. For instance, SASP
which was developed by human fibroblast strains after otthn of senescence by ionising
radiation induced an epitheliahesenchymal transition (EMT) in two nonaggressive human
breast cancer cell lines when they were cultured together for 7 days. These data showed
that human fibroblasts developed SASP slowlgrafiduction of senescence-I0 days) and
spread the senescence phenotype to neighbiog nonsenescent cells through secretion of

IL-6, I8, I.mi YR ¢DCi & ¢Kdzax aSySaoSyid OStta OFy
inflammation in nearby cells through their paracrine mechanism which is related to their
SASP factof88].

In summary, senescence can be transmitted to normal cells through SASP components
which act as signalling molecules in an autocrine or paracrine manner. These components
canact on nearby cells by the auto/paracrine pathway taiaté the maintenance of
senescence or escape, immune system activation or suppression, and induction of
tumorgenesis or suppression. All the mentioned SASP effects are dependent on the
temporary or permanent presence of senescence cells. The-ghont presence of

senescent cells can exert some beneficial impacts on the organism when they are promptly
removed by immune system cells and inhibit the accumulation of damaged cells within the
tissue. However, the negative effects of SASP are associated witlc¢benulation of

senescent cells and subsequently the continuous secretion of SASP as a reseitigohad
decline of immune clearance efficacy. This leads to the spread of premature senescence to

surrounding cells and disruption in the functioning astie and mamyphysiological

processesf{gure 1.3)[33, 35]
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Figure 13. TheSASP factors can reinforce or induce senescence growth arrest within cells in
an either autocrine or paracrine manner. These factors attract immune cells including
macrophages, natural killer cells (NK), neutrophils and T cells to bieaehescent cells

within the tissue and consequently leading to tissue repair. Also, secretion of MMPs and
VEGF can help tissue remodelling and reduce fibrosis. The paracrine activity of senescent
cells can cause and spread the cellular senescence matoreighbouring cells leading to

chronic inflammatiorf33].

Although senescent cells usually display a SASP and express a wide range of pro
inflammatory factors, upregulation of cell surface molecules is the déegture which
distinguistessenescent cells from proliferating cells. For exampta exmpleln a study by

Kim et al (201739] showed that DPP4 (dipeptidyl peptidase 4) was uniquelly present in the
the surfaceof senescent cells but not proliferating cells. The DDP4 levels were significantly
increased in the membrane fraction of human diploid senescent fibroblasts but not dividing
fibroblasts. ICAM and uPAR/CD87 are the other cell surafce molecules whichlajaegun

the senescent cell membrane. The presence of DPP4 and other ligands on the surface of
senecsent fibroblasts make them suitable targets for elation byNKand CD8+-€ells of

the immune systef89]. In addition, The SASP phenotype can be enhanced by the
upregulation of cell surface molecules which are only expressed on the surface of senescent
cells. It has been shown that cell surface molecules including SCAMP4, CD36, and NOTCH1
which were highly express on the surface of human fibroblast senescent cells promoted

the secretion of SASP and increased the level of proinflammatory cytokines and SASP
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components. Therefore, these cell surface molecules can play a key role in the recognition
of senescent calby the immune system by inducing the secretory phenotype of senescent
cells and secretion of proinflammatory factors which leads to the elimination of senescent

cells by immune cel40, 41}

1.2.5 Effects of cellulasenescence and its reversal/removal

Accumulation of senescent cells in various tissue and organs during ageing can promote
tissue degeneration and disrupt tissue structure and functions because of the factors they
produce and secrete. However, it has beeported that the elimination of senescent cells
resulted in increased longevity and reduced the occurrence ofrelgéed diseasepi2, 43]

For example, BubR1H/H mice, a transgenic mouse model, had a sighjfgtzot lifespan

and showed different ageelated phenotypes, including infertility, lordokyphosis,

sarcopenia, cataracts, fat loss, cardiac dysrhythmia, stiffening or hardening of the vessel wall
and impaired wound healing. The number of p16ink4a cdiishvcause a range of ageing
symptoms increased remarkably in certain tissues including adipose tissue, skeletal muscle,
and the eye. Whereas, removing of pl6iniedressing cells or senescent cells upon
treatment with senolytic drug significantly delayed prevented the development of age
associated phenotypes in tissues with elevated senescence maikerdevelopment of
lordokyphosis (a measure of sarcopenia onset in this model) and cataracts were delayed
after the elimination of p16Ink4qositive seescent cells by senolytic treatment compared

to nontreated cells. So, these data showed that cellular senescence can caussaigd
dysfunctions in genetically engineered mice models and clearing of senescent cells
prevented tissue degeneration, delayagerelated phenotypes, and extended health span

of mice[42].

Metabolic alterations such as an increase in mitochondrial metabolism were observed and
reported in senescent cells. Data on metabolic changes agedawith cellular senescence
have shown that mitochondrial dysfunction, characterized by high production of ROS,
occurs as a result of deterioration in mitochondrial oxidative phosphorylation (OXPHOS)
during the early stages of cellular senesceffizgd. OXPHOS is composed of five multi
subunit enzymes or respiratory chain complexes (complex | to V) that produce an

electrochemical transmembrane gradient in the mitochondrial inner membrane to synthesis
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cell energy irthe form of ATP by complex V. Also, OXPHOS is the main source for ROS
generation such as superoxide and hydrogen peroxide becautiBses85-90% of the

oxygen consumed by the cell. Mitochondrial DNA (mtDNA) is highly susceptible to any
upregulation ofROS production in senescent cells due tdomation near the site of ROS
productionand lack of DNA repair enzymastDNA can be damaged as a result of ROS
upregulation in senescent cells and this leads to further impairment of mitochondrial

OXPHOQOS funion, thus releasing more ROS and reducing ATP production. Therefore, in
senescent cells, mitochondrial ROS can exacerbate cellular senescence by causing more DNA
damage and DNA damage response (DDR) leading to the initiation and maintenance of the

senescehphenotype[44, 45]

A study byPassos et al (20046] revealed significant mitochondrial dysfunction in

senescent human fibroblast cultures as well as changes in ggmession patterns

indicative of enhanced retrograde sighiag. Senescence was induced in MRCS5 fibroblast
cells by HO, at 400 uM concentration for 30 minutes and the metabolic function of treated
cells was compared with nemeated fibroblasts to assesghether mitochondrial

dysfunction is related to fibroblast senescence. In senescent cells, mitochondria produced
elevatedlevels of superoxide compared to young andaiotNBS | G SR FA O NRof I a i &
addition, mitochondrial membrane potential decreaseagrsficantly in senescent fibroblasts

(p = 0.008) which is often indicative of mitochondrial DNA (mtDNA) damage. Different
enzymes associated with major functions in mitochondrial metabolism including glucose
metabolisns such as HK2, PDP2, and PDK4, aidirhetabolisms such as CPT1A, PTEL, and
FABP4 were upegulated. So, increased mitochondrial ROS production in parallel with a
breakdown of membrane potential and upgulation of genes involved in glycolysis, and
other mitochondrial functions occurred dag senescence of human MRCS5 fibroblasts.

These results provide supporting evidence that cellular senescence promotes mitochondrial

dysfunction characterized by increased production of reactive oxygen s{é6ies.

1.2.6 Biomarkers of cellular senescence

There is no single marker that can specifically define cellular senescence. So, multiple

validation markers are required to confirm senescent phenotype. In addition to stable cell
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cycle arrest andite SASP, many other phenotypic alterations happen in senescent cells
upon exposure to different stressors. For example, senescent cells display an enlarged and
flattened morphology, develop lysosomal compartments, and undetgomatin

remodelling and epignetic alteration compared to growing or n&enescent

counterpart$47].

The stable growth arrest is one of the most defining features of senescent cells and it is
characterised by cell cycle regulators including p53, p21, p16, and a decrease in
phosphorylaed pRB. These protein markers increased significantly in different strains of
fibroblasts including WI38, IMB0, MRC5 and NHDF once senescence was recognised and
confirmed[48]. Activation of p53 and p1¥“#Rbtumour suppressor networks govern the
senescence growth arresth@& activation of the p53/ p2pathway was observed in
replicative senescendd9], DNA damage response (DBxitjuced senescence, oxidative
stressinduced senescend®0] and oncogenanduced senescence (OFF)]. In a study by
Chen et alt al in 1991], human fibroblasts (IMR0) were treated with sublethal doses of
HO>for 2 h and as a result, H202 at 150uM concertation induced setigscgrowth

arrest in fibroblast. One day after removing treatment, the p53 and p21 levels increased
considerably in growttarrested cells andraaverage of 35old elevation in p53 was

observed in treated cells after 204 h removing bD».

Induction of p53 can induce a quiescent state (transient cell cycle arrest) and activate DNA
repair processes in the presence of temporary stress and tbls can resume the cell cycle
after the resolution of the stres$o,these protein markers RB and p53, are also present in

other forms of cell cycle arrest, such as quiescq@eg

P16Ink4a/RB pathway is usyadictivated by persistent stress or further signals which
contribute to a longasting and irreversible arrest. In addition, replicative senescence, ROS
induced senescence, and OIS can activate the p16ink4a/RB pathway but this pathway is not
activated dunhg DDRinduced senescencédt has been suggested that induction of §%1
participatedin the onset of senescence and its expression isteaessarilyreserved in
senescent cells, wheregd 6NK4plays a larger role to maintain the permanent growth

arrest and senescent stgte?]. In agreement with this, the upreguian of p21 was

observed in IMR90 human fibroblasts which were serially passaged to reach their

senescence state. P21 was only present in newly senescent cells and then disappeared while
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these cells were stained negatively for p16. However, the level ®fipdreased after IMR90

cells entered the senescence and remained elevated for at least 8 W&#kJ herefore,

pl6 can be used as an excellent biomarker for senescent cells as it exists in different
regulated phaes of senescence. It is recommended that multiple markers including p16,
p21, p53 and pRB should be explored to get more decisive information on the senescent cell

cycle arresf49].

Cell cycle arrest can be alsother assessed through assays that measure cell proliferation
or DNA replicationTo assess the DNA synthesis in replicating cells, labelling techniques
including the incorporation of-BthynykH -@eoxyuridine (EdU) or BrdU into the DNA are
carried outto measure the fraction of growing cells which entetbd S phase. As

senescent cells are characterised by the incapacity of DNA synthesis and loss of replicative
ability, they display a reduction in the incorporation of the mentioned modified nucleatides
The number of unlabelled (senescent) cells or the incorporation of these nucleotides can be
detected by immunocytochemistry assay or flow cytometry analysis. In addition,
immunostainirg of cell proliferation markeri&7 which is highly expressed during@Ehases

of the cell cycle exceptg®an be performed to distinguish senescent cells and growing
cellg52].

In addition to the mentioned protein markers, senescent cells are characterised by flattened
and enlarged appearance with irreguisinaped nucleiA study by Schneider et al in 1976
[53]showed that the volume of human fetal lung fibroblast cells-8) at early passage (19
CPD) increased from 1930+20 {im 2655+234 urkin senescent cells (39CPD). Also,
macromolecular contents including cellular RNA and protein conteats increased
significantly (~110 and 80 % respectively) in senescent cells compared to youfssgells.
Gonsistent with this result, an agelated increase in mean cell mass was observed in

human fibroblast cedl (IMR90) at the late passage number. The mean cell size at early
passage (28) increased from 35.4 to 67.6 by passa@db%o, senescent cells can be
identified by their enlarged appearance. However, this madannot be used as a

senescence marker for all cell types as T cells are exempted from the size alteihions

Apart from morphological changes in senescent cells, an irregular nuclear envelope and
destabiliséion of the nuclear integrity were identified in senescent cells as a result of

reduced nuclear lamiB1.Lamin B1 (LB1) is a main structural protein of the nucleus which
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covers the inner surface of the nuclear enved@md contributes to the size, shapand

stability of thenucleus[56]. The loss of lamin b1 has been detected as a senescence
associated biomarker in culture and in vivo when primary human fibroblasts lost their lamin
bl after undergoing senescendeamin B1 loss occurred when human fibroblasts (HCA2, WI
38, IMR9O0, BJ strains were made replicative senescent by the repeated subculture, or they
were senesced by exposure to-BY ionizing radiation. LaminB2, protein levels declined
markedly (>4old) inseveral fibroblast strains induced to senesce by different stimuli in
response to direct stimulation of either the p53 or pRB pathways. Thus, downregulated
levels of lamin B1 can be served as a general marker to identify senescent cells within

culture ortissue samplefs7].

An hcrease in cell volume and protein content in senescent cells is accompanied by an
increase in nuclear size or irregularities and increased lysosom@drdoimcreased levels of
SAi -gal activity is one of the most used markéo detect senescent cells in culture or
tissue samples. SAGal is an essential hydrolase enzyme catalysing the hydrolysis of B
galactosidase into monosaccharides under controRéticonditions oglin senescent cells.
The SA -gal activity is measured by calometric assay and-bromo-4-chloro-3-indolyh -
d--galactopyranoside @&al) vhich is the substrate for SAgal, is catalyse by SA -gal to
produce an insoluble blue precipte in senescent cells. Thus, this assay is considered a
good technique to measure the increased expression and activity of these lysosomal

enzymes or proteins in senescent ciEy.

It has been shown that th8Ai -gal activity is dependent on the agetfsues, and it is also
related to the senescent phenotype and increased frequency in aged tissues. For example,
Goberdhan and cavorkers 199958] showed that differenbhhuman cells expressed a beta
galactosidase after senescence in culture. More than 50% of human fibroblast strains
including HCAZ2 (neonatal foreskin) and-88lI(fetal lung) were stained positively for

f € a 2 a-galdpdn senescence in culture or late mags numbers (after-80 PD). At the
same time, the cells were not labelled positively witH][thymidine. In addition, the SiA

gal was only detectable in senescent cells, and it was absent-isepeescent and quiescent
fibroblasts and keratinocytes evéhdays after quiescence induction. They also reported the
agerelated increase in this marker in skin samples from human donors agé@ g6ars.

Several SA-gal positive cells were observed in samples from old donors (aged>69) which
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suggests the induain of SA -gal is associated with physiological age and it can serve as a

biomarker of aging[58].

It is important to note that the SA-gal is immediately not detectable after the onset of

senescence and there a significant delay in the detection of-S4yal and entry into
aSySa0SyO0Sed C2NJ SEIF YLX ST / K2 -&dlactivity refjiresg SR (i K
a lag of a few days after the onset of senescence. Senesassoeiated cellular changes

including cell volume, cell cycleegulated proteins (p21 and p53 levels), mitochondrial

02 y i Sy U =GallagfiRty fete measured in M@Feells (human breast cancer line)

after exposure to 0.25 uM Adriamycin for 4h. The level of p21 and p53 and the

mitochondiia content increased within the first 24 h upon treatment compared to-non
GNBFGSR OSffao Ly Onhposiie gelisincréases in ¢ sigmoidaNI 2 F  { !
curved fashion with a delay of 2 to 3 days and then was followed by a continuous increase
(an8-fold increase over baseline) 6 days after treatment, anditlieeached the highest

level(14-fold increase) at day 8 posteatment. Thus, in contrast to the other markers, the

i -galactosidase activity remained low until day 3 demonstrating thaQte LINS 8 & A2y 2 F

Gal activity needs an induction period after the entrytte# cell into senescenci9].

Chromatin condensation with the formation of heterochromatic foci known as senescence
associated heterdwomatin foci (SAHF) is a pivotal marker of senescence. SAHF are
specialized domains of facultative heterochromatin which involve suppressing and silencing
proliferation-promoting genes such as Eg&fgulated genes in the senescent cell. These foci
can be @tected by fluorescent techniques using DAPI staining and immunofluorescence to
localise SAHF components such as macroH2A, H3K9Me2/3, and HP1 pittesespmary
antibodies can be used to identify SAHF by immunofluorescéitferent senescence

induces cause the formation of SAHF, including activated oncogenes sucRASE12V

and BRAFV60QRO0, 61] telomere attrition[62], chemotherapeutics such as etoposiée]

and bacterial toxin§63]. Human primary fibroblasts (BJ and MR@nd keratinocytes

formed SAHF in response to senescence induced by replicative senescence or premature
serescence bytoposide, doxorubicin, hydroxyurea, and bacterial intoxication. So, the
detection of SAHF can be regarded as a marker in the field of senescence to detect these

distinct alterations in Bterochromatin in senescent ce[B3].
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In summary, senescent cells can be identified and characterised based on their phenotypical
features and expression of multiple biochemical markers. However, there is no single and
specific marker to confirm senescence and alliientioned markers are not present in all
senescent cells. Therefore, to establish a senescent phenotype, it is important to evaluate
different markers besides cell growth arrest. General biomarkers of cellular senescence and

the detection techniques areskied intable 1.1

Table 11 Biomarkers of cellular senescence and detection technigus:
immunocytohemistry assay, IF: immunofluorescence, IHC: immunohistochemistry,

WB: western blot]47, 64, 65]

Hall mark of Marker Expected change Detection method
senescent cells after senescence
induction
Staining
Lack of DNA BrdU and EdU d incorporation (EdU
svnhesis and BrdU labelling
y kit), IF
Loss of proliferation | Ki67 @ ICCI/IF, IHC
p53-p21 activation | p53, p21 a ICCI/IF, IHC, WB, PC
pl6-pRB activation | p16INK4apRB a ICC/IF, IHGNB, PCR
Morphology, cell Cell size Enlarged and Light microscopy,
volume flattened, Increase i flow cytometry
volume
Increase in lysosomd SAl -galactosidase ™ Enzymatic staining
content and activity
DNA damage ATM, ATR, | H ! ® IF
SAHFs formation DAPI/Hoechst 33347 1 IF
Nuclear membrane | Lamin B1 @ IF, WB, gPCR
SASP IL-6, 1-8, CXCRZ2, ® ELISA, WB
IGF2
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1.3. Senescence in the liver
1.3.1 Structure of the liver

The liver is théargest internal organ, accounting for approximately 2% to 3% of average
body weightand has two blood supplies one venous and one arterial. The portal vein which
carries blood from the spleen, pancreas, and intestines contributes about 75% of blood
volumeto the liver. This blood is rich in nutrients and other absorbed molecules but is
relatively poor in oxygen content. The hepatic artery, a branch of the celiac trunk from the
abdominal aorta contributes approximately 25% of the blood volume enteringvbe IThis
blood is nutrient poor but provides oxygenated blood to the lN&dood from the portal

veins and hepatic artery ultimatefiows throughliver sinusoid®efore draining into the

systemic circulation via the hepatic venous syqJ&sh

80% of the liver is made up of parenchymal cells called hepatocytese Hne the primary
functional cell of the liver and line the tissue surrounding the liver sinusoidal capillaries
draining into the central vein for a key role in metabolic functions. Their role includes bile
formation, albumin synthesis, and the furtheretabolism of molecules transported by the
blood to the live{67]. Non-parenchymal cells of the liver includbolangiocytes (@3 %),

liver sinusoidal endothelial cells (26), Kupffer cells (&), and hepatic stiate cells (1.46)
Kupffer cells are livespecific macrophages that have close contact with stellate cells and
hepatocytes. These cells are a source ofipfammatory cytokines and chemokines and

play a key role in the inflammatory response, elimingforeign pathogenic molecules by
phagocytosis of bacteria, bacterial endotoxins, viruses, and endogenous or foreign proteins
[67]. Hepatic stellate cells (HSCs) are pericldeated in the space of Disse in @antact

with hepatocytes and sinusoidal endothelial cel$SCs are in the quiescent state under
normal conditions but are activated in response to extracellular signals from fibrotic stimuli
such as hepatitis, inflammation, and liver damage. Theseaeticells secrete extracellular
matrix (ECM) molecules including collagen fibres in response to injury to create scar tissue
and a fibrotic environment in the space of Disse and protect the liver from further damage.

However, persistent HSC activation easult in chronic fibrosis and cirrhof§$].
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1.3.2 Senescence iparenchymal liver cells

Cellular senescence has been associated with loss of regenerative capacity in chronic liver
disease. Cellular senescence has been demonstrated in epithelial (hepatocytes and
cholangiocytes) and neeapithelial liver cells (hepatidedlate cells and immune cells) leading

to negative effects on cell viability and tissue repair under pathological cond[6&hs

Hepatocytes have significant regenerative potential and can restore up to 80% of liver tissue
loss after tissue necrosis caused by toxic substances or partiatdéeomy. Under normal
conditions and in the absence of liver injury, very fespatocytes are in the cell cycle. The
majority arein a quiescence state known as the GO pH&$é Hepatocytes do not
proliferate n this state but remain metabolically active. However, after a liver injury, for
example following toxin exposure, viral infection or hepatectomy, hepatocytes exit
quiescence (G0) and-enter the cell cycle from the GO state to the G1 phase to
compensatdor the loss of liver tissue. This can occur within seven to ten days. Further
progression towards the G1/S cell cycle is dependent on growth factor stimulation to
overcome the mitogerdependent restriction point (RP) in midte G1. This restriction point
is controlled by tumour suppressor retinoblastoma protein pRB to check if the cellular
environment supports proliferation. In the absence of growth factor stimulation, normal

adult hepatocytes return to the GO state,vivo condition[69].

A complex network of endocrine, paracrine, and autocrine signals, including hormones,
growth factors(Hepatocyte growth factors H@Rd epidermal growth factor EGF)
cytokines(IL.-6 and TN ) and bile acid are involved in hematyte cell cycling. Once
hepatocytes pass thei@estriction point (R point), they do not require growth factors to
transit into the S phase and they can proliferate irreversibly. From this point onwards, the
cell cycle is progressed to-phase autonomous| driven by the activation of a series of
structurally related serine/threonine protein kinases and cydi@pendent kinases (CDt)
proliferate and restore liver mas®nce the liver mass is adjusted frepatectomy size,
hepatocyte cell proliferationsiterminated under the control of a suppressor of hepatocyte
proliferation such as transforming growth factbeta (TGF ) and activirA as well as

extracellular matrixdriven signalsfigure 1.4)[70, 71}
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Figurel.4. Hepatocytes cell cycle during liver regeneratiofhe regenerative picess in the
liver is initiated upon liver injury or tissue loss. Then, quiescent hepatocytes exit the GO
state and enter the G1 phase of the cell cycle to proliferate and restore the lost liver mass.
Multiple signals are integratedith the G1 phase to ahestrate the regenerative process

and induce hepatocyte proliferation within the livgtl].

A study by Koniaris and et al in 2J@2] showed that hepatocyte proliferatiowas

stimulated after 2/3 surgical removal of the liver lobes in a normal mouse model and
resulted in a gradual liver mass restoration. After 70% partial hepatectomy, hepatocytes
were the first cells to exit the resting state GO, enter the G1 phase af¢heycle, and then
traverse to the S phase for DNA synthesis. The first peak of DNA synthesis was observed in
hepatocytes at 24h after hepatectomy and approximately 50 % of cells were labelled
positive with3H-thymidine, while norparenchymal cells indated DNA synthesis at 40 h

after hepatectomy. The data also showed that the mass of the liver remnant increased to
constitute 45% and 70% of the original liver weight 24 and 72 hours after the hepatectomy
and also liver mass reached its original weiglg-@peration 2 weeks after partial
hepatectomy.Thus, the liver exhibits lsighregenerative capacity which is accomplished by
the ability of hepatocytes to renter the cell cycle and divide to replace the damaged tissue
[72].
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It is weltestablished that hepatocyte proliferation can replace damaged tissue following
mild damage or after induction of liver regeneration. However, this is not the case tihen
degree of injury to the liver is severe or chronic. Hepgtes cannot undergo cell division
indefinitely in the presence of persistent damage during chronic and severe liver disease.
Chronic liver diseases happen gradually and damage the liver over Reairsy chronic

liver injury and activation of processesting to liver cirrhosis, human hepatocytes are
frequently stimulated to proliferate due to continupérsistent waves of liver destruction

and regeneration. These result in critical telomere shortening and replicative senescence
[73, 74] In a study by Dewhurst et al in 20p@], the relation between hepatocellular
telomere length and the number of senescent hepatocytes was evaluated in liver samples at
mild and severe fitpsis stages to see whether the limitation of hepatocyte regeneration is
triggered by telomere shortening in cirrhotic livers. Telomere shortening and replicative
senescence were specifically found in hepatocytes in the cirrhotic liver. Telomere length was
measured in 76 cirrhosis samples induced by different chronic liver diseases including viral
hepatitis, toxic liver damage (alcoholism), autoimmunity, and cholestasis and telomere
length was compared to neairrhotic samples. The results showed that thean telomere
restriction fragments (TRFs) were significantly shorter in cirrhotic livers than with non
cirrhotic samples (P<0.0001). The TRF length range we®.5kB and 7.§11.5 kb in

cirrhotic and norcirrhotic samples, respectively. In addition, 4146fcirrhosis samples
Oym:>0 @ SNB adull AGdapoRitivédels, whild &hig 1 af B5icdatrol samples (7%)
gl a LJ2anAiA oS{Gal TheldatsSshdwédRhatdeloriiefe length was significantly
shorter in samples with severe fibrosis tharsamples with milder fibrosis (P<0.0001), at
telomere shorteningis accelerated following continuous liver damage and concomitant
regenerationin chronic liver diseases and induced replicative senescence specifically in

hepatocytes leading to terminationf éiver regenerationf(qure 1.5)[74].
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Figure 15. Thetelomere hypothesis of cirrhosidn chronic liver disease, continuous liver

damage and concomitant regeneration accelerate telomere shortening, specifically in

hepatocytes finally culminating in senescence and cessation of regeneration. Continuous

liver damagaeat this point triggers the activation of stellate cells and fibrotic scai7dg

In addition to severe liver damage, ageing is the other factor that can cause an increase in

the number of senescent hepatocydeAn increase in the number of senescent hepatocytes

was reported in a study by Wang et al in 20718] when they measured the biomarkers of

senescence in normal mouse liver over 18 months of age. Hepatocytecesiceswas

characterised by loss of proliferation capacity, increased expressioniofg@lactivity,

I OOdzY dzf I-HRA.®esitive Riepatocytes, and increased levels of cell cycle inhibitors

such as p21 and p16. PercentagéSA -gatLJ2 & A (i A-B2BX-pbsifife hepatocytes
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Evidence that the proportion of senescent hepatocytes in the liver of mice increases with

age has also been replicated in human studies. Enlarged human hepatocytes were observed

in healthy liver tissue from 5%0 65yearold individuals compared to younger adults from

21 to 30 years old. Also, approximately 69 and 72 % of old human liver sections were

stained positively with SA-3 | €
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younger adult§75]. Thus, both continuous proliferative stimulus to the liver as a result of
disease, injury or ageing causes an increased population of sendsgmaibcytes witha

subsequent impact on regenerative potential.

1.3.3 Senescence in neparenchymal liver cells

Senescence in ngparenchymal liver cells may also occur because of ageing and chronic
inflammation associated with tissue damage. The existenchafngiocyte senescence in

several biliary diseases including primary sclerosing cholangitis (PSC), primary biliary
cirrhosis (PBC), and biliary atresia (BA) has been des¢r6&@]. In a study by Tabibian et

alt al in 2014[76], the proinflammatory activity of cholangiocytes and markers of cellular
senescence were measured in the livers of patients with PSC, PBC, hepatitis C, and in
healthy individuals to investigate wther cholangiocytes in the PSC liver display the

features of cellular senescence and SASP. This study reported that cholangiocytes in the PSC
liver showed the biomarkers of cellular senescence including increased expression of cell
cycle inhibitor (p16%3) > KA ad2yS + 1 nu! .- F20AX YR RSONBI &
markers.In vivq the level of p16'%*2mRNA expression was significantly higher in PSC
cholangiocytes compared to PBC (&I, P<0.01), HCV, and normal liver tissue samples
(both>20folRX t f nodamoOd | f 423 -poitiB chaldnyiicpesivered S 2 F ¢
significantly greater compared to the other 3 conditions (P < 0.01). Cholangiocytes in the

PSC liver were negative for cell proliferation marke Kiconsistent with senesceacin

addition, four known SASP components includin@, ILl-8, CCL2, and RAlwere

significantly expressed in PSC cholangiocytes compared to PBC, HCV, and normal liver (p <
0.01). A cholangiocytes @ulture model was developed in the same study to asse

whether senescent human cholangiocytes can induce senescence in bystander
cholangiocytes as a result ofein secretory activity. They demonstrated that bystander
cholangiocytes had significantly increased expression 6f-§# when exposed to

senescent cholangiocytes directly treated witkCHlor LPS over 10 days (p<0.05). In

summary, the findings of thiswstly demonstrated that cholangiocytes in PSC displayed

features and markers which were consistent with the senescence phenotype. Increased

expression of SASP proteins by senescent cholangiocytes also supported the concept that
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these cells can contribute tihe progressive inflammation and hepatobiliary injury seen in
PS(76].

Liver progenitor cells (LPCs) are defined as a stem cell population within the liver that
express markers for both hepatocytes and cholangiofyad A y @etopaieiny(AFP)h
cytokeratin 19 (CK19), and epithelial cell adhesion molecule (EpCAM). These cells are
activated and differentiate into hepatocytes and cholangiocytes during extensive liver injury
to regenerate the liver tissue. Howevérhas been reported that LPCs lose their

proliferative capacity during &ing. A study by Cheng et al in 2JZ®] showed that LPCs in

old mice lost their activation and proliferation upon liver injury as a resudixcessive ROS

and chemokine production by activated hepatic stellate cells during ageing. LPC activation
and proliferation were measured in young (2 months old) and old mice (24 old months) fed
with a choline-deficient, ethioninesupplemented CDEdiet to induce liver damage. The
expression of LR(@lated markers, such as EpCam, CD133, and AFP was only increased in
the livers of young mice (P < 0.05) after the CDE diet. Old mice had significantly lower
numbers of poliferative markers includingi®&7 ard cyclin E1 after the CDE diet feeding (P <
0.05), suggesting that the activation and proliferation of LPCs #HDDBI@ mice were

decreased compared to that of young mice. In addition, a significant increase in neutrophil
infiltration, together with high lgels ofMDA (amarker of oxidative stresand hepatic lipid
peroxidatior) were observed in the livers of old mice compared to young mice (p<0.01). The
study also showed that the expression of chemokines such as CXCL1 and CXCL7 from hepatic
stellate cells vas responsible for the migration of neutrophils in mice. The mRNA levels of
CXCL1 and CXCL7 were upregulated in the livers of old mice compared to young mice. CXCL7
was particularly upregulated indicating that CXCL7 production from hepatic stellate cells
could be a key factor inducing neutrophil infiltration leading to the negative regulation of
LPC response in older mice. A significant number of H2AX positive LPC cells in old mice
confirmed DNA damage in LPCs, suggesting that neutrophils inhibited LR@i@cand
proliferation through oxidative stress and induction of senescence in LPCs in old mice as a
result of chemokine production from activated hepatic stellate cells during ageing, leading
to impairment in liver regeneratiofv9]. These findings indicate that decreased LPC
activation and proliferation impairs liver regeneration during ageing as a result of induction

of senescence in LPCs.
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1.4.Senescence and liver disease
1.4.1 Liver disease

Liver failure happens ken liver function is diminished to the point where vital metabolic,
synthesis and detoxification functions are critically diminished. During liver failure,
progressive deterioration of hepatocyte function results in the accumulation of lethal toxins
and in-metabolised substances in the blood and body tissues. Hepatotoxic compounds
gradually saturate the detoxification functions of the liver causing further tissue damage via

hepatocellular apoptosis or necro$&0].

Accumulation of liver toxins in the systemic circulation of patients with liver failure is one of
the reasons which can cause further functional damage leading tthliéatening
complications. These include hepatic encephalopathy (HE), coagulopathgige,

cholestasis, and sepsis. The mortality rate associated with severe liver failure is substantial.
More than 500 million people suffer from chronic liver disease globally and it causes 2% of
all deaths. Liver transplantation is the only definitiveeclHowever, an increasing number

of patients each year may die whilst waiting for a suitable donor organ to become
availablgl]. In the United States, more than 20% of patients with-staje liver diseas

areon the waiting list to receive a transplant and the number of patients waiting for a liver
transplant is much higher than the number of available organ doimpuirg 1.6).). Apart

from the scarcity of organ donors, surgical risk and the requirement felolifg immune

suppression are the limitations associated with liver transplantation.
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Figure 16. The gap between the number of patients waiting for liver transplantationtaed

number of donors in the United States from the years 1990 to 282D

The spectrum of liver injury is wide, depending on the cause, but all result in the onset of
liver fibrosis first and eventually cirrhosis if not successfully treated. Liver fibrosis develops
as a consegence of both inflammatory and neimflammatory damage. In case of death of
small group of hepatocytes and preservation of reticulin framework, the liver can
regenerate without any scar formation. However, more excessive damage with the
destruction of hepabcytes and collapse of reticulin fibres will initiate fibrosis. Hepatic
stellate cells (HSCs) play a key role in the development of liver fibrosis. Thesartells
transform into myofibroblasts and produce collagen amhbnormal quantity of ECM
componens which leads to the formation of pericellular and perisinusoidal fibrosis around
individual hepatocytes. This process led to the obliteration of fenestration in liver sinusoids
and deterioration of nutrients exchange between sinusoidal lumen and hepascss a

result, the fibrosis aggregates and becaneore compac{82].

In the presence of lonterm or chronic state of liver cells or hepatocytes aastion and
inflammation, the liver can become seriously scarred and damaged to the point where it is

no longer reversible. This process is called cirrhosis. Because it is usually irreversible,
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lead to disruption of liver architecture due to the fibrotic tissue deposition at the
extracellular matrix and formation of widespread nodules and vascular reorganisation which
block the blood supply and nutrient exchangeween sinusoid and hepatocytes which

cause hepatocyte damage or death. The main clinical outcomes of cirrhosis are impaired
liver function, jaundice, fluid accumulation in the abdomen (ascites), portal hypertension

and development of hepatocellular carcinanHCJg3].

The primary causes of liver injury atine onset of liver fibrosis and then cirrhosis are
excessive alcohol consumption, obesity and viral hepatitis and are described in the following

sections.

1.4.2 ALD and NAFLD

Alcohotrelated liver disease (ALD) happens as a consequence of excessive alcohol
consumption (more than 14 units of alcohol per week). A direct relationship exists between
the quantity of alcohol consumed and ALD risk. According to the WHO, ALD accounted for
3.3 million daths in 2012 and approximately 7,7P8ople in the UK die each year due to

this diseas¢84]. Heavy alcohol consumption can lead to three stages of damage. Fatty liver
or steatosis is the earliest response to hagjbohol consumption, and it is characterised by

fat accumulation within hepatocytes. Fatty liver may cause no damage and it can be
reversed by stopping or reducing drinking. However, steatosis can progress to
steatohepatitis leading to liver inflammatiomd then to fibrosidHepatic fibrosis initially

begins with active pericellular fibrosis which may develop into cirrhbaisr cirrhosis is
characterised bgxcessive liver scarring, vascular and architectural alterations, which may

result inliver cancerand/or liver failure[84].

Nonralcoholic fatty liver disease (NAFLD) represents a spectrum of liver disorders which is
characterised by macro vesicular steatosis in more than 5% of hepatocytes in the absence of
alcohol overconsumption. Approximately 20 to 30% of patients with NAFLD develep non
alcoholic steatohepatitis (NASH) which is a more progressive and severe form of NAFLD and
is defined by liver inflammatiorand hepatocellular ballooning and eventually pregs to

fibrosis, cirrhosis, and hepatocellular carcinoma. The prevalence of NAFLD is about 25% in
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the general population and it is expected to be the most common cause of cirrhosis and

liver transplant over the next decades. Metabolic syndrome, type Ratiess (T2D), obesity

and dyslipidaemia are the common risk factors for NAFLD. The mechanisms leading to

NAFLD are not fully understood. The twib model is the most widely supported theory to

explain NAFLD pathogenesis. In this model, the first hit inettby hepatic triglyceride

I OOdzydzf F A2y 2N adSliz2ara 6KAOK SELR&aSa GKS
as inflammatory cytokines, mitochondrial dysfunction, and oxidative injury. This in turn

leads to steatohepatitis and/or fibrosis whichn directly cause toxicity by increasing

oxidative stress and by activation of inflammatory pathwdigi(e1.7) [85, 86]

There are few treatments available for patients with NAFLD. Current treatments primarily
concentrate on lifestyle changes to improve the metabolic parameters which contribute to
disease progrssion including a healthy diet, weight loss when needed, and regular exercise.
In addition to lifestyle modification, some clinical trial data suggested that antioxidants such
as vitamin C and E, and pioglitazqaati-diabetic medication to treat type 2iabetes)may

be beneficial in nofdiabetic NASH patients. However, these treatments have not yet shown
substantial evidence of benefit. Liver transplantation remains the only definitive treatment

option for endstage cirrhosi85].
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Figure 17. NAFLD is divided into two types; simple fatty liver or NAFLD, in which fat droplets
are formed within hepatocytes (steatosis) and some of them become large enough to cause
hepatocytes to swell up with fat and push the nuclei to the edge of the cell. After enough
excess fat has accumulated in the liver, chronic inflammation, and hepatocytés résalt

in the process of steatosis and inflammation which is referred to as steatohepatitis in the
absence of alcohol. This process is called@onholic steatohepatitis (NASH). Chronic and
continuous hepatocyte damage and death can lead to the foionadf fibrosis. Eventually,

excessive scar formation will result in loss of liver function a state known as cirf®iosis

1.4.3 ALF AND ACLF

Acute liver failure (ALF), also known as fulminant hepatic failure, i®anal critical

condition with a high mortality rate ranging from 40 to 90%. It can rapidly progress to multi
organ failure and death. This disease is characterised by a rapid loss in hepatocyte function
followed by jaundice, encephalopathy, coagulopattgrebral edema, renal failurend

infection in mostly young patients without pxisting liver disease. ALF affects
approximately 2000 patients annually in the United States and accounts for about 7% of

liver transplants annually. The major cause of isLdeveloping countries is acute viral
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infections from hepatitis A, B, and E. However, many ALF cases in Europe and the United
States are mostly due to drugduced liver injury or paracetamatduced

hepatotoxicityf88]. N-acetylcysteine (NAC) is an effective treatment for paracetamol

induced hepatotoxicity and also can be beneficial to treat-panactamotlinduced ALF

which may improve survival in patients with leywade encephalopathy. Specific antiviral
therapy including ganciclovir is required if a viral case is identified. Patients with ALF usually
require admission to the intensive care unit ()&dd receive medical therapy to control
encephalopathy and cerebral edema. These treatments include intracranial pressure
monitoring, hyperventilationhypothermia, ammonia lowering strategies and

administration of antibiotics to prevent and treat infemtis. However, there is no treatment

for the overall ALF condition other than transpl§&9].

Acute liver deterioration in patients with chronic liver disease or prior decompensation of

cirrhosis is called acuen-chronic liver failure (ACLF) which results in irreversible liver

failure. The concept of ACLF was first used in 1995 to describe a condition in which two

types of injuries happen in the liver simultaneously, one chronic and the other acute.

Different defnitions have been introduced by several expert groups including the American
Association for the Study of Liver Diseases (AASLD), European Association for the Study of

the Liver (EASL), and AsRacific Association for the Study of the Liver (APASL). The
RSTAYAGAZ2Y a4dzZA3SaGSR o0& GKS ! {[5 -ekisfilg 9! {[ 3
chronic liver disease usually related to a precipitating event and associated with increased
mortality at 3 monthsduetomul @ A G SY 2 NBI Yy T I xpeitsitNBAPRSLL Y 02 y
AYOUONRRAZOSR | Yy2GKSNI RSTAYyAGUAR2Y FT2NJ GKAA RA&SH
6aSNHzY 0AfANHz2AY xp YIkKkR[O FyR O2F 3dzZ 2L GKe
complicated within 4 weeks by ascites and/or encephalopathy patient previously
RAF3Iy2aSR 2NJ dzy RA I 3 y[20k SORN goriendPACKFGs afsyhdionbldhaR A & S |
can develop in patientwith previously diagnosed or without chronic liver diseases including
cirrhosis and it is characterised by acute hepatic decompensation which leads to liver failure
(jaundice) andanulti-organ failurg¢90]. The trigger of ACLF is not identifiable in 40 to 50% of

patients with ACLF. Active alcoholism, chronic viral hepatitis, and bacterial infections are the

most reported triggers of underlyindnoonic liver disease in ACLF. Systemic inflammation

caused by infection, or an acute hepatic injury plays a key role in this disease development.
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Rapid deterioration of liver function and rapidly evolving matgan failure is associated

with increased mdality within a period of 28 days and up to three months from onset.
Currently, there is no specific treatment available for patients with ACLF except for liver
transplantation and therefore, management of ACLF is mainly based on general supportive
treatment, prevention, and treatment of complications, and supportive therapy of organ
failures in the ICU setting. In general, it is particularly challenging to treat patients with ACLF
because the precipitating event is unknown in most cases. es. s. Patiémt8@LF require

rapid evaluation for liver transplantatiofigure 1.8) [90, 91]
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Figure 18. Principles of treatment of organ failure in ACAH.

1.4.4.The role of senescence in chronic liver dise

An increase in the proportion of senescent hepatocytes and their accumulation has been
demonstrated in diverse chronic liver disea§est, 92, 93] Further, these studies reported
that hepatocyte senescemrds closely associated with increased fibrosis stage, impaired
hepatic function, and an adverse outcome in chronic liver diseaseudy by Aravinthan et

al. in 20175] demonstrated the relationship between celr senescence and adverse
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clinical outcome in NAFLD. Cellular senescence biomarkers including telomere length, cell
cycle phase markers, and nuclear area were assessed in the liver sections of 70 patients with
NAFLD and 60 control samples. The resulbsveldl that hepatocyte telomere length was

lower in patients with NAFLD compared with controls which were independent of age in
either group (553 vs. 1053, p <0.0001). The biomarkers of cellular senescence including p21
Iy RH2AX protein expressions wereirased significantly in hepatocytes in NAFLD
compared with the normal liver (p = 0.001 and p = 0.01 respectively). In addition,

hepatocyte p21 expression (56% vs. 22.6%, p <0.0001) and hepatocyte nuclear area (p =
0.006) were significantly higher in patiis with diabetes mellitus and those with worsening
fibrosis stage than in patients without diabetes mellitus and improved fibrosis stage. This
association was independent of age and sex of patients demonstrating that hepatocyte p21
expression correlated ith fibrosis stage and diabetes mellitus. During thené@nth follow

up period, patients with a higher number of p21 positive hepatocytes and larger nuclear
area were linked to adverse liveelated outcomes, such as hepatocellular carcinoma, liver
transplnt, or liverrelated death. In summary, the results of this study showed that the
proportion of senescent hepatocytes increased in the liver biopsies taken from patients with
NAFLD and also that there was a positive association between senescent ailiticun,

fibrosis stage and disease progresgdh

Hepatocyte senescence may be linked to liver dysfunction in chronic liver disease through a
change in hepatocellular function following induction of senescemaka subsequent

decline in liver functionA study by Aravinthan in 2018] showed hepatocyte senescence is
associated with alterations in gene expression, impaired hepatic function, and adverse liver
related oucomes. In this study, induction of senescence in HepG2 cells was performed
through oxidative stress with 0.5 mM&b in a culture medium for 1 hour, and the gene
expression of control and treated HepG2 cells were compared with patients with liver
cirrhoss who underwent liver transplantation. Gene expression of major cell cycle inhibitors
including p53, p21, and p16 was-tggulated sigricantly inHO; - treated HepG2 cells
compared to untreated cells and over 90%4h0:; -treated cells stained positivefor p21

and SA -gal Also, I8 gene expression was #ipgulated in treated cells compared to

control cells. #8 secretion in the medium was increased from 500 pg/ml to ald&@0

pg/ml in HO; -treated HepG2 cells. So, cellular senescence was corfimmieO,-treated
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HepG2 cells which showed the comdtion of the presence of SAgal cell cycle arrest

along with elevated levels of-B.in conditioned media. Senescent cells showed that 354
genes had sigficant differential expression {0.01) compaed to control cells. Among 354
genes, 266 genes associated with cell cycle inhibkoysOf dzZRAY 3 LHMZ Livp I
PLK2, and SFN were-tggulated. While 88 genes which are involved in cell cycle
progression including CDK1 and Cyclin B2 were degutated in senescent cells. Those
genes which were upegulated in HepG2 senescence were alsaegulated in liver

cirrhosis samplegl06 genes including P16, P21, and P53 (known to be involved in cellular
senescence) and SASP gene8,(1l-6) were upegulated in liver tissue from patients with
cirrhosis compared to the normal livig]. Thus, these results confirmed the senescence
related gene expression in human liver tissue from patients with cirrhosis and th
expression of potent cell cycle inhibitors such as p16, p21 and p53 confirmed cell cycle
arrest and senescence of hepatocytes in chronic liver dis@dse study also showed
significant alterations in synthetic functions of senescent hepatocytes. Hepiateynthetic
function including levels df-fetoprotein (15000 to 2000 KC/Ifjprinogen (from 120 ng/ml

to less than 50 ng/ml) and retinal binding protein productions (400 to 100 ug/ml) were
signficantly reduced in the conditioned media of senescent HepG2 cells compared to the
control cells. Thee observations suggest that senescent HepG2 cells have impaired
synthetic function irvitro explaining a close relation between hepatocyte senescence and
manifestations of chronic liver disease including impaired synthetic function. In conclusion,
an assaoiation between hepatocyte senescence and manifestations of chronic liver disease
at the level of gene expression was demonstrated. Further, a potential relation between
hepatocyte senescence and liver dysfunction and adverserglated outcome seen in

chronic liver disease was shown in this st{@ly

It was found that the presence afcoholrelated liver disease (ALD) and cirrhogés
significantly correlateavith increased numbers of senescent hepatocyt&be result of
immunohistochemical staining showed that hepatocyte cyclin A (S phase) and PH3
expression (M phase) were lower in patients with ALD cirrhosis compared to the
regenerative liver (p<0.001) and p21 was highly expressed in hepatocytes in Ab&redm
to the regenerative liver33.6% vs 5.6%, p<0.0001). Tmeportion of hepatocytes that
expressed p21 increased significantly in patients with advanced fibrosis$tage01). 80%
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of hepatocytes were stained positively with p21 at fibrosis stagddie 20%of hepatocytes
were stained with p21 at fibrosis stage 1. Also, hepatocyte p21 expression correlated
positively with prothrombin time (p=0.0003) and an inverse correlation with serum albumin
(p=0.03) in patients with ALD cirrhosis. These reguilisate a strong correlation between
increased p21 expression and increa$ibdosis stage and liver dysfunction in ALD cirrhosis

and that hepatocyte senescence plays a key role in[82]DD

Senescent hepatocgs may contribute to the pathogenesisafronic liver diseasby

adopting a feature of secretory phenotype known as SASP in which the production of
inflammatory cytokines, chemokines, and proteases is upregulated and can modify the
tissue microenvironmentlo study the pathogenic effects of senescence in chronic liver
disease, aitro model of oxidative stresmduced senescence in the human hepatocyte cell
line was designed and senescence was induced in HepG2 by exposureton@10H0,

for 48 hours. A increase in secretory activity of hepatocytes was observed after induction
of senescence. Senescent hepatocytes produced a high level of proteins which likely
contribute to hepatocyte SASP compared to the control cells on a per cell basis (mean 4.6
fold increase per celR= 0.06). Gene expression®AA4ECADHL32,andIL8(typical SASP
component) was significantly increased in senescent hepatocytes 8 days after treatment
(P<0.05) Also, senescent hepatocytes enhanced chemokines production inclGd@hg0
(known as liver activation regulated chemokine), CXCL16, and fibrinogen. A
significantincrease in migration of inflammatory human macrophages in the senescent
hepatocyteconditioned medium was observed compared to control (P = 0.022) which can
causepro-inflammatory microenvironment andathogenesis in chronic liver disease. a
result, senescent cells can develop fibrogenesis and the pathogenesis of chronic liver

diseasehroughthe recruitment of inflammatory cells, especially macrophal@aj.

1.4.5 The possible pathway of cellular senescence in liver fibrosis and cirrhosis

Despite the convincing evidence for senescence of hepatocytes and cholangiocytes, the
mechanisms that drive the evolution of senescencehironic liver disease remain

controversial. Replicative senescence has been considered the basis for hepatocyte
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senescence in chronic liver diseases and is also linked to progressive fibrosis and the
development of cirrhosis. Replicative exhaustion isallgicaused by telomere attrition

from repeated cell division during the loitgrm process of cell death and regeneration in
hepatitis C virus (HCWY&lated chronic liver injury. Based on the finding of the study by
Sekoguchi ad et al in 20094], telomere shortening was specifically observed in
hepatocytes, not other cell types during the development of chronic liver injury stages and
subjects that were positive with HG¥d shorter hepatic telomeres than healtbgntrols
(p<0.001)Hepatocytes with shorter telomere length showed the morphological signs of
cellular senescence including the increase in both DNA content and nuclear size and the
relative telomere intensity reduced with increasing nuclear size. Intiaddihe relation
between telomere length and degree of fibrosis was assessed in patients with chronic viral
hepatitis and data showed that relative telomere intensity was significantly decreased in
HCVpositive patients with severe fibrosis than in patie with no or mild fibrosis

(p<0.0001). This data indicates that telomere shortening is closely associated with hepatic
fibrosis.Serum ALT and Kd7 levels are considered a marker of regenerative proliferation,
these two markers were measured in this dyuto see whether telomere shortening
progresses more rapidly in tissues with active cell turnoVkee telomere length in patients
with high serum ALT (>100IU/L) was significantly shorter than in patients\wikHower

than 100 IU/L (P value=0.0018) gmatients with high k67-PI1 (higher than 3%) had lower
relative telomere intensity than the patients with low-&7-PI (<3%) (p<0.001). Therefore,
telomere shortening was accelerated in tissues with activeayelle turnover because of
frequent cell diviens in tissue from HCGpOsitive patients. Based on this observation, this
study suggested that the gradual and progressive telomere shortening is the primary reason
for cellular senescence in H@&ated hepatitis which is happened following elevated-cell

cycle turrover or continuous cell divisi¢@4].

In the same study, markers associated with oxidative stress such as heqatid@
expression, hepatic iron loading, and serum ferritin levels were also measustddy the
relation between ROS levels and telomere shortening in tissues ofél&@¥d chronic liver
injury. The results of this study demonstrated thaO81dGpositive hepatocytes had
significantly shorter telomeres than@®@HdGnegative hepatocytes, iparticular at the

severe fibrosis stage (p<0.05). Also, relative telomere intensities were significantly lower in
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patients with high serum ferritin levels (>250 ng/ml) and patients with iron loading than in
control patients (p= 0.01). These results demoatsd that a higher level of ROS was
associated with shortened telomeres and this trend was more evident at the severe and late
fibrosis stage supporting the hypothesis that oxidative stress plays a key role to accelerate
premature senescencespeciallyn the advanced stage of fibrog®4]. In summary, this

study showed that replicative senescence is the primary mechanism for hepatocyte cellular
senescence in H@¥lated hepatitis which is happened following tgeadual and

progressive telomere shortening in cells with elevated-cgtle turnover. However, in

addition to the celicycledependent telomere shortening or replicative senescence,
telomeres can be damaged and shortened by oxidative stress indepentidre number of

cell replications. In other words, replicative senescence can be induced prematurely before

telomeres become critically shoj@4].

A study by Moustakas et al in 20@5] reported that hepatic senescence occurred in
NAFLD independent of age and that it may be linked to sireisced senescence. Hepatic
senescence was measured in two models of-tlidiced NAFLD in neaged mice including

a highfat diet (H-D) caused obesity in mice and a ralrese NAFLD model. Mice were fed a
high-fat, cholinedeficient, lowmethionine diet (HFECD) and compared with control mice
having a normal diet (ND). SA&Rated genes including monocyte chemoattractant protein
1 (MCP1), matrix metalloproteinase 3 (MMP3), and Plasminogen activator inhithi{@&Al

1), TNF = [|-6/Were upregulated in both HFD, and HED mice compared to the ND
control. Senescence was confirmed in both models by increased expression of p16,21, an
p53 genes. Only the increased expression of p16 in HDF and p16 and p53GDHE&Ched
significance compared to the control group (p<0.05). Also, the result of
immunohistochemistry showed that the majority of cells in the liver were stained positively
with GL13 in both models compared to normal eietl ones (statistically was not

significant). The findings of this study also showed that the induction of senescence in
NAFLD was not associated with replicative or premature replicative senescence biheause
telomere length and the percentage of global DNA methylation were not changed in both
NAFLD models compared to control, while the levels of malondialdehyde (MDA), as an
indicator of oxidative stress were upregulated significantly in both treated grgugs0.05).

Therefore,the results of this study suggest that hepatic senescence can happen
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independently of age and alsenescence can increase the risk of NAFLD emergence, even
in nonaged organismNAFLErelated senescence happened as a result cfstinduced,

rather than telomeredependent or replicative senescencelomerelengthdid not change

in this model and telomere shortening was novolved in NAFLD development in naged
models[95].

Using gengcally engineered mouse models, a study by Ferr€omzalez et al in 2018

[96]discovered that senescent cholangiocyteduoe profound alterations in the cellular

FYR aA3dylFfftAy3a YAONRSYOBANRYYSYy(izZ ¢DCi LINERdzC
surrounding cholangiocytes and hepatocytes via the secretion of paracrine factors. Cellular
senescence was initially confirmed byNdB I 8 SR SELINB&aA2y 2F LHMI L
Pl d- 0L fF ndanmoO Ay Ofrithéry s¢lédsigg@Roiargisis | YR KSL
(PSQ primary biliary cirrhosi$PBghuman biopsies compared to control samples. This

provided evidence that cellular sescence is an essential feature of PSC/PBC. Then, a

mouse model of biliary diseas®sed on the conditional deletion of Mdm2 in bile ducts

under the control of the Krt19 cholangiocytes promotess developed to study the

mechanisms of biliary senescencehe liver. In this model, deletion of Mdm2 which is a

key negative regulator of p53, resulted in p53 and p21 protein expressions in cholangiocytes

and further cell cycle arrest indicated via negative Ki67 staining. The induction of cellular
senescence inholangiocytes was also confirmed by the expression of other markers

AyOf dzZRAYy3 po.tmMX ‘1 H! ®- X YR 5/ wHd LY | RRAGA
cholangiocytes, p21.J2 & A (i A @ S -posiivie hepatoCytes were detected in this model.

These seascent hepatocytes also expressed other markers of senescence including 53BP1,
11l ® YR 5/wH 6KAES YIAYyGlFrAYyAy3a aRYH SELNNS
induced in hepatocytes is probably pb&lependent and was triggered by paracrine activity

from the cholangiocytes. Also, p27 which is usually activated by transforming growth factor

i 6¢DCIi 0 ¢l & KAIKE&@ SELINB&ASR Ay Toxéniimd OK2f |
whether cholangiocytes induce senescence in a paracrine manner in surrounding

hepatocytes, the most notable components of the SASP were measured in bile ducts from

induced mice. The results showed tliae MRNAs encoding SASP proteins had a

significanly increased expression 6f D Cfpl’ ndn naiD® 6 MIRI ndnnantO AY
Increased expressions of other SASP factors subfr&s6 LJ ' ndnMoHn 0 | YR LJ
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bile ducts and production af D @Y cholangiocytes caused a reduction in totai

proliferation (less than 1%&7 positive cells) and increased number of p21 and p27
positivehepatocytes (p<0.01) supporting the hypothesis thahescence spreads from

cholangiocytes to the surrounding cells via the secretion of paracrine factors @nd A-4 ¢ DCi

dependent[96].

In summarycellular senescence can have either beneficial or detrimental effects on the

liver. However, this opposing role of senescence in the liver depends on the liver cell type
andthe pathological state of the liver. Fekample, the process of cellular senescence in

HSCs is beneficial for the liver as these cells play a key role in maintaining tissue homeostasis
and fibrosis resolutionHSCs involve in the fibrosis process and wbloealing as they
transdifferentiate from quiescent to activated HSCs in response to inflammatory and injury
signals produced by damaged hepatocytes and biliary cells. These cells are responsible for
the deposition oECM and secrete collagen and tissuabitors of metalloproteinases

(TIMP) to fill the wound in the liver tissue. Upon completion of fibrotic response, activated
HSCs are removed by apoptosis or undergo replicative senescence to be later removed by
immune cells. In the absence of tumour suggsor proteins such as p53 and p16 and

cellular senescence, HSCs become continuously activated and continue to ECM deposition
resulting in excessive liver fibrosis and cirrhosis. The clearing of HSCs is an important part of

fibrosis resolutiof@7].

In contrast, in cirrhotic conditions, cellular senescence in parenchymal cells including
hepatocytes is detrimental and has a significant roléhie progression of chronic liver

disease towards cirrhosis and HCC. This detrimental effect of hepatocytes is mainly
associated with procarcinogenic effects through their secretory activity. The secretion of
proinflammatory cytokines and chemokines byiescent hepatocytes can cause the

induction of senescence in the neighbouring cells and affect the proliferation of surrounding
parenchymal or nofparenchymal and stem c€l@¥]. Telomere shortening following

repeated cell proliferation has been determined as the main reason for hepatocyte
senescence in chronic liver disease. However, the results of some studies placed more
emphasis on stresinduced hepatocyte senescenf®8, 99] Some studies have shown that

telomeric and nortelomeric DNA damage happens through common cellular stressors such
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as oxidative stress and that this may cause telord@pendant and telomerendependent
cellular injury {igure 1.9). In conclusion, stresaduced and replicatie senescence are both

responsible for cellular senescence in the parenchymal (hepatocytes) and nonparenchymal

compartments.
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Figure 19. Both replicative senescence and strésduced, or premature senescence

appears to be involved in cellular senesaeicbronic liver disease. Induction of SASP

inactivated HSCs is beneficial for ECM degradation and clearing of activated HSCs from the

site of liver injury and fibrosis resolution. The secretory activity of senescent hepatocytes

mayhave an anticarcinogeneffect by blocking the proliferation of injured liver cells in the

early stage of liver diseases. However, in the later stage of disease progression, senescent
hepatocytes secrete elevated levels of proinflammatory cytokines and chemokines such as
CCL2aR ¢ DCi 6KAOK OlFy IO0G Fa F LINRPOIFNDAy23Sy |
senescent cells to senescent cells in a paracrine manner leading to fibrosis progression and
cirrhosig97].
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1.4.6 Liver toxins and senescence

Hepatocyte function is compromised during acute liver failure or chronic liver disease, which
progresses leading to toxin accumulation and the presence ohetabolisedsubstancesn

patient blood circulationComponents of plasma from patients with acute liver failure (ALF)
with evidence of cytotoxic effects include ammonia, lactate, bile acids, bilirubin, bacterial
lipopolysaccharide, and cytimes |6, TNF' |y R [1I0¢-102). Evidence indicates that
senescence plays a role in the development of liver disease, causing alterations in
hepatocyte metabolic and synthetic functions. However, the rolevef lioxins in the

plasma of patients with advanced liver disease on the induction of hepatocyte senescence is

poorly understood.

Bile acids are endogenous compounds that may be increased up to 100 times the normal
concentration in patients with chronio/gr disease and it is believed that they have a key

role in liver injury by inducing apoptosis or necrosis of hepato¢¥63. The role of bile

acids in the induction of senescence is unknown. However, there is some indication that bile

acids can promote permanent cell cycle arrest and impaired hepatic function. These

compounds can promote ROS generation through impairneéneéspiration and electron

transport in hepatic mitochondria and cause mitochondrial dysfunction, thereby inducing

oxidative damage and hepatocyte senescence. It has been shown that bile acids can

potentially affect the replicative process by inhibitin® synthesis. Modification of DNA

synthesis has been observed in rat hepatocytes in primary culture after 6 hours of

treatment with bile acids in unconjugated and tauroconjugated form including cholic acid

(CA) and ursodeoxycholic acid (UDCA) at 10 to u@06oncentrations. The unconjugated

form of bile acid reduced hepatocyte viability significantly at 1000uM concentration

0t ndnpouod |1 26SOSNE GNBIGYSYyild 6AGK GF dzNRO2yad
affect cell viability at 10 to 500uM concentrati®n Thus, unconjugated bile acids induced a
significant, concentratioldependent toxic effect in comparison to the conjugated form

[104]. This concentration (1000 uM) is even higher than the level of bile adiggiin

diseases which is about 13 YJI¥D5]. Thymidine incorporation into DNA was significantly
NERdzZOSR F FGOSNJ GNBFGYSY(d 6AGK  wnnkxa OF dzZNR O?2
treatment of hepatocytes with taroconjugated form at 200uM concentration had no

significant effect on cell viability. So, hepatocytes remained viable after treatment with
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conjugated form bile acids, but they could not proliferate due to a lack of DNA synthesis.
These results suggest theeduced hepatocyte proliferation following bile acid treatment is
not dependent on a decrease in hepatocyte viability. It indicates that bile acid may inhibit
DNA synthesis and proliferation by inducing senescence in certain cell f{¥pék.In
summary, bile acid accumulation in patients with liver disease can negatively affect liver
regeneration through inhibition of DNA synthesis and induction of permanent cell growth

arrest (senescence) in hepatocytes.

Uncorjugated bilirubin (UCB), an endogenous metabolite of heme oxidateomhave

cytotoxic properties at high concentrations and induce apoptosis in cellspfysgological
concentration of bilirubin igbout0.01¢10uM [106]. An elevated concentration of bilirubin

can generate oxidative stress and induce cell toxicity by induction of DNA damage. A study

using a mouse model of neonatal hyper bilirubinemia (12pMjunshowed that the level

of phosphorylated histoné * | H! - 0 GKAOK Aa | &LISOAFAO Y2t S
damage, increased significantly in the cerebellum of hyper bilirubinemic mice (P<0.01). This

result showed that bilirubin caused damage to DNA during severe neonatal

hyperbilirubinemia suggéisg that neurotoxicity invivocan be associated with bilirubin
AYRdzOSR 5b! RIEYF3AS® . AfANHzomAY 0 I KAIK O2yC
the cerebellum due to oxidative stress which results in severe neurological damage and

death. Incubatiorof SHSY5Y cells with 140 nM free bilirubin concentration (equivalent to

on>a dzy O2y 2 dzidr 48 %durs ceduked iNARIgAIficant increase HRAX signals

confirming bilirubirinduced DNA damage in cultured cells as observed/om(P< 0 0).

Further, an increase in intracellular ROS levels was reported upon bilirubin exposure leading

to DNA damage and decreased cell survival. In summary, bilirubin at high concentrations

can cause irreversible neurological damage and death by induction @twedtress and

subsequently DNA damage which is caused by elevated ROJ16véls

Bilirubin can also affectmour cell lines and immortalised cell line growth by inducing cell
cycle inhibitors. Differentumour cell lines including HRI8 (colon cancer), PARC
(pancreatic cancer), HepG2 (hepatocellular cancer), MKN45 (gastric cancer) and NIH/3T3
were treated with bilirubin at 5, 25, 128V concentrations for 48 hours. A significant

reduction in proliferationeven at the lowest dose (®M) was observed in HepG2 and
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NIH/3T3 cells (P <0.05). In other cell lines, proliferation was significantly inhibited at 25 and
125uM doses (P<0.001Jumourcell line HRAL8 was arrested at the GO/G1 phase of the

cell cycle a@kr 24 hours of treatment at a concentration of 25uM. These results indicated
that there were fewer cells in G2 after bilirubin treatment compared to-tr@ated cells (P<
0.05). A sustained increase in p53 and p27 expression was also seen after bilirubin
treatment (25uM) at the 24 to 3éhour time points. Consistent with these results, Rb
phosphorylation was suppressed in the presence of bilirubin after 24 and 36 hours. Rb was
hypophosphorylated, which results in the inability of the cells to pass theicgstr point in

late G1 and thus prevents them from enteringtB phaseBilirubin inhibited tumourcell

line proliferation invitro via induction of tumour suppressor proteins including p53, p27 and
hypophosphorylation of the Rb. Evidence suggests thatcell growth inhibitory effect of

bilirubin occurs because of interruption of the cell cycle and induction of senes{EdREe

1.5 Liver replacement strategies and senescence

1.5.1 Liver support devices

Liver transplantemains the only treatment for liver failure despite decades of research into
alternative strategies to address the shortage of transplantable organs and potentially

bridge patients to transplantation or temporarily support native liver function allowting

recover. Extracorporeal liver support systems have been developed to help remove toxins

FYR YSGlroz2t AGSa FNRY G bidloglcitl iendilifaiiad as abridge2 R G K N
treatment before liver transplantatidi@]. However, extracorporeal support systems cannot

replicate liver function effectively including synthetic and regulative functions and currently

there is no evidence of significaptimproved survival rates in patients with liver failure

after treatment with liver assist devicgs.

In early development, most liver support devices were only able to remove selected hepatic
G2EAY & FNRY (KS LI &KESY&kOd OKS2RBYRDI 6 2Tl K264
plasma would enhance the clinical state of the patient. Initial detoxification devices used
absorbents (charcoal and resin) for absorption of these molecules and dialysis to remove a

limited amount of watersoluble toxins from whole blood or plasfi@9]. However, further

studies showed that the clinical features of hepatic failure were associated with more
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complex biochemical abnormaliti¢s10]. Substances including small molecular weight
toxins, mediators of inflammation, endotoxins, and cell growth inhibitors accumulate in the
blood and cause neurological disorders, prevent hepatofwetion, and inhibit liver
regeneration Many of these toxins are proteimound toxins that cannot be removed by
traditional liver support devices. The list of main toxins which are processed by the liver is
shown intable 1.2. Therefore, new liver assist devices developed based on the concept of
blood purification and these devices focus on removing all substances accumulating in the
LJ- G A SogdidOriag lidget failurgl11]. Artificial liver support devices and bio artificial liver
support devices, incorporating a cell component, are two major groups of liver support

devices.

Tablel.2. List of liver tains[112].

Toxin Examples
Small watersoluble molecules Ammonia, creatinine, phenylalanine, tyrosine
Albuminbound molecules Bile acids, bilirubin, metabolites of aromatic ami

acids, tryptophan, Indoxyl sutate, fatty acids,

heavy metals

Artificial liver support devices are narellbased devices that have been developed to

NEY2@S G2EAYya yR YSiGlro2tAdSa FNRBY | LI GASYyd

early developments, artificial systems usthg principles of haemodialysis or

hemofiltration combined absorption and filtration processes for the removal of a limited
amount of watersoluble toxins including ammonia. More efficient artificial detoxification
systems were developed to control andneinate albuminbound toxins by the addition of
albumin to the dialysate and the use of largere filters[113, 114] Molecular Adsorbent
Recirculating System (MARS), the SiiRgles Albumin Dialysis system ane Eractionated
Plasma Separation and Adsorption system (Prometheus) are the most known artificial liver

devices.
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MARS, an extracorporeal liver support device was developed by Gambro in 1993 to treat
patients with acute liver failure. This system considtev@ circuits: the blood circuit and

the secondary circuit containing aloumiith a charcoal column, an anion exchange resin
column, and a dialysate circuit. In the blood circuit, the patient's blood passes through the
high flux dialysis filter with a nmebrane molecular weight cut off of 50 kDa. A second circuit
containing 600 ml of 20% albumin acts as the dialysate in the secondary MARS circuit.

Albumind 2dzy R G2EAy & FTNRBY GKS LI GASydQa LIXLaYl
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albumin within the MARSIrcuit. In this system, watesoluble toxins are subsequently
removed via a lowlux dialyser connected to the secondary circuit and the regenerated
albumin is ready to accept new toxins from the patient blood circuit when passing the

membrane agaifill5, 116]

MARS, like other artificial support systems, has some advantages and disadvantages. The
MARS device effectively removed free bilirubin and bilirubin bound to albumin. For
example, a significant decrease ibamin-bound substances including bilirubin (18%) and
bile acids (44%) was observed in 15 patients after 6 h treatment. However, a significant
reduction in platelets (15.4%) and prolongation of coagulation tegts%) were

documented during extracorporetierapy[117]. In another study, 24 patiés with severe

liver failure and multiple organ dysfunction syndromes (MODS) were treated with MARS for
6-24 h. A marked reduction of bilirubin and bile acids (54.8% and 22.5% respectively)
together with significant removal of cytokines including g -B\tRa, |16, 11-8, and INF

gamma was reported in this study after MARS treatment (p<QX18)]. In contrast, another
study showed no effects on cytokine removal after a total of 269 MARS treatments in 64
patients wih acuteon-chronic liver failure (ACLEYL9] These studies showed that the MARS
system was effective in sherérm removal of the albumibound substances, however, it
does not show a significant effect on survidabng seup times (610 hours),

hypoglycaemia, coagulopathy, bleeding, and seigsither reported issues associated with

the MARS systei13].

Prometheus system is based on fractioned plasma separation, @titsorand
haemodialysis. Dialysis and adsorption in this system can remove aHnound and water
soluble toxins like other extracorporeal liver support systems. In this sysbemJ- G A Sy G Q&

plasma which contains albumin flows through a membrane witio#éecular weight cutoff
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close to 300KDa, and plasma is perfused through two columns containing various
adsorbents where proteibound toxins are cleared. The purified albumin isnfeised into

the blood circuit and then blood passes through a high flterfio eliminate watersoluble

toxins. Both MARS and Prometheus systems have been effective and beneficial to eliminate
albuminbound substances such as bilirubin or bile acids. However, the Prometheus system
provides maximum watesoluble toxin clearanceompared to MARS because of the

presence o flux dialyser in the blood circuit which improves more wagefuble toxin
detoxification[120]. 12 patients with acute or acuten-chronic liver insufficiency were

treated withthe Prometheus system. A significant reduction was observed in the circulating
levels of soluble interleukin (IL) 2 receptor<{p.001), total bilirubin, and ammonia

(p 0.05). The total survival rate was 41.6% after 30 daps].

Single pass albumin dialysis (SPAD) is a simple and easy method for blood purification
because this system only requires standard dialysis equipmehhas a similar proposed
function to that of the MARS device. However, in SPAD, the albumin solution is added rather
than recycled113]. A study by Sponholz et al in 201pL81] showed that MARS and SPAD
were equally efficient to reduce plasma bilirubin levels in 32 patients. Bilirubin levels were
reduced to-68 pmol/L and59 umol/L after treatment with MARS and SPAD, respectively.
However, other paraclinical parametersiude serum bile acid (39 pmol/L), albumin
OAYRAY3 OF LI OAGe 6bmMmE:0E ONBIFUGAYAYS 6un >Y2f¢
by only MARS. Neither MARS nor SPAD effectively removed cytokines in thid i]jdy

Artificial liver support treatments are limited in efficacy and provide no{tamg survival

benefit in large multcentre randomised clinical trial dafa15]. All mentioned artificial

systems focus on dexification, but to support the failing liver function some return of the

synthetic and metabolic function of the liver is requif@@2].

Bioartificial livers (BALS) have been developed to overcome the limisadissociated with
non-biological devices and to replace the metabolic activities of the liver as a bridge to
transplant or organ recovery after liver decompensation. Bioreactors containing porcine or
human hepatocytes are used in bioartificial livers topde biotransformation and

synthetic liver functiorj122]. Patient blood or plasma is filtered through a device containing
hepatocyte cells which acts as an artificial liver to replace failing liver functiongiidiver

support systems combine the synthetic and regulatory function of the liver cellsghdath
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detoxification of patient plasmfl22]. Several types of bioartificial systems have been
developed which are diéfent in their celhousing mechanisms containing hollow fibre
based, multilayer membranbased, scaffoldased, and perfused bed design system
Among these housing mechanisms, hollow fibessed BAL systems have been the most

extensively tested in clirgd trials[123].

Extracorporeal liver assist device (ELAD) is the only BAL device utilizing human
hepatoblastoma cell lines (C3A). The ELAD system has four hollow fibre cartriddesthill
100g of C3A cells whidave reduced tumorigenic potential with high production of

albumin and alphdetoprotein. The hepatocytes are housed in the extra capillary space of a
hollow fibre open membrane with a molecular weight-@it of 70 kDa preventing the
passage of hepatobtys and separating cells from immunoglobin and leukocytes to avoid
immune rejection. Small particles such as synthesised proteins and ptaiamd toxins

can cross the barrier between plasma and hepatocyfée g 1 A Sy 1 Qa of 22R A a A
separated inb plasma, and then plasma is passed through a charcoal unit and an
oxygenator unit before entering the bioreactor. In the first pilot controlled clinical trial, 24
patients with acute liver failure were randomly allocated to ELAD hemoperfusion or
standardtherapy group (control). Hemodynamic stability was maintained in both groups.
The overall survival rate for the patients treated with ELAD was 78% (7 out of 9 patients)
and in the control group was 75% (6 out of 8 patients). No evidence of significant
improvement in survival rate was reportgi®4]. After this study, a modified ELAD with
higher membrane cubff (120 kDa) and four cartridges with 100 g of C3A in eaxsle used

to treat patients with fulminant hepatic failure. 5 patients were treated with this device, and
they dl successfully bridged to transplantation and 80% of patients (4 of 5) survived the 30
day endpoinfl25]. The latest controlled randomised clinical trial was perforroe03

patients with severe alcohiglhepatitis 96 patientsvere treated with ELAD, and 107

patients received standard of care treatment only (SOC) for 3 to 5 days continubusieg.

was no difference in overall survival between ELAD and SOCsgsdi¥p vs 49.5%). The

death rate was reporteat 47.9 % fothe ELARtreated group and 47.7% for patientgho
received SOC treatment only. The study failed to evidence the benefigat eff ELAD on

survival rate in patients with endtage liver diseasi26].

69



The HepatAssist BAL devigasdeveloped by Demetriou et al in 198@7]. Thep G A Sy (1 Q&
plasmais perfused through a bioreactor which is in a hollow fibre configuration containing
5-7 x 10 cryopreserved porcine hepatocytes on the external part of the membraéhe.
patients plasma is firstly separated and then passed over a charcoal absorber for
detoxificationbefore entering the bioreactor unit. After that, treated plasma and the blood
cells are reconstituted and returned to the patient. In a phdseulticentre clinical study,

39 patients with ALF were treated with the HepatAssist device anc&B8@rns were bridged

to liver transplantation (LT) successfully and 6 patients recovered without LT. The survival
rate was 90% after one month of treatment. A randomised, multicentre controlled trial was
then performed in 171 patients with fulminant andidulminant hepatic failure which
demonstratedthe safe use of this device. However, no significant difference in survival rate
between the BAL group arttle control group treated with SOC was observed (71% vs 62%)
(p=0.26)128].

The modular extracorporeal liver support (MELS) device consists of different extracorporeal
therapy units including the cell module, detox module and dialysis module. The cell module
in this system is a multicompartment bioreactor loadedhptrimary human liver cells

obtained from discarded liver and it is also composed of three polyetbkrhone (PES)

hollow fibre membranes with a 400 kDa aff organised in a 3D network to separate

plasma and hepatocytes detox module is a detoxifican unit which enables albumin

dialysis for removing albumibound toxing129]. In phase | uncontrolled clinical trial study,
eight patients were treated with MELS. Bioreactors were loaded with 1.8 to 4.%# gf10
porcine primary hepatocytes to treat ALF patietiteoughout8 to 46 hourof treatment.

91 to 98% of the cells remained viable during the treatment and no complications were
reported. All patients were bridged safely to transplantation with a 100% salmate after

at least 3 years.

MELS and AMBAL (AcademischMedisch Centrum Bioartificial liver) systems have similar

OStf LISNF2NXIYyOSs o6dzi LRNOAYS OSffa KIFJS RAN
AMGBAL system to allow optimal mass transfed alirect oxygenation of hepatocytes.

Four different porcine hepatocytbased BAL systems including BLSS, MELSBAM@&nd
TECABALSS/HBAL were tested in phase | and Il clinical trials for treating patients with ALF

[127, 130] Many clinical data in these systemsr&associated with neurological state
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improvement with minimal reduction of serum bilirubin and arterial ammda20, 131]
However, adverse effects such as blegdcomplications, hemodynamic instabilji30]

and thrombocytopenidl32] have been noted in these studies. A major concern in using
porcine hepatocytebased devices ihe danger of immunological responses and risk of
zoonotic infections coupled with the current lack of efficacy in human trials. At present,
trials related to AMEBAL have been stopped because of physiological smssies
incompatibilities of porcine hegacytes with human tissues and other logistical problems
associated with the use of porcine cells in this syste2Y]. Lack of ammonia and total
bilirubin elimination were also concerns associated with the mermtbdevices and these

devices have yet to show substantial data demongtigapatient survival benef (figure

110 [4].

In summary, bioartificial liver support devices could potentially either bridge patients to
transplantation or temporarily support native liver function allowing it to recover. However,
there are ®me limiting aspects related to BALS that need to be considered to produce a
fully functional and clinichf effective device. These includdack of an ideal cell source and
sustained hepatocyte function over the required treatment period in these systdine

loss of viability and functionality of hepatocytes during treatment is currently problematic.
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Liver Assist Device (ELAD), (c) Modbiracorporeal Liver Support (MELS), (d) Academic
Medical Center Bioatrtificial Liver (AMBAL)133].

1.5.2 The application of immortaked cell lines in BAL

Cell type plays a key role in bioartificial liver treatm, and the efficacy of BAL deviceseasl|
on the bioactivity of cells in a bioreactor. Diverse liver cell sources include primary human
cells, primary porcine hepatocytes, human hepatoblastoma and turdeured cell lines
(C3A). These cells have beeedi# the bioatrtificial liver as a biological component to
perform synthetic functions including metabolic, detoxification and biliary excretion and
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regulatory function115]. Human primary hepatocytes which canibelated fromthe

human liver are ideal for BAL systems. The utilisation of primary hepatocytes BAL

system resulted in no or low immunological responses. However, it is complex to source
primary human liver cells and isolatenough cells withthe sustained functional capacity to
provide a feasible BAL syst¢iri5]. Low availability and poor proliferation capacity of

human primary hepatocytes limited their applicationtive clinic. Also, a significant loe$
viability and low capacity for attachment to matrices are two fundamental issues associated
with cryopreserved human hepatocyte cells. Xenogeneic cells are more easily available than
primary human cells, but the risk of infection and metabolic comptitexists with these

cells. Primary porcine hepatocytes are commonly used in-BMICand HepatAssist systems
for preclinical and clinical evaluation. Although porcine hepatocytes are easily available, the
risk of immunogenicity and infection may limitetelinical application of these cells in BAL

systemdq134, 135]

To overcome the limitations associated with primary human and porcine hepatocytes,
alternative cell sources of proliferating cells such asiuarour-derived cell lines,
immortalised hepatocytes or liver stem cells have been developed. This development
addressed minimammunogenicity, no risk of Xeraoonosis, and improved cell

proliferation [135].

Severahepatic cell lines are available which are directly derived from liver tumour tissue or
from primary hepatocytes vitro. The application of tumouderived cell lines including
HepG2in the BAL system is considered an alternative treatment for primarg.ddépG2 is

a hepatoblastomalerived cell line isolated in 1975 from a-§&arold male with
hepatocellular carcinoma. Cells have an unlimited life span, high availability and epithelial
like morphology. It should be noted that HepG2 cells have been seleltte to their
albuminsynthesising capacity, but the ammonia detoxification capacity, urea production
and drug metabolic functions are poor because they lack urea cycle enzymes and have a
limited number of mitochondri§l36]. C3A cell lines, a clonal derivative of HepG2, which
have reduced tumorigenic potential with high production of albumin and afeb@protein
were used in the ELAD device in raontrolled clinical trials. For example, in a study by
Yang el [129], C3A cells were exultured with human placental mesenchymal stem cells

to better resemble the complicated environment of the liver and maintain hepatic functions
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in vitro in athree-dimensionafluidized boreactor. The albumin synthesis and CYP1A2
activity were significantly increased after treatment. However, urea synthesis was not
improved in this study. Therefor#é)e application of HepG2/C3A cells in BAL devices has
been limited because of insufficiefunctionality. In addition, a detachment of C3A cells
from the ELAD system and the risk of metastatic spreading following their escapéhieom

system to the bloodstream has been considered a theoretical corj¢&Hj.

Immortalised hepatocytes have been developed to overcome the limitations associated
with primary human and porcine hepatocytes and l#@mour-derived cell lines.
Immortalised human hepatocytes are usually derived from healthy primary hepatocytes
using a defined immortalisation strategy. Immortalisation strategies have been applied in
human hepatocytes to generate hepatocyte cell lines with extended replicative capacity,
maintaining detoxification function and protein expression at the same levdiasn

primary human hepatocyt¢$37][138]. There are different methods for immortalisation of
primary hepatocyte cells in culture conditions, but the most frequently usethods are
overexpression of viral oncogenes, expression of human telomerase reverse transcriptase
(hTERT), or a combination of bgft89]. The expression of viral oncogenes including
adenoviral ELA/E1B genesgetihimian virus 40 large T antigen (SV40 Tag) and the human
papillomavirus 16 (HPV16) E6/E7 genes have been used to establish hepatecyte cell
lines (Tablel). Immortalisation by viral genes was achieved by inactivation of the tumour
suppressor gene@l16/pRB and p53hat inducea replicative senescent state in cells.
Reactivation of telomerase through the expression of telomerase reverse transcriptase
protein (TERT) is another approach for immortalisation to overcome telowhependent
senescencgl39]. Immortalisation techniques allow cells to proliferate by overcoming the
predicted number of divisions known e Hayflick limit and senescence. However,
chromosomal abnormalities, phenotypic changes and tuyeaicity associated with
immortalisation techniques have remained controversial isgté6]. Characteristics of the
available immortalised hepatic cell lines for bioartificial liver system application are shown

intable1.3.
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Tablel.3. Qharacteristics of immortalesd hepatic cell lines

Cell line Immortalisation
strategy

Adult hepatocytes
I 1 Jobpkb

Retroviral vector

HPV16 E6/E7

cBAL111 Fetal hepatocytes
Lentiviral vector

hTERT

HepLL Adult hepatocytes

Lipidmediated
gene transfer
(lipofectamine
reagent)
SV40 Tag
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Functionality Ref

Contained markers of hepatocyte and biliary [141,
phenotype (CK7/8/18/19). 142]

Expressed CYP450 protein at levels comparabl
Huh-7 and HepG2 cells.

Produced ALB, though at lower leveisih Huh7
and HepG2 cells.

Stained negative for AFP and did not display
elevated nuclear expression of p53 protein.

Possessed active gap junctions.

Respondto INP & G A Ydzf | GA2Y ¢
major histocompatibility complex | and Il

Exhibited, in cotrast to the Huh7 and HepG2
cells, increased capacity to bind recombinant
hepatitis C virudike particles.

Expressed high mRNA levefsromature [143]
markers,GST | yR ' Ct X | yR ¢
levels of mature markers, ALB, A1AT and TF.
¢NF YyAONRLIN fS@Sta 27
prolonged culturing.

Stained positive for GS, ALB, CK18, CK19, vim
and the progenitor cell marker CD146 but
displayed CK18 in a pattern characteristic of
dedifferentiated human hepatocytes

Produced urea and ALB, though at lower levels
than mature human hepatocytes.

Possessed the ability to differentiate into
functional hepatocytes once transplantedvivo,
without the occurrence of tumour formation

Displayed morphologic characteristics of liver  [144]
parenchymal cells.

Expressed HNF4, HBEKFGS™ and ALB mRNA &

well as ALB and CYP2E1 protein but no ASGP

mRNA.

Stained positive for human hepatocyte special

antigen but negative for AFP.



C3A clonal derivative of
Hep G2

NHBL2 derived from weH
differentiated

hepatocellular
carcinoma tissues

HepLi5 Established via
transfection of
Simian virus 40
large T antigen
(SV40 LT) into
primary human
hepatocytes
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Secreted ALB and urea at levels not significantl
different from primary cultured human
hepatocytes.

Synthesized glycogen.

They werenot tumorigenic after transplantation
into SCID mice.

Possessed a good potentfal regeneration and
active metabolic function in recipient organs
High albumin production, high production of
alphafetoprotein (AFP) and ability to grow in [145]
glucose deficient medium.

The C3A cells confirmed their ability to produce
urea and ammonia, and also to some extent to
removean overdose of ammonia loaded in the
supernatant.

The ammonia detoxification capacity of C3A is
poor rendering its limited application in BAL anc
there has been no further clinical research lire t
last few years

possessed the capacity of synthesizing albumin
and CYP2E1 and quantitative analysis showed [137]
the albumin synthesis ability of NHBL2 was
comparable to C3A whilereia production was
highly abundanin NHBL2 compared with that of
C3A

Albumin, CK18 and CYP2E1 were extensively
expressed in NHBL2

Expressed AFP, genes related to biocosioer
and metabolism (CYP3A4, CYP3A5;/GST -1) t
urea production in supernatant from NHBL2 cel
was significantly higher compared with that fron
C3A cells

positively expressed CK18 indicating the
epithelial tissues origin of this cell line

Subcutaneous injection of HepLi5 cells into nud

mice did not induce tumours within 3 months.  [138]
Expressed timan blood coagulation factor x

(HBCKx), glutamine synthetase (GS), glutathiont
Stransferase (GST), and albumin mRNA. It alsa
expressed human CYP450 mRNA including CY

3A5, CYRE1L, CYRCR819, and CYP3A4

Albumin secretion and urea production in HepLi

cells significantly increased at 20 days after larg

scale culture (16.6 and 36.2 % respectively)



1.5.3Liver cell lines and senescence

The cevelopment of hepatic cell lings vitro has achieved significaattention for

fundamental and applied research and screening purpo&pplied cells in BAL and

KSLI G208GS GdNIXyaLX FydladAazy Ydzald YFAYOGFAYy GKS
plasma especially in BAL devices where hepatocytes have diretacowith plasmg146].

However, plasma from both healthy donors and acute liver failure (ALF) paisdmswn to

induce intracellular lipid accumulation and a decrease in hepatic functionality of primary
hepatog/tes and hepatic cell lines in BAL47, 148] For instance, HepRG cells, galuable
biocomponent of a BAL, were negatively affected by exposure to bothaAlpfasma and

healthy plasma. Plasma was derived frbaalthy rats and ALF rats and then HepaRG cells
cultured inamonolayer were exposed to the plasmas for 18 he ALF plasma contained
AYONBIFaSR tS@Sta 2F [ YY2YAlL o6modunYaox (20l f
(AST >6000 u/L) and lactatelgelrogenase (LDH >3000U/LypBsure to both plasmas

elevated cell leakage (2f6ld), the formation of lipid droplets and decreased transcript

levels of various hepatic genes including @8qding the first enzyme of the urea cycle)

GS and CYP3/#hax40-fold) (57). Urea cycle activity and ammonia elimination decreased
markedly after exposure to ALF plasrpa@.05) Therefore,HepaRG cell functions were

adversely affected by both ALF and healthy plagd8].

The effect of porcine ALF plasma and healthy human plasma on hepatic differentiation and
functionality ofHepaRG cells was also studied to investigate whether plasma induces
toxicity against these cells. HepaRG og#se cultured in monolayers and laboratpscale

BALs after 16h exposure to both plasmssmanduced damage occurred and was
associated with rapid activation of NF. I NJA Sixieench8uys $faexposure to healthy
human plasma did not affect cell viability. However, hepatic geaescrig levels

RSONBI aSR &aA3yATA-Odpshdently withinfdurmopirs pf @xpdsyféo R2 & S
both plasmasln addition,upregulation of preinflammatory genes including CCL20, EGR1,
IL-6, and IE8 happened aftea one-hour exposure to human plasnwehichwas associated

with upregulation of the pranflammatory NF . dlingafbway.Hepatic gene

transcript levels includin@YP3Adhepatic nuclear factor 4 AlphbllF4A and arginase 1
(ARG} were decreased b%7+2%, 7+2% and 5+2% respectively for faurkof exposure

to human plasma. Also, after 16 howfexposure to human plasmbepatic functionality
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such as ammonia elimination ai@¥YP3A4 activity reduced by 48+21% and 29+7% compared to
control cultures, respectivelyl he reduction in hepatic genteanscript levels and functionality
was accompanied by upregulation of prdlammatory cytokines andiasclosely related to
the upregulation of the pranflammatory NF . a A pathwaytwhich Has a role in the
induction of SASP phenotype and promotion of senescence. Therefore, plasma can
negatively affect hepatic functions wivo conditions which can be associated with indaoati
of senescence following early NF. | O (i ALBplasrmazalgodexerted more toxic effects

and altered gene expression when compared to healthy plgddal.

The effect of ALF plasma on porcine hepatocyte Wiglaind function in the AM@AL

system was investigated in a study by Abrahamse et al in[200R Hepatocytes were

isolated from resected pig livers and then transferred to the bioreactth@AMGBAL

system b treat anhepatic rendered pigs for 24 hours. Hepatocyte viability and function
including LDH leakage, ammonia clearance, urea synthesis, ethoxycourdeeitlase

(ECOD) activity and pseudocholine esterase production were measured before and after the
24h treatment with ALF plasma (group 1) and were compared with control groups (group 1)
including bioreactors which were incubated with growth medium for a similar period of 24h
treatment. No significant differences in cell count and viability of grougigroup lhawe
beenobserved postreatment. However, ammonia clearance from hepatocytes that were
used to treat anhepatic pigs reduced significantly after treatment compared to the control
ANRdzL) 6t ndnpod ! faz2x | FGSNI GNBFGYSYyGsS dzNBI
to the pretreatmenturea synthesis rate (P < 0.05) but there were no significant differences
in ammonia clearance between group | and Il gosatment. ECOD activity of hepatocytes

in the bioreactors of group | were completely abolished after treatment of anhepatic pigs.
While the ECOD activity of hepatocytes in bioreactors of group Il did not change after the 24
h culturing period. Pseudocholine esterase production from hepatocytes in both bioreactors
did not change significantly before and after treatment. The findinghisfstudy clearly

showed a reduction in porcine hepatocyte function in bioreactors after exposure to plasma
of pigs with induced ALE49]. However, this study did not suggest any mechanisms by

which reduced hep@& O 1S Fdzy Ol A2y Yl & KI @S 200dzZNNBR T2

plasma within the BAL system.
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1.6. Summary
1.6.1Knowledge gap

It has been shown that hepatocyte senescence is linkdivéo dysfunction in chronic liver
diseasehrough changes in hgatocellular regenerative capacity and functidrogressive
accumulation of senescent hepatocytes can disturb hepatic function leading to
decompensation and progression of changes leading to liver cirrhogatients with acute

or acute chronic liverdilure, the loss of detoxification, synthesis and metabolic processing
normally carried out by hepatocytes leads to complications associated with toxin
accumulation. Liver dialysis and kadificial liverstrategies have been developed for
detoxificationand to incorporate hepatocytspecific processing, respectively. However, no
devices have provided a clinical survival benefit to dateevere decline in hepatocyte
function has been observed in monolayer and BAL cultures of hepatocytes after exposure to
ALF plasmé&vidence from studies exposing hepatocytes to taxintaining ALF plasma
suggests that there is@ytotoxic effect on liver cells in addition to a disturbanc¢hacell

cycle and a reduction in cell function. These alterations in hepatdayietion within BAL
systems may be associated with cytotoxic compounds accumulating in blood during ALF.
This may lead to induction of senescence or cell death after exposure to perfused liver
toxins. These changes induced by senescence should be catsaleriticafactor in

mediating device failure by negatively affecting hepatocyte function within a BAL bioreactor
after exposure to perfused liver toxindoweverno studies have directly investigated the
impact of senescence on reduced BAL hepatofiytetion over time or whether

senescence suppression strategies may be incorporated to improve bioartificial liver

function by using senescence inhibitor compounds.

1.6.2Hypothesis

Ths study hypothesisethat senescence compromises the growth and fiomal capacity of
hepatocytes within a BAL prototype device after exposure to liver toxins through a

mechanism that can be inhibited usiagtioxidants andenescence inhibitacompounds
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