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Summary
The process of metabolic liver zonation is spontaneously established by assigning distributed tasks
to hepatocytes along the porto-central blood flow. Hepatocytes fulfil critical metabolic functions,
while also maintaining hepatocyte mass by replication when needed. Recent technological advances
have enabled us to fine-tune our understanding of hepatocyte identity during homeostasis and
regeneration. Subsets of hepatocytes have been identified to be more regenerative and some have
even been proposed to function like stem cells, challenging the long-standing view that all hepa-
tocytes are similarly capable of regeneration. The latest data show that hepatocyte renewal during
homeostasis and regeneration after liver injury is not limited to rare hepatocytes; however, hepa-
tocytes are not exactly the same. Herein, we review the known differences that give individual
hepatocytes distinct identities, recent findings demonstrating how these distinct identities corre-
spond to differences in hepatocyte regenerative capacity, and how the plasticity of hepatocyte
identity allows for division of labour among hepatocytes. We further discuss how these distinct
hepatocyte identities may play a role during liver disease.
© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the
Liver (EASL). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Introduction
As the body’s largest internal organ, the liver is
responsible for many vital functions. It metabolises
nutrients and xenobiotics and is also an important
factory and recycling station.1 The liver controls
carbohydrate metabolism, storage (glycogenesis)
and release of glucose (glycogenolysis) to maintain
homoeostatic glucose levels in the blood. During
starvation, the liver can also synthesise glucose
from amino acids (AAs), lactate or glycerol (gluco-
neogenesis).2,3 The liver contributes to lipid meta-
bolism via the production of triglycerides (TGs) and
lipoproteins, and via cholesterol synthesis. Bile
production and excretion supports fat digestion
and vitamin absorption.4 The liver is further
responsible for protein synthesis and degradation.
Most plasma proteins are produced and recycled in
hepatocytes. AAs from recycled proteins are used
to produce new plasma proteins or are converted
into glucose during gluconeogenesis. In addition,
AAs are provided as building blocks for extrahe-
patic protein synthesis in other tissues, high-
lighting the importance of the liver in supporting
systemic protein homeostasis.5,6 The hepatic recy-
cling station also handles the breakdown of red
blood cells and the processing of haemoglobin,
including the storage and use of its iron.7 More-
over, the liver breaks down insulin and other
hormones, and it performs drug metabolism via
cytochrome P450 (CYP) enzymes to modify
xenobiotics and enable their excretion via bile or
urine. Finally, the liver supports immune defence
during sepsis.1,3,4,8 Given these, and many more,
vital functions, it is obvious why impaired liver
function is associated with so many diseases.

In an industrial factory, assigning the correct
task to different workers is critical for success.
Likewise, hepatocytes need to be instructed to
perform diverse metabolic tasks in the right place
and at the right time.9 Given the extended hepa-
tocyte lifespan (200–300 days in rodents10 and 3
years in human11) the liver requires much lower
proliferation rates than high-turnover organs that
are maintained by constantly cycling tissue stem
cell compartments. Yet, lost hepatocytes must be
replaced during homeostatic turnover or following
injury to maintain a full work force. This requires
efficient regenerative mechanisms that enable he-
patocytes to proliferate when needed, while
maintaining full metabolic capacity of the liver.
Therefore, the regenerative response has to be
tailored to the site and severity of the injury.12 In
recent years, several putative liver stem cells with
increased regenerative potential during homeo-
stasis and regeneration have been proposed, but
conflicting findings challenge the existence of a
bona fide liver stem cell.13 Instead, a modular
regenerative response by hepatocytes repairs
different types of local or pan-zonal injuries, and
the enormous regenerative potential and plasticity
(J.S. Tchorz).
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Key points

� Distinct metabolic hepatocyte identity along the porto-central blood
flow is essential for metabolism.

� Hepatocytes can be defined by their location within the lobule, gene
expression, cell size and ploidy.

� These factors have been associated with differences in proliferation and
contribution to the hepatocyte pool, as well as with assigning meta-
bolic functions.

� During homeostasis, zone 2 hepatocytes rather than a defined sub-
population seem to have increased proliferative potential.

� Hepatocytes across all lobular zones exhibit high plasticity and support
liver regeneration on demand.

� An inverse correlation between hepatocyte proliferation and meta-
bolism suggests division of labour between these two essential
processes.

� Changes in hepatocyte identity are associated with severe liver disease.
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of hepatocytes is sufficient to restore liver mass and function.
The exception is when hepatocytes are senescent and fail to
regenerate, and alternative regenerative mechanisms are then
required to refuel the hepatocyte pool.14,15

New hepatocytes must be assigned to the correct metabolic
task. Impaired metabolic function is associated with severe he-
patic and systemic diseases (reviewed in9). For example, in non-
alcoholic steatohepatitis (NASH) impaired lipid metabolism re-
sults in TG accumulation and lipotoxicity-induced inflammation
and fibrosis. In alcohol-related liver disease, loss of metabolic
function leads to toxic ammonia accumulation, causing neuro-
logical damage. Another example is small-for-size syndrome
(SFSS), a condition where small graft transplantation or large
resection leave insufficient amounts of functional hepatocytes to
handle the metabolic demand. Many end-stage liver diseases are
characterised by insufficient functional hepatocytes or mal-
adaptive repair processes that can have fatal consequences.9

Due to the lack of sufficient liver grafts for transplantation,
currently the only cure for end-stage liver disease, regenerative
therapies are urgently needed. Current therapeutic concepts
focus on promoting hepatocyte proliferation to restore functional
liver mass.16 An equally important factor that has received less
attention is the spatiotemporal restoration of hepatocyte iden-
tity, which is needed to restore liver function.

Here, we summarise the functional, morphological, and
anatomical diversity of hepatocytes, and the mechanisms
instructing their identity. We highlight the relevance of meta-
bolic zonation and adaptive regenerative principles, as well as
the disease-associated consequences of their impairment.
Defining the differences among hepatocytes
The anatomical structure of the liver and its repetitive functional
subunits are closely aligned with its physiological tasks.
Expression of different metabolic genes in different hepatocytes
is tightly coordinated with the liver’s spatiotemporal functional
needs. In addition, cell size and ploidy further differentiate he-
patocytes from each other.

Lobular liver architecture
The liver is divided into distinct lobes, which each consist of
repetitive honeycomb-like substructures termed lobules. Highly
oxygenated blood enters the liver via the hepatic artery and the
portal vein. The portal vein receives blood from the spleen,
pancreas, and gastrointestinal tract, thus making the liver the
first-pass organ for most nutrients and xenobiotics. Hepatocytes
are the main metabolic workers in the liver, supported by non-
parenchymal cells, including phagocytic Kupffer cells, vitamin
A-storing and extracellular matrix-depositing hepatic stellate
cells, and bile duct-forming biliary epithelial cells (BECs, also
termed cholangiocytes). Hepatocytes are lined by fenestrated
liver sinusoidal endothelial cells, which allow nutrients, meta-
bolic products, and other molecules to permeate between he-
patocytes and the blood. Lymphocytes carry out immune
surveillance in the sinusoidal space. The blood leaves the lobules
via central veins, which merge into the hepatic veins, and exits
the liver to join the inferior vena cava. Canaliculi collect the bile
produced by hepatocytes and transport it in the opposite direc-
tion to the porto-central blood flow towards the intrahepatic bile
ducts, which merge into the extrahepatic bile duct. Meals trigger
the release of bile from temporary storage in the gall bladder into
the duodenum, to support digestion.1,17 The lobular structure
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defines the factory’s assembly line, made up of hepatocytes,
alongside the porto-central hepatic blood flow.
Functional and anatomical hepatocyte diversity
In the classic description of the liver lobule (Fig. 1A), hepatocytes
reside in three zones defined according to their location along
the porto-central axis, and carry out different metabolic func-
tions.18 Zone 1 (periportal) hepatocytes carry out functions such
as oxidative energy metabolism, beta-oxidation, AA catabolism,
ureagenesis from AAs, gluconeogenesis, as well as bile acid and
bilirubin excretion; while glycolysis, liponeogenesis, ureagenesis
from ammonia, and biotransformation are primarily performed
by zone 3 (pericentral) hepatocytes. This setup creates a func-
tional “division of labour” so that different hepatocytes specialise
in different tasks. Additionally, an even finer understanding of
the many differences in gene expression among hepatocytes
based on their position in the lobule has recently been revealed
through experiments involving spatial sorting of mouse liver
cells,19 single-cell RNA sequencing combined with virtual posi-
tioning of the captured hepatocytes,20 and spatial tran-
scriptomics.21,22 Human hepatocytes and other liver cell types
have also been examined by single-cell RNA sequencing and
spatial proteomics, revealing their zonal heterogeneity.23,24

Zonal reprogramming observed by spatial transcriptomics22

and molecular cartography25 combined with perturbation of
WNT/b-catenin signalling further indicate that metabolic zona-
tion is dynamic and requires active activation and repression of
metabolic gene expression. More work is needed to dissect the
interplay of gene regulatory networks driving this complex
process.

Differentmetabolic tasks are assigned to hepatocytes based on
the spatial needs and the local environment along the hepatic
assembly line. In addition, temporal entrainment of metabolic
gene expression adds another dimension to the complexity and
diversity of hepatocyte identities.26 Spatial zonation principles
(reviewed in detail by Ben-Moshe et al.27) include production-line
patterns to enable complementary tasks (e.g. neutral bile acid
biosynthesis cascade), or spatial segregation of opposing meta-
bolic tasks (e.g. glucosemetabolism). In addition, temporal control
of metabolic gene expression aligns the availability of metabolic
enzymeswith their needduringdiurnal fasting and feeding cycles.
Defined spatiotemporal compartmentalisation of metabolic pro-
cesses, often by strict regulation of key rate-limiting enzymes,
2vol. 5 j 100779
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Fig. 1. Homeostasis. (A) Schematic showing a section of the liver lobule from the portal triad to the central vein, with the different cell types as listed in the
legend. Hepatocytes residing in the three zones along this axis retain diverse metabolic functions (examples listed). The prevailing view is that hepatocytes
proliferate similarly. (B) A recent additional observation was that zone 2 hepatocytes with the least metabolic functions proliferate more during homeostasis.
However, zone 1 hepatocytes possibly derived from bile ducts, hepatocytes expressing high levels of telomerase, and pericentral hepatocytes expressing Axin2
have also been reported to drive hepatocyte renewal during homeostasis. Schematic showing the subpopulations of hepatocytes reported to fuel hepatocyte
regeneration during homeostasis.
enables the liver to assign tasks to the right lobular zone and at the
time when they are needed.26 Although hepatocytes may look
alike and appear similar, numerous functional and expression
profiling studies have revealed their functional and anatomical
diversity; this diversity of hepatocytes is a critical prerequisite for
maintaining liver function (reviewed in9).

Hepatocyte morphology and ploidy
Morphologically, hepatocytes are cuboidal epithelial cells that
vary by size and ploidy. In uninjured adult mouse livers, hepa-
tocyte volume ranges from 3,126 lm3 to 10,606 lm3.28 Normal
ploidies observed among adult mouse hepatocytes are diploid
(2n), tetraploid (4n) and octaploid (8n); and 4n and 8n hepato-
cytes often have two nuclei (bi-nucleated).28 Higher ploidies
(>8n) appear in injured livers, likely due to alterations to cell
JHEP Reports 2023
cycles caused by cellular damage.29 Curiously, at birth, all he-
patocytes are diploid, with accumulation of polyploid hepato-
cytes, mostly 4n and some 8n, occurring during post-natal
development (further reviewed in29–31), until polyploid hepato-
cytes account for �90% of hepatocytes in rodent livers and 30% in
human livers.32–35 In uninjured mouse livers, there is some
correlation between hepatocyte size and ploidy and their loca-
tion within the lobule. 2n mononuclear diploid and 2x2n binu-
clear tetraploid hepatocytes are more frequent in zone 1 and
zone 3, while 2x4n binuclear octaploid hepatocytes are more
frequent in zone 2, with 4n mononuclear hepatocytes distributed
evenly across the lobule.28 Additionally, when polyploid hepa-
tocytes divide they can give rise to aneuploid hepatocytes,
causing genetic variation among hepatocytes in mice as well as
humans.32,36 The functional role of ploidy is further reviewed
3vol. 5 j 100779
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in31 and,37 with some evidence that diploid hepatocytes may be
more proliferative, polyploid hepatocytes may be protected
against transformation into cancer, while genetic variation due
to aneuploidy could allow subsets of hepatocytes to adapt and
survive chronic liver injury.11,37–39 Recently, a single-nucleus RNA
sequencing study found differences between 2n and 4n hepa-
tocytes with regards to their expression of genes associated with
metabolism, which shows crosstalk with the hepatocyte’s posi-
tion within the lobule.40 Thus, although hepatocytes appear
similar, their cellular properties and gene expression vary. These
differences in gene expression, metabolic function, cell size, and
ploidy can be used to specify hepatocyte identity.

Factors that regulate hepatocyte identity during homeostasis
Hepatocyte identity and function are mostly dictated by their
position in the liver lobule (Fig. 1A). The porto-central oxygen
gradient (pO2: 60–65 mmHg [zone 1]) to 30–35 mmHg [zone 3]),
associated hypoxia-inducible factors (HIFs) and interplay with
other regulatory mechanisms direct energy-demanding tasks to
periportal (high oxygen) hepatocytes and less demanding tasks
to pericentral (low oxygen) hepatocytes.41 For example, HIF1a
promotes glycolysis and HIF2a suppresses gluconeogenesis in
pericentral hepatocytes.41 WNT/b-catenin signalling controlled
by the RSPO-LGR4/5-ZNRF3/RNF43 module is a major determi-
nant of hepatocyte identity and metabolic function in the
liver.22,42–48 WNT2, WNT9B and RSPO3 ligands secreted from
central vein endothelial cells and adjacent liver sinusoidal
endothelial cells,25,43,45,46,49 as well as distinct expression pat-
terns of regulatory elements of the WNT/b-catenin pathway
along the porto-central axis,22,42,44 result in a centro-portal
gradient of WNT/b-catenin signalling. Due to high levels of
WNT/b-catenin signalling, pericentral hepatocytes express the b-
catenin target gene Lgr5, which confers tissue stem cell identity
in the gut, but not in the liver.44,50 While activation of WNT/b-
catenin signalling reprogrammed periportal into pericentral
hepatocytes, pathway blockage induced widespread periportal
metabolic enzyme expression.22,42,44,45,51 This indirect regulation
of hepatocyte identity is mediated by the competition of HNF4a
and b-catenin for binding to TCF. Without nuclear b-catenin, the
HNF4a/TCF complex promotes periportal gene expression,
whereas nuclear translocation of b-catenin forms a b-catenin/
TCF complex that favours pericentral gene expression.52 In
addition, periportal Hedgehog signalling contributes to defining
hepatocyte identity and metabolic zonation by partially coun-
teracting WNT/b-catenin signalling and regulating glucose ho-
meostasis.53 Higher periportal availability of hormones, such as
insulin and glucagon, play important opposing roles in spatial
metabolic zonation and interact with the WNT/b-catenin
pathway.54 Although a porto-central Yes-associated protein
(YAP) expression gradient has been reported,55 the role of YAP/
HIPPO signalling in metabolic zonation is unclear. A role for YAP
in regulating glutamine synthetase expression56 was questioned
by two other studies.57,58 However, YAP promotes SRY-box
transcription factor 9 (SOX9) expression in hepatocytes59 and
may confer the hybrid hepatocyte-biliary identity of periportal
SOX9+ hepatocytes.60 Studying the potential interplay between
YAP/HIPPO and WNT/b-catenin signalling may shed further light
on the regulation of hepatocyte identity in metabolic liver
zonation.

In addition to these signalling pathways, hepatocyte identity
is controlled by epigenetic mechanisms. This includes chromatin
remodelling, DNA methylation, post-translational modifications
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of histones, and non-coding RNAs, however, epigenetic regula-
tion of zonal hepatocyte identity and regeneration are not well
understood.61 For instance, ARID1A, a component of the SWI/SNF
(SWItch/sucrose non-fermentable) chromatin remodelling com-
plex, has been shown to suppress hepatocyte proliferation and
regeneration by limiting access of transcription factors to their
target genes. These include C/EBPa, HNF4a, and E2F, all of which
are known to be involved in regulating zonated gene expres-
sion.62 Furthermore, the human liver exhibits differential DNA
methylation between the periportal and pericentral zone at
binding sites of around 50 transcription factors, which may lead
to distinct binding preferences along the centro-portal axis.63 As
reviewed elsewhere,64,65 several microRNAs are involved in
controlling hepatocyte regenerative identity, for example, by
maintaining the hepatocyte quiescent state or promoting cell
cycle entry during liver regeneration.

In addition to spatial compartmentalisation, temporal regu-
lation of hepatocyte metabolic gene expression is important to
align availability of metabolic enzymes to fasting and feeding
cycles. Nutrient availability, as well as interactions between
diverse environmental cues and the circadian clock, are the
pacemakers responsible for daily fluctuations in virtually all as-
pects of hepatic function. For example, gluconeogenesis-
regulating genes are induced in periportal hepatocytes
following prolonged starvation at the end of the resting
phase.9,26 Further, the expression of WNT ligands is influenced
by diurnal mRNA fluctuations, suggesting that WNT signalling
may fluctuate throughout the day.26 Interestingly, core clock
genes undergo rhythmic H3 histone acetylation, which can be
explained by the rhythmic interaction of p300 with CLOCK.66

Thus, histone acetylation also controls important metabolic
functions of the liver in a temporal and spatial manner.

Mechanisms regulating hepatocyte ploidy include insulin
signalling through the P13K-AKT pathway, which is influenced
by weaning67 and induces formation of binucleate tetraploid
hepatocytes during postnatal liver growth.68,69 E2F7 and E2F8
are cell cycle factors expressed at low levels in adult livers but at
high levels during the first 7 weeks after birth in mice; they are
also responsible for postnatal polyploidisation.38,70 Additionally,
miR-122, one of the most abundant microRNAs in the liver,
regulates physiological hepatocyte polyploidisation during
postnatal growth.71 In injured livers, oxidative stress through
induction of ATR/p53/p21 signalling has been reported to induce
hepatocyte polyploidy72 (further reviewed in31).
Maintenance of a functional hepatocyte pool during
homeostasis
The body maintains a stable liver-to-body weight ratio by tightly
controlling mechanisms promoting hepatocyte proliferation and
size. This is necessary to adapt the size of the liver and number of
hepatocytes to the body`s needs, and the “hepatostat” is set such
that the liver regenerates back to 100% of what is required for
homeostasis, unlike other solid organs with more limited
regenerative potential.73,74 When hepatocytes are lost during
homeostatic turnover, they are replaced by proliferation of other
hepatocytes. In the absence of injury, hepatocytes in zone 2 have
a proliferation rate of 0.042 per week.75 Since the same pathways
that induce and maintain metabolic function also control hepa-
tocyte proliferation, restricting unnecessary proliferation while
maintaining the metabolic identity of hepatocytes in the
different zones is an important balancing act for the liver.22,76
4vol. 5 j 100779



Whether specialised liver stem cells maintain hepatocyte
numbers during homeostasis remains controversial.13,77

Controversy around the origin of new hepatocytes during
homeostasis
The “streaming liver” model proposed several decades ago
hypothesised that hepatocytes are born in the periportal zone
possibly from bipotent progenitor cells in the bile ducts, and
stream towards the pericentral zone where they die78 (Fig. 1B).
This idea followed from observation of “oval cells”,79 putative
bipotent progenitor cells thought to originate from bile ducts,
that were reported to give rise to new hepatocytes in 2-
acetylaminofluorene-damaged rat livers.80,81 While the results
of one study using Sox9-CreERT2 lineage tracing in mice sup-
ported the streaming liver hypothesis,82 another study using a
multicolour fluorescent reporter with Sox9-CreERT2 did not.83

Alternative methods based on tracing of periportal hepatocytes
showed that periportal hepatocytes do not expand towards zone
360 under homeostatic conditions, and may reduce over time.84

Recent attention has been devoted towhether subpopulations
of hepatocytes are special and function like stem cells. Zone 3
AXIN2+ hepatocytes which experience high WNT signals were
labelled by an Axin2-CreERT2 transgene inserted at the endoge-
nous Axin2 locus. These cells were found to self-renew and give
rise to progeny hepatocytes that move into zones 2 and 149 (Fig.
1B). However, a subsequent lineage-tracing study using an
Axin2-CreERT2 in a BAC transgene did not support this.85 Instead,
EdU incorporation suggested that knocking CreERT2 into the
endogenousAxin2 locus increases proliferationof hepatocytes due
to heterozygous Axin2 deletion.86 Finally, independent validation
using the originalAxin2-CreERT2mouse line in a newstudy did not
replicate expansion of the labelled hepatocytes into other zones.87

Alternative zone 3 labelling with other gene promoters also did
not show that zone 3 hepatocytes give rise to hepatocytes in other
zones during homeostasis.44,50,86

To understand the homeostatic expansion potential of
different hepatocytes, a method using AAV8-TBG-Cre activating a
multicolour fluorescent reporter was developed to label and
trace random samples of hepatocytes throughout the lobule in
mice. 3D imaging of labelled cells and their progeny showed that
hepatocyte renewal is not driven by zone 3, no hepatocytes
formed particularly large clones, and hepatocyte proliferation
was distributed throughout the lobule with larger hepatocyte
clones more frequently found in zone 2.88 A novel method using
a “ProTracer” mouse transgenic line that records cell division
demonstrated that there is more proliferation in zone 2
compared to zones 1 and 3 during homeostasis.75 A compre-
hensive study using several new mouse transgenic lines to label
different portions of the lobule also demonstrated that zone 2
hepatocytes expand during homeostasis, with a corresponding
contraction of the areas originally occupied by zone 1 or 3
hepatocytes.86

Another putative hepatocyte stem cell population are the
high telomerase-expressing hepatocytes. Labelled by Tert-
CreERT2, they made up only 2.8% of all hepatocytes, were
distributed throughout the lobule, and were observed to give rise
to 30% of hepatocytes in mouse livers over 1 year89 (Fig. 1B).
However, a random sampling of hepatocytes labelled with AAV8-
TBG-Cre did not support homeostatic hepatocyte renewal driven
by rare hepatocytes.88 Additionally, sparsely labelled hepato-
cytes, marked by novel Cre-expressing transgenes from the
Hamp2 and Mup3 promoters, also expanded during homeostasis,
JHEP Reports 2023
demonstrating that proliferation is not limited to the high
telomerase-expressing population.86

Although there is controversy and unresolved discrepancies
between studies (summarised in Table 1), the current consensus
is that there is no hepatocyte stem cell uniquely responsible for
homeostatic hepatocyte renewal. Nevertheless, hepatocytes do
not proliferate equally over time, as results obtained via three
independent experimental approaches have led to the same
conclusion, namely that zone 2 hepatocytes proliferate more
than hepatocytes from the other zones.75,86,88

Balancing metabolic function and proliferation during
homeostasis
To maintain both metabolic function and hepatocyte numbers in
the liver, a further division of labour among hepatocytes is
required to balance metabolism with proliferation. Spatial tran-
scriptomics profiling identified proliferative hepatocytes mostly
in zone 2,22 consistent with the lineage-tracing studies described
above.75,86,88 Interestingly, these proliferative hepatocytes
showed significantly reduced expression of metabolic genes.22

Given the generally lower expression of metabolic genes in
midzonal hepatocytes, along with higher expression of peri-
portal and pericentral metabolic genes in their respective zones,
a hypothesis has been proposed that there is a general division of
labour between the hepatocytes driving metabolism, and the
hepatocytes responsible for maintaining the hepatocyte pool.9

However, hepatocytes in all lobular zones have accessible chro-
matin in the genes regulating proliferation, as well as periportal
and pericentral metabolism.22 This epigenetic configuration may
enable hepatocytes to quickly adapt their metabolic identity and
proliferative status on demand. For example, hepatocyte meta-
bolic identity can be modified, as illustrated by fate tracing
combined with WNT/b-catenin pathway activation. ZNRF3/RNF43
deletion reprogrammed periportal hepatocytes into pericentral
hepatocytes. A curious and still unresolved finding was that
some hepatocytes with ZNRF3/RNF43 deletion increased meta-
bolic gene expression, whereas others proliferated.22 Collec-
tively, these studies suggest an inverse correlation between
metabolic activity and proliferation in hepatocytes.

The RSPO-LGR4/5-ZNRF3/RNF43 module controlling WNT/b-
catenin signalling is a growth and size rheostat in the liver. RSPO
injections reversibly increased liver size by inducing hepatocyte
proliferation, whereas WNT/b-catenin signalling blockade
resulted in smaller livers.44,90,91 ZNRF3 and RNF43 cooperate to
restrict WNT/b-catenin signalling during homeostasis to prevent
uncontrolled proliferation and tumour formation, while enabling
metabolic zonation.22,92 While activated YAP signalling revers-
ibly increased liver size,93 its deletion did not affect liver size
during homeostasis.57,58,94 Hepatocyte proliferation in zone 2
hepatocytes is mediated by the IGFBP2-mTOR-CCND1 axis.86

Whether mitogenic pathways, such as growth factor and nu-
clear hormone receptor signalling,74 contribute to zonal hepa-
tocyte identity requires further assessment. Hepatocyte
proliferation and the cell cycle are also regulated by DNA
methylation.95 For instance, deletion of Dnmt1 in postnatal he-
patocytes using Alb-Cre transgenic mice caused global hypo-
methylation, enhanced the DNA damage response, and induced a
senescent state. This was accompanied by liver fibrosis and
inflammation, and a reduced hepatocyte proliferative capacity in
response to injury. Intriguingly, deletion of Dnmt1 was accom-
panied by the loss of the perivenous enzyme cytochrome
CYP2E1, which is responsible for the bioactivation of carbon
5vol. 5 j 100779



Table 1. Highlights of recent hepatocyte lineage-tracing results in the mouse liver.

Tracing method Hepatocytes labelled at start of tracing Hepatocytes labelled at end of tracing period in
homeostasis or regeneration

Ref.

Sox9-CreERT2 Zone 1 (SOX9+, next to bile ducts) Regeneration: Large clones spanning zones 1-3 (12x
CCl4)

60

Mfsd2a-CreERT2 Zone 1, �40% of parenchyma Homeostasis: Reduction in by half to �20% of lobule
(6- to 20-week-old mice, no change 20 to 36 week)
Regeneration: Expansion from zones 1 to 2 (PHx and
1x CCl4) and to zone 3 covering nearly all of lobule
(10x CCl4)

84

Gls2-CreERT2 Zone 1 + �1/4 zone 2, �60% of lobule Homeostasis: Zone 1, �40% of lobule (12 months)
Regeneration: Zones 1-3, �99% of lobule (12x CCl4)

86

Agr1.2-CreERT2 Zone 1 + zone 2, 78% of lobule Homeostasis: Zone 1 + zone 2 + some of zone 3, 94%
of lobule (12 months)
Regeneration: Zones 1-3, �99% of lobule (12x CCl4)

86

Agr1.1-CreERT2 Zones 1-3 except cells next to CV, 94% of
lobule

Homeostasis: Zone 1 + zone 2 + zone 3 except cells
next to CV, 96% of lobule (12 months)

86

Cyp1a2-CreERT2 �2/3 of zone 2 + zone 3, �60% of lobule Homeostasis: Some of zone 1 + zone 2 + zone 3,
�80% of lobule (12 months)
Regeneration: Zones 1-3, �67% of lobule (6 weeks
DDC)

86

Oat-CreERT2 �1/4 of zone 2 + zone 3, 46% of lobule Homeostasis: Some of zone 1 + zone 2 + zone 3; 54%
of lobule labelled (6 months)

86

Axin2-CreERT2
(endogenous locus)

Zone 3 (AXIN2+ subset) Homeostasis: Large clones spanning zones 3 to 2,
sometimes to zone 1 (1 year)

49

Axin2-CreERT2
(BAC transgenic)

Zone 3 (AXIN2+ subset) Homeostasis: Zone 3 only (10 months)
Regeneration: Zone 3 + modest expansion to zone 2
(PHx). Upregulation of Axin2 and labelling of
regenerating hepatocytes across zones in zonal
injury model

85

Lgr5-CreERT2 (endogenous locus) Zone 3 (sparse LGR5+ subset) Homeostasis: Zone 3 only (18 months)
Regeneration: Similar Ki67 positivity as zone 2 he-
patocytes (48 h post PHx)

44

Lgr5-rtTA-IRES-GFP; TetO-Cre Zone 3 (LGR5+ subset) Homeostasis: Zone 3 only (18 months) 50

GS-CreERT2 Zone 3 (GS+, next to CV), 9.4% of lobule Homeostasis: Zone 3 next to CV, 9.9% of lobule (12
months)
Regeneration: Zone 3, �15% of parenchyma (6 weeks
DDC)

86

Axin2-CreERT2 (endogenous locus) Zone 3 and neighbouring zone 2, and
sparsely in zone 1 (7 days after tamoxifen)

Homeostasis: Similar pattern between 7 days and
365 days tracing

87

Lgr4-CreERT2 (endogenous locus) Sparse hepatocytes throughout zones 1-3 Homeostasis: Throughout lobule with no reported
zonal dominance (10 months)

44

Tert-CreERT2 (knocked into exon 1) Sparse hepatocytes in zones 1-3 expressing
high Tert, 2.8% of parenchyma

Homeostasis: 30% of parenchyma in 1 year
Regeneration: 38% of parenchyma (1-month DDC)

89

Tert-CreERT2 (knocked into 3’UTR) Sparse hepatocytes throughout lobule, more
in zones 2 and 3 than 1

Homeostasis: Hepatocytes distributed in all zones,
primarily in zone 2 in (7 and 21 days)

86

AAV8-TBG-Cre Individual hepatocyte clones (differentiated
with multicolour R26-Rainbow reporter),
zones 1-3

Homeostasis: Broadly distributed hepatocyte division
in all zones, more proliferation in zone 2, but no
particularly large clones (13 months)
Regeneration: Hepatocyte division detected in all
uninjured zones (1 to 12x CCl4 and AA)

88

Hamp2-CreERT2 Sparse hepatocytes throughout lobule, more
in zone 2 than 1 and 3, �10% of parenchyma

Homeostasis: Hepatocytes throughout lobule, more
in zone 2 than 1 and 3, �25% of parenchyma (12
months)
Regeneration: Large hepatocyte clusters primarily in
zone 2, �17% of parenchyma (6 weeks DDC). Large
hepatocyte clusters primarily in zone 2, 13% (12x
CCl4).

86

Mup3-CreERT2 Very sparse hepatocytes throughout lobule,
more in zones 1 and 2 than zone 3, 0.06% of
parenchyma

Homeostasis: Very sparse hepatocytes throughout
lobule, 0.85% of parenchyma (6 months) Regenera-
tion: Hepatocyte clusters in zones 2 and 3, �2.8% of
parenchyma (12x CCl4).

86

Ki67-Cre-rox-ERT2-rox
Activated in hepatocytes though Alb-
DreERT2 or AAV8-TBG-Dre

Proliferating hepatocytes throughout lobule Homeostasis: Hepatocytes in zones 1-3, but most
frequently in zone 2, less in zone 1 and very little in
zone 3
Regeneration: Hepatocytes in zones 1-3, with earlier
proliferation zones 1 and 2 (PHx)

75

AAV8-TBG-Cre and AAV8-TBG-Dre are adeno-associated viral vectors expressing Cre or Dre recombinase, respectively. All other lineage-tracing methods employ transgenic
mouse lines expressing Cre from the indicated promoters. “�X%” are numbers estimated from graphs in figures of the respective study when numbers were not provided.
AA, allyl alcohol; CCl4, carbon tetrachloride, DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine diet, PHx, 2/3 partial hepatectomy.
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tetrachloride (CCl4), thus causing unresponsiveness to this
drug.96 Thus, DNA methylation may play a role in regulating
hepatocyte identity by constraining hepatocyte proliferation and
metabolic gene expression.
Hepatocyte regenerative potential following injury
Liver function depends on the rapid restoration of lost hepato-
cytes, which requires the regenerative response to be aligned
with the site and severity of injury. Diverse local or pan-zonal
injuries require different regenerative strategies and spatiotem-
poral control of repair processes in different zones. In most cases,
hepatocytes proliferate to replace lost comrades. Niche signals
guide the development of hepatocyte identity to restore meta-
bolic zonation. In addition, hepatocytes and BECs utilise their
enormous plasticity to transdifferentiate into one another in
special severe injury settings. Directing the right regenerative
response to the type of injury is key to minimising the disruption
of vital metabolic processes.

Hepatocyte plasticity
One of the ways hepatocytes adapt to the needs of the liver is
through plasticity, although not all hepatocytes are the same in
this regard. Hepatocytes display remarkable plasticity and under
some conditions can transdifferentiate into BECs, epithelial cells
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of the bile ducts with completely different morphology, gene
expression and function59,97–99 (Fig. 2A). Curiously, not all he-
patocytes transdifferentiate with the same capacity; zone 1
periportal hepatocytes transdifferentiated readily to BECs, but
even with activation of NOTCH signalling, which is a strong
inducer of biliary fate in hepatocytes, zone 3 hepatocytes did not
transdifferentiate.99 While hepatocyte-to-biliary plasticity has
been hypothesised to be a transient response (also termed
ductular reaction) to injury involving bile ducts,100 a persistent
functional biliary tree formed from transdifferentiated hepato-
cytes in a mouse model developmentally lacking intrahepatic
bile ducts. This showed that hepatocyte-to-BEC trans-
differentiation can be permanent.98 Which hepatocytes are
capable of forming functional bile ducts remains to be further
characterised.

Not all hepatocytes that acquire a biliary gene signature un-
dergo full transdifferentiation into BECs. Following diverse in-
juries, often involving cholestasis, YAP signalling also drives
hepatocyte reprogramming via SOX9 induction. These reprog-
rammed zone 1 hepatocytes exhibited reduced metabolic func-
tion, upregulated tissue stem cell markers and increased
proliferative capacity, contributing to regeneration.59,60,100,101

Arid1a supports hepatocyte reprogramming by facilitating
binding of YAP to genes associated with a liver progenitor cell
state.102 However, the upstream regulatory signals promoting
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YAP signalling in zone 1 remain elusive. A recent study showed
that Kupffer cell-derived IL6 induced SOX9 in hepatocytes via
STAT3 signalling,103 indicating that several pathways collectively
induce reprogramming via SOX9 induction.

Hepatocyte reprogramming has also been observed after zone
3 injury (Fig. 2B). Following ablation of pericentral hepatocytes,
neighbouring zone 2 hepatocytes upregulated WNT/b-catenin
signalling and acquired zone 3 identity to restore metabolic
zonation.85,104,105 This fate adoption is likely induced by locally
confined secretion of WNT and RSPO ligands from the central
vein endothelium and neighbouring sinusoidal endothelial
cells.25,43 Transient fetal reprogramming of peri-injury hepato-
cytes, which subsequently adopted a zone 3 fate and contributed
to local repair, suggests that hepatocytes in this zone have high
plasticity104 (Fig. 2B). During pan-zonal regeneration induced by
partial hepatectomy, hepatocytes across the liver underwent
transient fetal reprogramming to acquire proliferative poten-
tial.106,107 Hepatocytes also underwent an EMT (epithelial-
mesenchymal transition)-like response to enable them to grow
in a TGFb-enriched microenvironment.108 Injury-dependent
upregulation of AXIN2 in hepatocytes across the lobule sug-
gests that hepatocytes can acquire a regenerative signature on
demand.85 In response to cholestatic injury, BECs upregulate
WNT ligands.57,94,109,110 To which extent this mediates biliary
repair or induction of BEC markers in hepatocytes,110,111

hepatocyte-mediated regeneration57 or even BEC-to-hepatocyte
transdifferentiation,112 requires further investigation.

When hepatocyte-mediated regeneration is impaired,
following chronic injury and induction of hepatocyte senescence,
BECs can transdifferentiate into zone 1 hepatocytes which sub-
sequentially proliferate and repopulate other lobular zones112–118

(Fig. 2A), and the new hepatocytes are reported to persist long-
term and through chronic injury.113,119 Several markers have
been proposed to mark BEC subsets with liver progenitor cell
(LPC) potential, including CD24/CD133,119 FOXL1120–122 and
TWEAK/FN14.123 It was further suggested that BEC-to-
hepatocyte transdifferentiation occurs through a CK19+/
HNF4a+ bi-phenotypic state113 and that Notch and WNT/b-cat-
enin signalling,124,125 as well as TET1/YAP signalling126 are
involved in LPC fate decisions. However, definitive dual-
recombinase lineage-tracing studies labelling BEC subsets with
LPC potential have been missing. Only recently, such studies
identified bipotential CK19+/HNF4a+ transient LPCs (TLPCs) that
emerge from BECs following severe liver injury and trans-
differentiate into hepatocytes or differentiate back into BECs.
Mechanistically, NOTCH and WNT/b-catenin signalling orches-
trate the stepwise BEC-TLPC-hepatocyte transdifferentiation
process. The appearance of CK19+/HNF4a+ BECs in most human
liver disease indications correlates with the degree of hepatocyte
senescence.112 Whether CK19+/HNF4a+ BECs in patients
contribute to liver regeneration, as well as the mechanisms
linking hepatocyte senescence to the induction of TLPCs, remain
to be studied. It is also possible that the HNF4a- LPCs described
above additionally contribute to the formation of new hepato-
cytes during liver regeneration.

Inverse correlation between homeostatic hepatocyte
proliferation and metabolic function
Following liver injury, hepatocytes re-enter the cell cycle to
restore the hepatocyte pool and liver mass. The signalling
mechanisms regulating hepatocyte proliferation after liver injury
are well reviewed elsewhere (73,74 as examples). In brief,
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redundancies between multiple signalling pathways ensure that
hepatocytes proliferate to restore liver mass. For example, HGF
(ligand of the MET receptor) and ligands of EGFR are direct mi-
togens on hepatocytes. While MET or EGFR signalling alone can
compensate for one another, blocking both signalling pathways
results in deficient liver regeneration, with respect to original
liver mass, and animal death after partial hepatectomy.127–129

Another example of redundancies that secure liver regrowth
following partial hepatectomy is insulin-mTORC1 activation,
which can compensate for loss of WNT/b-catenin signalling.130

In addition to restoring liver mass, hepatic metabolism and
hepatocyte identity need to be adapted to the changing energy
demands of regenerating hepatocytes. At the same time, vital
liver functions must be maintained. Several studies suggest that
hepatocyte proliferation leads to metabolic remodelling and that
hepatocytes across the liver can adapt dynamically to changes
during regeneration106,107,131–135 (Fig. 2C). Following partial
hepatectomy, a subset of hepatocytes transiently acquired an
early-postnatal-like gene expression programme to proliferate,
while other hepatocytes became metabolically hyperactive to
compensate for any temporary deficits in liver function.106

Interestingly, some hepatocytes retained chromatin landscapes
and transcriptomics of metabolically active uninjured hepato-
cytes, while others showed changing chromatin and expression
signatures suggesting transient fetal reprogramming.107 More-
over, other liver injury models suggest division of labour by
confining different hepatocyte identities across the lobule. Dur-
ing two distinct phases of regeneration, macrophage-derived
WNT ligands were required for functional compensation and
induction of metabolic gene expression, whereas endothelium-
derived WNT ligands were more important for inducing hepa-
tocyte proliferation.134 It is conceivable that the porto-central
wave of hepatocyte proliferation following partial hepatectomy,
induced by a preceding wave of WNT/b-catenin signalling in-
duction, also contributes to maintaining liver function by
distributing proliferation events cross the lobule over time.

Proliferation of specialised hepatocytes during liver
regeneration
In addition to plasticity and division of labour to meet the needs
of a regenerating liver, the intrinsic regenerative potential of
hepatocytes is another important factor. A prevailing theory over
the last several decades is that all hepatocytes have similar
regenerative potential (Fig. 3A). A recent update to this theory is
that hepatocytes transiently undergo reprogramming (EMT, or
fetal gene expression) as they proliferate.104,108 Challenging the
prevailing theory, several recent studies demonstrated that he-
patocyte regenerative potential is heterogenous, with some he-
patocytes shown to be more regenerative than others. However,
a complicating factor in these experiments is that the results
may depend on the type of injury. Zone 1 SOX9+ hepatocytes
next to the bile ducts expanded throughout the lobule, giving
rise to large clones when CCl4 was applied repeatedly to damage
zone 3 hepatocytes60 (Fig. 3B). However, proliferation during
regeneration in the CCl4 model was not limited to SOX9+ hepa-
tocytes. Zone 2 hepatocytes labelled by AAV8-TBG-Cre or
CreERT2 expressed from the Hamp2 or Mup3 promoters also
proliferated and clonally expanded.86,88 Additionally, injury to
zone 1 by allyl alcohol injection or 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) diet was compensated by proliferation
of hepatocytes in zones 2 and 3.85,86,88 A recent study shows that
zone 2 hepatocytes traced by Igfbp2-CreER proliferate more
8vol. 5 j 100779
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during regeneration after partial hepatectomy and during preg-
nancy. Additionally, they can replace zone 3 and 1 hepatocytes
after CCl4- or DDC-induced injury, and their proliferation is
nutritionally regulated136 (Fig. 3C).

Rare distributed high telomerase-expressing hepatocytes
were observed to be highly regenerative, giving rise to 38% of the
parenchyma after 1 month of DDC-induced injury89 (Fig. 3D).
However, �80% of hepatocytes randomly labelled by AAV8-TBG-
Cre gave rise to expanding hepatocyte clones in mouse livers
subjected to repeated CCl4 injury, indicating that proliferative
hepatocytes are relatively abundant.88 Additionally, hepatocytes
traced from the Hamp2 and Mup3 promoters readily gave rise to
hepatocyte clusters after CCl4 and DDC injury.86

Whether hepatocyte regenerative potential is linked to ploidy
is controversial. Livers enriched for diploid hepatocytes showed a
regeneration advantage over normal adult mouse livers with
�90% polyploid hepatocytes38 (Fig. 3E). However, polyploid he-
patocytes marked by a multicolour reporter system appeared to
be as proliferative as diploid hepatocytes in mouse models of
hepatocyte transplantation and liver regeneration.137

An interesting but less well understood population of hepa-
tocytes are the small hepatocytes found in retrorsine-treated rat
livers138–140 and the small Thy1+ hepatocytes observed in rat
livers following galactosamine-induced injury141 (Fig. 3F). These
small hepatocytes were reported to have robust regenerative
properties. While it was speculated that they arise from putative
progenitor cells in the bile ducts,142 a number of different ap-
proaches demonstrated that hepatocytes are the source of small
hepatocytes.143–146 These small hepatocytes could be further
characterised by lineage-tracing experiments.

As summarised in Table 1, several studies have recently
demonstrated a unique set of proliferative hepatocytes during
liver regeneration. It remains to be resolved whether these
populations are each uniquely regenerative, or whether there is
overlap between them. Additionally, investigating whether
JHEP Reports 2023
increased proliferative potential is due to the hepatocytes’
unique identity, or due to the influences of their surrounding
environment, which is affected by the type of injury, is important
to understanding the extent to which different hepatocyte
identities translate into regenerative potential.
Heterogeneity among hepatocytes during liver
disease
Injury-related differences in hepatocyte identity are also relevant
during liver disease. Many of the CYP450 enzymes, which are
responsible for metabolising drugs and xenobiotics, are
expressed in pericentral hepatocytes. Associated toxic metabo-
lites therefore predominantly damage hepatocytes in this
zone.147 Examples include alcohol148 and paracetamol,149 which
damage pericentral hepatocytes and are responsible for the
majority of fatal acute liver injury cases. Cholangiopathies,
including primary biliary cirrhosis or primary sclerosing chol-
angitis, often promote damage in periportal hepatocytes due to
accumulation of cytotoxic bile in this area.150,151 Such cholestatic
injury also activates YAP signalling and thereby reprogrammes
periportal hepatocytes, reducing the amount of metabolically
active workers in this zone.57,94,102 Mutations in the periportal
hepatocyte-enriched genes HSD17B13152 and PNPLA3153 are
associated with NASH, although the role of the spatially confined
proteins in the pathophysiology of NASH remains to be fully
elucidated. Steatosis in adults with non-alcoholic fatty liver dis-
ease (NAFLD) usually begins in pericentral hepatocytes and then
extends into other lobular zones during disease progression.154

Lipotoxicity-induced hepatocyte injury further leads to a loss of
hepatocyte identity and reprogramming, causing loss of meta-
bolic function and the induction of profibrotic and proin-
flammatory factors.155 The exact spatiotemporal mechanisms
responsible for TG accumulation in patients with NAFLD remain
to be further elucidated. The consequences associated with loss
9vol. 5 j 100779
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of hepatocyte identity in zone 1 or 2 were illustrated by the
severe metabolic defects in patients with monogenic liver dis-
ease (reviewed in9). For example, mutations in a single enzyme
(AGXT), predominantly expressed in periportal hepatocytes, re-
sults in a life-threatening condition, primary hyperoxaluria type
1.26,156 How loss of zonal hepatocyte identity and function
contribute to the many detrimental symptoms of chronic liver
disease (e.g. visceral bleeding, hepatic encephalopathy, cachexia
and ascites) requires further assessment.

In addition to loss of zonal hepatocyte identity and hepato-
cyte cell death associated with acute liver failure or chronic liver
disease, insufficient functional hepatic mass either following
hepatic transplantation or after resection, termed small-for-size
syndrome (SFSS), can be fatal. SFSS is associated with a liver
remnant or graft to body weight ratio <0.8% or a remnant to total
liver volume of less than 25%–30%, where the liver is too small to
handle post-operative metabolic demands.157 Accelerating he-
patocyte proliferation and restoring liver function are therefore
considered therapeutic options to promote liver regeneration
and prevent complications associated with SFSS.16 Treatment
with RSPO ligands44,158 or tetravalent FZD-LRP antibodies25

enhanced WNT/b-catenin signalling, accelerated liver regenera-
tion and increased metabolic function in diverse injury models.
While this may offer therapeutic potential for patients with
acute or chronic liver injury, balancing WNT/b-catenin pathway
activation will likely be important to prevent metabolic reprog-
raming of periportal hepatocytes into pericentral hepatocytes
and the associated loss of periportal metabolic gene
expression.22

Maladaptive repair in the liver is another complication asso-
ciated with loss of hepatocyte identity. Persistent injury and
induction of a pro-proliferative programme in hepatocytes not
only reduces the availability of metabolically active hepatocytes,
but also increases the risk of tumour formation. Many patients
with chronic liver disease are at an increased risk of developing
hepatocellular carcinoma (HCC) or cholangiocellular carci-
noma.159,160 While HCC is more frequent in patients with zone 3
injury, such as NASH or alcohol-related liver disease,160 chol-
angiocellular carcinoma risk is dramatically increased in patients
with persistent periportal injury, e.g. in those with primary
sclerosing cholangitis.159 Likewise, the fibrotic ‘wound healing’
response is tightly linked to zonal injury and changes in hepa-
tocyte identity via reprogramming.155,159,160 Activating mutations
in the WNT/b-catenin pathway are frequently found in liver tu-
mours and hepatocytes with high WNT/b-catenin activity are
highly susceptible to malignant transformation in experimental
tumour models.50,90,91,85 Constant pericentral WNT/b-catenin
signalling, which is required to ensure metabolic zonation and
function, depends on tight control mechanisms to prevent un-
wanted proliferation. Redundant regulatory mechanisms, such as
the two ubiquitin ligases ZNRF3 and RNF43,22,92 therefore bal-
ance WNT/b-catenin activity and prevent tumour formation.
Frequent mutations in HCC in downstream pathway nodes, such
as AXIN1-inactivating or b-catenin-stabilising mutations, high-
light the risk associated with uncontrolled WNT/b-catenin sig-
nalling in hepatocytes91 (Fig. 2C).

In addition, chronically damaged livers can induce significant
changes to their hepatocyte composition. Whole exome and
ultra-deep sequencing from the non-dysplastic tissue in livers of
patients with cirrhosis showed recurrent mutations in several
genes that promote clonal expansion.161 During regeneration, the
JHEP Reports 2023
polyploid hepatocyte population has been shown to shift from
predominantly cellular polyploid to nuclear polyploid,31 possibly
via pathological processes. For example, highly polyploid
mononucleated hepatocytes observed in mouse models of
NAFLD arise via activation of the ATR-p53-p21 pathway from
oxidative stress, delaying the S to G2 transition and leading to
endoreplication.72 Telomere deprotection162 and infection by
HBV or HCV163,164 were also reported to promote polyploidisa-
tion via unknown mechanisms. The consequences of these
changes are not fully understood and may involve altered
metabolism or a pre-disposition to cancer.31,161
Conclusions and future directions
Despite differences in gene expression, hepatocytes appear to be
the samecell type and canadoptgeneexpressioncharacteristics of
each zone depending on their surrounding environment. As
described in previous sections, changes, for example in porto-
central WNT/b-catenin activity or oxygen gradient, can signifi-
cantly affect hepatocyte identity.9,41,91 Additionally, lineage-
tracing data have shown that hepatocytes in the different zones
can adopt the gene expression programme of the new zone they
reside in.49,60,84,86 Transient changes in hepatocyte identity are
required when hepatocytes re-enter the cell cycle in response to
injury, while others increase metabolic function to maintain he-
paticmetabolism.25,104,106,107,134Unfortunately, persistent changes
in hepatocyte identity are associated with most liver diseases and
are often accompanied by severe hepatic and systemic conse-
quences.9More research is required todissect howspatiotemporal
hepatocyte identity is controlled during liver homeostasis,
regeneration, and disease. This may enable the design of novel
therapies that restore locally confined liver function to help pa-
tients with various acute or chronic liver diseases. Likewise, un-
derstanding howpersisting changes in hepatocyte identity trigger
inflammation, fibrosis and cancer could help prevent the vicious
cycle associated with maladaptive liver repair.

One important area for future research is the development of
biomarkers to monitor pericentral metabolic function. The
LiMAX exhalation test can measure CYP1A2 function as a pre-
dictor of post-operative liver function.165 However, the majority
of routine liver function tests only measure the function of per-
iportal hepatocytes (e.g. serum albumin detection, prothrombin
time or lactate dehydrogenase measurements) or assess hepa-
tocyte damage (e.g. measurement of transaminases).166

Expanding the possibilities to non-invasively measure the func-
tion of hepatocytes in different lobular zones could not only help
to better classify disease stages (e.g. in NASH and alcohol-related
liver disease changes in hepatocyte identity extend from zone 3
into zone 1 with disease progression), but also to target therapies
to the right patient population. Ultimately, they could also serve
as an early predictor for severe systemic complications like he-
patic encephalopathy.

Another area where spatial differences in hepatocyte identity
are still mostly ignored is in vitro assay. Mechanistic studies and
pharmacokinetic assessments in primary hepatocytes or
hepatocyte-derived cell lines are key components of most
research projects and drug discovery campaigns.167 Although
partially zonated metabolism has been established in vitro,168–170

complex in vitro systems reflecting the full repertoire of differ-
ential hepatocyte identities in the liver do not exist. While pri-
mary hepatocytes retain some metabolic function in short-term
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experiments, prolonged culture or use of hepatocyte-like cell
systems dramatically changes their metabolic identity. Moreover,
3D culture systems and organoids are not yet capable of recon-
structing the complex diversity of hepatocyte identity and
JHEP Reports 2023
metabolic zonation found in a liver.171 Improving ex vivo systems
by modulating hepatocyte identity to the zone that is studied
would significantly advance the possibilities to study meta-
bolism outside of the liver.
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