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Abstract

The liver is a unique parenchymal organ with a regenerative capacity allowing it
to restore up to 70% of its volume. Although knowledge of this phenomenon
dates back to Greek mythology (the story of Prometheus), many aspects of liver
regeneration are still not understood. A variety of different factors, including
inflammatory cytokines, growth factors, and bile acids, promote liver
regeneration and control the final size of the organ during typical regeneration,
which is performed by mature hepatocytes, and during alternative regeneration,
which is performed by recently identified resident stem cells called “hepatic
progenitor cells”. Hepatic progenitor cells drive liver regeneration when
hepatocytes are unable to restore the liver mass, such as in cases of chronic injury
or excessive acute injury. In liver maintenance, the body mass ratio is essential for
homeostasis because the liver has numerous functions; therefore, a greater
understanding of this process will lead to better control of liver injuries, improved
transplantation of small grafts and the discovery of new methods for the
treatment of liver diseases. The current review sheds light on the key molecular
pathways and cells involved in typical and progenitor-dependent liver mass
regeneration after various acute or chronic injuries. Subsequent studies and a
better understanding of liver regeneration will lead to the development of new
therapeutic methods for liver diseases.

Key Words: Liver regeneration; Molecular pathways; Hepatic progenitor cells; Cytokines;
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Core Tip: The liver is a unique parenchymal organ with a regenerative capacity that can
restore up to 70% of its volume. A variety of different factors and signaling pathways
are involved in the process of liver mass regeneration during the priming, proliferative
and termination phases. This review describes the types of liver regeneration, the
phases of typical liver regeneration, the cell types involved in liver regeneration, the
process of alternative liver regeneration, and the stem cells and micro ribonucleic acids
that play roles in liver mass regeneration.
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INTRODUCTION

The capacity of the liver to regenerate has been well known since the myths of
Prometheus, who was banished from Olympus by Zeus. Legend has it that eagles
pecked out half of his liver every day, but because the liver regrew during the night,
the hero endured never-ending torture!’. Today, many centuries after these events,
liver regeneration is a universally known phenomenon that has been studied at the
molecular and cellular levels. However, many aspects remain unclear!.

Liver regeneration is a complex process regulated by the interaction between
growth factors and cytokines secreted near the site of injury or transferred to the liver
by the blood. This strictly orchestrated process is divided into 3 phases: Priming,
proliferation, and termination®. The sum of all signals that sense the physiologically
necessary liver mass is called the "hepatostat”, which can initiate and terminate liver
regeneration”. This phenomenon reflects the correlation between the needs of
organisms and the organ mass that is required for homeostasis®.

A better understanding of liver regeneration mechanisms will help improve the
methods used to treat various organ diseases, prevent hepatic failure in high-risk
patients, control liver grafts for transplantation, and morel’. Importantly, the term
"liver regeneration" is used improperly because during actual regeneration, not only
the function of the organ but also the morphology is restored whereas only
compensatory hypertrophy occurs in the liver. Second, mature hepatocytes are the
source of new liver cells, not stem cells; however, stem cells play an important role in
some cases of liver regeneration!l. However, the term "liver regeneration" is widely
accepted and the most commonly used term!l.

TYPES OF LIVER REGENERATION

Until recently, it was believed that the liver mass after partial hepatectomy (PH) or
injury recovers via hepatocyte proliferation for 1-2 cell cycles; however, recent studies
have shown that different stimuli define the type of liver regeneration that occurs!.
There are two known types of liver regeneration: The first is conducted through the
hypertrophy and/or hyperplasia of hepatocytes and biliary epithelial cells (BECs) and
is called typical regeneration. Typical regeneration is specific to a healthy liver that
was exposed to resection or an acute liver injury; conversely, progenitor-dependent
regeneration requires the reprogramming of specific hepatic cells, whose activation
depends on the volume of the residual liver mass. Progenitor-dependent regeneration
is specific to chronic liver diseases and massive acute liver injuries!""'l. Thus, a 2/3
hepatectomy leads to the immediate hypertrophy of hepatocytes and further
hyperplasia, whereas a 1/3 hepatectomy only triggers cell hypertrophy. Various
chronic diseases and massive injuries initiate the activation of hepatic progenitor cells
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(HPCs), which are responsible for liver regeneration!’. Consequently, typical liver
regeneration is driven by mature hepatocytes and BECs, whereas the alternative
regeneration method is performed by HPCs!"!l.

TYPICAL LIVER REGENERATION

PH causes a hemodynamic disturbance, expressed as a portal pressure escalation,
which serves as a regeneration stimulus. Consequently, hepatocytes, BECs, Ito cells,
Kupffer cells (KC) and sinusoid endothelial cells (SECs) are proliferated. Interestingly,
hepatocytes proliferate first, whereas BECs start to proliferate only 2-3 d after PH.
After a 2/3 PH, the hepatocytes go through one cycle of DNA synthesis, which is
required for the restoration of 60% of the liver mass. In the following stages, several
but not all hepatocytes continue to proliferate to achieve complete liver recovery.
Afterward, apoptotic activity increases with the purpose of correcting an excessive
regenerative responsel'”.

Phases of typical liver regeneration

The beginning of each phase is initiated by a certain molecule set released in response
to organ damagel"”). The earliest regeneration drivers are portal pressure changes and
an increasing level of urokinase plasminogen activator (uPA)®*.

Priming phase: During the first phase of regeneration, hepatocytes, driven by various
cytokines, simultaneously enter the G, phase of the cell cyclel'’l.

The increasing blood pressure in the hepatic sinusoids is conditioned by the
incompatibility between the volume of the liver and the volume of inflowing venous
blood™!, which results in a turbulent flow and mechanically stimulates SECs to secrete
large amounts of uPA. uPA promotes plasminogen-plasmin transformation, leading to
matrix metalloproteinase (MMP) activation and fibrinogen degradation. Plasmin and
MMPs are involved in extracellular matrix (ECM) remodeling, resulting in the release
of growth factors, such as hepatocyte growth factor (HGF)"l.

Two proinflammatory cytokines are the main mediators of the first phase: Tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6); these cytokines are secreted
primarily by liver macrophages under the influence of bacterial lipopolysaccharide
and the C3a and C5a components of the complement system!. IL-6 drives the acute
phase response and initiates cytoprotection and the proliferation of hepatocytes via the
IL-6-IL-6R interaction and the activation of coreceptor glycoprotein 130 (gp130), which
activates the Janus kinase (JAK)/signal transducer and activator of transcription
(STAT), Mitogen-activated protein kinase (MAPK) and PI3K/AKT signaling
pathways>'l. Although gp130 is present on the surface of most cells, IL-6R is primarily
located on hepatocytes. However, there are also soluble IL-6Rs that initiate the trans-
signaling pathway within cells lacking IL-6R and enhance the regenerative response of
hepatocytesl’. Fazel Modares et al'"! elicited the crucial role of the trans-signaling
pathway in liver regeneration after PH because hepatocyte IL-6R activation alone was
not sufficient to initiate cell proliferation. TNF-a has two main functions: It activates
the NF-xp signaling pathway through direct interaction with TNF-R1 on Kupffer cell
surfaces and through the indirect induction of inhibitory KB kinase; it also stimulates
hepatocyte c-Jun N-terminal kinase (JNK). JNK phosphorylates the c-Jun transcription
factor in the nucleus to induce cyclin-dependent kinase 1 transcription, which activates
hepatocyte proliferation!®.

The augmenter of liver regeneration (ALR) protein, which has three isoforms (15, 21
and 23 kDa) and is expressed primarily in the liver, testes, kidneys and brain, plays a
crucial role in liver regeneration. Each isoform of ALR has a different location within
the cell and thus plays a different role!"”l. For example, mitochondrial long-form ALR
translocates proteins and initiates MitoNEEt release, which leads to cell proliferation.
Long-form ALR expression increases in cases of pathology and reduces liver damage,
protects against oxidative stress and endoplasmic reticulum stress by decreasing Ca++
levels, and has an antimetastatic effect on hepatocellular carcinoma (HCC).
Cytoplasmic short-form ALR enhances the hepatocyte response to IL-6 by inducing
the phosphorylation of STAT3; it also has an antimetastatic effect on hepatoma by
inhibiting the migrative and invasive capacity of cells®l. After PH, the ALR
concentration increases immediately and activates MAPK signaling; enhances IL-6,
TNF-a and inducible nitricoxide synthase production by Kupffer cells; and inhibits
NK cell activity. Short-form ALR protects hepatocytes by inhibiting apoptosis
stimuli*!l.
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Proliferative phase

During the second phase of liver regeneration, the G1/M phase transition occurs,
which is driven by two groups of mitogens: Complete mitogens, including HGF, TGF-
a, epidermal growth factor (EGF), and HB-EGF; and the stimulation of DNA synthesis
and cell proliferation via Ras-MAPK and PI3K/AKT signaling activation and auxiliary
mitogens, including bile acids, vascular endothelial growth factor (VEGF), norad-
renalin, insulin-like growth factors (IGFs), estrogen and serotonin'l.

HGEF is produced by mesenchymal liver cells and interacts with the methionine
(MET) receptor, leading to PI3K and MAPK signaling protein phosphorylation
followed by PIBK/AKT and extracellular-signal-regulated kinase 1/2 signaling
activation. This process results in the proliferation, migration, and differentiation of
liver cells and antiapoptotic effects!>”l. Epidermal growth factor receptor (EGFR)-
transmembrane receptors with tyrosine kinase activity interact with EGF, TGFa,
amphiregulin (AR), epigen, and HB-EGF, leading to MAPK, PI3K/ AKT-mammalian
target of rapamycin (mTOR) and STAT signaling activation, which drives hepatocyte
proliferation™!. Natarajan et al™! identified impaired liver regenerative capacity and
delayed cyclin D1 expression in mice lacking EGFR.

Nuclear factor erythroid 2-related factor 2 (NRF2) transcription factors, which
regulate a wide range of genes including antioxidant proteins and detoxifying
enzymes, are activated in response to increased reactive oxygen species levels. The
expression of this molecule increases in the earliest stages of liver regeneration as a
result of cellular damagel!. Zou et al*"! discovered the important role of Nrf2 in the
regulation of cell cycle progression in mice. Nfr2 is a transcriptional suppressor of
Cyclin A2 and a regulator of the Weel/Cdc2/Cyclin Bl pathway, which controls the
beginning of the M phase”. Nfr2 also regulates hepatocyte proliferation by
modulating the insulin/IGF-1 and Notchl signaling activities and facilitates the
capability of hepatocyte nuclear factor 4 alpha (HNF4a) to keep newly formed
hepatocytes in a differentiated state!*.

Bile acids are the main end products of cholesterol metabolism and are synthesized
exclusively in the liver, where they function as signaling molecules that activate
membrane G-protein-coupled BA receptor 1 (or TGR5) and nuclear farnesoid X
receptor (FXR)™). After the loss of liver mass due to PH, the bile acids concentration
increases during the first minute, which leads to FXR activation, resulting in inhibited
BA synthesis and induction of the FOXM1B genell. FOXMIB is a transcription factor
that regulates DNA synthesis and mitosis via cyclin-dependent kinase 2 (CDK2)
activation, which is required for the G1/S transition and CDK1 activation and is
responsible for the S/M transition”. FXR activation also appears in enterocytes and
leads to the induction of fibroblast growth factor (FGF)15/FGF19 expression. The
Fgfrd/pB-Klotho receptor, which is located on the hepatocyte surface, inhibits BA
synthesis and activates the cell cycle via FOXM1B induction when activated!™.
Fgfrd/pB-Klotho activation also regulates the termination of liver regeneration and
terminal organ size. Kong et al”! showed that mice with enhanced Fgf15 expression
have the most active Hippo signaling pathway, which induces cellular senescence and
suppresses transcriptional activation. TGR5, which is located on KC, SEC and BEC
surfaces, leads to cAMP induction and nuclear factor kappa B (NF-kB)-signaling
inhibition™]. As a result, decreased proinflammatory cytokine synthesis occurs in KCs
and bone marrow macrophages via the protein kinase B-dependent activation of the
mTORFL. TGRS protects the liver from BA overload by increasing its excretion with
urine; it also enhances the secretion of HCO; and Cl and controls BA polarity because
inordinately hydrophobic molecules can damage the regenerating liver!™.

Wnt ligands are glycoproteins secreted by nonparenchymal liver cells, mostly KCs
and SECs, and are crucial molecules of liver regeneration”. Wnt ligands lead to the
integration of Axin into the cytoplasmic membrane through interaction with the
Frizzled receptor and the coreceptors LRP5/6, resulting in impaired function of the p-
catenin degradation complex. Therefore, Wnt ligands lead to B-catenin accumulation,
followed by its translocation to the nucleus and interaction with members of the
transcriptional T cell factor family, resulting in target gene transcription, for example,
of cyclin D1, leading to hepatocyte proliferation™. Preziosi et al®! identified the
constitutional secretion of Wnt2 and Wnt9b by central vein endotheliocytes and the
essential role of these molecules in the basal activation of B-catenin and metabolic
zonation of hepatocytes. PH leads to increased Wnt2 and Wnt4 expressions within all
zones of the hepatic acinus and the additional secretion of Wnt9b and Wnt5b within
the pericentral zone during the first 12 h. This leads to a 7-8-fold increase in cyclin D1
expression within the periportal and intermediate zones and 20-and 100-fold increases
in glutamine synthetase expression within the intermediate zone and the pericentral
zone, respectively. The role of increased glutamine synthetase expression remains
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unknown but is thought to be an enhancer of pericentral detoxification since the other
2/3 of hepatocytes restore organ mass™..

The Hedgehog (Hh) signaling pathway is a morphogenic pathway that regulates
embryonic development and is implicated in homeostasis maintenance*l. Among
vertebrates, this pathway is activated within a special organelle, the primary cilium
(PC), via the interaction of Hh ligands Sonic hedgehog, Indian hedgehog and Desert
hedgehog and the Ptched receptor*l. After that, phosphatidylinositol 4-phosphatel*’,
sumoylated molecules and cholesterol*! form a complex with smoothened (Smo),
which leads to its activation. Activated Smo dislocates to the apex of the PC and
activates Glis (including Glil, Gli2 and Gli3), which then translate to the nucleus and
regulate gene transcription”. The said pathway is canonical, but there are also
different types of noncanonical Hh signaling pathways; for example, the Smo-free
activation of Glis or the Hh pathway arises beyond the PC"~"l. Ochoa et al*"! identified
a meaningful role of Hh signaling in liver regeneration. PH leads to Hip inhibition,
thus activating the Hh pathway via an increase in the Indian hedgehog level in the
replicative period and an increase in the Sonic hedgehog level in the postreplicative
period™. Platelet-derived growth factor, TGF-, and EGF are secreted in response to
liver damage induced by JNK-dependent Hh ligand synthesis!**"l. Hh signaling
activation occurs within hepatocytes, Ito cells®! and BECs, leading to ECM
remodeling, progenitor cell expansion and liver epithelial cell proliferation!*.
Additionally, Hh signaling controls Yes-associated protein 1 (YAP) of activated Ito
cells™.. The Hh-YAP signaling pathway induces the glutaminolysis required for Ito
cell activation to regulate liver regeneration!. Furthermore, Hh signaling facilitates
cell survival via inhibiting hepatocytes, BECs, Ito cells and progenitor cell apoptosis™.

Notch signaling is an important pathway in embryonic development, homeostasis
maintenance, and liver regeneration. Mammals have 4 types of receptors for this
pathway (Notchl, Notch2, Notch3, and Notch4); Notchl and Notch2 are located
primarily on BECs and HPCs whereas Notch3 and Notch4 are expressed by the
mesenchymal compartment of the liver and are poorly represented on epithelial liver
cells. JAG-1 and DLL-4 are ligands of Notch signaling that are expressed in the liver™.
The main role of this pathway in liver development is the JAG1-NOTCH?2 interaction,
which results in the differentiation of hepatoblasts to BECs and the development of the
intrahepatic biliary tree®™. Lu ef al® showed that the role of the Notch-RBP]
interaction is to drive HPC differentiation to BECs via Yap inactivation after PH in
mice. The direction of HPC differentiation is defined by the balance of NOTCH
signaling and Wnt ligands!*’\. Ortica et al'"! pointed out the important role of Notch3 in
HPC differentiation to hepatocytes. Zhang et al*? elicited the regulatory role of Notch
signaling in hepatocyte proliferation via the NICD/Akt/Hif-1a pathway after PH,
whereas its inhibition leads to delayed S phase entry, impaired S phase and M phase
progression, and the loss of the hepatocyte mitotic rhythm due to cyclin E1, A2 and Bl
dysregulation. Yang et all demonstrated the involvement of Notch signaling in the
regeneration of 8 types of liver cells, which is performed by the activity of 9 different
pathways and regulates cellular proliferation, apoptosis, the cell cycle, etc.

Termination phase

When the needed liver mass: Body mass ratio is achieved, cellular proliferation stops
due to inhibitory molecules that control the rapidity and direction of liver
regeneration. Among the inhibitors of cell proliferation, IL-1, which is synthesized by
nonparenchymal liver cells, inhibits the DNA synthesis induced by HGF, EGF and
TGEF-a. IL-6 is multifunctional and plays a role as both a liver regeneration inducer and
inhibitor; its effect depends on the time and dose of the molecule. The IL-6-dependent
inhibition of proliferation is likely to occur by increasing p21 expression!®l. The
JAK/STAT signaling pathway is inhibited by 8 members of the SOCS family of
proteins; hereafter, only SOCS1 and SOCS3 contain the extended SH2 and kinase
inhibitory region. SOCS1 directly binds and inhibits JAK, whereas SOCS3 binds to
cytokine receptors, forms a complex with JAK and inhibits the STAT3 signaling
pathway. SOCS3 is the main suppressor of the signaling pathway activated by IL-6; it
inhibits the phosphorylation of coreceptor gp130, JAK and STAT3. SOCS1 negatively
regulates the hepatocyte proliferation induced by HGF via c-MET signaling inhibition
and likely regulates the TNF-a levels because it interacts with toll-interleukin 1
receptor domain-containing adaptor protein, which drives the synthesis of a current
mediator!™.

Some TGF-p family members function as inhibitors of proliferation. In particular,
TGF-B1 plays a special role in binding to receptor types 1 and 2 and inducing cell
apoptosis to correct an excessive liver mass. Outside of the liver, TGF-p1 is synthesized
in platelets and the spleen. The spleen might be involved in the termination phase for
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it inhibits HGF and its c-MET receptor expression. In this regard, splenectomy leads to
increased hepatocyte proliferation in the first 48 h after PH. Other members of the
TGF-f family are involved in the termination phase of liver regeneration, including
activin A-hepatocyte proliferation inhibitors and bone morphogenetic proteins
(BMPs)Fl. BMP9 is expressed exclusively by liver tissues and in part by hepatocytes.
BMP9 regulates a variety of biological functions such as glucose and lipid metabolism,
angiogenesis, oncogenesis, and fibrogenesis, and it affects liver regeneration after
acute injuries™. Addante et al”! reported a regulatory function of BMP9 over HPCs
that is affected by anaplastic lymphoma kinase 2 type I receptor activation, resulting in
SMAD 1, 5, and 8 induction, HPC apoptosis stimulation, and a reduction in HPCs.
Apart from its negative influence on liver regeneration, BMP9 also has profibrogenic
activity and promotes HCC proliferation and invasion. Additionally, BMP9 enhances
the expression of TLR4 on the SEC surface, leading to inflammatory cell recruitment.
Therapy with anti-BMP-9/ anaplastic lymphoma kinase 1 can potentially enhance
hepatocyte proliferation among patients with chronic liver diseases and decrease the
probability of fibrosis and HCC development!*l.

HNF4-a regulates hepatocyte differentiation and, according to Huck et all*’,
promotes the termination of liver regeneration. The expression of the current molecule
significantly decreased during the priming phase and increased during the following
phases, which is necessary for termination and hepatocyte function recovery after
PH". HNF4-a is a YAP and TGF-B/SMAD3 antagonist; therefore, decreased expres-
sion of this molecule stimulates promitogenic functions and activates connective tissue
growth factor. Increased HNF4-a expression during the subsequent phases of
regeneration prevents the excessive synthesis of connective tissue and therefore
fibrosis"”l. Hnf4-a also leads to the inhibition of HPC proliferation and migration in
rats!’!l,

Integrin-linked kinase is a suppressor of hepatocyte proliferation that is located
under the cytoplasmic membrane and is associated with a3/b1 integrins of the ECM.
Interruption of this connection results in hepatostat imbalance and excessive liver
mass. Focal adhesion kinase is also associated with a3/bl integrin and promotes
hepatocyte proliferation!.

The Hippo signaling pathway is a crucial regulator of the terminal organ size within
mammals. The key component of the mammalian Hippo pathway is a kinase cascade
in which the Ste20-like kinases 1/2 phosphorylate and activate large tumor suppressor
1/2, its adapter protein Mps one binder 1, and the transcriptional coactivators Yap and
Taz!™. Phosphorylated Yap and Taz emerge from the nucleus, where they are bound
to transcription factors that control the proliferation and differentiation of cells, such as
TEAD family members™. The Hippo/Yap signaling pathway is likely an integrator of
a large number of alternative growth factor signaling pathways and regulates liver
size by balancing negative and positive regulatory signals. The Hippo signaling
pathway does not have any specific receptors and is regulated by molecules that
control cellular polarity and morphology, intercellular adhesion and other processes.
The activity of this pathway is modulated in response to mechanical deformation and
intercellular adhesion defects and cell adhesion to the intercellular matrix.
Consequently, Hippo signaling senses cellular and tissue integrity”.. Intranuclear Yap
is located in periportal hepatocytes and BECs, whereas pericentral hepatocytes contain
few current molecules, which is exactly the opposite of the constitutive Wnt ligand
content; therefore, current pathways inhibit one another”l. Table 1 summarizes the
main molecular factors in liver regeneration.

Cells involved in liver regeneration
The hepatic acinus is the structural and functional unit of the liver. It consists of three
zones. The hepatocytes in the first zone have a periportal location and are specialized
in gluconeogenesis and the beta-oxidation of fatty acids; conversely, hepatocytes in the
third zone lie pericentral and perform glycolysis, lipogenesis and detoxification.
Therefore, hepatocytes are functionally heterogeneous and express various genes
depending on their localization!””. Experiments performed on mice have mainly
investigated diploid hepatocyte populations within the third zone, which express the
early progenitor cell markers Tbx3 and Axin2 and can proliferate twice as fast as other
hepatocytes. This ability depends on Wnt ligand expression in nearby SECsl"l. Sun
et al” reported that Axin2* pericentral hepatocytes are not confined to the liver stem
cell compartment and do not have an enhanced capacity for proliferation. Cells of
every zone participate in cellular homeostasis. The authors further controverted the
opinion that Axin2* pericentral hepatocytes translocate to the periportal zone. Axin2*
induction was identified in every zone of the acinus during regeneration.

Hybrid hepatocytes, which account for 5% of all hepatocytes, were found in the first
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Table 1 The main factors driving liver regeneration

Factor of regeneration Influence on LR

TNF-a Induction of CDK-1

IL-6 Activation of the JAK/STAT, MAPK, and PI3K/AKT signaling pathways

Hh signaling pathway ECM remodulation; induction of progenitor cell and liver epithelial cell expansion; induction of
glutaminolysis; inhibition of hepatocyte, BEC, Ito cell and progenitor cell apoptosis

ALR IfALR: Enhancement of the hepatocyte response to IL-6 and STAT3 phosphorylation induction.
MAPK signaling pathway activation; NK cells inhibition; increase in IL-6, TNFa and iNOS
production by Kupffer cells, stALR: Inhibition of proapoptotic stimuli

NRF2 Regulation of M phase entry, hepatocyte proliferation, maintenance of newly formed
hepatocytes in a differentiated state

Growth factors (HGF, TGF-a, EGF, HB-EGF) Stimulation of DNA synthesis and cell proliferation via Ras-MAPK and PI3K/AKT signaling
pathway activation

BAs Activation of CDK2, cell cycle, regulation of termination phase and terminate liver size,

Wnt-f3-catenin

Notch signaling pathway

IL-1
SOCSs
TGF-p1, activin A, BMPs

HNF4

Hippo/YAP signaling pathway

decrease in the inflammatory cytokine production, enhancement of BA excretion and HCO3",
CI secretion, control of BA polarity

Hepatocyte proliferation induction

Modulation of HPC differentiation toward BECs, regulation of hepatocyte proliferation, mitotic
rhythms, cyclin E1, A2 and B1

DNA synthesis inhibitor

¢-MET and JAK-STAT signaling pathway inhibition

Induction of apoptosis to correct excessive liver mass

Regulation of hepatocyte differentiation, initiation of the termination phase, antagonism YAP
and TGF-B/SMADBS, prevention of excessive connective tissue synthesis, inhibition of HPC

proliferation and migration

Terminal liver size control

LR: Liver regeneration; TNF-a: Tumor necrosis factor-a; IL-6: Interleukin-6; CDK-1: Cyclin-dependent kinase 1; JAK/STAT: Janus kinase/signal transducer
and activator of transcription; Hh: Hedgehog; ECM: Extracellular matrix; MAPK: Mitogen-activated protein kinase; ALR: Augmenter of liver regeneration;
IfALR: Long-form ALR; sfALR: Short-form ALR; iNOS: Inducible nitric oxide synthase; NRF2: Nuclear factor erythroid 2-related factor 2; BA: Bile acids;
EGF: Epidermal growth factor; HGF: Hepatocyte growth factor; HPC: Hepatic progenitor cells; BEC: Biliary epithelial cells; MET: Methionine; BMP: Bone
morphogenetic proteins; HNF4 : Hepatocyte nuclear factor 4 alpha; YAP: Yes-associated protein.
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zone of acinus. These cells express the hepatic transcription factors Hnf4a and sulfur
oxide (Sox) 9, which are active in BECs. Hybrid hepatocytes are capable of differen-
tiation into BECs and hepatocytes and help recover liver mass after various chronic
diseases!"’l.

In contrast with the regenerative pool of the third zone, cells of the first zone do not
proliferate in the absence of functional damage. The specific marker of periportal
hepatocytes is the major facilitator superfamily domain-containing 2al’l. Liver regene-
ration in the homeostatic state was performed via hepatocyte self-renewal within each
acinus zone. Pu et al®" elicited the capacity of major facilitator superfamily domain-
containing 2a+ hepatocytes to proliferate more actively after PH and to completely
replace pericentral hepatocytes during CCl4™ induced chronic injury. Therefore,
depending on the type and duration of damage, liver regeneration occurs via different
pools of cells!*!l.

Immune cells, including Kupffer cells, circulating monocytes and lymphocytes, play
an important role in liver regeneration. Kupffer cells secrete mediators of proliferation,
such as HGF, IL-6, TNF-a and Wnts, stimulating angiogenesis via VEGF-A secretion.
Circulating monocytes play an important role in the first hours of liver regeneration,
as indicated by the significantly increased number of adhesion molecules on the SEC
surface. Monocytes play a role because it takes time for Kupffer cells to reach the
sinusoids from the space of Dissel”l. Organ damage initiates the release of
chemoattractants, such as osteopontin, monocyte chemoattractant protein-1, and
intercellular adhesion molecule 1, resulting in macrophage recruitment to the liver
where lipopolysaccharide and the C3a and C5a components of the complement system
activate the NF-kB signaling pathway and the synthesis of IL-6 and TNF-a*’l. Apart
from macrophage activation, components of the complement system directly influence
liver regeneration. C5a binds to C5aR1, whose expression on hepatocyte surfaces
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significantly increases during regeneration, inducing cellular growth. C3a and C3b
might facilitate liver regeneration since organ recovery within C3-deficient mice
(C3-/-) was disturbed in a previous experiment!*.

NK and natural killer T cells inhibit regenerative processes via interferon (IFN)-y
secretion, which stimulates the synthesis of antiproliferative proteins, such as STAT1,
IRF-1, and p21CIP1/WAF1, by hepatocytes. The influence of natural killer T cells on
liver regeneration is significantly lower®™®]l. The medium limitation of NK cell
activation is required for normal liver regeneration, which provides the increased
expression of the coinhibitory receptor T cell Ig and ITIM domain (TIGIT) on these cell
surfaces. TIGIT binds to the poliovirus receptor (PVR), which is located on hepatocyte
and Kupffer cell surfaces and results in the inhibition of INF-y secretion by NK cells.
Hepatocyte expression of PVR significantly increased because the current protein is
not only a ligand of NK cell receptors but is also a mediator of cellular growth,
adhesion, migration and immunomodulation. However, the main role of PVR in liver
regeneration seems to be interaction with TIGIT!. Eosinophils are key cells that
secrete IL-4, which stimulates the G1 phase entrance of hepatocytes by binding to
IL4Ra™*.

Hepatic stellate cells (HSCs, Ito cells) are located in the space of Disse and function
in retinoid storage during the inactive stage®*.. Ito cells have regenerative potential
and, in addition to growth factor secretion, can exhibit stem cell properties. Thus,
stellate cells have the capacity to differentiate into HPCs, hepatocytes and BECs based
on the influence of certain cytokines”!l. Ito cells demonstrate this capacity, as
described above, in the case of chronic liver diseases, including cirrhosis”. Swiderska-
Syn et al”! demonstrated that hepatocytes require modulation of the epithelial-
mesenchymal transition in multipotent progenitors derived from HSCs. A crucial role
in this process is canonical Hh signaling. Although Ito cells have characteristics of
multipotent cells, they improve the supportive role of each progenitor pool rather than
nullify the importance of other liver progenitor populations™!. HPC expansion and
infiltration are correlated with ECM remodeling. HSCs engage in the degradation of
collagen, forming an HPC niche that is rich in laminin, hyaluronic acid (HA) and
collagen III, which are necessary for the development of the undifferentiated HPC
phenotype. Collagen type I and fibronectin promote cell cycle arrest and HPC
differentiation into hepatocytes and BECs!"l. Several studies have contradicted the
capacity of HSCs to give rise to an epithelial pool of liver cells in various models of
liver injury and in isolated cell cultures. The sources of hepatocytes and BECs are
mature hepatocytes and bipotential liver progenitor cells”>l. Kordes et al’”! showed
that the pancreatic stellate cells of rats express stem cell markers, such as CD133 and
nestin, and have the possibility to display the p-catenin-dependent Wnt and Notch
signaling pathways, which are required for stem cell maintenance and expansion.
Transplantation of these cells after the surgical removal of 70% of the liver mass and
the inhibition of hepatocyte proliferation (2AAF/PHX) led to the transdifferentiation
of current cells into Hnf4a" hepatocytes and panCK* BECs!”. Further studies in the
given field are required because the role of HSCs in liver regeneration is significant.
Research by Mabuchi et al”™ defined the importance of HSC and hepatocyte
interactions in the early phases of liver regeneration, resulting in HSC activation™!.
Activated stellate cells transdifferentiate into myofibroblasts, secreting ECM
components and cytokines, which drive the proliferation and differentiation of liver
cells™”. Among the cytokines secreted by Ito cells, HGF, lymphotoxin-beta, FGF, IL-6,
NOTCH, delta-like noncanonical Notch ligand 1 and TGF-p1 play important rolest .
HSCs regulate HPC proliferation via the antiproliferative effect of TGF-p1, which
controls the termination phase of liver regeneration. Ito cells regulate the cytokine
profile, affecting various phases of liver mass restoration"l. Konishi et al”’!
demonstrated the intensification of hepatocyte proliferation via HSC activation after
ischemia-reperfusion injury (IRI). Herein, activated YAP and TAZ served as the
inductors of HSC proliferation in the postischemic liver!”..

In addition to playing a role in thrombogenesis, platelets are involved in the
development of inflammation and several syndromes; they also lead to the metastasis
of some tumors and are required for liver regeneration. Previous studies have elicited
impaired regeneration after PH under conditions of thrombocytopenia, whereas an
elevated level of platelets was associated with enhanced regeneration since platelets
produce HGF, Platelet-derived growth factor and TGF-pU'""l. Partial resection or
chronic liver injury leads to platelet accumulation in the sinusoids and space of Disse,
likely via von Willebrand factor (vWF) secretion by SECs!'". vWF plays a crucial role
in the early stages of liver regeneration by promoting platelet adhesion, which is
significantly decreased when anti-vWF antibodies are present. After the initiation of
regeneration, the secretion of vVWF antigens increases. The postoperative level of vWF
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antigens may be used to predict the survival prognosis!'”l. Platelets secrete various
growth factors that positively influence liver regeneration. The most important
secreted cytokines are HGF, IGF and serotonin, which promote hepatocyte
proliferation!'”. Human platelets do not secrete a considerable amount of HGF;
therefore, the primary platelet mediator of liver regeneration is IGF-1. Apart from
hepatocytes, platelets also interact with SECs and Kupffer cells and thus positively
affect liver regeneration. Sphingosine-1-phosphate is secreted by platelets and
stimulates SEC proliferation and IL-6 secretion, which drives DNA synthesis within
hepatocytes. The interaction between platelets and Kupffer cells leads to the activation
of both cells!"”!. Platelets enhance the Kupffer cell secretion of mediators, i.e., TNF-a
and IL-6, that are required for liver regeneration!". Platelets can either activate
angiogenesis or inhibit it, depending on the mediator secreted from a-granules. Thus,
thrombospondin 1 is an antiangiogenic mediator, whereas VEGF has a proangiogenic
function. As long as platelets secrete both of these mediators, the PH outcome depends
on the pattern of a-granule secretion"”l. Since platelets secrete many mitogens, the
transfusion of blood enriched with platelets promotes liver regeneration after PH;
however, it may lead to complications, including fatality™..

A general scheme of the molecular processes involved in the various phases of
typical liver mass regeneration is shown in Figure 1.

PROGENITOR-DEPENDENT LIVER REGENERATION

The mechanisms described above are specific for healthy livers and occur among
living liver donors. However, in most cases, liver resection occurs within patients with
impaired liver function, and subsequent regeneration proceeds in a nonstandard way,
which can lead to hepatic failure and death!"”"l.

Acute liver failure caused by intoxication, viral hepatitis A, B or E, autoimmune
liver disease, efc., is often followed by widespread necrotic and apoptotic zones, and
adequate liver regeneration becomes impossible!'”. During acute liver failure, the
main regenerative role is given to HPCs, as indicated by the increased level of alpha-
fetoprotein (AFP). Therefore, a high AFP level is correlated with a positive prognosis
after acetaminophen-induced liver damagel””. The immune system regulates liver
regeneration via necrotic cell phagocytosis and controls inflammatory reactions in
response to injury. The number of proliferative macrophages in the liver significantly
increases after organ damage, and monocytes are recruited from the bloodstream and
differentiate into macrophages in response to increasing the colony-stimulating factor
1 levels. Colony-stimulating factor 1 injection promotes liver regeneration after PH;
conversely, a low level of the current factor is correlated with a negative patient
prognosis!''l.

Liver steatosis is associated with an impaired regenerative function, in which
GADD34 plays an important role since its increased expression promotes liver
regeneration within mice. IRI often complicates the posttransplantation period and
impairs typical liver regeneration. The current complication is followed by increased
receptor for advanced glycation end product levels, which might be a therapeutic
target. Thus, receptor for advanced glycation end product inhibitor injection leads to a
reduction in organ damage and the induction of liver regeneration. The excessive
synthesis of ECM components by activated HSCs inhibits hepatocyte proliferation,
and if macrophage MMPs do not promote connective tissue restitution, the
angioarchitecture of hepatic lobules is impaired, resulting in cirrhosis!”’l. In the liver,
damage due to cirrhosis and hepatitis B or C often reveals hepatocytes with BEC
markers, such as epithelial cell adhesion molecule (EpCAM), on their surface. The
presence of these intermediate hepatobiliary cells is thought to be explained by their
origin from biliary compartment progenitors!'*l.

Hepatocytes are the main cells driving typical liver regeneration, whereas
alternative liver regeneration is performed by HPCs!™. The process of progenitor-
dependent liver regeneration is shown in Figure 2.

RESIDENT STEM CELLS OF THE LIVER

Therefore, the liver regenerative capacity is significantly impaired during chronic liver
diseases due to the accumulation of senescent hepatocytes!'”'""). In this case, liver mass
restoration is performed by HPCs['"l. HPCs are located in the canals of Hering and
have a bipotential nature; in other words, they can differentiate into both hepatocytes
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Figure 1 Typical liver regeneration. A: Priming phase. Mature hepatocytes undergo the G0-G1 transition driven by interleukin-6 and tumor necrosis factor-a.
Sinusoid endothelial cells produce urokinase plasminogen activator in response to increased blood pressure. Urokinase plasminogen activator activates matrix
metalloproteinase, resulting in extracellular matrix remodeling and the release of growth factors; B: Proliferative phase. Numerous factors, including Wnt-ligands,
growth factors and bile acids, lead to the transcription of cyclin-dependent kinase and cyclins, resulting in the S-M transition and hepatocyte proliferation. Bile acids
also suppress the synthesis of inflammatory cytokines by Kupffer cells; C: Termination phase. Different factors, primarily tumor necrosis factor-$ family members,
initiate the cell cycle arrest of hepatocytes and reversion to the GO phase and cause the apoptosis of newly formed cells to correct the excessive regenerative
response. TNF-a: Tumor necrosis factor-a; IL-6: Interleukin-6; MMP: Matrix metalloproteinase; KC: Kupffer cells; SEC: Sinusoid endothelial cells; HGF: Hepatocyte
growth factor; EGFR: Epidermal growth factor receptor; MAPK: Mitogen-activated protein kinase.
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Figure 2 Progenitor-dependent liver regeneration. In case of excessive acute injury or chronic liver diseases, hepatic progenitor cell activation occurs in
response to different inflammatory cytokines, including tumor necrosis factor-like weak inducer of apoptosis. Depending on the type of stimulus, hepatic progenitor
cells can differentiate into biliary epithelial cells or hepatocytes to restore the liver mass. PV: Portal vein; HA: Hepatic artery; CV: Central vein; BECs: Biliary epithelial
cells; HPCs: Hepatic progenitor cells; HNFs: Hepatocyte nuclear factors.

and BECs, the choice of which is determined by the activation of certain genes!'>'*l.
The canals of Hering connect the hepatocyte canalicular system and the biliary tree,
and such a location of HPCs is consistent with their bipotential features.
Transplantation of current cells leads to liver regeneration enhancement via HPC
proliferation and differentiation, which can be applicable for the treatment of certain
liver diseases!"'*'"”l. CK19, EpCAM and CD133 are markers common to both HPCs and
BECs. Trop2 (Tacstd?2) is a transmembrane molecule that is present on the HPC surface
and absent on BECs; therefore, it can play a role as a specific marker, similar to
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The origin of HPCs is still being researched. Many scientists think that HPCs arise
from mature differentiated BECs due to the presence of similar markers and cell
localization. The expression of hepatocyte markers, such as albumin, AFP and HNF4a,
appears earlier than HPC expansion. Newly formed HPCs have various markers on
their surface, including the BEC markers HNF1b and CK19, which are maintained
until the HPCs differentiate into mature hepatocytes!"”.. Hepatocytes and BECs are
formed from common cells, called hepatoblasts, during the second trimester of
embryonic development. Consequently, the possibility of hepatocyte to BEC
transdifferentiation and vice versa is genetically feasible and might be programmed to
form a facultative pool of progenitors!'.

HPC compartment activation in the human liver is called ductular reaction because
of the role of ductular epithelium activation. In the niche, HPCs are surrounded by
epithelial and nonparenchymal cells, immune cells, and the components of the ECM,
which transport activating signals''®. As long as HPCs drive the regeneration of
massive or chronic damage facilitated by immune cells, inflammatory cytokines, such
as TNF-a, lymphotoxin-f, interferon-y and IL-6, will play a crucial role in HPC
activation. TNF-like weak inducer of apoptosis (TWEAK) is a TNF superfamily
member and the main inducer of HPC activation!""”l. Macrophages and NK cells are
primary sources of TWEAK ligands. The interaction with target cells is realized by
FGF-inducible 14 receptors. The TWEAK/ FGF-inducible 14 interaction leads to
ductular reaction initiation via activation of the NF-«B signaling pathway!*. HPC
regulation is also performed by free oxygen radicals, which act as second messengers,
realizing the balance between self-renewal and the differentiation of current cells. Low
reactive oxygen species levels promote HPC proliferation via extracellular-signal-
regulated kinase 1/2, Jun 1/2, Wnt and NF-kB signaling!"*'.

HPC differentiation into hepatocytes and BECs is regulated by a variety of signaling
pathways. Thus, FGF9, the HGF-c-MET signaling pathway*? and oncostatin M
activate AKT and STAT3, which are required for HPC differentiation into hepatocytes,
whereas HNF-6, HNF-18 and NOTCH signaling lead to BEC development!>'*4. All-
trans retinoic acid is a significant active metabolite of vitamin A that is involved in
HPC differentiation by increasing miR-200a expression, which regulates cell
autophagy!'*l. Ma et al'*! demonstrated the regulatory function of autophagy in HPC
differentiation into hepatocytes via activation of the Wnt/ B-catenin signaling pathway.
Autophagy can also regulate HPC differentiation into BECs since it inhibits the Notch1
signaling pathway, which is required for the development of biliary duct cells.
Therefore, autophagy is decreased during the early stages of liver regeneration*’1.

Recently, a new pool of multipotential biliary progenitor cells, which can
differentiate into hepatocytes, BECs and the islets of Langerhans cells, was identified
in peribiliary glands, which are epithelial invaginations of extrahepatic and large
intrahepatic biliary ducts!'™l. This pool was named biliary tree stem/progenitor cells
(BTSCs). BTSCs express stem cell markers such as Sox17, Pdx1, Sox9, EpCAM, Sall4
and Lgr5 on their surface. BTSCs are primarily involved in biliary epithelium
regeneration in chronic diseases such as primary sclerosing cholangitis, cholangio-
carcinoma, nonanastomotic strictures and biliary atresia!*l.

MICRO RIBONUCLEIC ACIDS AND LIVER REGENERATION

Micro ribonucleic acids (MiRNAs) are short molecules of 19-25 nucleotides in length
that regulate the posttranscriptional silencing of target genes. One miRNA molecule
can regulate hundreds of mRNAs, thus controlling the expression of various
genes!'”". After PH, miRNA expression is primarily decreased (miR-16, miR-22, miR-
23, miR-24, miR-26a, miR-29, miR-30, miR-31, miR-33, miR-122a, miR-126, miR-127,
miR-145, miR-150 and miR-378); however, the expression of certain miRNAs increases
(miR-21, miR-26b, miR-192, miR-194, MiR34a, miR-122, miR-203 and miR-221), thus
affecting the hepatocyte cell cycle!™l. Table 2 summarizes the significant miRNAs in
liver regeneration after PH.

Castro et all”! demonstrated the crucial role of miRNAs in liver regeneration after
PH. Thus, it was demonstrated that the expression of 26 different miRNAs changes
during regeneration, notably in both increasing and decreasing ways. The expressions
of miR-19a, -21, and-214 were significantly increased. MiR-21 transcription is activated
by activator protein 1 (AP-1), which is also required for the activation of the important
Stat3 and TGF-p signaling pathways!"*. Ng et all**! pointed out the regulatory role of
miR-21 in hepatocyte cell cycle events preceding the S phase via the indirect induction
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Table 2 Main micro ribonucleic acids influencing liver regeneration

miRNA Expression change Target genes Influence on LR
miR-21 Increased Rhob, Sox7, Crebl2, Bcl-2, Btg2, Timp3, Reck, Pdcd4, Tgfbi, Smad7, PTEN Induction
miR -19a Increased PTEN Induction
miR-214 Increased PTEN Induction
miR-203 Increased SOCS3 Induction
miR-27a/b Increased Tmubl Induction
miR-503 Decreased Cyclin D1, Cyclin E2, CDC25A, CDKN1B, CHK1 Suppression
miR-23a Decreased TNF-a, c-Myc CCNL2, HNF4AG MET Suppression
miR-150 Decreased TNF-a, survivin, FoxP1, c-Myb Suppression
miR-663 Decreased TGF-f1, AP-1, Jun-B, Jun-D Suppression
miR-378 Decreased Odcl Suppression
miR-34a Decreased INHBB Suppression
miR-33 Decreased CDK6, EEF1A1, RAP2A Suppression
miR-26a Decreased MAP3K2, MXI1, SENP5, CCND2, CCNE2 Suppression

miRNA: Micro ribonucleic acids; PTEN: Phosphatase and tensin homolog; LR: Liver regeneration; TNF-a: Tumor necrosis factor-a; CDK-6: Cyclin-

dependent kinase 6.

of cyclin D1 translation, which occurs due to a reduction in cell cycle inhibitor
expression. MiR-21 has a binding site on Ras homolog gene family member B, whose
expression leads to the suppression of Aktl activation, thus regulating cyclin D1
expression via mMTORC1!'*1. Additionally, miR-21 plays a significant role in decreasing
phosphatase and tensin homolog expression, resulting in increased Akt and mTOR
activities!”. MiR-203 induces liver regeneration via IL-6/STAT3 signaling
enhancement and SOCS3 expression inhibition*. MiR-27a/b regulates hepatocyte
proliferation during regeneration because it suppresses Tmub1l expression!™], which
suppresses the IL-6/STAT3 signaling pathway!" ..

The decreased expression occurs within molecules such as miRs-503, -23a, -150, -663,
-654 and is associated with their negative influence on liver regeneration. Thus, miR-
150 inhibits TNF-a expression, which is essential for liver regeneration!*l. Increased
miR-503 expression leads to the enhancement of essential cell cycle gene expression,
including that of cyclin D1, E1, E2, F, Weel, CDC25A and CHK1""\. The AP-1
transcription factors, including the Jun and Fos family members, are the target genes
of miR-663!"“l. The c-Jun/AP-1 signaling pathway controls hepatocyte proliferation
and has antiapoptotic activity via p-53-dependent pathway suppression*l. An
important negative regulator of hepatocyte epithelial-mesenchymal transition is miR-
378, whose expression is decreased by Smo during liver regeneration, resulting in Hh-
pathway activation and the transdifferentiation of hepatocytes and BECs into
myofibroblasts!*l. MiR-34a expression is significantly decreased during the first days
after PH, whereas the expression of its target genes (Notchl, Notch 4 and Hesl) is
increased, leading to hepatocyte differentiation and growth enhancement!*l. MiRs
inhibiting liver regeneration are also important because they prevent excessive
regeneration. Among these molecules, for example, miR-33 suppresses CDK6 and
CCND1M"4, and miR-26a targets CCND2 and CCNE2!"*1,

A further understanding of the miRNAs involved in normal and progenitor-
dependent liver regeneration can improve the use of miRNAs for the diagnosis of
different liver diseases, control the adequacy of liver regeneration and act as a
potential therapy for insufficient liver regeneration.

STIMULATION OF INSUFFICIENT LIVER REGENERATION

Therapeutic methods for insufficient liver regeneration treatment are lacking, although
many studies have focused on the efficiency of various molecules in promoting liver
regeneration. Shi et all'*! determined that baicalin can stimulate liver regeneration after
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acetaminophen-induced acute liver injury in mice via inducing hepatocyte
proliferating cell nuclear antigen, increasing cyclin D1 expression and Nrf2 cytosolic
accumulation, and enhancing IL-18 Levels, leading to the upregulation of hepatocyte
proliferation. So et al*l showed the promotion of liver regeneration after the inhibition
of EGFR or MEK/ extracellular signal-regulated kinase (ERK) and the genetic suppre-
ssion of the EGFR-ERK-S0OX9 axis via inducing HPC-to-hepatocyte differentiation in
zebrafish. The research of Xiang ef all'*! noted the therapeutic effect of IL-22Fc in
inducing liver regeneration in acute-on-chronic liver failure patients due to the shift
from anti-regenerative IFN-y/STAT1 to the pro-regenerative IL-6/STAT3 pathway. Li
et al'*! reported that aldose reductase (AR) is a new potential therapeutic target for
enhancing normal and fatty liver regeneration after surgery and IRI because the
knockout of AR leads to enhanced oxisome proliferator activated receptor-a and
oxisome proliferator activated receptor-y expression, thus improving energy
metabolism in the liver. The research of Loforese et al'™l revealed that the inhibition of
MST1 and MST2 with si-RNA resulted in improved hepatocyte proliferation in aged
mice after PH; therefore, Ste20-like kinases 1/2 may be a potential therapeutic target.
Many other molecules and molecular pathways have been shown to enhance liver
regeneration in experimental models. Further studies would help implicate the
potential therapy in the clinic and improve the survival of patients with different liver
diseases in the near future.

Mesenchymal stem cells (MSCs) have a self-renewal capacity and are derived from
the bone marrow, adipose tissue, umbilical cord, etc. They are the subject of focus in
regenerative medicine and serve as a potential therapy for different liver
diseases!”""*?l. MSCs were shown to improve liver regeneration in patients with
cirrhosis by elevating anti-apoptotic factors, such as HGF and IGF-1, and angiogenic
and mitogenic factors. In acute liver failure animal models, MSCs have been shown to
promote liver regeneration mostly by suppressing the oxidative stress and
inflammation via reducing TNF-a, IFN-y and IL-4 Levels and stimulating liver
regeneration with various released factors such as PGE,and delta-like 4">**. MSCs
can also stimulate liver regeneration after PH by upregulating hepatic cell proliferation
and downregulating fat accumulation and HGF, IL-6, IL-10 and TNF-a serum
levels!"™!,

Further studies in this field can help determine how to prevent hepatic failure after
surgical interventions and acute and chronic injuries via improving liver regeneration.

CONCLUSION

Liver regeneration is driven by multiple molecular processes. Biomolecular factors
permit the possibility of targeted therapy to prevent serious complications, such as
liver failure due to a decreased cellular regenerative potential.
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