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Liver regeneration (LR) is a set of complicated mechanisms between cells and molecules in which the process-
es of initiation, maintenance, and termination of liver repair are regulated. Although LR has been studied ex-
tensively, there are still numerous challenges in gaining its full understanding. Cells for LR have a wide range
of sources and the feature of plasticity, and regeneration patterns are not the same under different conditions.
Many patients undergoing partial hepatectomy develop cirrhosis or steatosis. The changes of LR in these cases
are not clear. Many types of cells participate in LR. Hepatocytes, biliary epithelial cells, hepatic progenitor cells,
and human liver stem cells can serve as the cell sources for LR. However, different types and degrees of dam-
age trigger the response from the most suitable cells. Exploring the cell sources of LR is of great significance
for accelerating recovery of liver function under different pathological patterns and developing a cell therapy
strategy to cope with the shortage of donors for liver transplantation. In clinical practice, the background of
the liver influences regeneration. Fibrosis and steatosis create different LR microenvironments and signal mol-
ecule interaction patterns. In addition, factors such as partial hepatectomy, aging, platelets, nerves, hormones,
bile acids, and gut microbiota are widely involved in this process. Understanding the influencing factors of LR
has practical value for individualized treatment of patients with liver diseases. In this review, we have summa-
rized recent studies and proposed our views. We discuss cell sources and the influential factors on LR to help
in solving clinical problems.
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Background

Liver regeneration (LR) involves complicated mechanisms and a
tremendous amount of detail. Even after more than 100 years
of extensive studies, the process of LR is not completely under-
stood. Currently, the main points of LR include the following: (1)
LR is a complicated process involving numerous intrahepatic and
extrahepatic components and a large number of signal mole-
cules in a specific microenvironment. Owing to the extremely
important functions of the liver, the interaction modules con-
stituted by the saturated signaling pathways rigidly regulate
the initiation, maintenance, and termination of LR to achieve
homeostasis even in cases of severe injury [1]. (2) Surprisingly,
the human liver can regrow with no or almost no loss of func-
tion and can survive after sustaining huge damage. This is be-
cause of the extensive cell sources and the cell plasticity of LR.
According to the level of liver injury and different intrahepat-
ic backgrounds, such as liver fibrosis and liver steatosis, LR can
occur in different patterns [2]. (3) The human body is a compli-
cated organism that participates in all life activities as a whole.
Various extrahepatic factors, such as partial hepatectomy (PH),
aging, platelets, nerves, hormones, bile acid (BA), and gut micro-
biota can affect LR, thereby creating difficulties in basic research.

These areas of research in LR are challenges, as well as hotspots
and key areas of breakthrough research in the field of LR.
Therefore, we have summarized the latest advancements in
LR research and proposed our interpretations.

Cell Sources for LR

Plasticity of hepatocytes in hepatocyte-mediated LR

Different from epithelial tissues such as those in the intes-
tinal tract and skin, which have high proliferative capacity,
mature hepatocytes can re-enter the cell cycle for mitosis to
complete self-renewal or maintain liver homeostasis after in-
jury without the involvement of progenitor cells [3]. Wang et
al. reported that Axin2+ hepatocytes located around the cen-
tral vein had stem cell-like characteristics [4]. Pu et al. discov-
ered that the Mfsd2a+ hepatocytes in the portal vein triad
region are low in number at the hepatic homeostasis phase.
However, they could apparently be activated upon PH or chron-
ic liver injury and could extend toward the central area of the
liver lobule to replace the injured cells, where their metabol-
ic features were re-edited by the regional microenvironment
[5]. Recently, Schaub et al. discovered that a portion of hepa-
tocytes surrounding the portal vein could directly differenti-
ate into bile duct cells, a process that is related to Notch and
transforming growth factor-$ (TGF-p) signaling [6]. By investi-
gating the sex-determining region Y-box 9 (Sox9) in green flu-
orescent protein (GFP) transgene-labeled mice, Li et al. found
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that a hybrid type of hepatocytes are located near the branch-
es of the portal vein and terminal biliary tract, which have the
mixed phenotypes of both the hepatocytes and the biliary ep-
ithelial cells (BECs) with positive Sox9 and hepatocyte nuclear
factor 400 (HNF4) expression. These hybrid hepatocytes can
become hepatocytes and BECs after liver injury to refill the
damaged hepatic lobules without increasing the morbidity of
cancer [7,8]. Ang et al. found that Lgr5 expression occurs only
in a unique subset of hepatocytes that are most adjacent to
the central veins. These pericentral Lgr5+ hepatocytes have a
long life and contribute to the homeostasis of the liver. After
PH, they could fuel the regeneration of their own lineage dur-
ing massive and rapid LR [9]. Lin et al. found that hepatocytes
marked by telomerase expression are sparsely distributed in
different locations of the liver lobules. These cells have been
shown to be the main source of hepatocytes in normal liver
homeostasis and injury-induced LR [10]. These findings demon-
strate that the mature hepatocytes have the characteristics of
high replication capacity and plasticity (summarized in Figure 1).

Molecules and signals in hepatocyte-mediated LR

In the hepatocyte-mediated LR process, BECs, Kupffer cells,
hepatic stellate cells (HSCs), liver sinusoidal endothelial cells,
and extrahepatic cells interact. Additionally, blood flow stress
signals, immune factors, nerves, hormones, BA, and microbio-
ta are involved (summarized in Figure 2). Under the regulation
of various pro-proliferation factors and anti-proliferation fac-
tors, the liver initiates and terminates regeneration in a time-
ly way, thus achieving what is called the “hepatostat” [11]. In
the classic LR model induced by PH, increased blood flow acti-
vates the urokinase plasminogen activator and matrix metallo-
proteinase to induce the degradation of the extracellular matrix
(ECM). Then, the hepatocyte growth factors (HGF) are released
from the ECM. Lipopolysaccharides produced by inflammatory
response bind with TLR4 receptors on Kupffer cells to release
tumor necrosis factor-o. (TNF-ot) and interleukin-6 (IL-6). HSCs
and liver sinusoidal endothelial cells can also produce new
HGF. Together with the growth factors and cytokines such as
the epidermal growth factor (EGF) brought by the portal vein
flow, liver mitogens reach a high concentration in the desig-
nated site [12]. HGF binds with its receptor C-Met, while TGF-o.
and EGF bind with their common receptor, EGF receptor (EGFR),
to initiate multiple transduction pathways in the hepatocytes,
including Wnt/B-catenin, STAT3, and NF-kB [13]. IL-6 can form
an excited complex with soluble IL-6R and gp130, which can
thereby activate the JAK/STAT, MAPK, and PI3K/AKT pathway
in the hepatocytes and regulate the apoptosis-inhibiting nitric
oxide synthase to regulate LR [14]. The above pro-proliferation
substances induce the sequential formation of complexes be-
tween cyclin-dependent kinase (CDK) in the hepatocyte nucle-
us and cyclins (including cyclin D1 and cyclin E) to mediate the
initiation and maintenance of LR [13]. Additionally, angiogenesis
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Figure 1. The schematic overview of hepatocyte-mediated liver regeneration (LR). In hepatic lobules, several types of mature
hepatocytes have the characteristics of high replication capacity and plasticity. Axin2+ hepatocytes located around the
central vein had stem cell-like characteristics; Mfsd2a+ hepatocytes in the portal vein triad region are low in quantity but
can be activated, apparently, upon PH or chronic liver injury; a portion of hepatocytes surrounding the portal vein can
directly differentiate into biliary cells; Sox9+/HNF4a+ hybrid hepatocytes are located near the branches of the portal vein
and terminal biliary tract and can become hepatocytes and BECs after liver injury; Lgr5+ pericentral hepatocytes have a long
life and contribute to the homeostasis of the liver; hepatocytes marked by telomerase expression are the main source of
hepatocytes in normal liver homeostasis and injury-induced LR.

is an important step in LR. Angiogenin-2 is downregulated in
the initial stage of LR but is upregulated at the angiogenesis
phase, thereby regulating the vascular endothelial growth fac-
tor to promote angiogenesis. Data have also shown liver sinu-
soidal endothelial cells could regulate the proliferation of hepa-
tocytes through controlling the synthesis of angiopoietin-2 [15].

When the volume of the regenerated liver reaches the prede-
termined proportion, the regulatory mechanism of regenera-
tion termination is activated. TGF-3, the most significant he-
patocyte proliferation inhibitor and termination signal during
the LR process, can regulate DNA synthesis and cell prolifer-
ation through the SMAD signaling pathway and initiate the
termination of LR. Although TGF-B is upregulated in the early
stage of LR, the reduced TGF-f receptor suppresses the pro-
duction of its anti-proliferation effect [16]. Additionally, high
IL-6 expression can rapidly upregulate SOCS3. However, SOCS3
can block STAT3 phosphorylation to inhibit the IL-6 signaling
pathway [17]. Such a negative feedback loop demonstrates
the homeostasis of LR. The Hippo kinase signal cascade path-
way can regulate the YAP/TAZ transcription factors through the
MST1/2-LATS1/2 kinases, thereby participating in terminating
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the LR [18]. Modifying the targets in the Hippo pathway can
lead to excessive growth of hepatocytes and cancer predispo-
sition [19]. YAP can also drive the activation of HSCs and sub-
strate synthesis, revealing that the Hippo signal is involved in
regulating the homeostasis of LR and liver cirrhosis [20]. Other
important LR mediators that have been extensively discussed
recently are summarized in the Table 1 [21-38].

Numerous signal transduction pathways in the LR are inter-
dependent and collaborative to make sure that the inactiva-
tion of a single pathway will not cause the complete failure of
LR. However, this mechanism is not unlimited. Paranjpe et al.
discovered that LR was completely inhibited when C-Met and
EGFR were blocked [39]. Additionally, during the termination
step, the blocking of the TGF-BII receptor in the hepatocytes
combined with the inhibition of activin A or the activin A re-
ceptor caused the persistent proliferation of hepatocytes [40].

Biliary epithelial cell-mediated LR

During the embryogenesis process, hepatocytes and BECs are
commonly derived from the differentiation of hepatoblasts. De
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Figure 2. Cells and molecules involved in hepatocyte-mediated liver regeneration. In the hepatocyte-mediated regeneration process,
several cells including biliary epithelial cells, Kupffer cells, hepatic stellate cells, liver sinusoidal endothelial cells, and
extrahepatic cells interact. Additionally, the blood flow stress signal, immune factors, nerves, hormones, bile acid, and
microbiota are also involved.

Table 1. The molecules involved in liver regeneration.

Function Molecule Mechanism Source Year Refs

Positive ARF6 Stimulated by HGF, ARF6 can help to recruit PIP5K1A into Mouse 2017 [21]
c-Met and activate the PIP2-PIP3-AKT pathway Human cell line

LASS2 Lass2 gene knockout may result in the lack of fatty acids in Mouse 2017 [22]

hepatocytes and AKT phosphorylation, which can lead to
hepatocyte hypertrophy to block liver regeneration

LKB1 Master kinase LKB1 can regulate the EGFR signal to regulate Mouse 2018 [23]
the cell cycle. LKB1 controls the fidelity of mitosis to modulate
the hepatocyte ploidy in the LR process

IPMK IPMK-AMPK-Sirt-1 and IPMK-AMPK-ULK1 are 2 autophagy Mouse 2019 [24]
pathways. IPMK deletion abolishes lipophagy and impairs
hepatocyte regeneration

miR-21 Upregulates cyclin-D1 and accelerates the G1/S phase Mouse 2016 [25]
transition of hepatocytes

miR-10a Downregulates the EphA4 to increase the percentage of S Rat 2018 [26]
phase and G2/M phase cells

Exosome Hepatocyte-derived exosome can directly fuse with the Mouse 2016 [27]
hepatocytes, transfer neutral ceramidase and SK2, and
promote SLP synthesis to enhance LR

Nrf2 ROS induces Nrf2 dissociation from the Keap1-Nrf2 complex Mouse 2015 [28]
and transfers to nuclei to regulate the gene transcription
of cell proliferation. The appropriate amount of Nrf2 can
regulate HNF4a, AKT1, and p70s6k to promote the complete
differentiation of the newly regenerating hepatocytes after PH
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Table 1 continued. The molecules involved in liver regeneration.

REVIEW ARTICLES

Function Molecule Mechanism Source Year Refs
Positive Nrf2 Nrf2 is also involved in HPC-mediated LR under a chronic liver Mouse 2019 [29]
(continued)  (continued)  disease background

Baicalin induces Nrf2 accumulation in cytoplasm leads to Mouse 2020 [30]
NLRP3 inflammasome activation and increases expression of
IL-18, which induces hepatocytes proliferation
Negative Nrf2 Excessive activation of Nrf2 can delay proliferation and induce Mouse 2014 [31]

apoptosis of hepatocytes in the regenerating liver through
targeting p15 and Bcl2l11 genes

Tmub1 Interacts with cyclin A2 during the cell cycle, and the Rat 2018 [32]
overexpression of Tmub1 may postpone cyclin A2 and cyclin
B1 degradation in the M phase
Tmub1 can be downregulated by miR-27a/b to regulate Rat 2018  [33]
hepatocyte proliferation Human cell line
Tmub1 negatively regulates liver regeneration by inhibiting Mouse 2019  [34]
STAT3 phosphorylation Human cell line

PTEN Myeloid PTEN deficiency changes Kupffer cell phenotype after Mouse 2017 [35]
PH, which thereby leads to reduced NK cell activity, decreases
the release of liver regeneration inhibitor IFN-y. Kupffer cell
also increases the release of growth factors (HGF, OSM) to
promoting LR
After hepatectomy, PTEN downregulation can promote the Mouse 2017 [36]
utilization of TRAS, and transform the resting synthetic
metabolic function into catabolic activity in the case of tissue
loss, thereby enhancing liver regeneration
ALR can induce miR-26a expression to downregulate PTEN, Rat 2019  [37]
and promote hepatocyte proliferation through the P-AKT/ Human cell line
cyclin D1 pathway Patient sample

miR-34a Targets the Notch receptor, Bcl-2, and Bcl-xL, arrests cell cycle Mouse 2017 [38]

mainly in the G2/M phase, and increases cell apoptosis rate

ARF6 — ADP-ribosylation factor 6; LASS2 — homo sapiens longevity assurance homolog 2 of yeast LAG1; IPMK — inositol polyphosphate
multikinase; LKB1 — liver kinase B1; miRNAs — microRNAs; NLRP3 — NOD-like receptor pyrin domain containing; Nrf2 — nuclear
factor erythroid-2-related factor 2; OSM — oncostatin M; PTEN — phosphate and tension homology deleted on chromosome 10;
SK2 - sphingosine kinase 2; SLP — sphingosine-1-phosphate; Tmub1 — transmembrane and ubiquitin-like domain-containing protein 1;

TRAS — transient regeneration-associated steatosis.

Jong et al. [41] reported that the cells of the peribiliary gland
prevent biliary tract loss in the extrahepatic bile duct through
proliferation, differentiation, and maturation. Deng et al. [42]
utilized the pedigree tracing experiment of the dual-lucifer-
ase reporter system and determined that BECs markedly pro-
moted hepatocyte regeneration in 2 chronic liver injury mouse
models, and the bile duct cells directly transform into hepa-
tocytes without any intermediate progenitor. Raven et al. dis-
covered that inhibition of hepatocyte proliferation through in-
tegrin beta 1 knockdown or p21 overexpression induces the
occurrence of bile duct cell-derived hepatocytes [43]. Choi et
al. observed in a zebrafish model that the selective pressure
caused by excessive consumption of hepatocytes significantly

promotes the conversion of BECs into hepatocytes [44]. These
findings show that mature BECs could directly differentiate
into hepatocytes without transforming into progenitor cells.
As a result, we believed that mature BECs could also have high
replication capacity and plasticity. Either BECs or hepatocytes
are supposed to serve as the cell source for the other when
the independent proliferation process is limited.

Hepatic progenitor cell-mediated LR
In 1957, Popper et al. [45] first described the ductular reac-

tion, which manifests as the small bile duct activation and re-
active dilatation hyperplasia induced by liver injury. It has been
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widely demonstrated that hepatic progenitor cells (HPCs) (also
referred to as liver progenitor cells, liver stem progenitor cells,
and hepatic stem progenitor cells) are the major cells involved
in ductular reaction. HPCs can serve as the hepatocyte reser-
voir in the human liver to achieve an alternative pattern of LR
when the canonical pattern of LR is restricted or has failed due
to severe liver injury. HPCs, which are called hepatic oval cells
in rodents, are the bipotent progenitor cells residing in the root
of the most terminal Hering duct of the intrahepatic bile duct.
Under the stimulation of injury, quiescent HPCs can proliferate
and move from the surrounding hepatic lobules into the hepat-
ic cords, differentiate into 2 major epithelial cells (hepatocytes
and BECs), and, finally, fuse to reconstruct the hepatic lobules
near the central vein. However, owing to the heterogeneity of
HPC-markers in different damage patterns and species, the or-
igin of HPCs remains unclear. HPCs express biliary tract marker
cytokeratin (CK) 7/19, but the expression of hepatocyte mark-
ers HepPar-1 and HNF4a is also frequently observed [46-48].
When massive necrosis of the liver occurs, the surviving hepa-
tocytes can temporarily de-differentiate into the hepatocytes
that express the a-fetoprotein and possess their proliferative
features [49]. In a chronically injured liver, mature hepatocytes
experience irreversible ductal metaplasia and undergo regen-
eration to replenish as many as 60% of lost cells [50]. He et
al. also verified in a zebrafish model with an almost complete
loss of hepatocytes that BECs finally transdifferentiated into
hepatocytes through a step of dedifferentiation into a bipo-
tential intermediate [51]. Lu et al. found that in the case of
most hepatocytes undergoing aging or apoptosis, the HPCs of
biliary origin contributed to completing the functional hepat-
ic reconstruction in mice [52]. The above evidence suggests
that the HPCs may not constitute only resident undifferenti-
ated cell clusters. In addition, the mature hepatocytes or bile
duct cells could undergo transformation into the opposite lin-
eage, and the intermediates during such a trans-differentia-
tion process may also be sources of the HPCs or HPC-like cells
(summarized in Figure 3). Additionally, HPCs can be regarded
as the dynamic stem cells that are able to express different
markers depending on the lack of epithelial cell type and dif-
ferent pathological features of injury, thus differentiating into
different cells. For instance, they undergo differentiation into
hepatocytes in the case of severe loss of hepatocytes, such
as in acute and chronic viral hepatitis, alcoholic hepatitis cir-
rhosis, non-alcoholic steatohepatitis, and extensive hepatec-
tomy [46]. By contrast, HPCs become bile duct cells when cho-
lestasis occurs, as during primary biliary cirrhosis and primary
sclerotic cholangitis [53]. The concept of the “HPC niche” has
been increasingly acknowledged and is used to describe the
microenvironment containing extensive interactions between
parenchymal and non-parenchymal components during the ac-
tivation, proliferation, and differentiation of HPCs. Damaged
hepatocytes can directly activate HPCs; macrophages, mono-
nuclear cells, and T lymphocytes secrete the (TNF)-like weak
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inducer of apoptosis; macrophages secrete IL-6 and TNF-q;
HSCs secrete matrix metalloproteinase, fibroblast growth fac-
tor (FGF), HGF, TGF-a,, TGF-B, and TNF-B; liver sinusoidal en-
dothelial cells secrete SDF-1 and vascular endothelial growth
factor; and cytokines chelated in the ECM are released by uro-
kinase plasminogen activator and matrix metalloproteinases.
All these factors play crucial roles in the activation and ampli-
fication of HPCs [54,55]. HGF secreted by the HSCs can bind
with MET to activate the PI3K-AKT-STAT3 pathway; oncostatin
M secreted by macrophages can activate STAT3; and Wnt3/-
catenin signal is activated by macrophages. These signals con-
trol the differentiation of HPC to hepatocytes via the interme-
diate hepatocytes [54-56]. The Notch signal plays a key role in
BEC differentiation. Under the mediation of Jagged1, the acti-
vated Notch1 signaling pathway precisely controls the prolif-
eration and differentiation fate of HPCs into BECs via the re-
sponsive small bile ducts. Meanwhile, suppression of the Notch
pathway can promote the differentiation of HPCs into hepa-
tocytes [56,57] (summarized in Figure 3).

Human liver stem cell-mediated LR

Human liver stem cells (HLSCs) were first isolated from fetal
liver [58], and then several researches reported that they had
successfully isolated HLSCs from adult livers [59-63]. Due to
the lack of a unified name, the terms human liver stem cells
(HLSCs), adult-derived human liver stem/progenitor cells, and
hepatic mesenchymal stem cells have referred to this cluster
with self-renewal ability and multilineage differentiation poten-
tial. HLSCs express classic stem cell markers, including OCT4,
NANOG, SOX2, Vimentin, and Nestin, and typical mesenchymal
stem cell markers, including CD29, CD73, CD44, CD90, CD105,
and CD166. But they are negative for the hematopoietic stem
cell markers CD34, CD45, CD117 and cytokeratin-19, indicat-
ing that they are not from the same source as hepatic pro-
genitor cells [59,60,64]. In addition, HLSCs are different from
mesenchymal stem cells, especially in terms of their markers
and biological functions [65]. HLSCs express markers of im-
mature hepatocytes, including CD26, albumin, a-fetoprotein,
CK-8, and CK-18, and present a better hepatocyte differentia-
tion ability and lower immunogenicity than mesenchymal stem
cells [59,60,62,66-68]. HLSCs have been confirmed to facili-
tate LR in several ways. They can be effectively induced into
hepatocytes in vitro, or spontaneously differentiated into ma-
ture hepatocytes in the damaged liver to promote LR in a liv-
er failure animal model [59,69,70]. Moreover, intraperitoneal
injection of conditioned medium obtained from HLSCs signif-
icantly increased the proliferation of hepatocytes and upregu-
lated the pro-angiogenesis factor gene in mice that underwent
a 70% hepatectomy [71]. The abilities of HLSCs to regenerate
a damaged liver can also be achieved through antiinflamma-
tory activity, immune regulation, and anti-fibrosis therapy [65].
At present, the use of HLSCs to treat pediatric patients with
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Figure 3. Schematic diagram of “HPCs niche”. The activation, proliferation, differentiation, and de-differentiation of hepatic progenitor

cells (HPCs) in “HPCs niche”.

metabolic abnormalities has been clinically adopted. Owing to
their varied and profound functions on LR, HLSCs are worthy
of further exploration [66].

Factors Influencing LR

Fibrosis

A variety of liver parenchymal diseases such as viral, alco-
holic, and autoimmune hepatitis can induce fibrosis change.
Dubuquoy et al. verified [72] that the efficiency of HPCs to
differentiate into mature hepatocytes is low among alcoholic
hepatitis patients, in whom LR was damaged. Aravinthan et al.
discovered [73] that generally diffused inflammation and he-
patocyte death occurred in liver fibrosis, and when the telo-
meres of hepatocyte were shortened, the proportion of aging
hepatocytes arrested at the G1/S stage increased. The cur-
rent opinion is that liver fibrosis is the reason for impaired LR.
However, we believe that it is not a simple causal relationship.
In livers with chronic injury, fibrosis activates HSCs and HPCs
to promote LR reaction, and the transient remodeling of the
ECM is necessary for LR. However, various chronic stimulat-
ing factors eliminate the termination of ECM remodeling, and

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€929129-7

persistent activated HSCs produce excessive collagen and elas-
tin fibers to form the network. Finally, the progressive network
surrounds and replaces functional liver parenchyma, resulting
in the failure of LR and functional degradation of the liver [74].
When blocking the Notch pathways in the HPC niche or apply-
ing angiotensin receptor blocker anti-fibrosis treatment to re-
duce the activation of HSCs and remolding of the ECM, HPCs
were more effective at differentiating into hepatocytes to ac-
celerate LR [75]. Cordero-Espinoza and Huch suggested that
anti-hepatitis treatment could alleviate fibrosis through bal-
ancing tissue regeneration, demonstrating that there is indeed
the internal mechanism of sclerosis recession in the liver [74].
We believe that liver fibrosis and LR are interdependent pro-
cesses. The imbalanced LR leads to liver fibrosis. Moreover,
various pathological factors that can lead to liver fibrosis also
stimulate the initiation of LR. Time is quite important in this
process, and knowing the appropriate time for intervention is
key to getting the expected clinical outcomes.

Steatosis

Liver steatosis is defined as an excessive accumulation of tri-
glycerides in hepatocytes. Garnol et al. reported that LR was
not affected in a rat model of 70% hepatectomy, in which the
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animals had diet-induced simple fatty liver degeneration [76].
Matsumoto found that different positions of the autophago-
some in the fatty liver of mice were correlated with LR dam-
age [77]. Although whether simple fatty degeneration will dam-
age LR remains controversial, most studies show that severe
liver steatosis or fatty liver disease leads to defective LR. At
present, the global morbidity of fatty liver disease is increasing,
and the damage of LR in patients with steatosis has become a
more important clinical problem. Gentric et al. found that there
was a defect in EGFR expression in a steatosis rodent model,
which suppressed cell cycle progression and delayed the mito-
sis of hepatocytes [78]. After applying exogenous growth hor-
mone or antioxidant treatment, the normal cell cycle in hepa-
tocytes is restored, revealing that abnormal oxidative stress
in the fatty liver may be the important factor hindering LR. Li
found that mitochondrial impairment in fatty liver disease led
to poor LR and that transplanting apolipoprotein A-1 could ac-
celerate the regeneration of small-for-size fatty liver grafts in
mice through enhancing mitochondrial function [79]. Alvarez-
Sola et al. developed the fusion molecule fibapo, which includes
fibroblast growth factor-19 and apolipoprotein A-1. The appli-
cation of fibapo before surgery helps regulate metabolism and
promote the regeneration of fatty liver [80].

Partial hepatectomy

In hepatectomy-induced LR, resected volume is closely corre-
lated with the pattern of regeneration. In 90% hepatectomy
models, the limited remained resources first meet the liver
metabolic function to maintain the homeostasis of the body,
resulting in the delay of LR [81]. For 70% hepatectomy mod-
els, traditional opinion suggests that almost all residual he-
patocytes re-enter the cell cycle for mitosis. However, this
is not the case. The adult human liver is comprised of more
than 20% polyploid cells, while the number of polyploid cells
is as high as 70% in rodents. After PH, polyploid hepatocytes
achieve the increase in liver mass through hypertrophy [82].
Many studies have suggested that the volume of LR is signifi-
cantly negatively correlated with future remnant liver volume
(FRLV). However, the removal of a larger volume of liver may
cause an increase in the release of mitogens such as TNF-o
and IL-6 [83]. Pagano et al. reported that the imbalance be-
tween the remaining liver’s function and the body’s metabol-
ic requirement became the most important factor in the reg-
ulation of LR. After determining the safe boundary of FRLV to
avoid “small liver syndrome” and other related complications,
a lower FRLV can promote LR [84].

Aging
It is generally considered that advanced age has an adverse

effect on LR. Zhu et al. reported that the LR rate in 26 elder-
ly patients at 6 months after PH was remarkably lower than
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that in young patients [85]. Based on their study in 198 pa-
tients, Imamura et al. suggested that the aging liver would
cause impaired liver function and poor LR after transplanta-
tion; therefore, donor age should be considered in the case of
liver transplantation [86]. The study of Russolillo et al. includ-
ed 120 patients who underwent PH, and the results showed
that elderly patients had a higher risk of hepatic failure after
PH than did younger patients, but the level of LR was insignifi-
cantly correlated with age. Consequently, advanced age is not
an absolute contraindication for PH; however, precise preop-
erative assessments are necessary [87]. The decline in LR ca-
pacity among elderly patients is caused by multiple interact-
ing extracellular and intracellular factors. The reduction in the
autophagy program gives rise to the chronic release of proin-
flammatory factors by the aging hepatocytes, thereby mediat-
ing more severe oxidative stress [88]. Due to the influence of
aging on metabolism, HSCs enrich lipid droplets, which have
an inadequate ability of promoting LR [89]. HSCs in the aging
liver can induce neutrophil infiltration through chemokine li-
gand 7, and neutrophils perform to produce an excessive oxida-
tive reaction to suppress HPC activation. However, the declined
HPC activity may also be a protective mechanism in response
to potential tumor risk [90]. Chen et al. used fumarylacetoac-
etate hydrolase gene-knockout mice to investigate changes in
ECM composition in the aging liver. They found that liver struc-
ture was loosened and degenerated, which provided the space
for the cell transplantation, indicating that aging accumulat-
ed during liver disease progression was the precondition for
the successful application of cell transplantation therapy [91].

Platelet count

It was discovered that after resecting 90% of the liver in mice,
the group with a higher platelet count had a higher survival
rate, while LR was obviously delayed when thrombocytopenia
occurred [92]. Numerous studies have demonstrated that the
low platelet count following PH or live liver transplantation is
related to postoperative liver dysfunction and death [93-95].
Han et al. discovered that platelet transfusion could result in
better LR [96]. It was believed that platelets could rapidly ag-
gregate at the injured site and release the stored mitogens to
enhance the regenerative reaction. However, the a-granules
released by the platelets contain both pro-proliferation factors
and anti-proliferation growth factors, suggesting the multiple
effects of platelets on LR. The current explanation is that the
platelet-derived growth factors are stored in different o-gran-
ules, while the perioperative hepatic hemodynamics determine
the selective release of specific a-granules. The secretion of
a-granules, rather than the platelet count itself, is correlated
with postoperative liver dysfunction and its clinical manifesta-
tions [97]. Kirschbaum et al. found that the platelets recruited
by PH-induced inflammation can stimulate the proliferation of
LSEC and angiogenesis, and further stimulate the LR through
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activating the AKT and ERK1/2 signaling pathways [98,99]. A
recent study proposed that platelets could transfer their RNA
to hepatocytes to promote proliferation [100]. However, plate-
let transfusion also increases the risk of thrombotic events.
When trying to promote LR by using platelet-based therapy,
we should consider the comprehensive effects and reduce the
potential adverse effects.

Neural regulation and hormones

Previous studies have discovered that there is a direct feed-
back relationship between the liver and the brain via the au-
tonomic nervous system [101]. Izumi et al. discovered that LR
slowed down when the hepatic branches of the vagus nerve
were resected in PH rat models [102]. The mechanism func-
tions when the excessive vagus signal activates macrophages
by acetylcholine, and activated macrophages could promote LR
through the IL-6/STAT3/FoxM1 pathway. Although only sparse
vagus can be observed around the portal vein zone in the liv-
er, the precise multistep regulation constituted by neural cells,
immunocytes, and hepatocytes allows the amplification and
transmission of an emergency regeneration signal in the liver.
Therefore, it can rapidly and precisely regulate LR initiation in
the case of acute injury and achieve the survival of the organ-
ism. Another study discovered that nerve signals contribute to
the release of serotonin in the enterochromaffin cells after PH,
thereby facilitating LR indirectly. This suggests that the relay
ganglions and organs are vital [103]. Ishtiaq et al. discovered
that stress-activated sympathetic nerves induce the elevation
of adreno-cortico-tropic hormone and glucocorticoid levels, ac-
tivate the JAK/ATAT3/NF-kB/IL-6 pathway, and promote LR. At
the same time, increased norepinephrine in the plasma can
activate the HGF/C-Met and EGF/EGFR pathways in the hepa-
tocytes and antagonize TGF- in the early stage of LR [104].
Triiodothyronine (T3) hormone can promote mitosis through
mediating cyclin D1 in LR [105]. Similar to T3, the thyroid hor-
mone receptor-B-selective agonist can activate Wnt/B-catenin/
cyclin D1 signaling to induce hepatocyte proliferation [106].

BA and gut microbiota

BA is an important signal regulator during the LR process, which
can participate in regulating LR through multiple pathways. In
patients with obstructive jaundice, LR is suppressed after sur-
gery due to the upregulated expression of TGF-B1, while per-
sistent biliary extra-drainage is also bad for LR because of the
excessive loss of BA [107]. Such dual functions of promoting
and repressing LR indicate that an appropriate concentration
of BA is necessary for the homeostasis of LR. Theoretically, the
increased concentration of BA caused by PH will initiate the
apoptosis and necrosis in hepatocytes. However, the regula-
tion of the BA receptor prevents the above conditions [108]. BA
receptors mainly include nuclear receptor farnesoid X receptor
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(FXR) and membrane receptor G protein-coupled bile acid re-
ceptor 1 (GPBAR1/TGR5). Through a negative feedback mecha-
nism, these 2 BA receptors may synergistically act on the regen-
eration process and protect the residual liver. FXR can regulate
the expression of some important cell cycle transcription fac-
tors, such as Foxm1b and cyclin D1, and the FXR-FGF15/19-
FGFR4-Hippo signaling pathway could benefit liver growth by
preventing BA-induced injury [109,110]. TGR5 exists on the sur-
face of bile duct cells, endothelial cells, and Kupffer cells, but it
is not expressed on the hepatocyte membrane surface, which
may be related to the prevention of BA overload. BA can acti-
vate TGR5, stimulate endothelial cells to produce nitric oxide,
and thereby regulate the LR. TGR5 knockout mice manifested
cholestasis and LR damage after PH [111]. The portal vein can
supply 70% of blood in the liver and carries enterogenic prod-
ucts including endotoxin and bacterial components. The gut
microbiota refers to the 100 trillion bacteria existing in the hu-
man gastrointestinal tract, and their important effect on regu-
lating liver homeostasis and LR is largely neglected. Wu et al.
discovered that in a PH mice model in which animals received
antibiotic therapy (ampicillin), changes of the gut microbiota
resulted in the loss of tolerance of Kupffer cells. The over-ac-
tivated Kupffer cells damaged LR through the IL-12/NKT cells/
interferon-y axis [112]. In another case, 90% hepatectomy in
rats induced excessively high portal vein and systemic endo-
toxin levels. When gentamicin was used, the excessive lipo-
polysaccharide level was reduced, LR was recovered, and the
rat survival rate increased from 24% to 56% [113]. In addition
to regulating LR directly, gut microbiota also constitutes the in-
testine-liver axis with BA. The intestine-liver axis describes the
bidirectional crosstalk between intestinal nutrient absorption
and liver synthetic metabolism. Gut microbiota can regulate
BA synthesis, metabolism, and the affinity with BA receptors.
On the other hand, BA also provides different patterns of mi-
croenvironment for gut microbiota, thus inducing distinct mi-
crobial characteristics [114-116]. Consequently, any factor that
affects BA composition or gut microbial diversity can marked-
ly affect liver function and regeneration.

Conclusions

We have extensive understanding of the widely discussed and
marvelous topic of LR. Nonetheless, we should acknowledge
that there are still numerous challenges in gaining a full un-
derstand of LR ahead. Here, we illustrated that hepatocytes,
BECs, HPCs, and HLSCs could all serve as cell sources for LR.
Cell plasticity is a characteristic of LR, and the level of dam-
age and types of different intrahepatic background determine
the most suitable cell types for LR. We believe that liver fibro-
sis and LR are not in a simple causal relationship, but they are
interdependent processes. The fibrosis process activates HSCs
and HPCs to induce the LR reaction in the liver with chronic
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injury. Moreover, imbalanced LR can also lead to the occurrence
of liver fibrosis. Correcting the abnormal oxidative stress and
disturbance of metabolism in the fatty liver may be helpful
for promoting regeneration in fatty liver. Other factors such as

PH,

aging, platelet counts, nerves, hormones, BA, and gut mi-

crobiota are crucial targets for regulating LR and need to be
investigated further. Recent efforts have focused on shifting
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from basic research of LR to clinical application. We believe
that exploring the mysteries of LR can provide more strate-
gies for solving clinical problems.
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