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Signaling pathways of liver regeneration:
Biological mechanisms and implications

Chunyan Zhang,1,* Caifang Sun,1 Yabin Zhao,1 Bingyu Ye,1 and GuoYing Yu1,*
SUMMARY

The liver possesses a unique regenerative ability to restore its original mass, in this regard, partial hepa-
tectomy (PHx) and partial liver transplantation (PLTx) can be executed smoothly and safely, which has
important implications for the treatment of liver disease. Liver regeneration (LR) can be the very compli-
cated procedure that involvesmultiple cytokines and transcription factors that interact with each other to
activate different signaling pathways. Activation of these pathways can drive the LR process, which can be
divided into three stages, namely, the initiation, progression, and termination stages. Therefore, it is
important to investigate the pathways involved in LR to elucidate themechanism of LR. This study reviews
the latest research on the key signaling pathways in the different stages of LR.

INTRODUCTION

The liver represents the biggest digestive organ, which has a critical effect on the synthesis, metabolism, storage, and redistribution of nu-

trients, carbohydrates, fats, and vitamins and is the core of the stable body metabolism.1 It is comprised by various cell types, including

Kupffer cells (KCs), hepatocytes, hepatic stellate cells (HSCs), and hepatic sinusoidal endothelial cells (SECs).2 The aforementioned cell types

are closely related to and interact with each other through various signaling pathways, thus exercising various functions of the liver.3,4 When

the liver is exercising various functions, it is easy to be affected by external adverse factors and damaged. The damage of liver function will

induce a variety of diseases, so the integrity of the liver function is very important for treating various liver diseases.

The liver is one of the few organs with the ability of regeneration, it can spontaneously return to its original mass when it is

damaged.3,5 Hepatocytes are normally in the G0 phase.3,6 However, when they are subjected to stressors including drugs, chemicals,

and PHx, hepatocytes will quickly re-enter the cell cycle, but once they recover to meet the minimum weight required for survival, the

regeneration rate will decline.7–9 Hepatocyte proliferation plays an important role in restoring liver function and quality. The compen-

satory proliferation of remaining hepatocytes is the main mechanism of LR after acute and chronic liver injury.10 The differentiation of

other cells in the liver into hepatocytes also plays an important role, such as biliary epithelial cells (BECs), liver progenitor cells (LPCs),

etc.11–13 In addition, during the LR process, various cells in the liver transmit signals to hepatocytes in a paracrine way, prompting he-

patocytes to re-enter the cell cycle to restore the original function of the liver.14 Crosstalk between this different cell types in the liver

also plays an important role in LR.15 For instance, KCs and HSCs secrete transforming growth factor b(TGF-b1) and activate TGF-b

signaling pathway to act on SECs and hepatocytes. KCs and HSCs secrete hepatocyte growth factor (HGF) and activate HGF Signaling

pathway to act on hepatocytes. KCs secrete tumor necrosis factor a (TNF-a), interleukin-6 (IL-6) and activate TNF-a and IL-6 signaling

pathway to act on hepatocytes. KCs and SECs secrete Wnt and activate Wnt signaling pathway to act on hepatocytes. HSCs and he-

patocytes secrete pro-inflammatory cytokines, which act on hepatocytes or activate activin A secreted by BECs. Activin A acts on HSCs

and hepatocytes through the activin signaling pathway. According to the physiological process, LR can be divided into three stages:

initiation, progression, and termination.2 It has been widely believed that cytokines such as TNF-a, IL-6, epithelial growth factor

(EGF), fibroblast growth factor (FGF), HGF, together with transcription factors like c-Jun, transcriptional activator 3 (STAT3), and acti-

vator protein-1 (AP-1), have critical effects on LR initiation and progression, which can promote the transformation of G0/G1 in hepato-

cytes and accelerate the cell cycle of hepatocytes and LR.16,17 TGF-b, along with the relevant family members, plays a role in the termi-

nation phase of LR, which can terminate LR by inhibiting hepatocyte proliferation.18

The unique regenerative capacity of the liver provides an idea for treating end-stage liver disease, and PHx or PLTx is an effectivemeans for

this purpose. LR can be the very complicated process, which is inseparable from the interactions between hepatocytes and between hepa-

tocytes and other cells, while these interactions are completed by various cytokines and their mediated signaling pathways. Therefore, this

study aims to review the recent research results on the signaling pathways related to LR, so as to providing certain basic theoretical support for

the research on LR and the diagnosis and treatment of liver diseases. The main cells and their mediated signaling pathways during LR are

summarized in Figure 1.
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Figure 1. The main activated signaling pathways in LR

KCs and HSCs secrete TGFb1 and activate TGF-b signaling pathway to act on SECs and hepatocytes. KCs and HSCs secrete HGF and activate HGF Signaling

pathway to act on hepatocytes. KCs secrete TNF-a, IL-6 and activate TNF-a and IL-6 signaling pathway to act on hepatocytes. KCs and SECs secrete Wnt and

activate Wnt signaling pathway to act on hepatocytes. HSCs and hepatocytes secrete pro-inflammatory cytokine activating activin A and activin signaling

pathway that acts on HSCs and hepatocytes. HSCs, Hepatic stellate cells; KCs, Kupffer cells; SECs, Hepatic sinusoidal endothelial cells; HGF, Hepatocyte

growth factor; TG.F-b, Transforming growth factor b; TNF-a, Tumor necrosis factor-a; IL-6, Interleukin-6. Dotted line arrow represents activation between

cytokines.
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SIGNALING PATHWAYS IN LR

According to the three stages of LR, the relevant pathways in this process can be divided into three stages, including IL-6, TNF-a, Hippo, HGF,

and TGF-b pathways, which play a critical part in the initiation, progression, and termination stages, respectively. Noteworthily, some path-

ways can participate in different stages of LR; for instance, the HGF pathway may be related to the initiation and progressive stages. These

signaling pathways are not isolated, instead, they interact with each other to regulate the process of LR. The main signaling pathways in each

stage of LR are summarized in Figure 2.

The initiation phase of liver regeneration

Under static or non-pathological situation, hepatocytes are at the G0 phase where mitosis is rare. In the case of liver damage or PHx, some

cytokines are rapidly expressed, the status of receptors and transcription factors is rapidly changed,multiple signaling pathways are activated,

and a large number of stationary hepatocytes and non-parenchymal hepatocytes are induced to re-enter the cell cycle, eventually restoring

the liver mass.19,20 Cytokines such as IL-6, TNF-a, and HGF are necessary to initiate LR, and IL-6 and TNF-a have critical effects on the early

signaling pathway of LR. IL-6 and TNF-a can promote hepatocyte transition from G0 into G1 and trigger early LR gene expression (like c-Fos,

c-Myc, and c-Jun) by activating signal transduction and STAT3, as a result, hepatocytes enter the mitotic stage.21–23 HGF is another important

factor participating in the initiation stage of LR, which promotesDNA synthesis andmitosis of hepatocytes in a paracrinemanner.24 In addition

to IL-6, TNF-a, and HGF-mediated signaling pathways, other mediated pathways like Notch and Wnt have a critical effect on the initiation

stage of LR. Such main pathways related to the initiation stage of LR are summarized in Figure 3.

IL-6 pathway

IL-6, the cytokine in the chemokine family, is synthesized and secretedby KCs,monocytes and T cells,25 and it initiates its signaling pathway via

the hexamer complex composed of the receptor IL-6R and glycoprotein 130(gp130).26 IL-6 pathway mediates various physiological activities,
2 iScience 27, 108683, January 19, 2024



Figure 2. The main signaling pathways at each phase of LR

According to the initiation, progression and termination stages of LR, the relevant signaling pathways in the process of LR can be divided into three stages. Some

signaling pathways can be involved in different stages of LR. PHx, Partial hepatectomy; PI3K, Phosphoinositide 3-kinase; BMPs, bone morphogenetic proteins.
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including the regulation of lymphocyte survival and activation, the induction of acute phase protein (APP) synthesis in the liver, involvement in

inflammation, and promotion of blood cell development.27–29 In addition, it also has a crucial effect on LR.30–32

IL-6 is mainly responsible for sending mitotic signals into hepatocytes via Jak/STAT3 pathway, besides, it exerts an essential effect on the

initiation stage of LR and controls 40% of early gene expression in LR.33–35 As discovered in the latest study, regional damage of liver tissue

(the area around the portal vein) stimulates KCs to aggregate and activate at the injuried site, regionally activated KCs promote the formation

of liver progenitor cell-like cells (LPLCs), then IL-6 produced by LPLCs triggers progenitor cell-related genes (RRGs) expression and promote

LR by activating STAT3.36 LPCs, also known as oval cells in rodents, which are bipotent cells capable of producing hepatocytes and BECs.37

LPCs can also be activated under severe chronic liver injury, differentiating into hepatocytes that promote LR.38 In zebrafish, several research

groups have found that LPCs can differentiate into functional hepatocytes following severe hepatocyte depletion.39–41 Subsequently, LPC to

hepatocytes conversion was also verified in the mouse system by positive lineage tracing.42 In addition to stimulating KCs to produce IL-6,

HSCs, macrophages, and KCs can also be stimulated to produce IL-6, thus activating the IL-6/Jak/STAT3 signaling pathway to promote LR.

HSCs can secrete IL-6 and induce YAP to promote LR by the activation of STAT3.43 Transcriptional co-activators containing the PDZ-binding

motif (TAZ) can activate IL-6/STAT3 signaling pathway by stimulating macrophages to produce IL-6.44 Vagus nerve signals can stimulate KCs

to produce IL-6, which then activates the transcription factor protein forkhead box proteinM1(FoxM1) in hepatocytes via IL-6/STAT3 pathway,

thereby regulating the cell cycle.45 In addition, exogenous melatonin (MLT) promotes LR by inducing the monocyte-promoted IL-6 and acti-

vating the IL-6/STAT3 signaling pathway.46 Osteopontin (OPN) induces IL-6 production in KCs, which in turn activates STAT3 to promote LR.47

According to Bahn and Cheng et al., IL-6/STAT3 pathway was activated by prominin-1 and heme oxygenase-1 (HO-1). Prominin-1, a lipid raft

protein, promoted LR by recruiting gp130 into the lipid raft to activate the IL-6/STAT3 pathway.48 Heme oxygenase-1 (HO-1) also induces LR

through triggering IL-6/STAT3 pathway.49 Based on Xie and Kremer et al., initiating IL-6/STAT3 pathway restricted the PHx-induced LR, when

IL-6/STAT3 pathway was inhibited via myeloid peroxisome proliferator-activated receptor a (PPARa), PHx-induced LR was limited.50 More-

over, Kremer et al. reported that when Smad3 was absent, IL-6/STAT3 activation was hindered during mouse LR.51 As reported by Piobbico

et al., IL-6/STAT3 pathway was regulated by IL-17, and the lack of IL-17 resulted in the low serum concentration of IL-6 and failure to activate

STAT3 in the first few hours after PHx, resulting in the decreased expression of early LR genes.20 In addition, IL-6 pathway also exerts a critical

effect on human living donor liver transplantation (LDLT). According to Chae et al., a high serum IL-6 level before surgery wasmore conducive

to postoperative LR in LDLT patients.52

In line with the aforementioned data, IL-6 pathway shows a crucial effect on the initiation stage of LR. Although there are numerous studies

on IL-6 pathway in recent years, the specific underlying mechanisms and the upstream and downstream relationships remain to be further

investigated in future studies.

TNF-a signaling pathway

Discovered by Carswell in 1975, TNF-a is a multifunctional cytokine that has a key impact on different immune and inflammatory re-

sponses.53,54 It exists in two forms, namely, transmembrane precursor protein (mTNF) and soluble protein (sTNF). Of them, mTNF produces
iScience 27, 108683, January 19, 2024 3



Figure 3. The main signaling pathways in the initiation phase of LR

Wnt, HGF, IL-6, TNF-a, Notch mediated signaling pathway play an important role in the initiation stage of LR. Wnt binds to the receptor Frizzled to facilitate the

transport of b-catenincin into the nucleus via factors such as Rac1. When pro-HGF is cut into active HGF by u-PA, it binds to c-Met and initiates a variety of

downstream signaling pathways including IL-6 and TGF-a signaling. IL-6 binding to the receptor causes gp130 structure change which promotes the transfer

of STAT3 dimer to the nucleus and upregulates its target gene. TNF-a binds to TNFR-1 to activate NF-kB, induce the dissociation of p65/b-catenin,

promoting the nuclear translocation of p65.When the Notch ligand Jag-1 binds to the Notch receptor, the Notch receptor is activated and cleaved by the

gamma secretase complex, and its subsequently the intracellular domain (NICD) is transferred to the nucleus and bound to DNA-binding proteins. TGF-a,

Transforming growth factor a; EGFR, Epithelial growth factor receptor; RTK, protein receptor tyrosine kinase; mTOR, mechanistic target of rapamycin; u-PA,

Urokinase-type plasminase activator; IL-6R, Interleukin-6 receptor; gp130, Glycoprotein 130; STAT3, Signal transducer and activator of transcription 3;

TNFR-1, Tumor necrosis factor receptor-1; NF-Kb, nuclear factor Kb; NICD, Notch intracellular domain.
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sTNF via the action of TNF-converting enzyme. Both sTNF andmTNF are biologically active, which transmit signals by binding to TNFR1 and

TNFR2, the twomembrane receptors with different structures.55 TNFR2 is almost exclusively expressed in hematopoietic cells and endothelial

cells during homeostasis,54 while TNFR1 is universally distributed in every cell type, important for LR, and has a necessary effect on activating

NF-kb pathway.56

TNF-a participates in numerous liver biological responses and exerts a critical effect on hepatitis, liver fibrosis, liver failure, and LR.57–60

After PHx, TNF-a activates NF-kB by binding to TNFR-1, which translocates NF-kB into the nucleus and induces IL-6 expression, subse-

quently, IL-6 activates STAT3 to promote LR.61 When TNF-a is blocked, the production of IL-6 and LR will be inhibited.62 Recently, indole-

amine 2, 3-dioxygenase (Ido1/2) deficiency is found to activate the nuclear factor kB (NF-kB), leading to the production of TNF-a, which in

turn promotes LR.63,64 According to Nejak-Bowen et al., TNF-a pathway induced decomposition of the p65/b-catenin complex, promoted

the nuclear translocation of p65, and thus upregulated cyclin D1 and b-catenin expression as well as hepatocyte proliferation in vivo and

in vitro.65 The TNF-a pathway can be regulated by proteases ADAM17 and F13A in the mouse models, which promotes early LR after PHx

by regulating the serum levels of TNFR1 and TNF-a.66,67 Wang et al. showed that the loss of Golgi protein 73 (GP73) led to the down-

regulation of TNF-a and cell cycle-related proteins, thus delaying the initiation of LR in mice.68 Studies have exhibited that increasing

TNF-a expression enhanced hepatocyte proliferation and accelerated LR in PHx rats.69 Zhang et al. reported that MiR-199a was an impor-

tant regulator of TNF-a signaling pathway, which regulated LR and hepatocyte proliferation in rats by targeting TNF-a/TNFR1 pathway.70

As demonstrated by Lee et al., human placental hydrolyzate (hPH) activated TNF-a pathway through activating TNF-a secretion in KCs,

thereby promoting LR in rats.71

In addition tomouse and rat models, researchers also suggest that TNF-a pathway exerts an important effect on LR in rabbits and humans.

For example, Fathi et al. suggested that TNF-a expression significantly increased at 90 min after hepatectomy among hepatocellular carci-

noma (HCC) cases, which was consistent with animal studies showing the critical effect of TNF-a pathway on the initiation stage of LR.72 By

constructing a rabbit HCC model, Guo et al. indicated that TNF-a might be used as a combination target for transcatheter hepatic arterial

chemoembolization (TACE) as well as portal vein embolization (PVE), and TACE+PVE enhanced LR by inducing the high TNF-a expression

level.73

The aforementioned studies provide strong evidence supporting the importance of TNF-a/TNFR1 pathway for LR. However, the function

of TNF-a pathway is not a single in LR. Apart from activating the initiation stage of LR, its mediated apoptosis pathway can also regulate the

termination stage of LR.74 Therefore, the different roles of TNF-a pathway in various stages of LR deserve further investigations.
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Notch pathway

Notch pathway shows a high conservation degree, which is universally expressed within tissues and can regulate cell growth, differentiation,

and proliferation.75–78 In mammals, the Notch system includes four transmembrane Notch receptors (Notch1, -2, -3, -4), two ligands Jagged

(Jag-1, -2), together with delta-like proteins (Delta-1, -3, and -4).79 In recent years, this pathway is demonstrated in a number of clinical ob-

servations and basic studies to exert an important effect onmetabolism, vascular physiology, bile duct differentiation, and LR.80–85 Moreover,

great attention has been paid to LR. Notch pathway represents an earliest pathway that is activated within 15–30 min after PHx. Proteins

involved in Notch signaling pathway are significantly upregulated at 1–5 days after PHx,86,87 and pre-PHx silencing of Notch1 and Jag-1 im-

pairs hepatocyte proliferation and regeneration, and disrupts the cell cycle progression of hepatocytes.88,89 These results indicate the critical

effect of this pathway on LR after PHx.

Hypoxia inducible factor-1 alpha (HIF-1a) is another downstream pathway of the Notch signaling pathway, which is related to regulating

downstreammolecules, like vascular endothelial growth factor (VEGF), and shows an active regulatory effect on LR.90 As reported by Li et al.,

Notch- HIF-1a pathway played an essential part in promoting LR by enhancing hepatocytes proliferation.91 Moreover, they also found that the

LR rate decreased after Notch signaling was destroyed by inhibitors, suggesting that liver/body weight ratio together with Ki-67 positive and

PCNA positive cell numbers of experimental group significantly decreased compared with control group. The hairy and enhancer of split ho-

molog-1(Hes1) and VEGF mRNA expression, along with the Notch intracellular domain (NICD) and HIF-1a protein levels, was downregu-

lated.91 In addition, Notch signaling exerts a necessary effect on keeping liver homeostasis and hepatocyte transformation into BECs

when the liver is damaged. In PHx and severe liver injury, hepatocytes and BECs can repair the lost liver function and mass via their own pro-

liferation and division.92 Therefore, when hepatocyte proliferation is impaired, and BECs, as facultative liver stem cells, lead to the emergence

of a large number of BECs-derived hepatocytes.42 Chronically injured mature hepatocytes can also be dedifferentiated into LPCs, once the

liver injury was gone, these hepatocyte-derived LPCs reverted to hepatocytes.13 Overexpression of constitutive active YAP1 or Notch in

mature hepatocytes can transform hepatocytes into LPCs to support this hepatocyte origin.93,94 In addition, BECs can be dedifferentiated

into LPCs and then differentiated into hepatocytes to promote LR.11,12 Recent studies have shown that BECs clonally expand as self-renewing

liver organoids that retain their differentiation capacity into both hepatocytes and BECs.95–97 Activation of Notch signaling pathway can also

induce hepatocytes reprogramming into BECs, which can also promote LR.10,93 Furthermore, Notch participates in biliary regeneration and

basically promotes cholangiocyte characteristics.98 The activation of Notch signaling suppresses BECs-to-TLPCs induction and promotes he-

patocytes to BECs conversion in injured livers.84 Notch pathway is related to various additional pathways, while the mechanisms of the afore-

mentioned signaling pathways in promoting LR still need to be explored.

Wnt/b-catenin signaling pathway

Wnt pathway can be extensively distributed within vertebrates and invertebrates, and it shows a high conservation degree in the evolution of

species.99 Wnt ligands aremainly secreted by endothelial cells and non-parenchymal cells of KCs, which function in the autocrine or paracrine

manner.100 After being secreted, Wnt can interact with specific receptors on the cell surface, later activate downstream b-catenin through a

series of downstream protein phosphorylation and dephosphorylation processes to initiate the classical Wnt/b-catenin signaling cascade,

and ultimately induce target gene expression like c-Myc and cyclinD1.101 The Wnt signaling pathway, along with the components, exhibits

a critical effect on embryogenesis and is essential for normal cell growth and proliferation.102,103

Wnt/b-catenin pathway exerts an important effect on organ development and is also important for liver development, such as hepatocyte

differentiation, hepatoblast growth, and differentiation.104 Monga et al. first discovered that b-catenin played a role in rat LR after PHx and

that b-catenin activated numerous target genes related to LR initiation.105 A recent study finds that Wnt/b-catenin signaling promotes LR in

mice by promoting the transformation of transitional liver progenitor cells (TLPCs) into hepatocytes,84 consistent with ectopic activation of

Wnt pathway inducing LPCs to hepatocytes conversion inmicewith biliary injury.98 The transformation and interaction between LPCs and hepa-

tocytes in LR have been summarized in the IL-6 pathway. In addition, Wnt/b-catenin signaling can also promote the transdifferentiation of

damaged hepatocytes into BECs and repair the injured liver in chronic liver injury models.106 The transformation and interaction between

BECs and hepatocytes in LR have been summarized in the Notch pathway. According to Li et al., activating Wnt/b-catenin pathway promoted

LRduringnon-alcoholic fatty liverdisease (NAFLD).107 Jung,Seoetal. alsoproved thatactivatingorenhancingWnt/b-cateninpathwaypromoted

LR.108–110Other studieshavealsodemonstrated that certaingenes act as the regulators ofWnt/b-cateninpathway,which accelerateshepatocyte

growth and LRby regulatingWnt/b-catenin pathway.111,112 Yin andClemens et al. proved thatWnt/b-catenin pathway hada crucial effect on the

initiation stage of LR from the opposite side, and reducing glycogen synthase kinase-3b (GSK-3b) phosphorylation affected the Wnt/b-catenin

pathway, thereby inhibiting LR.113 After the excessive expression of acetaminophen (APAP), phosphatidic acid (PA) can inhibit glycogen synthe-

tase kinase-3b (GSK-3b), a component in Wnt/b-catenin pathway, thereby suppressing Wnt/b-catenin pathway and hindering LR.114

Wnt/b-catenin signaling also shows a critical effect on LR after transplantation. As revealed by Ma et al., activatingWnt/b-catenin pathway

accelerated the regeneration in liver transplantation models via pharmacological preconditioning.115 Oliva-Vilarnau et al. demonstrated that

Wnt/b-catenin pathway had an important effect on human hepatocyte regeneration through constructing a three-dimensional spherical

model of human hepatocytes.116 Collectively, Wnt/b-catenin pathway shows an essential impact on the initiation stage of LR.

HGF signaling pathway

As the multifunctional cytokine, HGF can be detected within diverse cell types, like HSCs, vascular endothelial cells (ECs) or KCs, and its re-

ceptor is c-Met.117 The biological functions of HGF are broad and varied: targeted destruction of HGF or c-Met during embryonic
iScience 27, 108683, January 19, 2024 5



Table 1. The mechanism of signaling pathway in the initiation stage of LR

Signal pathway Mechanism Reference

IL-6 signaling pathway Stimulating LPLCs, HSC, macrophages, monocytes and KCs to produce IL-6, thereby activating

the IL-6/Jak/STAT3 signaling pathway

Li et al.36

Cheng et al.43

Kim et al.44

Izumi et al.45

Song et al.46

Wen et al.47

Prominin-1 promoted LR by recruiting gp130 into the lipid raft to activate the IL-6/STAT3 pathway,

HO-1 promoted LR activation of IL-6/STAT3 signaling pathway by regulating IL-6, STAT3, c-Myc

and c-Jun.

Bahn et al.48

Cheng et al.49

PPARa inhibited PHx-induced LR via the IL-6/STAT3 signaling pathway. Xie et al.50

Smad3 deletion inhibited LR By inhibiting IL-6/STAT3 pathway in early LR in mice Kremer et al.51

Lack of IL-7 resulted in the low serum concentration of IL-6 and failure to activate STAT3in the first

few hours after PHx, resulting in the decreased expression of early LR genes.

Piobbico et al.20

A high serum IL-6 level before surgery was more conducive to postoperative LR in LDLT patients Chae et al.52

TNF-a signaling pathway Indoleamine 2, 3-dioxygenase (Ido1/2) deficiency activated NF-kb, resulting in the production of

TNF-a, which in turn promotes LR

Ando et al.63

Ogiso et al.64

TNF-a pathway induced decomposition of the p65/b-catenin complex, promoted the nuclear

translocation of p65, and thus upregulated cyclin D1 and b-catenin expression as well as

hepatocyte proliferation in vivo and in vitro.

Nejak-Bowen et al.65

Proteases ADAM17 and F13A promoted early LR after PHx by regulating serum levels of TNFR1

and TNF-a.

Yoshiya et al.66

Zbodakova et al.67

Loss of GP73 led to the downregulation of TNF-a and cell cycle related proteins, thus delaying the

initiation of LR in mice.

Wang et al.68

TNF-a signaling pathway MiR-199a regulated LR and hepatocyte proliferation by targeting the TNF-a/TNFR1 signaling

pathway.

Zhang et al.70

hPH activated Kupffer cells to secrete TNF-a to activate the TNF-a signaling pathway and

promote LR.

Lee et al.71

TACE+PVE enhanced LR by inducing high levels of TNF-a expression. Guo et al.73

Notch signaling pathway HIF-1a is related to regulating downstream molecules, like vascular endothelial growth factor

(VEGF), and shows an active regulatory effect on LR.

Ahluwalia et al.90

Notch-HIF-1a signaling pathway plays an important role in hepatocyte proliferation and LR by

regulating Hes1, VEGF, NICD and HIF-1a level.

Li et al.91

Notch signaling plays an important role in maintaining liver homeostasis and hepatocyte

transformation into bile duct cells after liver injury.

Huang et al.10

Wnt/b-Catenin signaling

pathway

Wnt/b-catenin signaling promoted the transformation of TLPCs into hepatocytes to promote LR

in mice.

Pu et al.84

The Wnt/b-catenin signaling pathway is an activator or enhancer of LR. Li et al.107

Jung et al.108

Li et al.109

Seo et al.110

T3, TRb and SNHG12 accelerated hepatocyte proliferation and LR by regulating Wnt/b-catenin

signaling.

Hönes et al.111

Zhu et al.112

Reducing the phosphorylation level of GSK-3b can inhibit the wnt/b-catenin signaling pathway,

thereby inhibiting LR.

Yin et al.112

Clemens et al.114

ActivatingWnt/b-catenin pathway accelerated the regeneration in liver transplantation models via

pharmacological preconditioning.

Ma et al.115

(Continued on next page)
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Table 1. Continued

Signal pathway Mechanism Reference

HGF signaling pathway HGF pathway can affect cell proliferation, growth and survival by activating various downstream

pathways such as PI3K/AKT, JAK/STAT3 and Ras/Raf pathways in the early stage of LR.

Zhao et al.24

Li et al.129

Okano et al.130

HGF/c-Met signaling can regulate the survival of liver progenitor cells by blocking BMP9

-mediated apoptosis.

Addante et al.132

HGF signaling pathway can be activated by UDCA, PDGF, Endoca, etc. Dong et al.133

Qian et al.134

Zhao et al.135

Inhibition of CCL5 enhanced the secretion of HGF from repair macrophages through FoxO3a

pathway.

Huang et al.136
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development disrupts liver and placenta development.118 Recombinant humanHGF (rh-HGF) inhibits mouse hepatocyte death and stabilizes

structural and vascular integrity.119 HGF attenuates APAP-induced hepatocyte necrosis and improves mouse liver failure.120

The level of HGF in the plasma has increased 17 times at 2h after PHx, well before the onset of DNA synthesis in the liver, while HGF is

absent in liver residues.121 This suggests that the increase in plasmaHGF is due to the production of the hepatic extranet, which is transported

to the damaged liver by paracrine for initiating hepatocyte proliferation and LR. According to endogenousHGF expression, LR can be divided

into two stages. In phase I (0–3 h after PHx), also known as depletion phase, HGF is derived from the transcription of HGF gene in KCs and ECs

of normal liver, with a decrease in the level of both inactive form (pro-HGF) and active form.122 In phase II (from 3 to 48 h or more after PHx),

named as the production phase, HGF is newly synthesized by ECs and HSCs and characterized by a significant increase in both forms.121,123

After PHx, the tyrosine phosphorylation of c-Met occurs within 5 min and increases gradually, reaching a peak at 60 min.124 In animal exper-

iments, HGF activates LR at the onset of injury and improves NASH liver function, and is associated with JAK2-STAT3 phosphorylation and

inhibition of inflammation.24 It is a highly active stimulator of DNA synthesis in hepatocytes and is active at concentrations as low as 1 ng/ml.125

HGF is elevated in the liver of rats with intestinal ischemia reperfusion (IIR) at 6 h and 72 h after reperfusion.126 These results suggest that the

activation of LR by HGF is related to the promotion of hepatocyte DNA synthesis, improvement of inflammation, improvement of hepatocyte

function, and activation of downstream signaling pathways. It also implies that HGF is involved in progression of LR.

TheHGF secreted is usually stored in the pro-HGF formwithin extracellularmatrix (ECM).When the liver is damaged, pro-HGF is triggered

via the urokinase-type plasminase activator (u-PA). After activation, HGF promotes hepatocyte proliferation by binding to the receptor c-Met

onto hepatocyte surface.127 HGF/c-Met pathway is important for protecting and regenerating tissues. Under diverse injury and disease

models, HGF can promote cell growth as well as tissue regeneration, in the meantime of improving fibrosis and chronic inflammation.128

At the same time, HGF also has an important role in the initiation stage of LR, which promotes DNA synthesis and hepatocyte mitosis in a

paracrine manner.24 In the early stage of LR, HGF pathway can affect cell proliferation, growth, and survival by activating various downstream

pathways such as PI3K/AKT, JAK/STAT3, and Ras/Raf pathways.24,129,130 In addition, HGF pathway also interacts with TGF-a pathway to

directly stimulate DNA synthesis in hepatocytes and promote hepatocytes to enter G1 phase from G0 phase.131 In cell models, HGF/

c-Met signaling is found to block the bone morphogenetic protein (BMP-9)-mediated apoptosis, thereby regulating the survival of liver pro-

genitor cells.132 In mouse models, the HGF signaling pathway can be activated by ursodeoxycholic acid (UDCA), platelet-derived growth fac-

tor (PDGF), and endocan (a pro-angiogenic protein), thereby accelerating hepatocyte proliferation and promoting LR.133–135 Furthermore,

Huang et al. found that inhibition of C-C motif chemokine ligand (CCL) 5 enhanced the secretion of HGF from macrophages via forkhead

box O3(FoxO3a) pathway, thus accelerating hepatocyte proliferation and promoting LR.136

Therefore, HGF/c-Met pathway exerts a crucial effect on initiating LR, which is related to DNA synthesis, inflammation, hepatocyte func-

tion, andmitosis. Currently, there aremany clinical trials using the HGF gene in clinical management,137–139 suggesting that it is the candidate

therapeutic target of human liver disease, so further studies are needed to investigate the impact of HGF pathway on LR. The mechanism of

signaling pathway in the initiation stage of LR is summarized in Table 1.
The progression stage of LR

With the completion of the initiation stage, hepatocytes begin the DNA replication procedure, and nearly 95% of hepatocytes are enrolled in

cell cycle to initiate proliferation.4 Hepatocyte proliferation is a mitotic process in which hepatocytes enter the cell cycle under the combined

stimulation of diverse cytokines, growth factors, and cyclin CDKs. The progression of hepatocyte cycle includes the activation of several meta-

bolic pathways, such as Hippo, HGF/c-Met and PI3K-AKT pathways, which jointly regulate the proliferation of hepatocytes. Themain signaling

pathways in the progression stage of LR are summarized in Figure 4.

Hippo pathway

Hippo signaling pathway was initially discovered from Drosophila melanogaster, and it represents a conserved organ size regulator whose

abnormal regulation leads to tumorigenesis.140 The kinase cascade from tumor suppressor Hippo (Mst1 as well as Mst2 within mammals) to
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Figure 4. The main signaling pathways in the progression phase of LR

Extracellular signal activates LATS1/2 by a complex Mst1/2 kinase and SAV1, which enables YAP/TAZ to be transported to the nucleus and interact with TEAD1-4

and other transcription factors. When pro-HGF is activated by u-PA, it can bind to c-Met to initiate a variety of downstream signaling pathways, including ERK1/2

signaling pathway and PI3K/AKT signaling pathway. When ligand-receptor binding or the PI3K/AKT signaling pathway is stimulated, PI3K promotes the

conversion of from PIP2 to PIP3. PIP3 can act on AKT directly or through PDK1 on AKT, thereby activating mTOR. TEAD, Transcriptional enhanced associate

domain; PIP2, Phosphatidylinositol 4, 5-diphosphate; PIP3, Phosphatidylinositol 3,4, 5-triphosphate; PDK1, 3-phosphate dependent protein kinase 1.
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oncoproteins Yki (YAP togetherwith TAZwithinmammals) is the heart of the pathway, which are the transcriptional coactivators for target genes

related to cell growth and survival.141 It provides directions for investigating genes responsible for controlling hepatic proliferation and growth.

Hippo pathway within mammalian livers sheds light on how it drives disease progression, such as from fatty liver to liver cancer.141 Therefore,

numerous studies target Hippo pathway to promote LR while preventing and treating liver disease as the candidate therapeutic target.

In recent studies, Hippo pathway plays a critical role in regulating liver size, development, regeneration, homeostasis andmetabolism, and

its perturbations can contribute to frequent liver diseases, like fatty liver disease or even liver cancer. As a result, pharmacologically targeting

Hippo pathway is adopted for promoting LR and preventing liver disease progression.142 Dong andCamargo et al. found that overexpression

of YAP led to liver enlargement, thereby producing a liver five times larger than normal.140,143 The overgrowth was regulated via the enhanced

hepatocyte growth and the decreased apoptosis. Stopping YAP up-regulation reversed the phenotype, and the liver then returned to the

normal size rapidly.140,143 YAP up-regulation led to HCC occurrence.143 The aforementioned studies indicate that Hippo pathway has a critical

effect on LR and liver disease, suggesting that it may be a therapeutic target for liver diseases in the future.

PI3K/AKT signaling pathway

As the intracellular phosphatidylinositol kinase, PI3K possesses the serine/threonine (Ser/Thr) kinase activities. The activated PI3K can phos-

phorylate phosphatidylinositol 4, 5-diphosphate (PIP2) into phosphatidylinositol 3,4, 5-triphosphate (PIP3) and enrolls AKT and inosine

3-phosphate dependent protein kinase 1 (PDK1) onto plasma membrane, where PDK1 phosphorylation activates AKT.144,145 As the

serine/threonine kinase, AKT is involved in numerous cell activities and functions as a downstream effector for cell proliferation and survival

regulated through growth factors.146,147 PI3K/AKT pathway accounts for a major intracellular signaling pathway, which participates in the

regulation of cell cycle, cell growth, apoptosis, metabolism, and angiogenesis through the communication of its associated upstream

together with downstream factors, and it can be activated in a variety of physiological activities.148–150

PI3K/AKT plays a key role in LR.151 Recent studies have suggested that dietary salidroside relieves lipid metabolic disorder and inflamma-

tory response in the liver of laying hens via PI3K/AKT/Gsk3-b pathway, and promotes hepatocyte regeneration.152 In zebrafish, activation of

the Farnesoid X receptor damaged the liver progenitor cells-mediated LR via the PTEN-PI3K-AKT-mTOR axis.153 Zhang et al. found that when

PI3K-AKT and insulin signaling pathways were suppressed, autophagy was inhibited, apoptosis was enhanced, proliferation was impaired,

and cell death was promoted in hepatocytes of aquaporin-9 knockout mice.154 Lin et al. revealed that translation control tumor protein

(TCTP) promoted LR in mice by activating PI3K/AKT signaling pathway through interaction with mTORC2.155 Zhong et al. found that Panax

notoginseng saponins (PNSs) promoted LR in mice by activating the PI3K/AKT/mTOR pathway.156 Collectively, activation of PI3K/AKT

pathway promotes hepatocyte proliferation and LR.
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HGF signaling pathway

HGF is a cytokine that can stimulate hepatocyte proliferation. It also acts on diverse cell types like hematopoietic cells, epithelial cells, and

vascular endothelial cells and is amultifunctional factor that regulates the growth,movement, andmorphogenesis of a variety of cells. It exerts

a critical effect on embryogenesis, angiogenesis, organ/tissue regeneration, wound healing, carcinogenesis, and morphogenesis through

paracrine or autocrine mechanisms, under the assistance of epithelial interstitial interactions.127

HGF has a critical effect on the initiation stage of LR, and is mainly responsible for initiating LR after injury.24 In addition, it is crucial for

hepatocyte proliferation in the progressive stage of LR. Unlike the initial phase, it has significant functions in promoting cell proliferation,

cell division, angiogenesis and cell motility.157 After PHx, HGF activity in the remnant liver begins to increase within 24 h, involving the first

peak of DNA synthesis in the progressive stage of LR.158,159 However, the first increase in HGF activity in the plasma is noted 3 h after PH,

which is much earlier than the initial DNA synthesis in the remnant liver. At this point, HGF mRNA levels were significantly elevated in intact

distal organs such as the lungs, kidneys, and spleen, but not in the residual liver.158,160 uggesting that HGF is initially produced by the extra-

hepatic organs and transported to the residual liver by the ‘‘endocrine’’ system. Ishiki et al. demonstrated that HGF in the blood promotes LR:

when recombinant human HGF (rh-HGF) was injected intravenously into hepatectomy mice, hepatocyte replication was enhanced.161 In

contrast, anti-HGF IgG reduces the regenerative response of hepatocytes after liver injury (G1/S progression).162,163 HGF is an angiogenic

factor in vitro,164–167 which plays an important role in angiogenesis of vascular cells, addition of HGF can induce angiogenesis and improve

regional hypoxia in rabbit hindlimb ischemia model as cytokine supplement therapy.168 In addition, HGF stimulates DNA synthesis of serum-

free primary hepatocytes and has a critical effect on physiological regulation of tissue and organ development.169 HGF promotes cell devel-

opment, cell protection, DNA synthesis, and cell cycle progression through the direct binding to a certain tyrosine kinase receptor c-Met.24

During LR, HGF/c-Met is a key promoter that activates downstream pathways including JAK/STAT3, PI3K/AKT/NF-kB, and Ras/Raf path-

ways and affects cell proliferation, growth, and survival. It has important clinical significance for liver fibrosis, hepatocyte regeneration after

inflammation, and LR after transplantation.24 Cheng et al. suggested that peroxisome proliferator-activated receptor g (PPARg) inhibited LR

after PHx by negatively regulating HGF/c-Met/ERK1/2 pathway.170 Besides, Gui et al. discovered that suppressor of cytokine signaling1(-

SOCS1) controlled LR through modulating HGF pathway within hepatocytes. They found that the LR rate was accelerated, DNA synthesis

was enhanced and the early phosphorylation level of Gab1, the downstream signal of c-Met, was upregulated in SOCS1 (�/�) mice.171

HGF/c-Met is related not only to G1/S phase but also to G2/M phase. According to Factor et al., c-Met loss within hepatocytes not only

reducedG1/S progression and postponed post-PHx liver recovery but also blocked the early/middle G2 phase. Mechanism studies have indi-

cated that these phenomena are related to the lack of ERK1/2 activation as well as the deficiency of histoneH3 phosphorylation and chromatin

condensation.172 HGF/c-Met signaling pathway is also positively correlated with the cell cycle progression and cell proliferation of hepato-

cytes in the zebrafish LR model.173 In addition, HGF also induced the expression of cyclin D1 and various cell cycle core proteins through the

mitogen-activated protein kinase (MAPK) family member P38 and the STAT3/AKT/MAPK signaling pathway.174,175 Consequently, HGF

pathway is important for regulating hepatocyte cycle, cell growth, and LR, and can be used as a key regulatory factor for tissue regeneration.

The mechanism of signaling pathway in the progression stage of LR is summarized in Table 2.

The termination stage of LR

After the liver returns to the original liver weight during LR, it will cause cancer if the hepatocytes continue to proliferate, so there must be a

termination stage in the process of LR to inhibit the abnormal proliferation of hepatocytes.176 Studies have reported that when the liver mass/

body weight ratio returns to 2.5%, the LR rate will slow down.177 When the liver is restored to the appropriate size and basic function, various

signaling pathways associated with the termination stage of LR are activated to slow down LR, among which the most extensively studied

signaling pathways are mediated by the TGF-b family including three TGF-b isomers (TGF-b1/-b2/-b3), bone morphogenetic proteins

(BMPs), and activins.178 It is generally believed that TGF-b, activin, and BMPs-mediated signaling pathways have a critical effect on the termi-

nation stage of LR.18 Those main pathways related to the termination stage of LR are summarized in Figure 5.

TGF-b signaling pathway

TGF-b was first discovered and named in 1978 by De Larco et al., who purified a secreted polypeptide from fibroblasts infected with MSV

oncovirus, which allowed the wild proliferation of normal fibroblasts in soft AGAR and was thus named ‘‘transforming growth factor’’.179

The TGF-b family of pathways are critical for different physiological events, such as cell growth, differentiation, invasion, and death, and

are essential for the homeostasis of tissues and organs.180 After the binding of TGF-b to type I/type II TGF-b receptors (TGF-bR1 as well

as TGF-bR2), TGF-b activates the TGF-b signaling pathway, which in turn regulates cell growth and death. After activation, type I receptor

phosphorylates Smad2 and Smad3 while binding to Smad4 to form the Smad complex. Smad complexes enter the nucleus to interact

with various transcription factors for regulating target gene transcription.181

TGF-b has a critical effect on the termination stage of LR, which accounts for a powerful inhibitor of hepatocyte proliferation. Recent studies

have indicated that TGF-b can be used as a target for Ahnak (a large 700 kDa protein), G protein-coupled receptor 50 (GRP50), and growth

differentiation factor (GDF) 11 to inhibit hepatocyte proliferation and LR by blocking the cell cycle.182–184 TGF-b also acts as a target for in-

tegrin avb8, LSKL peptide (an inhibitor of platelet reactive protein TSP-1), simvastatin (Sim, a drug used to treat hypercholesterolemia), which

can block the TGF-b signaling pathway, thereby delaying the termination of LR.185–187 These studies also demonstrate that TGF-b signaling is

tightly associated with the termination stage of LR. Masuda, Karkampouna et al. showed that TGF-bR-I inhibitors LY2157299 and LY364947

blocked the inhibition of TGF-b pathway on hepatocytes by blocking the downstream signaling of TGF-bI receptor kinase.188,189 Chen et al.
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Table 2. The mechanism of signaling pathway in the progression stage of LR

Signal pathway Mechanism Reference

Hippo Pathway Overexpression of YAP led to liver enlargement, thereby producing a

liver five times larger than normal. Stopping YAP up-regulation

reversed the phenotype, and the liver then returned to the normal size

rapidly.

Dong et al.140

Camargo et al.143

YAP up-regulation led to HCC occurrence. YAP1 expression levels

were strikingly correlated with the expression levels of both cyclinD1

and BclXL.

Camargo et al.143

PI3K/AKT signaling pathway Salidroside promoted hepatocyte regeneration through

PI3K/AKT/Gsk3-b pathway.

Cui et al.152

Farnesoid X receptors damaged liver progenitor cell-mediated

LR via the PTEN-PI3K-AKT-mTOR axis.

Jung et al.153

In hepatocytes of Aquaporin-9 knockout mice, the PI3K-AKT and

insulin signaling pathways were suppressed and hepatocyte

proliferation was impaired.

Zhang et al.154

TCTP promoted LR in mice by activating PI3K/AKT signaling

pathway through interaction with mTORC2.

Lin et al.155

PNS promoted LR through activation of PI3K/AKT/mTOR and

upregulated the AKT/Bad cell pathways in mice.

Zhong et al.156

HGF signaling pathway PPARg inhibited LR after PHx by negatively regulating

HGF/c-Met/ERK1/2 pathway.

Cheng et al.170

SOCS1 controlled LR through modulating HGF pathway within

hepatocytes. LR rate was accelerated, DNA synthesis was

enhanced and the early phosphorylation level of Gab1, the

downstream signal of c-Met, was upregulated in SOCS1 (�/�) mice.

Gui et al.171

HGF signaling pathway HGF/c-Met signaling pathway was positively correlated with

hepatocyte cycle progression and cell proliferation in the zebrafish

LR model.

Chiang et al.173

HGF induced cyclin D1 expression via MAPK family member P38. Mohammed et al.174

HGF activated the STAT3/AKT/MAPK signaling pathway and

induced the expression of various cell cycle core proteins.

Li et al.175
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reported that down-regulating TGF-bR1 weakened the inhibitory effect of TGF-b signaling pathway on LR inmice.190 According to the studies

of Bird, Heo et al., regulating signaling factors like TGF-bR1 and Smadwithin TGF-bpathway blocked TGF-b signaling pathway, thus inhibiting

the termination of LR and promoting hepatocyte proliferation.191,192 Inhibition of TGF-b pathway is an effective therapeutic strategy to pro-

mote hepatocyte proliferation and LR. Therefore, the TGF-b signaling pathway deserves further investigations.

Activin signaling pathway and BMPs signaling pathway

Activins, belonging to TGF-b superfamily, are first extracted due to their abilities to induce the release of follicle-stimulating hormone (FSH)

from the pituitary.193 Activins exist in three basic molecular forms, including activin A (bAbA), activin B (bBbB), and together with activin AB

(bAbB).194 Activin A is structurally similar to other family members, yet maintains its own unique function. It is related to numerous cellular

activities like growth, differentiation, and apoptosis, and is also a key regulator of inflammation.194 Activin A can combine with activin type

II receptors (ActRIIA and ActRIIB) to recruit the trans-phosphorylated companion activin type I receptor (ALK4). The activated ALK4 induces

the activation and nuclear translocation of Smad protein and regulates the expression of target genes.195 Activin A can inhibit DNA synthesis

in hepatocytes in an autocrinemanner during LR to exert its role as a negative regulator.196 Recent studies have shown that activin A released

by endothelial cells as a transcription target of Kruppel-like transcription factor 2 (KLF2) can negatively regulate hepatocyte proliferation and

LR.197 Lv, Chen et al. found that activin A signaling pathway induced the growth arrest and apoptosis of hepatocytes both in vitro and

in vivo.198,199 Chen et al. suggested that activin A inhibited the process of LR by activating the Smad signaling pathway to up-regulate

p15INK4B and p21WAF1/Cip1 and down-regulate cyclin D1 and cyclin E.198 Other studies have indicated that the expression of ActRIIB pro-

motes the phosphorylation of Smad2/3 and eliminates the role of miR-194 in hepatocyte growth, thus inhibiting hepatocyte proliferation and

apoptosis.200

BMPs, the greatest TGF-b subfamily, consist of over 15 ligands and is divided into about 20 different BMPs including BMP-2/-4/-7/-9, ac-

cording to the similarity of their amino acid sequences.201 In the earliest studies, BMP can promote cartilage and bone generation as well as
10 iScience 27, 108683, January 19, 2024



Figure 5. The main signaling pathways in the termination phase of LR

TGF-b, activin, and BMPs-mediated signaling pathways play an important role in the termination phase of LR. TGF-b binds to the receptor TGF-bR1/TGF-bR2 to

recruit and phosphorylate Smad2/3. The activin binds to the receptor ActRIIA/ActRIIB and also recruits and phosphorylates Smad2/3. BMP binds to the receptor

BMPRI/BMPRII and recruits and phosphorylates Smad1/5/9. Smad4 is a common transduction factor of these three signaling pathways, and Smad2/3 and Smad1/

5/9 bind to Smad4 after phosphorylation, and are eventually transported to the nucleus to bind to transcription factors. TGF-bR1, TGF-b receptors1; TGF-bR2,

TGF-b receptors2; Smad, Small mother against decapentaplegic; BMPRI, Bone morphogenetic proteins receptors I; BMPRII, Bone morphogenetic proteins

receptors II.
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fracture repair, while regulating the differentiation and proliferation of chondrocytes and osteoblasts in vitro.202 In subsequent studies, BMPs

are also found to be the key regulators of adult tissue homeostasis, regulating diverse biological events like growth, survival, and differenti-

ation. Therefore, it exerts a critical effect on embryology, tissue regeneration, or even cancer.203,204 The liver is a target organ of BMP action,

and it has a critical effect on the termination stage of LR.205 BMP ligands in the typical BMP pathway combine with types I/II BMP receptors for

the formation of complexes related to the activation and phosphorylation of receptors, which thereby regulate SAMAD-1, SAMAD-5, or

SAMAD-9. Phosphorylated Smad�1, Smad �5, or Smad�9 (p Smad 1/5/9) binds to Smad 4 and translocates heterocomplex in the nucleus

for regulating the expression of target genes.206 BMPs-mediated signaling pathway is relatively complex. Firstly, BMPs mainly bind to phos-

phorylated Smad1/5/8 receptor to inhibit LR.207 Secondly, different subunits of BMPs may have different or even opposite effects, for

example, BMP-7 promotes hepatocyte proliferation.208 However, BMP-2, BMP-4, and BMP-9 inhibit the proliferation of hepatocytes.132,209–211

The aforementioned studies indicate that activins and BMPs are critical for the termination stage of LR. Nonetheless, further research is

warranted to verify and illustrate the specific mechanisms of activins and BMPs in the termination stage of LR. The mechanism of signaling

pathway in in the termination stage of LR is summarized in Table 3.

CONCLUSIONS AND PROSPECTS

In the last few decades, great progresses are achieved in the biological understanding and clinical application of LR. Clinical studies have

found that preoperative high levels of serum IL-6 and TNF-a contribute to early regeneration after LDLT.52 The expressions of IL-6 and

TNF-a are significantly increased in HCC patients after hepatectomy.72 During liver cell transplantation, localized direct delivery of Wnt3a

and Wnt5a to the cells might be beneficial to the successful LR.212 After PHx, the C-C motif chemokine ligand (CCL5) is increased in healthy

donors of living donor liver transplantation (LT)and inhibition of CCL5 enhances HGF secretion in repair macrophages, thereby activating the

HGF signaling pathway to improve LR. Reduce the mortality rate of liver failure after hepatectomy.136 Due to lack of nephrotoxicity and anti-

cancer effect, mTOR inhibitors can be used in patients after 30 days of PLTx to promote PLTx success.213,214 Although there have been some

advances in clinical application, but the actual mechanism of LR remains unclear, and its current research results are far from meeting the

needs of clinical treatment of liver diseases. The clinical application of LR still requires further research to provide theoretical basis for treating

liver transplantation, liver failure, or other end-stage liver disease.

The initiation, maintenance, and termination of LR are strictly regulated by many cytokines and their mediated signaling pathways. The

present study pays special attention to main pathways in each stage of LR. LR is a complex process, and a single factor or a single signaling

pathway cannot complete the whole process independently. Instead, the combined effect of multiple signaling pathways is needed. During

LR, if one pathway is blocked, the others will compensate for it and return to almost the normal liver quality. In the process of LR, inflammation-

related signaling pathways run through the whole process and have the role of initiating tissue repair and regeneration.215 IL-6 and TNF-a are
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Table 3. The mechanism of signaling pathway in the termination stage of LR

Signal pathway Mechanism Reference

TGF-b signaling pathway Ahnak depletion accelerated LR by modulating the

TGF-b/Smad signaling pathway

Yang et al.184

The orphan GPR50 receptor interacting with TbRI induces

G1/S-phase cell-cycle arrest via Smad3-p27/p21 in BRL-3A cells.

Chang et al.182

GDF11 inhibited cell cycle progression and LR through

TGF-b- Smad 2/3 signaling pathway.

Wang et al.183

Loss of Integrin avb8 in Murine Hepatocytes Accelerates LR. Greenhalgh et al.186

TGF-b signaling pathway Effect of LSKL peptide on thrombospondin 1-mediated TGF-b

signal activation and LR after hepatectomy in an experimental

model.

Kuroki et al.187

LY2157299 and LY364947 block downstream signaling of TGF-bI

receptor kinases, thereby blocking the TGF-b pathway.

Karkampouna et al.188

Masuda et al.189

Regulation of TGF-bR1, Smad, and other signaling factors in

the TGF-b signaling pathway impeded TGF-b signaling.

Chen et al.190

Bird et al.191

Heo et al.192

Activin signaling pathway Activin A, as a transcriptional target of KLF2, negatively

regulated hepatocyte proliferation and LR.

Manavski et al.197

ActRIIB eliminated the effects of miR-194 on the proliferation

of hepatocytes by promoting the phosphorylation of Smad2/3.

Gao et al.200

Activin A activated the Smad signaling pathway by up-regulating

p15INK4B and p21WAF1/Cip1, and down-regulating cyclin D1

and cyclin E.

Chen et al.198

Activin A induced growth arrest through a Smad - dependent

pathway in hepatic progenitor cells

Chen et al.198

BMPs signaling pathway BMPs inhibited LR by binding to the phosphate Smad1/5/8

receptor.

Katagiri et al.206

Tsugawa et al.207

BMP-2, BMP-4 and BMP-9 mediated signaling pathways

inhibited the proliferation of hepatocytes.

Addante et al.132

Breitkopf-Heinlein et al.209

Do et al.210

Xu et al.211
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the most widely studied pro-inflammatory factors, and their mediated signaling pathways play a major role in the process of LR. In addition to

inflammatory pathways, metabolic pathways also play an important role in the process of LR.

Following PHx, themetabolic of the LR is enormously required tomeet DNA replication and cell division, with lipids being themain source

of energy.216 mTORC2 promotes fatty acid (FA) metabolism through the glucose-peroxisom- activated receptor a(PPAR-a) pathway and pro-

motes LR.217 Bile acid signaling is also required for LR, bile acids are important liver products, and their levels are tightly regulated. Huang

et al. find that nuclear receptor-dependent bile acid signaling is required for normal LR, elevated bile acid levels accelerate regeneration, and

decreased levels inhibit liver regrowth, as does the absence of the primary nuclear bile acid receptor FXR.218 Belenguer et al. have found that

RNF43/ZNRF3 deficiency predisposes to HCC by impairing LR and altering lipid metabolic ground-state.219 Glucose metabolism is also

involved in LR. Aquaporin-9 (AQP9) promotes LR after PHx by regulating glucose metabolism in hepatocytes.154 Insulin exacerbates hepatic

ischemia/reperfusion(I/R) injury by energy depletion through the IRS-2/SREBP-1c pathway.220 MSC transplantation improves the glucose

metabolism and survival rate in the post-hepatectomy liver failure (PHLF) model, which may be related to the AKT/GSK-3b/b-catenin

pathway.221 Amino acid metabolism is also involved in LR. Studies have found that abnormal s-adenosylmethionine (SAM) is prone to liver

disease.222 Nelsen et al. have found that amino acids can also regulate hepatocytes proliferation by regulating the expression of cyclin

D1.223 Feeding amino acids led to liver DNA synthesis and mitotic explosion in rats that were not fed protein for 3 days,224 suggesting an

important role for amino acid metabolism in LR. The effect of metabolism on LR cannot be ignored because the replication of hepatocytes

requires a large number of proteins, lipids, and nucleic acids. Therefore, this indicates that it is not feasible to regulate a certain factor or a

certain signaling pathway to solve the problems about LR. In the future, with the continuous understanding of LR signaling pathways, it is

possible to simultaneously regulate multiple signaling pathways to enhance LR, thereby improving the success rate of LDLT, PHx treatment

of liver, and other operations.

In addition, numerous studies have verified that the signaling pathways play important roles in LR under different physiological and path-

ological conditions. For instance, studies have shown that activating signaling pathways such as HGF, EGFR, and TNF-a prevents acute liver
12 iScience 27, 108683, January 19, 2024
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failure and promotes LR.225 In PHx after cirrhosis, the IL-6 signaling pathway canmaintain compensatory LR by enhancing STAT3 activation,226

the continuous activation of IL-6 signaling pathway can lead to the development of HCC. In mice with carbon tetrachloride (CCl4),-induced

cirrhosis, the TGF-b receptor type I(TGFbR1) kinase inhibitor galunisertib (LY2157299) can block the liver fibrosis process and promote LR by

inhibiting the TGF-b signaling pathway.189 In alcoholic hepatitis (AH) samples, overactivation of YAP leads to loss of key biological functions

such as regenerative capacity, and targeting YAP is an effective strategy for treating patients with AH or alcohol-related cirrhosis.227 In liver

ischemia-reperfusion injury (IRI), Hippo signaling pathway plays a role in promoting liver repair and regeneration.228 In addition, the promo-

tion role of Hippo signaling pathway in LR after IRI is related to the transformation of LPCs, and the activation of YAP promotes the dediffer-

entiation of hepatocytes into LPCs, which can differentiate into BECs and further promote LR.229 When hepatocyte proliferation is impaired,

LPCs are activated and differentiate into BECs and hepatocytes to promote LR andmaintain liver stability. The crosstalk between HGF/c-Met

signaling pathway and BMP9 can also promote the mutual transformation between hepatocytes, BECs, and LPCs.132 The relationship be-

tween signal pathway and cell transformation provides theoretical basis and direction for the treatment of patients with liver disease. There-

fore, more research is needed to understand the signaling pathways of LR under different physiological and pathological conditions for clin-

ical medicine.

At present, LR is mainly studied by establishing animal models (rats, mice, and zebrafish) in vivo and by culturing hepatocytes in vitro. How-

ever, both animal model experiments and cell model experiments are inadequate. Due to species differences, conclusions inferred from an-

imal models cannot be directly applied in human beings. The liver is comprised by various cell types, while cells can secrete different mol-

ecules to form different signaling pathways and interact with each other to jointly regulate LR. Consequently, during in vitro hepatocyte

culture, it is impossible to accurately obtain a complete signal map of the upstream and downstream cell molecules and between signaling

pathways. Therefore, in the future study on LR-related pathways, the organoid model of the liver can be considered, so that the relationship

between cells, molecules, and signaling pathways in LR process can be elaborated, and the theoretical results of LR can thus be truly applied

in clinical practice.
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A., Dooley, S., Dewidar, B., Giannelli, G., and
Ten Dijke, P.; IT-LIVER Consortium (2016).
TGF-b signalling and liver disease. FEBS J.
283, 2219–2232.

181. Ren, L.L., Li, X.J., Duan, T.T., Li, Z.H., Yang,
J.Z., Zhang, Y.M., Zou, L., Miao, H., and
Zhao, Y.Y. (2023). Transforming growth
factor-b signaling: From tissue fibrosis to
therapeutic opportunities. Chem. Biol.
Interact. 369, 110289.

182. Chang, C., Wang, D., Xi, L., Guo, X., Wang,
G., and Yu, G. (2022). The orphan GPR50
receptor interacting with TbRI induces G1/S-
phase cell cycle arrest via Smad3-p27/p21 in
BRL-3A cells. Biochem. Pharmacol. 202,
115117.
iScience 27, 108683, January 19, 2024 17

http://refhub.elsevier.com/S2589-0042(23)02760-8/sref142
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref142
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref143
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref143
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref143
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref143
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref143
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref144
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref144
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref144
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref144
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref144
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref144
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref145
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref145
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref145
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref146
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref146
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref146
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref146
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref146
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref146
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref147
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref147
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref147
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref147
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref147
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref147
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref148
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref148
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref148
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref148
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref148
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref149
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref149
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref149
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref149
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref149
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref149
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref150
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref150
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref150
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref150
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref150
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref150
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref151
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref151
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref151
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref151
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref151
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref152
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref153
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref153
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref153
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref153
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref153
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref153
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref154
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref154
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref154
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref154
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref154
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref155
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref155
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref155
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref155
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref155
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref155
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref156
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref157
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref157
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref157
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref157
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref157
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref158
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref158
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref158
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref158
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref158
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref158
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref159
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref160
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref160
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref160
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref160
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref160
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref160
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref161
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref161
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref161
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref161
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref161
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref161
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref162
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref162
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref162
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref162
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref162
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref163
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref163
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref163
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref163
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref163
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref163
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref164
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref164
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref164
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref164
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref164
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref165
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref166
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref166
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref166
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref166
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref166
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref167
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref167
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref167
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref167
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref167
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref167
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref168
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref169
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref169
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref169
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref169
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref169
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref169
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref170
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref171
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref171
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref171
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref171
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref171
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref171
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref172
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref173
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref173
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref173
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref173
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref173
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref173
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref174
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref175
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref175
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref175
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref175
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref175
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref176
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref176
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref176
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref177
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref177
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref177
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref177
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref178
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref178
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref178
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref179
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref179
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref179
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref179
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref180
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref180
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref180
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref180
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref180
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref181
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref181
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref181
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref181
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref181
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref181
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref182
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref182
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref182
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref182
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref182
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref182


ll
OPEN ACCESS

iScience
Review
183. Wang, W., Yang, X., Yang, J., Liu, S., Lv, Y.,
Zhang, C., Dong, W., and Liu, A. (2019).
GDF11 impairs liver regeneration in mice
after partial hepatectomy. Clin. Sci. 133,
2069–2084.

184. Yang, I., Son, Y., Shin, J.H., Kim, I.Y., and
Seong, J.K. (2022). Ahnak depletion
accelerates liver regeneration by
modulating the TGF-b/Smad signaling
pathway. BMB Rep. 55, 401–406.

185. Fang, D., He, Y., and Luan, Z. (2017).
Simvastatin augments activation of liver
regeneration through attenuating
transforming growth factor-b1 induced-
apoptosis in obstructive jaundice rats. Exp.
Ther. Med. 14, 4839–4845.

186. Greenhalgh, S.N., Matchett, K.P., Taylor,
R.S., Huang, K., Li, J.T., Saeteurn, K.,
Donnelly, M.C., Simpson, E.E.M., Pollack,
J.L., Atakilit, A., et al. (2019). Loss of Integrin
avb8 in Murine Hepatocytes Accelerates
Liver Regeneration. Am. J. Pathol. 189,
258–271.

187. Kuroki, H., Hayashi, H., Nakagawa, S.,
Sakamoto, K., Higashi, T., Nitta, H.,
Hashimoto, D., Chikamoto, A., Beppu, T.,
and Baba, H. (2015). Effect of LSKL peptide
on thrombospondin 1-mediated
transforming growth factor b signal
activation and liver regeneration after
hepatectomy in an experimental model. Br.
J. Surg. 102, 813–825.

188. Karkampouna, S., Goumans, M.J., Ten Dijke,
P., Dooley, S., and Kruithof-de Julio, M.
(2016). Inhibition of TGFb type I receptor
activity facilitates liver regeneration upon
acute CCl4 intoxication in mice. Arch.
Toxicol. 90, 347–357.

189. Masuda, A., Nakamura, T., Abe, M.,
Iwamoto, H., Sakaue, T., Tanaka, T., Suzuki,
H., Koga, H., and Torimura, T. (2020).
Promotion of liver regeneration and anti-
fibrotic effects of the TGF-b receptor kinase
inhibitor galunisertib in CCl4-treated mice.
Int. J. Mol. Med. 46, 427–438.

190. Chen, L., Tao, F., Zhang, Y., Shu, C., Xiang,
W., Yang, L., Chen, X., Hong, Y., Chen, B., Li,
K., et al. (2020). Islet-cell autoantigen 69
accelerates liver regeneration by
downregulating Tgfbr1 and attenuating
Tgfb signaling in mice. FEBS Lett. 594,
2881–2893.

191. Bird, T.G., Müller, M., Boulter, L., Vincent,
D.F., Ridgway, R.A., Lopez-Guadamillas, E.,
Lu, W.Y., Jamieson, T., Govaere, O.,
Campbell, A.D., et al. (2018). TGFb inhibition
restores a regenerative response in acute
liver injury by suppressing paracrine
senescence. Sci. Transl. Med. 10, eaan1230.

192. Heo, S.H., Jeong, E.S., Lee, K.S., Seo, J.H.,
Lee, W.K., and Choi, Y.K. (2017). Knockout of
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A., et al. (2021). Regeneration Defects in Yap
and TazMutant Mouse Livers Are Caused by
Bile Duct Disruption and Cholestasis.
Gastroenterology 160, 847–862.
iScience 27, 108683, January 19, 2024 19

http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref225
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref226
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref226
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref226
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref226
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref226
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref226
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref227
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref228
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref228
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref228
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref228
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref228
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref228
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229
http://refhub.elsevier.com/S2589-0042(23)02760-8/sref229

	Signaling pathways of liver regeneration: Biological mechanisms and implications
	Introduction
	Signaling pathways in LR
	The initiation phase of liver regeneration
	IL-6 pathway
	TNF-α signaling pathway
	Notch pathway
	Wnt/β-catenin signaling pathway
	HGF signaling pathway

	The progression stage of LR
	Hippo pathway
	PI3K/AKT signaling pathway
	HGF signaling pathway

	The termination stage of LR
	TGF-β signaling pathway
	Activin signaling pathway and BMPs signaling pathway


	Conclusions and prospects
	Acknowledgments
	Author contributions
	Declaration of interests
	References


