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ABSTRACT. The regenerative ability of the liver is essential for maintaining physiological functions and the injury 
repair process. The biological mechanisms that regulate liver regeneration remain poorly defined. These mechanisms 
are notable issues in clinical practice that affect the treatment of hepatic loss caused by hepatectomy, hepatic poison-
ing, or chronic viral infection. Increasing evidence shows that numerous growth factors, cytokines, and metabolic 
pathways influence the liver regenerative process. Of particular importance are cytokines and growth factors, which 
affect different stages of liver regeneration. In this review, we summarize the results obtained from studies that 
focused on the role of growth factors and cytokines in liver regeneration to reflect on the clinical implications and 
areas for further study.
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As described in the ancient Greek mythology of 
Prometheus, the liver has an extraordinary regenerative 
ability [1]. This capacity was confirmed in rodents with 
70% partial hepatectomy (PHx), which is a classic  
animal model of liver regeneration, and the entire  
regenerative process lasted approximately 7-10 days 
after surgery [2]. Liver regeneration involves a series of 
intracellular events triggered by injury-induced  
extracellular signals, which alter the expression or activ-
ity of factors involved in transcriptional and post- 
transcriptional modifications, and these transcriptional 
and post-transcriptional responses produce repro-
grammed hepatocytes, which transition from a  
quiescent state to an actively proliferating state [3].  
The liver regeneration process is divided into three 
phases. During the initiation phase, hepatocytes shift 
from the resting state to the replicating state. In the pro-
ductive phase, the expansion of the hepatocyte popula-
tion occurs, and during the termination phase, the 
proliferation of hepatocytes is gradually inhibited [4, 5].
The regenerative ability of the liver plays an important 
role in maintaining various normal physiological  
functions and in repairing liver damage. The success of 
the treatments for various liver diseases, such as liver 
resection, liver transplantation, chronic hepatitis virus 
infection or toxic liver injury, has also been determined. 
Therefore, understanding the mechanisms of liver 
regeneration is crucial to guide clinical therapeutic 
efforts. The activation, proliferation and differentiation 
of liver cells during the regeneration process are  
controlled by numerous growth factors and cytokines 
that are expressed in the liver or by cells recruited from 
the circulatory system to the liver [6]. In recent decades, 
the functions of growth factors and cytokines in the 

liver regenerative process have been elucidated based 
on in vivo animal models and in vitro cell culture assays. 
In this review, we summarize the roles of growth factors 
and cytokines during the liver regeneration process after 
PHx, which may shed light on the regulatory mecha-
nism of liver regeneration. 

GROWTH FACTORS

Hepatocyte growth factor (HGF)

HGF is a major hepatocyte mitogen that binds to the 
tyrosine kinase receptor, c-Met, which is expressed in 
parenchymal and non-parenchymal liver cells [7]. HGF 
is synthesized by liver non-parenchymal cells and other 
extrahepatic organs, including the lungs, kidneys, and 
spleen [8]. Following PHx, the serum level of HGF 
increases rapidly to reach a concentration up to 10 to 
20 times within 1-3 hours [2, 9]. In the initiation phase 
following PHx, HGF is expressed by non-parenchymal 
liver cells and other extrahepatic organs and binds to 
the HGF/c-MET receptor, activating the STAT3,  
PI3K/AKT, mTOR, and RAS/RAF pathways and  
promoting hepatocyte transformation to the prolifera-
tive state [10]. In the productive phase, the release of 
HGF can be stimulated by interleukin-6 (IL-6) and 
tumour necrosis factor (TNF-α), which are mainly  
produced by Kupffer cells that regulate the immediate 
response after injury and secrete cytokines, partici
pating in acute-phase protein production [11].
The overexpression of HGF in transgenic mice can pro-
mote liver regeneration and hepatocyte proliferation 
after PHx [12]. Exogenous administration of an HGF 
activator or recombinant human HGF (rhHGF)  
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significantly increased liver regeneration rates and  
proliferating cell nuclear antigen labelling indices [13]. 
In the extracellular matrix (ECM), the HGF precursor 
is cleaved by a metalloproteinase, and subsequent  
proteolytic maturation of HGF occurs. In addition, an 
increase in c-MET phosphorylation was observed in the 
first hours after PHx [14]. A c-MET defect can delay 
the liver regeneration process, leading to post-operative 
liver function failure, which is associated with a high 
mortality rate [15]. Metalloproteinase activity can be 
inhibited by tissue inhibitor of metalloproteinases 1 
(TIMP-1), and TIMP-1 overexpression in the liver sup-
presses liver regeneration and hepatocyte proliferation 
after PHx [16].
Clinically, HGF levels increase after one to three days 
post operation, during Stage 1, which is related to the 
degree of growth of the future liver remnant and the 
associated liver partition and portal vein ligation for 
staged hepatectomy (ALPPS) [17, 18]. Furthermore, 
serum levels of HGF were significantly elevated two 
weeks after living donor hepatectomy and were associ-
ated with recipient liver volumes [19, 20]. After major 
liver resection, bile HGF levels were shown to correlate 
with the incidence of post-hepatectomy liver failure 
(PHLF), and bile HGF may be a predictive marker of 
liver function after PHx [21, 22].

Vascular endothelial growth factor (VEGF)

The VEGF family includes VEGF-A-F in mammals, 
and these factors play pivotal roles in controlling vas-
culogenesis, angiogenesis and lymphangiogenesis by 
activating VEGF receptors (VEGFR 1-3) [23, 24]. 
VEGF enhances the activity of matrix metalloprotein-
ases and induces the proliferation of endothelial cells 
(ECs), smooth muscle cells, and fibroblasts in the liver 
to form new blood vessels [25, 26]. VEGF also plays a 
central regulatory role in recruiting bone marrow pro-
genitors of liver sinusoidal ECs (LSECs) after PHx [27].
Among the VEGF family members, VEGF-A is  
particularly upregulated in hepatocytes during the liver 
regeneration process [28]. VEGF-A administration  
promotes liver regeneration and the proliferation of 
LSECs. However, VEGF-A does not enhance the  
proliferation of hepatocytes without the presence of 
LSECs in vitro [29]. In addition, overexpressing the 
VEGFR splice variant, VEGF-A165, in the liver before 
PHx accelerated liver function recovery in vivo [30]. 
Blocking VEGF-A function using neutralizing  
antibodies inhibited the proliferation of LSECs and 
hepatocytes after PHx, which subsequently impaired 
liver regeneration [28, 31].
The VEGFR-1 signalling pathway affects the expres-
sion of hepatotropic and proangiogenic growth factors 
and recruits VEGFR-1-expressing macrophages to 
reconstitute sinusoids, to facilitate liver recovery [32]. 
Furthermore, the activity of VEGFR-2 was significantly 
increased after PHx in transgenic VEGFR-2-luc mice 
[33]. Serum VEGF-As and platelet-derived VEGF-As 
levels were shown to be increased following liver resec-
tion according to clinical data. Platelet-derived VEGF-A 
levels were higher after major liver resection relative to 
minor resection [34].

The epidermal growth factor (EGF) family

The seven EGF family members perform their functions 
by activating the high-affinity receptors, EGFR/ErbB1, 
HER2/ErbB2, HER3/ErbB3 and HER4/ErbB4, in 
mammals [35]. EGF is produced by the Brunner’s 
glands of the duodenum, and the level of EGF increases 
30 minutes after PHx, which is stimulated by HGF acti-
vation [36]. Phosphorylated EGFR levels are elevated 
one hour following PHx [14]. Transforming growth 
factor (TGF)-α released from hepatocytes, hepa-
rin-binding EGF (HB-EGF) released from KCs and 
ECs, and amphiregulin enhance the phosphorylation 
of EGFR after PHx [37-39]. Interestingly, TGF-α 
knockout mice demonstrate normal liver regeneration 
after PHx [40]. In HB-EGF-knockout mice, hepatocyte 
proliferation was transiently delayed, which was possi-
bly due to compensatory upregulation of TGF-α [41]. 
Overexpression of HB-EGF in the liver strongly pro-
motes the proliferation of hepatocytes and accelerates 
the regeneration process [42]. Clinically, serum HB-EGF 
levels increase after liver resection and peak after five 
days in patients with major liver resection. The maximal 
serum HB-EGF level was shown to correlate signifi-
cantly with the future liver remnant volume [43]. 
Moreover, rats were protected against EGFR  
knockdown by injecting shRNAs, which decreased the 
proliferation of hepatocytes after PHx, activated c-Met, 
ErbB2 and ErbB3, and prolonged liver regeneration. 
This result demonstrates that the EGFR signalling 
pathway is important but not essential for liver  
regeneration [44]. In addition, approximately one third 
of EGFR-knockout mice died after PHx, and delayed 
hepatocyte proliferation was observed, however,  
apoptotic cell numbers were not increased, indicating 
that EGFR activation does not provide a direct survival 
signal for hepatocytes [45].

Fibroblast growth factors (FGFs)

There are 22 family members with highly different struc-
tural characteristics in humans and mice, and these 
factors exert their effects by activating four transmem-
brane tyrosine kinase receptors: FGF receptors (FGFR) 
1-4 [46, 47]. Several FGF family members are important 
for liver regeneration, and the mitogenic effect of these 
members on hepatocytes has been demonstrated in vitro 
and in vivo. Together with other growth factors, they 
are responsible for vascular angiogenesis and sinusoidal 
network restoration during liver regeneration [48]. 
Among these FGF family members, FGF-1 and FGF-2 
are mainly produced by hepatocytes and activated 
hepatic stellate cells (HSCs) [49]. FGF2-deficient mice 
exhibit delayed hepatocyte proliferation due to a 
delayed G1/S transition after PHx [48]. In addition, 
FGFR deficits in a zebrafish model impaired liver 
regeneration [50]. Furthermore, FGFR signalling 
upregulated PHx-induced growth factor transcription, 
which increased the expression of detoxifying enzymes 
of the cytochrome P450 family. FGFR1/FGFR2-
knockout mice showed an increased mortality rate 
following PHx and severe necrosis in the remaining  
liver tissue. In FGFR1/FGFR2-deficient mice, the 
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detoxification of endogenous compounds, drugs and 
toxic chemicals was impaired, resulting in more frequent 
liver damage and failure. These results revealed the 
important cytoprotective role of FGFR1 and FGFR2 
during liver regeneration [51]. The administration of 
FGF-7 protein to primary hepatocytes isolated from 
the regenerating liver tissues activates ERK1/2 and  
promotes hepatocyte proliferation [52]. FGF-19 and 
FGF-21 enhance hepatoprotective activities and are 
considered to be potential options for the treatment of 
acute liver injuries [53]. FGF-15, which is a bile  
acid-induced ileum-derived enterokine, was considered 
to be critical for bile acid homeostasis and an essential 
mediator for the promotion of bile acids during  
liver regeneration [54, 55]. Cholestatic liver and the  
interruption of bile acid by enterohepatic circulation 
was shown to impair liver regeneration [56]. 
Furthermore, the FGF-15/FGFR-4/STAT-3/Fox-M1 
axis plays an important role in hepatocyte proliferation, 
and deficits in FGF-R1, -R2, and -R4 frequently induce 
liver failure after PHx [57]. However, studies focusing 
on the effects of FGFs following liver resection  
in humans are extremely rare and there is a lack of  
recommendations for their use as biomarkers.

Insulin-like growth factors (IGFs)

IGF-1 and 2 stimulate mitogenesis and survival in 
numerous cell types [58, 59]. IGF-1 and 2 act through 
the IGF-I and IGF-II signalling pathways by interact-
ing with type-1 IGF tyrosine kinase receptors (IGF-
1Rs), however, the type-2 receptor (IGF-2R) can impair 
the bioavailability of IGF-2. The activity of IGF is 
regulated by insulin-like growth factor binding proteins 
(IGFBPs) [49, 60, 61]. Circulating IGF-1 is mainly pro-
duced by the liver in response to growth hormone levels, 
however, IGF-2 expression levels are downregulated in 
normal liver. Because the IGF-1R expression level is 
relatively low in hepatocytes, the effects of IGF-1 can-
not be observed in normal liver [62].
Liver regeneration was inhibited in Nrf2-deficient mice 
due to oxidative stress-regulated insulin/IGF-1  
resistance, resulting in impaired activation of p38  
mitogen-activated kinase, Akt kinase, and downstream 
targets following hepatectomy [63]. The growth  
hormone-IGF-1IGF-1R axis is necessary for liver 
regeneration after PHx, as determined by liver-specific 
IGF-IR-knockout mice [64]. Overexpression of IGF-1 
in HSCs accelerated liver regeneration after acute liver 
injury, which was mediated by the upregulation of HGF 
and downregulation of TGF-β1 [49, 65]. IGF-2 released 
by pericentral hepatocytes can promote hepatocyte pro-
liferation and repair tissue damage during chronic liver 
injury, however, this is different from the signalling 
pathway that occurs after PHx [66]. Enhancing the 
interaction of IGF-2 with both insulin receptors and 
IGF-1R promotes the proliferation of hepatocytes. 
IGF-1 receptor expression is increased in patients with 
hepatocellular carcinoma and chronic hepatitis [67, 68]. 
The transcription level of the IGF-I axis is enhanced in 
cirrhotic liver disease, which may represent the regen-
erative capacity of the damaged liver [69]. However, it 
has been reported that serum IGF-1 levels are signifi-
cantly decreased in patients with chronic liver disease. 

IGF-1R was shown to be overexpressed in patients 
receiving liver donations after cold ischemia, indicating 
that IGF-1R is involved in liver regeneration [67]. 
IGFBP-1 can be rapidly induced after PH. An IGFBP-1 
deficit was shown to inhibit liver regeneration, which 
was characterized by severe necrosis and reduced DNA 
synthesis in hepatocytes [70]. Furthermore, hepatocyte 
proliferation was significantly decreased in liver-specific 
IGF-1R-knockout mice after PHx, and this result was 
observed only in male mice, suggesting that hormones 
influence this phenotype [64]. Based on the sparse  
information available, data on IGF, IGF-1R, or 
IGFBPs in post-resection regeneration are rare, and 
additional studies are needed on human liver 
regeneration.

CYTOKINES

Interleukin-6 

IL-6 is involved in various physiological and pathophys-
iological processes. Dysregulated and increased IL-6 
activity can be found in inflammation, regeneration, 
and tumour development [71]. On hepatocytes or  
leukocytes, IL-6 initially binds to the IL-6 receptor  
(IL-6R), and then the IL-6/IL-6R complex engages with 
glycoprotein 130 kDa (gp130), a signal-transducing 
β-subunit, resulting in a hexameric signalling complex, 
which has been described as “classic signalling” [72, 73]. 
IL-6 is a sensitive marker of surgical stress, liver regen-
eration, and the release of acute-phase proteins in the 
liver [74]. In response to liver injury, IL-6 plays a key 
role in the acute-phase response and exerts both cyto-
protective and mitogenic effects. Following liver resec-
tion, the serum IL-6 level increases immediately and 
reaches a peak within six hours [75]. IL-6 is mainly pro-
duced by Kupffer cells and promotes the proliferation 
of hepatocytes by activating approximately 40 genes 
that are immediately triggered in the remaining liver 
after PHx [76, 77].
Signalling regulated by IL-6 includes the JAK-STAT 
pathway and the Ras-MAPK pathway [77]. IL-6  
knockout impairs liver generation, and overexpression 
of IL-6 promotes hepatocyte proliferation by activating 
the STAT3 signalling pathway, which increases  
the expression of genes that maintain metabolic  
homeostasis after liver resection [78-80]. The  
administration of recombinant human IL-6 was shown 
to prevent post-operative mortality after PHx in  
knockout mice [81]. The loss of the IL-6 response was 
a main reason for impaired regeneration after  
hepatectomy in viral hepatitis patients [82]. During 
ALPPS procedures, IL-6 levels increase, peak after 
Stage 1, and decrease rapidly after Stage 2, and IL-6 
levels are associated with HGF levels [18]. Exogenously 
administered recombinant IL-6 increases serum HGF 
levels after hepatectomy [83]. Serum IL-6 levels were 
also associated with graft volumes after living donor 
liver transplantation. A smaller graft after living donor 
liver transplantation indicates a greater increase in IL-6 
levels post-operatively and a better regeneration rate 
[84, 85]. IL-6 pre-treatment was shown to improve  
oxidative injury and mitochondrial dysfunction after 
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severe liver injury (87% hepatectomy) and decrease 
post-operative mortality [86].
In IL-6-deficient mice, the administration of stem cell 
factor (SCF), which is an important growth factor 
induced by IL-6 that has hepatocyte mitogenic effects, 
rescued the defects in hepatocyte proliferation following 
PHx. In SCF-deficient mice, hepatocyte proliferation 
was impaired during liver regeneration [87]. Oncostatin 
M, another IL-6 downstream regulator, plays an impor-
tant role in liver regeneration. Impaired regeneration 
of liver mass after PHx was found in oncostatin M 
receptor-deficient mice [88]. Mice with STAT3-deficient 
hepatocytes showed increased mortality after PHx, 
however, hepatocyte proliferation was only marginally 
inhibited in the surviving mice [89]. Consistent with an 
important role of STAT3, mice lacking suppressor of 
cytokine signalling 3 (SOCS3), which inhibits the IL-6 
pathway, had enhanced activation of STAT3 after PHx, 
increased hepatocyte proliferation and accelerated liver 
regeneration [90].

Tumour necrosis factor-α

TNF-α, which is a member of the TNF superfamily, is 
an important mediator that stimulates the synthesis of 
acute-phase proteins in the initial stage of liver regen-
eration [91]. TNF-α is mainly released by Kupffer cells 
in the liver and sensitizes hepatocytes to growth factors 
during liver regeneration [10, 91, 92]. The expression of 
TNF-α is upregulated within 30-120 minutes after PHx. 
It directly binds to TNF receptor 1 (TNF-R1), activat-
ing the NFκB signalling pathway in Kupffer cells  
[93, 94]. Furthermore, TNF-α enhances the phospho-
rylation level of the transcription factor, c-Jun, in the 
nucleus and induces the transcription of target genes, 
such as cell division cycle protein 2 homolog  
(CDC2/CDK-1), to promote hepatocyte proliferation 
[95]. TNF-α induction requires the adaptor protein, 
MyD88, which participates in the Toll-like receptor sig-
nalling pathway. In MyD88-deficient mice, the activity 
of TNF-α transcription and hepatocyte proliferation are 
both impaired, leading to the suppression of liver regen-
eration [96, 97]. Complement component, C5a, is another 
TNF-α regulator during liver regeneration. C5a inhibi-
tion in mice was shown to downregulate TNF-α expres-
sion and delay regeneration after PHx [98]. In addition, 
intercellular adhesion molecule 1 (ICAM-1) affects 
TNF-α levels in the liver injury model. The activation 
of ICAM-1 by leukocytes is important for the release of 
TNF-α and IL-6 by Kupffer cells [99]. Clinically, TNF-α 
was significantly increased in patients who received 
donor lobe hepatectomy in the context of a living donor 
liver transplantation background. Furthermore, higher 
preoperative TNF-α levels were associated with relative 
liver volume after hepatectomy [20].
The administration of TNF-α neutralizing antibodies 
prior to hepatectomy was shown to decrease serum IL-6 
levels and impair hepatocyte proliferation after PHx 
[100]. Consistent with the results of TNF-α neutralizing 
antibodies, TNF receptor 1 (TNFR1)-deficient mice 
showed a failure to activate NF-κB and STAT3, and 
DNA synthesis was significantly impaired, resulting in 
delayed liver regeneration and an increased mortality 

rate after PHx. However, knockout of TNFR2 did not 
influence hepatocyte proliferation or liver regeneration 
[101, 102]. Although TNF-α and TNFR1 are important 
for liver regeneration, excessive release of TNF-α may 
be deleterious. Hepatocyte-specific EGFR-knockout 
mice showed increased TNF-α levels, which were 
related to high lethality after PHx [45]. TNF-α levels 
were also significantly increased by enhancing the activ-
ity of TNF-α-converting enzyme in TIMP-3-knockout 
mice, leading to severe hepatocyte necrosis and apop-
tosis after PHx. Treatment with neutralizing antibodies 
against TNF-α were shown to rescue this injury in 
hepatocytes [103].

Transforming growth factor β 

TGF-β is a growth inhibitor of numerous types of cells, 
including hepatocytes. It is mainly released by Kupffer 
cells, platelets, ECs, and hepatocytes [104]. Three types 
of TGF-β (TGF-β1–3) are present in mammals [105]. 
They activate receptor complexes consisting of type I 
and type II transmembrane receptors [106, 107]. The 
expression level of TGF-β1 is upregulated after PHx, 
however, the regenerating liver reacts to TGF-β and 
shows transient resistance, which is important for 
hepatocyte proliferation and liver regeneration  
[105, 106, 108, 109]. Transient treatment with TGF-β1 
was shown to inhibit hepatocyte proliferation but did 
not influence liver regeneration [110]. The proliferation 
of hepatocytes and liver regeneration were accelerated 
within one week after PHx of type II TGF-β recep-
tor-knockout mice, however, normal regeneration was 
ultimately achieved [111]. Administration of the activin 
antagonist, follistatin, to hepatocytes from type II 
TGF-β receptor-knockout mice enhanced hepatocyte 
proliferation after PHx, indicating that activin and 
TGF-β can terminate hepatocyte proliferation in the 
regenerating liver [112].
The source, receptors and functions of growth factors 
and cytokines involved in liver regeneration are sum-
marized in table 1.

CONCLUDING REMARKS

As presented in figure 1, in recent decades, the number 
of studies on liver regeneration has markedly increased, 
and the regulatory roles of growth factors and cytokines 
during this process have been explored. Future research 
should examine the roles of other growth factors and 
cytokines in liver regeneration and the molecular mech-
anisms of the signalling cascades downstream of growth 
factors and cytokine receptors. Ultimately, these studies 
could lead to the development of regenerative strategies 
and more reliable and non-invasive biomarkers to 
improve the management of liver regeneration.
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Table 1.
Growth factors and cytokines involved in liver regeneration.

Biochemical factor Source and receptor Function

HGF Mainly produced by HSCs.
The receptor is c-Met [7].

Target pathways include STAT3, PI3K/AKT, mTOR and 
RAS/RAF pathways.

A major hepatocyte mitogen [10, 113].

VEGF
Mainly produced by hepatocytes.

Receptors are VEGFR 1, VEGFR 2 and VEGFR 3 
[24].

Involved in vascular angiogenesis and recruiting bone 
marrow progenitors of LSECs [24, 27]

EGF

Mainly produced by Brunner’s glands of the 
duodenum. 

Receptors are EGFR/ErbB1, HER2/ErbB2,  
HER3/ErbB3 and HER4/ErbB4 [35].

Promoting DNA synthesis and G1/S phase progression 
[44].

FGFs

Mainly produced by hepatocytes and activated 
HSCs.

Receptors are FGFR 1, FGFR 2, FGFR 3 and 
FGFR 4 [47].

Target pathways include ERK1/2, STAT-3 and Fox-M1.
Involved in vascular angiogenesis and the mitogenic effect 

of hepatocytes [47, 53].

IGFs
Liver is the major site of synthesis of IGF1 and 

IGF2.
Receptors are IGF-1R and IGF-2R [59].

Target pathways include hepatocytes p38 mitogen-activated 
kinase and PI3K/AKT.

Promote hepatocyte proliferation and differentiation [61].

IL-6 Mainly produced by Kupffer cells.
The receptor is IL-6R [72].

Target pathways include the JAK-STAT and Ras-MAPK 
pathway.

Pivotal role in liver regeneration [77].

TNF-α Mainly produced by Kupffer cells.
Receptors are TNFR 1 and TNFR 2 [91].

NFκB signalling pathway is the main target pathway.
Promotes hepatocyte survival and proliferation [93, 94].

TGF-β

Mainly produced by Kupffer cells, platelets, 
endothelial cells and hepatocytes.

Receptors are type I and type II TGF-β receptor 
[104, 105].

Spatiotemporal coordination of different stages of liver 
regeneration [104, 109].

Figure 1
Overview of growth factors and cytokines involved in liver 

regeneration.
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