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The capability of the liver to fully regenerate after injury is a unique phenomenon

essential for the maintenance of its important functions in the control of metabolism
d xenobiotic detoxification. The regeneration process is histologically well

scribed, but the genes that orchestrate liver regeneration have been only partially

aracterized. Of particular interest are cytokines and growth factors, which control

ferent phases of liver regeneration. Historically, their potential functions in this

cess were addressed by analyzing their expression in the regenerating liver of

ents. Some of the predicted roles were confirmed using functional studies,

luding systemic delivery of recombinant growth factors, neutralizing antibodies

siRNAs prior to liver injury or during liver regeneration. In particular, the avail-

ility of genetically modified mice and their use in liver regeneration studies has

raveled novel and often unexpected functions of growth factors, cytokines and

ir downstream signalling targets in liver regeneration. This review summarizes

results obtained by functional studies that have addressed the roles and

chanisms of action of growth factors and cytokines in liver regeneration after

organ.
INTRODUCTION

The liver plays a central role in the

regulation of whole body metabolism

as well as in compound detoxification.

Due to these essential functions, inju-

ries to this organ need to be rapidly and

efficiently repaired. Various types of

insults induce liver damage, such as

cell loss caused by viruses, autoim-

mune diseases and toxins, including

alcohol or commonly used anti-inflam-

matory, anti-convulsant or chemother-

apeutic drugs as well as resection of

liver tissue in patients with primary or
metastatic liver tumours.

Interestingly, the liver has a unique ability to fully regenerate

and thus differs significantly from other organs, which heal with

a scar (Fausto et al, 2006; Michalopoulos, 2007). However, the

regenerative capacity is insufficient after chronic injury as

observed in chronic viral hepatitis or after long-term alcohol

abuse, for example. These conditions often cause liver cirrhosis,

which is characterized by the replacement of functional

epithelial tissue by non-functional connective tissue. In the

worst case, liver failure can occur. Although an enormous part

of the global population is affected by these conditions,

therapeutic options are still unsatisfactory and are mainly

supportive. Therefore, the development of specific therapies

acute injury to this
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to enhance the regenerative capacity of the liver is essential

for the improvement of human health. This requires a

thorough understanding of the mechanisms underlying liver

regeneration and the identification of factors orchestrating this

process.

A particularly useful model to study liver regeneration inmice

and rats is partial hepatectomy (PH), in which the large and

median lobes of the liver, which comprise approximately two-

thirds of the organ, are surgically removed (Fig 1B). As a

consequence, the normally quiescent and highly differentiated

liver cells (Fig 1A) proliferate (Fig 1C and D) and the original

liver mass is restored within a few days (approximately 10 days

in rodents) by expansion of the remaining liver tissue. Most

importantly, normal liver regeneration is not accompanied by

massive inflammation or necrosis and thus does not induce a

fibrotic response. Hepatocytes are the first to enter the cell cycle

and undergo one to two rounds of cell division within 2–3 days.

They initially receive signals to exit from G0 and to initiate the

expression of a set of genes required for regeneration.
EMBO Mol Med 2, 294–305 www.embomolmed.org
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Subsequently, hepatocytes progress through the cell cycle and

undergo mitosis. This is followed by the proliferation of hepatic

stellate cells, Kupffer cells and biliary epithelial cells. Further-

more, proliferation of endothelial cells and sprouting angiogen-

esis occur to re-establish the liver vasculature (Michalopoulos,

2007).

The activation, proliferation, migration, differentiation and

survival of cells in the regenerating liver are controlled by a large

number of growth factors and cytokines that are expressed at the

site of injury or reach the liver via the circulatory system.

However, the roles of endogenous growth factors in the

regenerative process of the liver have been only partially

elucidated and their proposed functions are frequently based on

descriptive expression studies and/or results from cell culture

assays.

The development of genetically modified mice that over-

express or have functional loss of growth factors, cytokines or

their receptors and their use for liver regeneration studies has

provided exciting and often unexpected results. In this review,

we summarize the in vivo functions of cytokines and growth

factors in liver regeneration reported so far. Because there are

numerous reviews on liver fibrosis, we focus on the normal

regeneration process, which is seen after PH.
Glossary

Complement component 5a
A protein fragment released from complement component 5, which

can act as a pro-inflammatory cytokine. The function is mediated by

the C5a receptor, a member of the G-protein coupled receptor family.

Hepatic stellate cells
Specialized pericytes that line the walls of liver sinusoids.

Hepatocytes
The liver parenchymal cells —specialized epithelial cells, which carry

out most of the functions of the liver, including metabolism and

detoxification.

Kupffer cells
Phagocytic cells of the liver that are considered as resident

macrophages of this organ.

Lipopolysaccharide (LPS)
A major component of the cell wall of Gram-negative bacteria; LPSs

are endotoxins and important antigens.

MyD88
Myeloid differentiation primary response gene (88), an adapter

protein that is used by all Toll-like receptors to activate the

transcription factor NF-kB.

Superior mesenteric vein
A blood vessel that drains blood from the small intestine; after fusion

with the splenic vein it forms the hepatic portal vein.

TACE
Tumour necrosis factor-a converting enzyme —a membrane-bound

disintegrin metalloproteinase that cleaves the membrane-associated

cytokine proTNF-a, resulting in release of the soluble form.

Toll-like receptors
Proteins that recognize pathogen molecules and activate immune cell

responses.

www.embomolmed.org EMBO Mol Med 2, 294–305
CYTOKINES AND GROWTH FACTORS INVOLVED IN
LIVER REGENERATION

Tumour necrosis factor (TNF)-a and lymphotoxins

An important regulator of the priming phase of liver regenera-

tion is TNF-a. Expression of this cytokine is upregulated 30–

120min after PH, in particular in Kupffer cells, through

activation of the nuclear factor kB (NF-kB) transcription factor

(Yang et al, 2005). One of the major inducers is enteric-derived

lipopolysaccharide (LPS) that reaches the liver via the blood

stream (Cornell, 1985). This induction requires the adaptor

protein MyD88, which is involved in most Toll-like receptor

signalling pathways. In mice lacking MyD88, TNF-a mRNA

levels in the liver as well as serum levels of interleukin-6 (IL-6)

were much lower after PH compared to control mice (Campbell

et al, 2006) and this was accompanied by impaired hepatocyte

proliferation and delayed regeneration (Seki et al, 2005). In

addition, activation of the receptor for the complement

component C5a is important for TNF-a and IL-6 induction

upon PH, as shown by treatment of mice with a C5a receptor

inhibitory peptide (Strey et al, 2003). This is functionally

relevant, as mice lacking C5a showed increased mortality and

delayed regeneration after PH (Strey et al, 2003). Finally, levels

of TNF-a and IL-6 were much lower in the injured liver of mice

lacking intercellular adhesion molecule 1 (ICAM-1) compared to

wild-type mice, and this was also associated with impaired

regeneration. It seems most likely that activation of ICAM-1 by

leukocytes at an early stage after liver injury is required for the

efficient production of these cytokines by Kupffer cells (Selzner

et al, 2003) (Fig 2).

Blocking TNF-a signalling in rats by intraperitoneal injection

of TNF-a neutralizing antibodies prior to PH prevented the

expected increase in IL-6 serum levels and strongly reduced the

proliferation of hepatocytes and non-parenchymal liver cells

(Akerman et al, 1992). In contrast to these data, hepatocyte

proliferation after PH was not affected in TNF-a knockout mice

(Fujita et al, 2001). In this study, an unusually high mortality

rate of wild-type mice was seen at day 1 after PH. The survival

rate of the TNF-a deficient animals was higher than that of wild-

type controls, most likely due to reduced neutrophil activation

and liver necrosis. The difference between the TNF-a neu-

tralization studies and the results obtained with knockout mice

may result from use of different species (rats vs. mice) or from

differences in the surgical procedure.

In agreement with the data obtained with TNF-a neutralizing

antibodies, DNA synthesis after PH was severely impaired in

mice lacking TNF receptor 1 (TNFR1), resulting in delayed

regeneration (Yamada et al, 1997, 1998). An increased mortality

rate was also observed after PH of these mice. These

abnormalities were accompanied by a failure to activate

NF-kB and signal transducer and activator of transcription 3

(STAT3) and to induce expression of IL-6 (Yamada et al, 1997,

1998). By contrast, liver regeneration was not affected in mice

lacking TNFR2 (Yamada et al, 1998).

TNF receptor 1 can also be activated by lymphotoxin-a (LT-a)

and mice lacking both TNF-a and LT-a showed a defect in liver

regeneration similar to TNFR1-deficient mice (Knight & Yeoh,
� 2010 EMBO Molecular Medicine 295
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Figure 1. The different cell types of the liver and

liver regeneration after partial hepatectomy (PH).

A. The major cell types of the liver are shown

schematically. They include hepatocytes

(parenchymal cells of the liver), hepatic

stellate cells, Kupffer cells and sinusoidal

endothelial cells (SEC).

B. The removal of liver tissue upon PH and the

regeneration of the remaining liver are shown

schematically.

C, D. Liver cell proliferation as demonstrated by

incorporation of 5-bromo-20-deoxyuridine

(BrdU) and subsequent staining of mouse liver

sections with an antibody against BrdU is

shown in non-injured liver (C) and 48 h after

PH (D). BrdU-positive cells were detected using

an alkaline phosphatase detection system and

are indicated by arrowheads.
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2005). LT-a is strongly upregulated in intrahepatic lymphocytes

after PH (Anders et al, 2005) and can also activate lymphotoxin

b receptor (LTbR), another receptor on hepatocytes, when co-

expressed with LT-b. In this case, membrane-anchored hetero-

trimers (LT-a1b2 and LT-a2b1) activate LTbR (Norris & Ware,

2007). Interestingly, mice lacking LTbR showed defects in liver

regeneration similar to LT-a deficient mice, such as reduced

survival, severe liver damage and impaired hepatocyte

proliferation (Anders et al, 2005). This indicates that LT-a

controls liver regeneration not only through activation of TNFR1

but also—or even predominantly—of LTbR. LT-a expressed by

T cells is important for liver regeneration as shown by analysis

of mice lacking LT-a in these immune cells. Vice versa, an

agonistic antibody targeting LTbR improved liver regeneration
� 2010 EMBO Molecular Medicine
by reduction of liver injury and stimulation of hepatocyte

proliferation (Tumanov et al, 2009).

In spite of the important role of TNFR1 activation for liver

regeneration, excessive production of TNF-a is deleterious.

Thus, increased levels of TNF-a in the serum of mice lacking the

epidermal growth factor receptor (EGFR) in hepatocytes (see

below) are most likely responsible for the strongly increased

lethality of these mice after PH (Natarajan et al, 2007). In

addition, mice lacking tissue inhibitor of metalloproteinases 3

(TIMP-3) showed constitutive cleavage of the transmembrane

precursor of TNF-a through enhanced activity of TNF-a

converting enzmye (TACE), resulting in high serum levels of

mature TNF-a. As a consequence, a large percentage of the

TIMP-3 knockout mice died after completion of the proliferative
EMBO Mol Med 2, 294–305 www.embomolmed.org
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Figure 2. Regulation and function of TNF-a and IL-6 in the regenerating liver. Upon PH, expression of both TNF-a and IL-6 is induced in Kupffer cells by LPS,

by the complement component C5a and by leukocyte-mediated activation of ICAM-1. TNF-a further enhances the expression of IL-6 through activation of

TNFR1. IL-6 signals through a complex of GP130 and the IL-6 receptor expressed by hepatocytes. This results in activation of STAT3 and subsequent production of

SOCS3 (negative feedback). STAT3 activation induces hepatocyte proliferation and enhances survival after PH.
phase of liver regeneration (5 days after PH or later) or at least

suffered from severe hepatocyte necrosis and apoptosis. The

phenotype was rescued by treatment of the knockout mice with

neutralizing antibodies to TNF-a (Mohammed et al, 2004).

Interleukin-6 (IL-6)

Interleukin-6 is also strongly upregulated after PH and elevated

serum levels are found early after surgery (Fausto et al, 2006).

Similar to TNF-a, IL-6 is mainly produced by Kupffer cells and

its expression is regulated by the LPS/MyD88 pathway, by

complement components and by ICAM-1 activation (Campbell

et al, 2006; Selzner et al, 2003; Strey et al, 2003). The PH-

induced upregulation of TNF-a further contributes to the

increase in IL-6 expression in an autocrine manner, as

demonstrated by the reduced expression of IL-6 in the injured

liver of TNFR1 knockout mice (Yamada et al, 1997) (Fig 2).

Cressman et al (1996) reported that the PH-induced

proliferation of hepatocytes from IL-6-deficient mice is impaired

and that the animals show liver necrosis and failure after

surgery, resulting in increased mortality. A single injection of

IL-6 before surgery could rescue this phenotype (Cressman et al,

1996). Interestingly, the liver regeneration defect of TNFR1

knockout mice was also rescued by a pre-operative injection of

IL-6 (Yamada et al, 1997). This finding strongly suggests that the

major role of TNF-a and TNFR1 in liver regeneration is the

upregulation of IL-6, which in turn controls the regenerative

process (Fig 2). Studies with bone marrow chimeric mice have

further demonstrated that IL-6 derived from intrahepatic cells of

bone marrow origin (most likely Kupffer cells) is required for

efficient liver regeneration (Aldeguer et al, 2002).

The defect in hepatocyte proliferation following PH seen in IL-

6 deficient mice was also rescued by treatment with stem cell

factor (SCF). The latter is induced by IL-6 and mediates the

mitogenic effects of this cytokine for hepatocytes (Ren et al,

2003). Consistent with this finding, hepatocyte proliferation

after PH was strongly impaired in SCF-deficient mice or in wild-

type mice treated with neutralizing antibodies against SCF

during the regeneration period (Ren et al, 2003). Another

downstreammediator of IL-6 in the injured liver is oncostatinM.

This cytokine is also important for liver regeneration as
www.embomolmed.org EMBO Mol Med 2, 294–305
demonstrated by the impaired restoration of liver mass

following PH in mice lacking the oncostatin M receptor

(Nakamura et al, 2004).

Interestingly, another group showed that some IL-6 deficient

mice survive after PH, and hepatocyte proliferation and

subsequent regeneration were not impaired in the surviving

animals (Blindenbacher et al, 2003). This finding suggests that

the mitogenic effect of IL-6 is of minor importance for liver

regeneration. Rather, IL-6 seems to induce an adaptive response

to PH that is required for survival.

In contrast to the results obtained in the above-mentioned

studies, a third group reported a much less severe phenotype of

IL-6 knockout mice following PH (Sakamoto et al, 1999). These

animals only showed delayed liver weight recovery, but no

increase in mortality. The contradictory results regarding the

role of IL-6 in liver regeneration may result from use of mice

with different genetic background, from differences in the

surgical procedure, or from the use of different anaesthesia/

analgesia.

A protective role of IL-6 in the injured liver was demonstrated

in a mouse model of severe liver injury (87% hepatectomy); the

massive oxidative injury and mitochondrial dysfunction that

occur under these conditions were strongly improved by IL-6

pre-treatment (Jin et al, 2007).

Mice lacking the IL-6 receptor component GP130 in the liver

only displayed a minor defect in hepatocyte proliferation after

PH, whereas increased hepatocyte apoptosis occurred when

these knockout mice were injected with LPS 3h after PH

(Wuestefeld et al, 2003). These results further support a

protective rather than a mitogenic role for IL-6 in liver

regeneration. Finally, deletion of STAT3, a major component

of the IL-6 signalling pathway, in hepatocytes using mice

expressing Cre under the control of the transthyretin promoter

resulted in higher mortality after PH, whereas hepatocyte

proliferation and restoration of liver mass were only marginally

affected in the surviving mice (Moh et al, 2007). A more severe

defect in hepatocyte proliferation following PH was observed in

another liver-specific Stat3 knockout strain in which Cre

expression was driven by the albumin promoter (Li et al,

2002). However, this effect may be secondary to the obesity and
� 2010 EMBO Molecular Medicine 297
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metabolic abnormalities seen in these mice. Consistent with an

important role of STAT3 in liver regeneration, mice lacking the

suppressor of cytokine signalling 3 (SOCS3), an inhibitor of IL-6

signalling, showed prolonged activation of STAT3 after PH,

which correlated with enhanced hepatocyte proliferation and

accelerated liver weight restoration (Riehle et al, 2008) (Fig 2).

Hepatocyte growth factor (HGF)

A major hepatocyte mitogen is HGF, which performs its activity

through activation of the receptor tyrosine kinase c-Met

(Benvenuti & Comoglio, 2007). HGF expression is upregulated

in non-parenchymal cells of the liver as well as in several

extrahepatic organs after PH, and serum levels of HGF strongly

increase within 1–3 h after PH (Michalopoulos, 2007). In

addition, a biphasic increase in c-Met phosphorylation (activa-

tion) was observed 1–5 and 60min after PH in rats (Stolz et al,

1999). Overexpression of full-length HGF or a truncated variant

in the liver of transgenic mice led to increased hepatocyte

proliferation and accelerated liver regeneration after PH (Bell

et al, 1999; Sakata et al, 1996; Shiota & Kawasaki, 1998). The

positive effect of HGF on liver regeneration also underlies the

phenotype of mice overexpressing or lacking TIMP-1. Hepato-

cytes of TIMP-1-overexpressing transgenic mice exhibited a

delay in cell cycle progression upon PH, whereas the opposite

effect was seen in TIMP-1 knockout mice (Mohammed et al,

2005). TIMP-1 inhibits the metalloproteinase activity respon-

sible for cleavage of the HGF precursor from the extracellular

matrix and subsequent proteolytic maturation of HGF

(Mohammed et al, 2005).

Mice lacking c-Met in the liver were generated to study the

role of endogenous HGF and its receptor in liver regeneration.

Crossing of mice with floxed c-Met alleles with transgenic mice

expressing Cre recombinase under the control of the Mx-Cre

promoter allowed inducible deletion of the c-Met gene in the

liver of adult animals. Interestingly, regeneration after PH was

delayed due to a defective exit of hepatocytes from quiescence

and diminished S phase entry (Borowiak et al, 2004). In a second

study, albumin-Cre transgenic mice were used to delete the

c-Met gene in hepatocytes in a non-inducible manner (Huh et al,

2004). Surprisingly, most of the knockout mice died within 48 h

after PH and showed severe liver necrosis and jaundice. Thus, c-

Met activation obviously provides a survival signal for

hepatocytes in the injured liver. In addition, a defect in tissue

remodelling was detected in the c-Met mutant mice (Huh et al,

2004). To exclude the possibility that secondary changes

resulting from long-term depletion of c-Met are responsible

for the abnormalities seen upon PH, rats were injected with

short hairpin RNAs (shRNAs) against HGF, c-Met or scrambled

shRNA (Paranjpe et al, 2007). This resulted in moderate or even

severe suppression of hepatocyte proliferation upon knock-

down of HGF or c-Met, respectively, most likely due to abnormal

expression of various cell cycle-related genes. In particular,

entry of hepatocytes from the G1 into S-phase was affected

(6–12 h after PH). A slight increase in apoptosis was also

observed in the rats treated with c-Met shRNA. These results

confirmed the important function of c-Met in liver regeneration

that cannot be compensated for by other growth factors.
� 2010 EMBO Molecular Medicine
Epidermal growth factor (EGF) family

The sevenmembers of the EGF family perform their functions by

activation of four different high-affinity receptors, EGFR/ErbB1,

HER2/ErbB2, HER3/ErbB3 and HER4/ErbB4 (Burgess, 2008).

Several EGFR ligands are expressed in the normal and injured

liver, and upregulation of transforming growth factor (TGF)-a,

heparin-binding EGF (HB-EGF) and amphiregulin upon PH has

been described (Michalopoulos, 2007). Consistent with this

finding, phosphorylation (activation) of the EGFR was observed

60min after PH in rats (Stolz et al, 1999). Surprisingly, mice

lacking TGF-a showed normal liver regeneration after PH

(Russell et al, 1996). Hepatocyte proliferation was delayed in

HB-EGF knockout mice, but this deficit was only transient,

possibly due to compensatory upregulation of TGF-a (Mitchell

et al, 2005). Vice versa, when HB-EGF was overexpressed in the

liver of transgenic mice, proliferation of hepatocytes was

strongly enhanced and the regeneration process was accelerated

(Kiso et al, 2003). Amitogenic effect in the injured liver was also

demonstrated for amphiregulin, as mice lacking this growth

factor showed impaired proliferative responses after PH

(Berasain et al, 2005). Finally, a delay in hepatocyte prolifera-

tion after PH was observed in mice after removal of the

submandibular glands, which are a potent source of EGF. The

phenotype was rescued by treatment of the mice with

recombinant EGF (Noguchi et al, 1991) (Fig 3).

To overcome the problem of redundancy among EGFR

ligands, mice lacking the EGFR in hepatocytes were generated

(Natarajan et al, 2007). This did not affect normal liver function,

but approximately one-third of the animals died after PH and this

became apparent 36–48h after removal of liver tissue. The high

levels of mature TNF-a present in the serum of the knockout mice

likely contribute to the increasedmortality. However, the number

of apoptotic cells was not increased, suggesting that activation of

the EGFR does not provide a direct survival signal for hepatocytes.

In the surviving mice, delayed hepatocyte proliferation was

observed, most likely due to delayed induction of cyclin

D1 expression. Nevertheless, complete regeneration finally

occurred, demonstrating that EGFR signalling is important but

not essential for liver regeneration (Fig 3). In another study, rats

were injected with shRNAs against EGFR (Paranjpe et al, 2010).

This resulted in decreased hepatocyte proliferation 24h after

surgery and concomitant compensatory activation of c-Met, ErbB2

and ErbB3. However, liver weight restoration finally did occur,

again demonstrating that EGFR signalling is important but

not essential for liver regeneration. In contrast to these studies,

the treatment ofmicewith a neutralizing antibody to the EGFR did

not affect liver regeneration. This may be due to incomplete

inhibition of EGFR signalling in the treated mice (Van Buren

et al, 2008).

Fibroblast growth factors (FGFs)

The FGF family comprises 22 members that exert their functions

through activation of four transmembrane tyrosine kinase

receptors, designated FGF receptors (FGFR) 1–4 (Ornitz & Itoh,

2001). Several FGFs are expressed in the regenerating liver as

well as in other organs from where they can reach the liver via

the blood stream. This is likely to be important for liver
EMBO Mol Med 2, 294–305 www.embomolmed.org
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Figure 3. Regulation of liver regeneration by EGFR signalling. During liver regeneration the EGFR on hepatocytes is activated in an autocrine manner by

amphiregulin and TGF-a, in a paracrine manner by HB-EGF derived from Kupffer cells and sinusoidal endothelial cells (SEC) and in an endocrine manner by EGF

secreted from salivary glands and from Brunner’s glands in the duodenum, from where it reaches the liver through the portal vein. EGFR activation stimulates

hepatocyte proliferation and is important for survival after PH.
regeneration, as a mitogenic effect of several FGFs for

hepatocytes has been demonstrated in vitro and in vivo

((Steiling et al, 2003) and references therein). To determine

the role of FGFR signalling in liver regeneration, mice expressing

a dominant-negative mutant of FGFR2 in hepatocytes were

subjected to PH. Proliferation of hepatocytes was delayed in

these mice due to delayed G1/S transition (Steiling et al, 2003).

Impaired liver regeneration was also observed in zebrafish

expressing a dominant-negative FGFR mutant in an inducible

manner (Kan et al, 2009). Because the dominant-negative

receptor mutant blocks signalling through all FGFRs in response

to common ligands, the type of receptor involved in liver

regeneration remained to be determined. Loss of FGFR4 in mice

did not affect the regeneration process after PH (Yu et al, 2000),

suggesting that signalling by other FGFRs is also required.

Indeed, mice lacking FGFR1 and FGFR2 in hepatocytes showed a

strongly increased mortality rate after PH that resulted from

severe necrosis of the remaining liver tissue. Mechanistic

studies revealed that FGFR signalling controls the hepatectomy-

induced upregulation of transcription factors, which induce the

expression of detoxifying enzymes of the cytochrome P450

family. Therefore, detoxification of endogenous compounds and

in particular of the drugs used for anaesthesia/analgesia was

impaired in the FGFR1/FGFR2-deficient mice, resulting in liver

damage and frequent failure. These data revealed an important
www.embomolmed.org EMBO Mol Med 2, 294–305
cytoprotective role of FGFR1 and FGFR2 in the regenerating liver

(Böhm et al, 2010).

Fibroblast growth factor receptors are also expressed on non-

parenchymal cells, including endothelial cells, and FGF2 is a

potent angiogenesis factor (Presta et al, 2009). When FGF2

knockout mice were subjected to PH, the overall regeneration

process occurred normally. However, cell proliferation at day 4

after PH was reduced (Sturm et al, 2004). This may reflect

delayed proliferation of endothelial cells, although this was not

directly addressed. The observed upregulation of vascular

endothelial growth factor (VEGF), another major endothelial

cell mitogen, suggests that increased VEGF levels can

compensate for the loss of FGF2. This hypothesis was supported

by the delayed liver regeneration that occurred upon treatment

of FGF2 knockout mice but not of control littermates with a

VEGF receptor kinase inhibitor (Sturm et al, 2004).

Vascular endothelial growth factor (VEGF)

The VEGF family comprises five members in mammals, which

control vasculogenesis, angiogenesis and lymphangiogenesis

through activation of three receptor tyrosine kinases (VEGFR1-3)

(Lohela et al, 2009). Of particular importance for blood vessel

formation is VEGF-A, which is strongly upregulated in the

regenerating liver, in particular in hepatocytes (Taniguchi et al,

2001). Injection of VEGF-A into rats promoted proliferation of
� 2010 EMBO Molecular Medicine 299
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sinusoidal endothelial cells and also of hepatocytes 48h after PH

(Taniguchi et al, 2001). The effect on hepatocytes most likely

results from release of HGF from endothelial cells upon

activation of VEGFR1 (LeCouter et al, 2003). Vessel density

and diameter as well as liver to body weight ratio were also

increased (Bockhorn et al, 2007). Furthermore, administration of

recombinant adenovirus expressing the VEGFR splice variant

VEGF-A165 prior to PH accelerated functional liver recovery in

lean and also in obese mice (Redaelli et al, 2004). Vice versa,

blockade of VEGF-A by treatment of rats with neutralizing

antibodies suppressed proliferation of sinusoidal endothelial cells

and also of hepatocytes after PH, and this impaired the

regeneration process (Bockhorn et al, 2007; Taniguchi et al,

2001; Van Buren et al, 2008). By contrast, treatment with a

VEGFR kinase inhibitor only affected liver regeneration in FGF2

knockout mice but not in wild-type mice (Sturm et al, 2004). The

different results obtained with the neutralizing VEGF antibodies

and the VEGFR kinase inhibitor may result from the use of

different species (rats vs. mice), from different bioavailability of

the agents or from differences in their efficiencies in blocking

VEGF action.

Insulin-like growth factors (IGFs)

IGF-I and IGF-II are potent stimulators of mitogenesis and

survival of different cell types. Their actions are predominantly

mediated through the type I IGF receptor, a tyrosine kinase that

resembles the insulin receptor, but also through the insulin

receptor. The biological activity of IGFs is modulated by six

insulin-like growth factor binding proteins (IGFBPs) (Pollak,

2008). Expression of IGFBP-1 is rapidly induced after PH, and

the loss of this protein in mice caused abnormal liver

regeneration characterized by severe necrosis, reduced and

delayed DNA synthesis by hepatocytes, and blunted activation

of Erk1/2. The last defect was rescued by treatment of the mice

with a pre-operative dose of IGFBP-1, whereas this treatment

was not sufficient to correct the defect in DNA synthesis (Leu et

al, 2003). Although IGFBP-1 may also exert IGF-independent

functions in the regenerating liver, a role for IGF in liver

regeneration has been further demonstrated. Mice with a liver-

specific IGF-1R knockout displayed a strong impairment in

hepatocyte proliferation after PH. Surprisingly, this defect was

only observed in male mice, indicating hormonal influences on

the phenotype (Desbois-Mouthon et al, 2006). Finally, mice

lacking the cytoprotective Nrf2 transcription factor showed

delayed liver regeneration due to insulin/IGF-1 resistance that

was caused by enhanced levels of reactive oxygen species

(Beyer et al, 2008). These studies provide evidence for an

important role of the IGF/insulin system in liver regeneration.

Wnt proteins

Wnt proteins constitute a large family of growth and

differentiation factors. Upon binding to the frizzled transmem-

brane receptor, different signalling pathways are initiated. Of

particular importance is the canonical wnt pathway that results

in stabilization and nuclear translocation of b-catenin, which

then acts as a transcriptional regulator (van Amerongen &

Nusse, 2009). Wnt-1 and b-catenin are expressed by hepato-
� 2010 EMBO Molecular Medicine
cytes, and stabilization and nuclear translocation of b-catenin

occur immediately after PH (Monga et al, 2001). To determine

the function of wnt/b-catenin signalling in liver regeneration,

morpholino-mediated knockdown of b-catenin was performed

following PH via injection of anti-sense phospho-morpholino

oligonucleotides into the superior mesenteric vein. This caused

impaired hepatocyte proliferation and reduction of the liver/

body weight ratio in comparison to mice treated with control

morpholinos (Sodhi et al, 2005). The important role of b-catenin

in liver regeneration was confirmed by analysis of mice lacking

this protein in hepatocytes (Tan et al, 2006). These hepatocytes

showed a delayed onset of DNA synthesis after PH and the mice

appeared sick and lethargic. In addition, enhanced apoptosis

was seen in the liver at all time points during regeneration,

though the liver eventually regenerated. The regeneration defect

may be a direct consequence of the loss of b-catenin.

Alternatively, the reduced liver size of these mice and/or the

reduction in EGFR expression observed in these livers may

contribute to the regeneration phenotype (Tan et al, 2006).

Indeed, while impaired liver regeneration in mice with

hepatocyte-specific loss of b-catenin was also observed in

another study (Sekine et al, 2007), these investigators did not

find a correlation between activation of b-catenin signalling and

hepatocyte proliferation. This observation argues for an indirect

mechanism that remains thus far uncharacterized.

Jagged, Delta and Notch

There are four different Notch receptors (Notch-1–4) in

mammals, that are activated by their membrane-bound ligands

Jagged-1 and -2, and Delta-like 1, 3 and 4. Upon ligand binding,

Notch proteins are cleaved and the carboxyterminal peptide

translocates to the nucleus to control gene expression (Rampal

et al, 2007). Several components of this pathway are expressed

in the normal and regenerating liver and both Notch-1 and

Jagged-1 are upregulated upon PH. Most importantly, nuclear

translocation of the intracellular part of Notch-1 was observed

within 15min after PH, followed by upregulation of the Notch

target genes Hes-1 and Hes-5 (Kohler et al, 2004). In vitro studies

revealed that Jagged-1 is a mitogen for hepatocytes, and

injection of plasmids encoding silencing RNAs for Notch-1 or

Jagged-1 into the superior mesenteric vein 2 days prior PH

suppressed hepatocyte proliferation in the regenerating liver

(Kohler et al, 2004). The important role of Notch-1 in liver

regeneration was confirmed in a genetic model where Notch-1

was deleted in the liver in an inducible manner. This already

caused nodular regenerative hyperplasia of the liver prior to PH.

Upon surgery, restoration of the liver mass was delayed in the

knockout animals due to a reduced proliferative response of the

Notch-1 deficient hepatocytes. However, complete regeneration

finally occurred and the increased liver weight that was seen in

the knockout mice prior to PH was restored (Croquelois et al,

2005).

Notch signalling is also important for the regeneration of the

liver vasculature (Wang et al, 2009). This was shown in mice

with an inducible deletion of a major Notch signalling

regulator—the recombination signal binding protein-Jk (RBP-J).

This protein associateswith the cleaved part of the Notch receptors
EMBO Mol Med 2, 294–305 www.embomolmed.org
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andmediates Notch-induced gene regulation. RBP-J was deleted in

hepatocytes and endothelial cells of mice and an abnormal

arrangement and narrowing of liver sinusoids was observed after

PH. Most importantly, proliferation of liver sinusoidal endothelial

cells was impaired, and obstruction of the sinusoid microcircula-

tion occurred. As a consequence, proliferation of hepatocytes was

reduced and their rate of apoptosis was increased. Nevertheless,

the liver finally regenerated, albeit with a strong delay (Wang et al,

2009).

Transforming growth factor b (TGF-b)

The three types of TGF-b that exist in mammals (TGF-b1–3)

exert their functions through activation of heteromeric receptor

complexes consisting of type I and type II transmembrane

receptors (Moustakas & Heldin, 2009). TGF-b is a potent growth

inhibitor for different types of epithelial cells, including

hepatocytes. TGF-b1 expression is strongly upregulated upon

PH, but the responsiveness to this factor declines transiently in

the regenerating liver, which may be important for hepatocyte

proliferation (Houck & Michalopoulos, 1989). The transient

resistance may result from down-regulation of the receptors or

upregulation of signalling inhibitors, including SnoN and Ski

(Macias-Silva et al, 2002). When TGF-b1 was administered

intravenously at different time points during the liver regenera-

tion process, hepatocyte proliferation was efficiently reduced.

However, the effect was transient and the TGF-b treatment did

not prevent regeneration (Russell et al, 1988). A delay in

hepatocyte proliferation after PH was also seen in transgenic

mice overexpressing mature TGF-b in hepatocytes (Bouzahzah

et al, 2000).

To determine the role of endogenous TGF-b in liver

regeneration, mice lacking the type II TGF-b receptor in

hepatocytes were generated. Upon PH, hepatocyte proliferation
www.embomolmed.org EMBO Mol Med 2, 294–305
was strongly accelerated in these mice up to 7 days after surgery

and the liver to body weight ratio was increased. However, the

hyperproliferation was only transient and normal regeneration

was achieved (Romero-Gallo et al, 2005). A similar approach to

study TGF-b function in liver regeneration was used by another

group (Oe et al, 2004). These investigators also found accelerated

hepatocyte proliferation, although the effect was no longer

observed 120h after PH. Interestingly, enhanced expression of

activin A and its type II receptor as well as persistent SMAD

activation were seen at this time point, indicating a compensatory

activity of activin under these conditions. This hypothesis was

confirmed by treatment of mice with the activin antagonist

follistatin, which resulted in enhanced hepatocyte proliferation at

120h, particularly in the mice lacking the type II TGF-b receptor

(Oe et al, 2004). These findings suggest that activin and TGF-b

collaborate to terminate hepatocyte proliferation in the regenerat-

ing liver (Fig 4), although a contribution of additional factors to

this process cannot be excluded.

Activins

Activins are members of the TGF-b superfamily, which exert

their functions through heterodimeric receptor complexes

consisting of type I and type II receptors that differ from the

TGF-b receptors. Themost abundant activin variant is activin A,

but activins AB, B, C and E also exist in mammals (Werner &

Alzheimer, 2006). Although activin C and E are strongly

expressed in the liver, mice lacking these proteins showed

normal liver development and regeneration after PH (Lau et al,

2000). On the other hand, adenovirus-mediated overexpression

of the activin bC subunit (which gives rise to activin C)

accelerated hepatocyte proliferation and reestablishment of the

liver mass after PH (Wada et al, 2005). Consistent with the pro-

mitogenic role of activin C for hepatocytes, mitotic hepatocytes
Figure 4. Possible collaborative functions of

TGF-b and activin in the termination of liver

regeneration. Activin A and TGF-b activate their

individual receptor complexes on hepatocytes,

resulting in activation of SMAD2 and SMAD3 and

inhibition of cell proliferation. This is likely to be

important for the termination of liver regeneration.

Activin A activity is inhibited by the secreted

glycoprotein follistatin, which acts as a positive

regulator of liver regeneration.
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frequently express the activin bC subunit in the regenerating rat

liver (Gold et al, 2005). By contrast, apoptotic cells often express

the activin bA subunit (Gold et al, 2005) and activin A was

identified as a pro-apoptotic factor for hepatocytes in vivo (Hully

et al, 1994). Activin A also inhibits proliferation of these cells, as

administration of the activin A antagonist follistatin immedi-

ately after PH accelerated the initial round of DNA synthesis and

stimulated liver regeneration in rats (Kogure et al, 1995).

Furthermore, hepatocyte proliferation was prolonged when a

booster of follistatin was injected 48 h after PH into mice (Oe

et al, 2004). These results identify activin A as a negative

regulator of hepatocyte proliferation in the regenerating liver

with a potential role in the termination of the regeneration

process (Fig 4).

Bone morphogenetic proteins (BMPs)

In contrast to TGF-b and activin A, BMPs have been described as

positive regulators of liver regeneration. Thus, inducible

expression of a dominant-negative BMP receptor in zebrafish

strongly impaired regeneration after 1/3 hepatectomy (Kan et al,

2009). In mice, systemic administration of BMP-7 stimulated

hepatocyte proliferation after PH and enhanced the restoration

of liver mass, whereas application of a soluble BMP type I

receptor (Alk3) or a neutralizing antibody to BMP-7 had the

opposite effect, which was rescued by application of BMP-7

(Sugimoto et al, 2007). The roles of other BMPs in the liver

regeneration process remain to be determined.

Open questions

The past few years have seen a remarkable increase in research

on liver regeneration and the functional roles of various growth

factors and cytokines in this process have been explored.

Nevertheless, numerous open questions remain that need to be

addressed in the future:
1.) A
� 2
lthough a large number of growth factors and cytokines are

expressed in the regenerating liver, only a few of them have

been functionally characterized. Therefore, the analysis of

additional geneticallymodifiedmice will most likely identify

further key players in this process.
2.) F
unctional redundancy and/or compensation have most

likely masked the function of several growth factors and

cytokines in liver regeneration as demonstrated for

members of the EGF family. Therefore, the generation

and analysis of mice lacking two or more growth factors of

the same family will provide further insight into the role of

these factors in liver regeneration.
3.) It
 is as yet unclear whether different growth factor families

have unique or overlapping functions in liver regeneration.

Therefore, liver regeneration studies using mice deficient in

two or more growth factors or their receptors that do not

belong to the same family (e.g. the EGFR and the c-Met

receptor) will be of interest.
4.) In
 some cases, controversial results have been obtainedwith

regard to the function of individual genes in liver

regeneration. This may be due to differences in the surgical

procedure and its timing, to the use of different anesthesia/
010 EMBO Molecular Medicine EMB
analgesia, to different nutrition, to the use of rats vs.mice or

to differences in the genetic background of mice. These

issues need to be considered when comparing results from

different laboratories, and the international standardization

of experimental procedures is an obvious goal.
5.) O
nly few studies have addressed the mechanisms of action

of growth factors and cytokines in liver regeneration at the

molecular level. Future studies using microarray analyses to

identify the mRNAs and micro-RNAs expressed in the

normal and regenerating liver of mice with overexpression

or loss of specific growth factors or their receptors will

identify that the target genes of these factors are important

for liver regeneration. This should be complemented by

proteomics and phospho-proteomics studies to identify the

signalling pathways and downstream effectors involved in

liver regeneration and the role of certain growth factors in

this regulation.
6.) I
n most studies the classical procedure of a two-third

hepatectomy has been used for the analysis of growth factor

function in liver regeneration. It will be interesting to

determine the roles of growth factors in more severe injury

models, such as 87% hepatectomy or PH followed by

treatment with LPS (see, e.g. (Jin et al, 2007; Wuestefeld

et al, 2003)).
7.) L
iver surgery is frequently performed in patients with a pre-

damaged liver, e.g. in patients with liver fibrosis/cirrhosis.

Therefore, it will be important to characterize the role of

different growth factors and cytokines in the repair of

diseased liver and to determine if treatment with exogenous

growth factors or neutralization/down-regulation of pro-

teins that inhibit growth factor action can be used to

stimulate liver regeneration under such conditions.
8.) I
nhibition of several growth factors or their receptors in

rodents has been shown to impair the liver regeneration

process. Since various antagonists for growth factors or

their receptors have been approved or are in clinical

trials for the treatment of cancer, it will be interesting to

determine whether these antagonists impair liver regenera-

tion in humans. This is particularly important in cancer

patients undergoing liver surgery for removal of metastases.

Initial results did not reveal a major impairment of liver

regeneration in patients treated with antibodies against

VEGF-A or EGFR (Cleary et al, 2009; Gruenberger

& Gruenberger, 2008), but data from additional clinical

trials are required to address this question and to

optimize the timing of surgery for these patients upon

cessation of their treatment with inhibitors. Furthermore,

the effects of antagonists against other growth factors—

such as HGF and FGFs—on liver regeneration remain to be

determined.
9.) F
inally, the challenge we face is to use our knowledge of the

role of growth factors in liver regeneration to improve this

process in humans, e.g. by systemic application of growth

factors or neutralizing antibodies against proteins that

inhibit growth factor signalling. This is of major importance,

as augmenting liver regeneration is essential to improving

the survival rate of patients after surgical resection of large
O Mol Med 2, 294–305 www.embomolmed.org
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Pending issues

Role of other growth factors and cytokines in liver regeneration, as
well as thorough analysis of redundancy and compensation among
well characterized players.

Molecular dissection of the signalling cascades downstream of
growth factor and cytokine receptors.

International standardization of PH experimental procedures.

Liver regeneration studies in rodents with pre-damaged liver, e.g.
with liver fibrosis.

Translation of mouse studies to human studies.

www
amounts of liver tissue; for example, in patients with

liver metastases. In addition, the improvement of the liver

regeneration process would reduce the amount of liver

tissue required for liver transplantation. This will reduce

the risk for the donors and would also enhance the growth

of the transplant in the recipient. Finally, the factors that

facilitate hepatocyte proliferation and normal regenera-

tion—and thus limit or even prevent the development of

fibrosis—need to be identified. These factors and their

downstream effectors are likely to be important targets for

therapeutic intervention in patients with different types of

liver disease.
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