
The unique regenerative capacity of the liver safe
guards the crucial dependence of most organismal 
operations on hepatic functions. This dependence is evi
dent in vertebrate organisms, from fish to mammals1–4. 
The stability of liver function is essential for body homeo
stasis; to this end, multiple regenerative mechanisms  
that guarantee that adequate liver function is always 
available have evolved. Liver size increases in several 
physiological conditions (for example, pregnancy) 
and decreases in cachexia and after severe loss of body 
weight. Although the signalling pathways of these var
ious processes are not fully understood, it is clear that, 
as far as liver size is concerned, there is a ‘hepatostat’ 
that uses different approaches to guarantee the stability 
and propriety of liver size in relation to body size and 
needs. In this Review, the great amount of new knowl
edge on signalling pathways associated with these regen
erative and homeostatic hepatic activities is presented. 
Evidence is also presented on the alternative pathways 
that liver regeneration follows to complete itself if some 
of the signalling pathways are blocked, including hepato
cytes and cholangiocytes transdifferentiating into each 

other to restore normal tissue architecture. See previous 
reviews for more details on some of the fundamental and  
established signalling events of liver regeneration1–4.

Regeneration after partial hepatectomy
The experimental model of liver regeneration after 
partial hepatectomy takes advantage of the multilobe 
structure of the rodent liver and enables the removal of 
specific liver lobes via a simple surgical technique with
out causing necrosis in the remaining lobes, thereby 
enabling the study of the purely regenerative activities 
of the liver. Partial hepatectomy also enables timing of 
the regenerative events. The procedure was first per
formed with the removal of two thirds of liver mass in 
rats5. The same method applied to mice typically ena
bles the removal of approximately half of liver mass — it 
is slightly more complicated because, unlike rats, mice 
have a gall bladder. Liver regeneration in all species is 
substantially inhibited if more than two thirds of hepatic 
mass is removed, likely owing to the amount of remnant 
liver being insufficient to maintain bodily functions, as 
observed through, for example, low glucose and high 
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ammonia levels in serum6. Additionally, as the entire 
portal flow after partial hepatectomy traverses through 
the remnant liver, the pressure in the portal vein in 
very small remnants might exceed that of the hepatic 
artery, thereby causing a ‘dearterialization’ of the rem
nant liver by obstructing flow through the hepatic 
artery7. Conversely, the removal of less than one third 
of hepatic tissue in rodents is followed by events that 
involve not only hepatocyte proliferation but also 
hepatocyte hypertrophy8. After a typical two thirds 
partial hepatectomy in rodents, most of the liver mass 
is restored within 7–8 days, with complete restoration 
achieved within 3 weeks. The remnant lobes increase in 
size, such that, in aggregate, they reach the mass of the 
liver before partial hepatectomy. There is no formation 
of new liver lobes or lobules. After liver regeneration, 
the lobules and biliary ductules are larger than before 
hepatectomy and the width of the hepatocyte plates 
increases from one hepatocyte to (on average) 1.5 hepat
ocytes, surrounded on either side by hepatic sinusoids1. 
Numerous studies have demonstrated that regeneration 
after partial hepatectomy is typically characterized by 
phenotypic fidelity. That is, hepatocytes make hepato
cytes and the same applies to cholangiocytes, hepatic 
stellate cells (HSCs), endothelial cells (such as liver 
sinusoidal endothelial cells (LSECs)), hepatic macro
phages (also known as Kupffer cells) and other cell types. 
However, in the latter two cell types, in addition to local 
cell proliferation, there is evidence of involvement of 
precursor cells migrating from the bone marrow9–11.

Immediate events after partial hepatectomy
One immediate outcome after two thirds partial hepa
tectomy is the channelling of the entire portal vein flow 
through a narrower (one third of the original width) 
path. This narrowing increases portal vein pressure and 
generates shear stress on LSECs. In rats, the diversion 
of part of the portal vein flow to the inferior vena cava 
delays and decreases liver regeneration12. The threefold 
increase in portal vein flow per liver volume and the 
inhibitory effects of deviation of part of the portal vein 
flow on liver regeneration suggest that the increased por
tal vein flow provides initiating signals for liver regen
eration. However, the mechanism by which this occurs 
is not understood. Endothelial cells and LSECs under 
shear stress produce WNT proteins but this production 

occurs after more than 4 hours13,14. Portal venous blood 
carries many signalling molecules, including epidermal 
growth factor (EGF), bile acids, insulin and glucagon, 
from the intestine, spleen and pancreas (Fig. 1). Portal 
venous blood is low in oxygen, which should math
ematically render the remnant tissues more hypoxic 
immediately after partial hepatectomy15. These signal
ling mechanisms have been analysed independently 
but none of them alone can initiate the spectrum of 
changes observed immediately after partial hepatec
tomy. Additionally, it is conceivable that the trigger for 
the immediate events after partial hepatectomy might 
not be (or might not only be) due to the signalling com
ponents of portal venous blood but rather from direct 
cell to cell signalling from HSCs16. It is not clear how 
the flow of the hepatic artery is affected by partial hepa
tectomy at the lobular level. Studies of the normal rat 
microcirculatory unit in liver lobules suggest that the 
much higher arteriolar pressure (compared with por
tal vein branches) at the portal triad entry results in 
increased speed, with full mingling of the arterial and 
portal bloods occurring deeper into the lobule15. This 
mingling of the blood flow is controlled by sphincters 
at the arterioles17. The increased pressure of portal vein 
branches as they traverse through a decreased over
all capillary volume after partial hepatectomy might 
alter that equilibrium. However, detailed studies are 
not available.

Early events after partial hepatectomy
Within 1 minute after partial hepatectomy in rats, there is 
an increase in the activity of urokinase type plasminogen 
activator (uPA), which converts plasminogen to plasmin, 
in turn activating metalloproteinases18,19. This process 
leads to the remodelling and breakdown of some com
ponents of the extracellular matrix (ECM)20. Hepatocyte 
growth factor (HGF) is present in huge amounts in 
the hepatic ECM as an inactive, single polypeptide 
form21. In addition to plasminogen, uPA also activates 
single chain HGF into its active heterodimeric form22. 
The net result of these uPA related events is the acti
vation of HGF and, within less than 1 hour, a massive 
release of HGF into the peripheral blood23. Other hepatic 
ECM components are also released into the blood (for 
example, hyaluronic acid24). uPA has a key role in the 
initiation of these events. uPA knockout mice have 
impaired liver regeneration25 and a mere transfer of uPA 
to hepatocytes via an adenovirus initiates many of the 
early events associated with liver regeneration26. Other 
signals that regulate this ECM remodelling include plas
minogen activator inhibitor 1 (PAI1), the matrix metal
loproteinases MMP2 and MMP9, and tissue inhibitors of 
metalloproteinases (TIMPs)27. Normal ECM is restored 
at the end of liver regeneration28,29.

Notably, in addition to HGF but within 2–5 hours 
later, there is an increased concentration in the periph
eral blood of many signalling molecules associated with 
liver regeneration1–3. These molecules include IL6, bile 
acids, noradrenaline, tumour necrosis factor (TNF), lep
tin and serotonin. Hypoglycaemia also occurs, which, 
if corrected, delays mouse liver regeneration30. The role 
of liver regeneration related signals in the peripheral 

Key points

•	Hepatocyte proliferation during liver regeneration is controlled by multiple 
extracellular signals, two of which (meT and eGFr) are directly mitogenic and others 
only delay liver regeneration if they are bypassed.

•	Intracellular signalling pathways in hepatocytes are very rapidly (within minutes) 
activated after partial hepatectomy. The mechanisms triggering these pathways  
are not clear.

•	all hepatic cell types participate in cell proliferation during liver regeneration.  
no ‘stem cells’ are involved.

•	If hepatocyte or cholangiocyte proliferation is seriously impaired, then each of the two 
cell types can transdifferentiate into the other and function as a facultative stem cell.

•	loss of hepatocytes occurring in chronic liver diseases triggers compensatory 
proliferation of the surviving hepatocytes and exposes them to potentially genotoxic 
injury that might lead to neoplasia.
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blood as drivers of liver regeneration, compared with 
local signals that occur within the liver, is difficult to 
determine but probably substantial. In parabiotic pairs 
of rats that have connected circulation, partial hepatec
tomy in one of the rats leads to regenerative activities 
in the liver of the other31. In rats, cell proliferation after 
partial hepatectomy has also been shown in hepatocytes 
transplanted into extrahepatic sites32.

Regenerative activities of hepatocytes
Intracellular events
In mammals, hepatocytes provide most of the hepatic 
functions related to body homeostasis and account for 
more than 80% of liver mass1–4. Some of the earliest 
events after partial hepatectomy occur in hepatocytes.  
In rats, Notch intracellular domain (NICD) and β catenin 
migrate to hepatocyte nuclei within 15 minutes33,34. MET 
(the HGF receptor) and the epidermal growth factor 
receptor (EGFR) are activated within 30 minutes35. 
The expression of more than 100 genes in hepatocytes 
increases within 1 hour36. This altered gene expression, 
with episodic increases and decreases, is sustained for 
more than 14 days37. Paradoxically, there is an early 
increase of some signals that are mitoinhibitory or cyto
cidal for hepatocytes (for example, Fas receptor38, p21 
(reF.39) and transforming growth factor β1 (TGFβ1)4) as 

well as an enhanced expression of genes associated with 
the induction of pluripotent stem cells40. Progression 
of hepatocytes from G1 to S phase is associated with a 
cascade of activation of cyclins and cyclin dependent 
kinases41. Proliferating hepatocytes produce many 
growth factors that are mitogenic for other hepatic cells, 
including vascular endothelial growth factor (VEGF) 
and angiopoietins 1 and 2 (which are mitogenic for 
LSECs), transforming growth factor α (TGFα) (mito
genic for endothelial cells, LSECs and stellate cells), 
fibroblast growth factor 1 (FGF1) and FGF2 (which 
are mitogenic for HSCs and LSECs), and granulocyte– 
macrophage colony stimulating factor (GM CSF) 
(which is mitogenic for Kupffer cells)1–3. Thus, hepato
cytes are at the centre of the coordinated histogenesis by 
which liver regeneration restores not only the amount 
of required hepatocytes but also the formation of histo
logically complete hepatic tissue. Some of the signalling 
proteins (for example, TGFα) might also have autocrine 
effects but such effects have not been convincingly 
demonstrated42.

Intracellular signals related to liver regeneration are 
activated within hepatocytes in the first 2–5 hours after 
partial hepatectomy in rodents. These signals include the 
activation of STAT3 (which is regulated by IL6)43 and 
nuclear factor κB (NF κB) (which is regulated by TNF)4.  
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Fig. 1 | Multiple signalling molecules regulate cell proliferation during liver regeneration. As urokinase- type 
plasminogen activator (uPA) and metalloproteinases remodel the hepatic extracellular matrix (ECM) during liver 
regeneration, hepatocyte growth factor (HGF) is locally activated and also released into the peripheral blood. Epidermal 
growth factor (EGF) is constantly available from portal venous (PV) blood. There are local, mutually paracrine signals 
between hepatocytes and other hepatic cell types. Hepatic stellate cells (HSCs) also generate paracrine signals and make 
specialized contacts with both liver sinusoidal endothelial cells and hepatocytes. In that capacity, they might be the 
origin of non- humoral stimuli mediated by direct contact between hepatocytes and HSCs driving β- catenin and Notch 
into hepatocyte nuclei within a few minutes after partial hepatectomy. ANG1, angiopoietin 1; FGF1, fibroblast growth 
factor 1; GM- CSF, granulocyte–macrophage colony- stimulating factor; HA, hepatic artery; NA, noradrenaline; NICD, 
Notch intracellular domain; NF- κB, nuclear factor- κB; TGFα, transforming growth factor- α; TGFβ1, transforming growth 
factor β1; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor.
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Cyclins D1 and D2 are key regulators of ushering 
hepatocytes into the S phase. In addition, they regu
late metabolic adaptations that are unique to hepato
cytes such as the transient steatosis characteristically 
seen 2–3 days after partial hepatectomy41; this tran
sient steatosis is also dependent on EGFR44. Changes 
in regenerating hepatocyte differentiation have been 
associated with hepatocyte nuclear factor 4α (HNF4α) 
and CCAAT/enhancer binding protein α (C/EBPα) and  
C/EBPβ levels and isoforms45. Forkhead box protein 
M1 (FOXM1) also has a key role in mediating events 
at the late G1 phase and the beginning of S phase46. The 
expression of many genes associated with hepatocyte 
differentiation decreases in proliferating hepatocytes47. 
If proliferation were to occur in all hepatocytes at the 
same time, liver failure could conceivably occur. In rats, 
this outcome is prevented by hepatocyte proliferation 
occurring as a gradual wave from periportal to pericen
tral areas of the lobule48. Thus, only a fraction of hepato
cytes undergoes partial dedifferentiation at any given 
time, allowing those that are not actively proliferating to 
sustain hepatic functions. A single layer of hepatocytes 
that surrounds the central veins and expresses glutamine 
synthetase is the last to proliferate, with these hepato
cytes being minimally responsive to EGF or HGF49. The 
peak of hepatocyte proliferation varies between species. 
In the rat, this peak is seen at 24 hours, whereas in mice 
it occurs between 36 and 48 hours1–4. Altered circadian 
rhythms imposed by feeding and light changes also affect 
this timing1–4. It should also be noted that, in rodents 

less than 20 months old, continuous administration of 
tritiated thymidine after hepatectomy showed that 95% 
of hepatocytes participate in the regenerative process 
with DNA synthesis by day 5 of liver regeneration; this 
number decreases to 75% of hepatocytes in rats older 
than 16 months50. Ageing, overall, has a very small effect 
on liver regeneration. Even though measurable effects 
of ageing on liver regeneration are seen, the process is 
by no means eliminated and, by day 7 of liver regener
ation, there is no difference in the restored liver weight 
between very young and very old rats51. Interestingly, 
polyploid hepatocytes do not have a limited capacity to 
participate in liver regeneration52.

Extracellular signalling factors
There is a plethora of signalling pathways associated 
with liver regeneration, reflected by an increased con
centration of signalling molecules within the liver and/or  
in the peripheral blood. HGF and ligands of EGFR can 
induce hepatocyte proliferation when injected into 
unoperated rodents; they can also induce complete 
hepatocyte replication in culture with serum free, chem
ically defined media. In that sense, they are viewed as 
‘complete mitogens’1. Many other signals (to be briefly 
described later) were discovered based on the observa
tion that liver regeneration is delayed, though still com
pleted a few days later, when a specific signal is absent. 
These signals do not induce hepatocyte proliferation 
either in animals in vivo or in hepatocytes in serum free, 
chemically defined media. In that sense, they are viewed 
as ‘auxiliary mitogens’1; this term in no way diminishes 
their importance. Any delay of liver regeneration fol
lowing massive liver injury due to the absence of an 
auxiliary mitogenic signal is likely to have catastrophic 
consequences. There are also more complex extracellular 
signals that drive intracellular pathways, which, when 
interfered, delay liver regeneration but do not abol
ish liver regeneration. They have not been fully tested 
regarding whether they can induce liver regeneration 
in intact rodents. Extracellular signals involved in liver 
regeneration are listed in Box 1 and depicted in Fig. 2.

Receptor tyrosine kinases and their ligands. There are 
several detailed reviews about the molecular structure 
and function of HGF and MET53,54. HGF is heavily 
embedded in the liver ECM, especially in periportal 
areas55. Following partial hepatectomy and ECM remod
elling, HGF is activated by uPA and released in the 
peripheral blood, reaching greater than tenfold normal 
plasma concentrations within 1 hour23. The activation 
of MET and complete formation of the MET signa
losome are detected within 30 minutes after partial 
hepatectomy35,56. The contribution to MET activation of 
local activated HGF compared with that circulating in 
the peripheral blood is not clear, but hepatocyte prolif
eration after partial hepatectomy is also seen in hepato
cytes transplanted in extrahepatic sites32. The hepatic 
concentration of HGF decreases in the first 3 hours; 
however, HGF mRNA starts to increase thereafter, 
peaking at 15 hours and resulting in the synthesis of 
new HGF57. In addition to the liver, HGF mRNA dur
ing liver regeneration also increases in the lungs, spleen 

Box 1 | Signals regulating liver regeneration and hepatocyte proliferation

Complete mitogens
These are mitogenic in hepatocyte cultures in chemically defined (serum- free) media. 
They cause liver enlargement and hepatocyte Dna synthesis when injected into whole 
animals.

•	Hepatocyte growth factor and its receptor meT

•	ligands of the epidermal growth factor receptor (eGFr): eGF, transforming growth 
factor- α (TGFα), heparin- binding eGF- like growth factor and amphiregulin

Auxiliary mitogens
ablation of their signalling pathways delays but does not abolish liver regeneration. 
They	are	not	mitogenic	in	hepatocyte	cultures	and,	when	injected	in vivo,	they	do	not	
cause hepatocyte Dna synthesis and liver enlargement.

•	noradrenaline and the α1- adrenergic receptor

•	Tumour necrosis factor (TnF) and TnF receptor 1

•	Il-6

•	vascular endothelial growth factor (veGF) and its receptors (veGFr1 and veGFr2)

•	Bile acids

•	Serotonin

•	leptin

•	Insulin

•	PParγ
•	Growth hormone

Complex signalling pathways
These pathways involve multiple components. multiple extracellular signals trigger 
each one, and they are not fully understood. They have not been tested in cell cultures 
and disruption of any of the signals delays but does not abolish liver regeneration.

•	Hedgehog

•	WnT and β- catenin

•	Signals controlling the Hippo pathway and yap
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and kidney58,59. The mechanism for this increase might 
relate to an increase in circulating noradrenaline after 
partial hepatectomy (see later), which is known to stim
ulate the production of HGF in human embryonic lung 
fibroblasts (MRC5 cell line)60. In normal liver and the 
early stages of liver regeneration, HGF is produced by 
HSCs, which is regulated by the neurotrophin receptor 
p75NTR61. During the later stages of liver regeneration, 
HGF is also produced by local LSECs and endothelial 
cell progenitors migrating from the bone marrow9.

EGFR is expressed in all hepatic cell types and is a 
member of the ERB family of receptors; of these, ERBB1 
(also known as EGFR) and ERBB3 (which lacks a kinase 
domain) are expressed in adult hepatocytes, whereas 
ERBB2 (also known as HER2/Neu) is expressed only 
in fetal hepatocytes and ERBB4 is not expressed  in 
the liver62,63. Active EGFR exists as homodimers or 

heterodimers with ERBB3. The ligands of EGFR that 
are relevant to liver regeneration are EGF, amphiregu
lin, TGFα and heparin binding EGF like growth factor 
(HB EGF)2,4. The effects of these ligands on EGFR acti
vation and processing vary64. EGF is constantly avail
able to hepatocytes; it is produced by Brunner glands of 
the duodenum, which secrete it in the intestinal lumen, 
where it is absorbed intact and enters the liver through 
the portal circulation65,66. EGF secretion is enhanced by 
noradrenaline65,67. TGFα is not expressed in normal liver 
but is rapidly induced after partial hepatectomy, appearing 
as a transmembrane protein that is cleaved and secreted 
by ADAM17 (also known as TACE)68,69. Amphiregulin, 
which is regulated by YAP, is also expressed in hepato
cytes after hepatectomy. In contrast to TGFα, germline 
elimination of amphiregulin delays liver regeneration70. 
HB EGF is produced as a transmembrane precursor by 
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Fig. 2 | Extracellular signals involved in liver regeneration are classified according to their actions on hepatocytes 
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macrophages and endothelial cells71; it has been impli
cated as the cause of the hypertrophy of hepatocytes seen 
after a partial hepatectomy during which less than 30% of 
tissue is removed72. HB EGF produced by LSECs main
tains HSCs in quiescence. When sinusoids become capil
larized, as occurs in cirrhosis, HB EGF cannot be released 
by the capillarized endothelial cells and therefore cannot 
maintain HSCs in quiescence73. Perhaps given that all of 
these ligands bind to the same receptor and therefore have 
complementary functions, the elimination of any single 
one does not critically affect liver regeneration. Several 
studies have investigated the effects of EGFR on liver 
regeneration, either by downregulation via short hair
pin RNA63 or by germline deletions of specific portions 
of EGFR74,75. For further details about the structure and 
function of EGFR, see reF.76.

In human hepatocellular carcinoma (HCC) cell lines, 
autocrine activation of EGFR by TGFα results in activa
tion of MET even in the absence of HGF77. In mice, the 
elimination of signalling of either EGFR or MET alone 
was shown to delay but not entirely inhibit liver regener
ation; however, the combined elimination of both signal
ling pathways completely abolished liver regeneration44. 
This observation is important for many reasons: there is 
no other extracellular signalling disruption that entirely 
inhibits liver regeneration and the mobilization of com
plementary adaptive mechanisms always succeeds in 
completing liver regeneration. In the same study44, the 
combined elimination of both EGFR and MET signalling 
affected both mTOR and AKT activation and resulted in a 
decrease in size of hepatocytes and hepatic lobules; there 
was no increased cell death of hepatocytes. Furthermore, 
the small hepatocytes maximized the expression of genes 
coding for plasma proteins and CYP family proteins, 
while proceeding with an enhanced glycolytic pathway 
and decreased mitochondrial functions. All mice died at 
day 14 after partial hepatectomy with multiple metabolic 
defects, high blood ammonia and low blood glucose. 
Similar symptoms, albeit with different effects on intra
cellular pathways, were also seen in mice that had not 
been subjected to partial hepatectomy78. Cell proliferation 
in all other body tissues (including intestinal crypts) was 
apparently unaffected, despite the fact that both signals 
were eliminated in all tissues. These findings document 
the extreme dependence of both normal and regenerat
ing liver on the continual and coordinated function of 
MET and EGFR. Hepatocytes are constantly exposed to 
HGF from the hepatic ECM21 and to EGF from the por
tal circulation65. Both MET and EGFR are activated in 
normal resting liver44. Of interest, the transdifferentiation 
of hepatocytes to cholangiocytes79 and liver enlargement 
mediated by the transcription factor CAR in response 
to xenobiotic mitogens80 are also eliminated after the  
combined elimination of MET and EGFR signalling.

FGF1 and FGF2 stimulate moderate amounts of 
hepatocyte DNA synthesis in rat hepatocyte cultures81. 
They are produced by hepatocytes during liver regener
ation and are mitogenic for both endothelial cells and 
HSCs1–3,82; however, their role in liver regeneration is 
not clear. FGFR4 is the only FGF receptor expressed 
in hepatocytes, whereas the other FGF receptors are 
expressed in non epithelial hepatic cells83. β Klotho 

is an FGFR4 co receptor84. Knockdown of FGFR4 
or β Klotho causes increased mortality after partial 
hepatectomy85. In mice, FGF15 (the human homologue 
of which is FGF19) is produced by intestinal cells stim
ulated by bile acids86. It is carried in the liver through the 
portal circulation and interacts with FGFR4–β Klotho to 
downregulate CYP7A1, the first enzyme involved in bile 
acid synthesis. FGF15 knockout causes a huge increase 
in hepatic bile acid levels and increased mortality after 
partial hepatectomy87.

Auxiliary mitogenic signals. There is a long list of extra
hepatic signals that modulate liver regeneration and 
whose absence delays but does not eliminate the regen
erative process. In mice, TNF is produced by hepatic 
and spleen macrophages, and it rises rapidly in blood 
after partial hepatectomy. Mice that are deficient in TNF 
receptor 1 (TNFR1) or TNFR2 have delayed regeneration 
and decreased activation of NF κB88,89. IL6, which is pro
duced by both hepatic macrophages90 and hepatocytes91, 
also rapidly increases in blood after partial hepatec
tomy. There is a lower increase in IL6 in mice that are 
deficient for TNF receptors92. The activation of STAT3 
in hepatocytes is delayed in IL6 knockout mice36,43,90. 
However, in primary human hepatocytes in culture 
media with HGF and EGF, the activation of both NF κB 
and STAT3 also occurs in the absence of TNF or IL6 
(reF.93). Noradrenaline, which is produced by the termi
nal synapses of sympathetic neurons, adrenal medulla 
and HSCs, increases after partial hepatectomy in rats at 
the same rate as HGF94. Noradrenaline has been shown 
to enhance the mitogenic effects of EGFR and MET95, 
transactivate STAT3 (reF.96) and suppress the mitoinhi
bition of hepatocytes by TGFβ1 (reF.97). Noradrenaline 
also enhances the production of HGF by fibroblasts60 
and of EGF by rat Brunner glands65,66. Blockade of the 
α1 adrenergic receptor, or hepatic sympathectomy, com
pletely suppresses liver regeneration for 3 days after par
tial hepatectomy94. Bile acids increase at day 2 after partial 
hepatectomy98; they bind to the transcription factor 
farnesoid X receptor (FXR) and cause downregulation of 
CYP7A1, which acts as a negative feedback mechanism 
for bile acid synthesis. In mice, the depletion of bile acids 
delays liver regeneration and results in the decreased 
synthesis of FGF15 (reF.98). FXR knockout mice have 
increased mortality after partial hepatectomy and delayed 
liver regeneration, which is likely caused by increased 
hepatocyte necrosis owing to a massive increase in bile 
acid synthesis99. Insulin, although not a complete hepat
ocyte mitogen, is required for the effects of EGF and HGF 
in hepatocyte cultures95,100. It is constantly supplied to the 
liver from pancreatic islet β cells via the portal circula
tion. The diversion of portal venous blood to the inferior 
vena cava is associated with overall hepatic atrophy101. 
Continuous injection of insulin directly into dog liver 
after such a diversion causes a restoration of hepatic mass 
that is associated with hepatocyte proliferation101. Insulin, 
in the absence of HGF or EGF, is not mitogenic per se in 
hepatocyte cultures95. This effect of insulin in restoring 
atrophy induced by a portacaval shunt in dogs is proba
bly mediated by the mitogenic receptors EGFR and MET, 
occurring via the interaction of the insulin receptor with 
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the mitogenic receptors, directly (for example, MET102) or 
indirectly through the regulation of intracellular signal
ling pathways controlled by both receptors. Leptin, sero
tonin and growth hormone have also been implicated in 
liver regeneration regulation1–3.

Complex mitogenic pathways. The WNT–β catenin 
signalling system has many roles in liver biology14. The 
complexity of the system arises from the fact that regula
tion of its final end point transcription factor, β catenin, 
occurs at multiple steps. There are 19 WNT proteins, 
many of them produced by all hepatic cell types; however, 
their cooperation or antagonism in binding to the ten dif
ferent Frizzled receptors has not been fully explored for 
the liver. Other proteins, including R spondins 1 and 2  
(reF.103), LRP5 and LRP6 (reF.14), and GPC3, also directly 
interact with the Frizzled receptors and regulate their 
action104,105. As mentioned earlier, β catenin is detected 
in rat hepatocyte nuclei within 5 minutes after partial 
hepatectomy34; there is currently no literature to explain 
this rapid event. In addition to WNT–Frizzled signalling, 
β catenin can also be phosphorylated at different sites 
by EGFR and MET, which also results in the protection 
from destruction and facilitates entry to the nucleus106. 
Cyclin D1 is a key intracellular signalling protein that 
leads to hepatocyte proliferation and is regulated by  
β catenin107. However, germline elimination of β catenin 
in mice delays but does not abolish liver regeneration108. 
Delayed liver regeneration is also seen in mice that lack the 
Frizzled co receptors LRP5 and LRP6 and R spondin recep
tors LGR4 and LGR5 (reF.14). Both of the above LRP and 
LGR receptors enhance WNT signalling. WNT–β catenin  
signals are generated and operate in most hepatic cell types 
in mice and, among other functions, also participate in the 
formation of lobular zones14.

The Hedgehog pathway is another example of a com
plex mitogenic pathway. Both Hedgehog ligands are 
expressed in the liver. The Hedgehog receptor patched 1 
and the signalling protein smoothened are expressed 
in hepatocytes109. In mice, liver regeneration is delayed 
following the administration of cyclopamine, an inhib
itor of the Hedgehog pathway109. This pathway is also 
involved in the regulation of the Hippo–Yap pathway 
in mouse HSCs and hepatocytes and interference with 
the Hedgehog pathway in HSCs reduced the expression 
of Yap in hepatocytes and delayed liver regeneration110. 
In resting mouse liver, Hedgehog ligands are bound 
to GPC3, which is attached to the tetraspanin CD81 
(reF.111). Following partial hepatectomy, GPC3 detaches 
from CD81, Hedgehog ligands are released, and the GLI1 
transcription factor, the end messenger of the Hedgehog 
pathway, appears in hepatocyte nuclei at day 2 of liver 
regeneration112. This process also involves the protein 
Hhex (which is involved in hepatic specification during 
embryogenesis but acts as a growth repressor in liver can
cer), which migrates from hepatocyte nuclei to bind to 
CD81 (reF.112). The precise contribution and details of the 
Hedgehog pathway’s involvement in liver regeneration 
need to be further understood — multiple cell types 
appear to be involved, including HSCs and LSECs113.

The Hippo pathway consists of a cascade of kinases 
that regulate Yap protein. In this pathway, the activation 

of kinases MST1 and MST2 results in the activation of 
kinases LATS1 and LATS2, phosphorylation of cyto
plasmic Yap, and subsequent processing for destruction 
via proteasomes114. Suppression of the Hippo pathway 
prevents Yap phosphorylation and allows it to enter the 
nucleus, interacting with TEAD nuclear proteins and 
regulating multiple genes involved in hepatocyte gene 
expression and cell proliferation. This process is facili
tated by the gene Arid1a114. Overall, Yap levels affect not 
only cell proliferation but also the size of multiple organs, 
especially the liver115,116. The regulation of Yap has been 
associated with liver development, regeneration and 
carcinogenesis117. Yap levels increase in mouse hepatocyte 
nuclei at day 2 of liver regeneration but decline in sub
sequent days118. Furthermore, Yap interacts with TGFβ1 
signalling, facilitating many gene expression changes 
that are associated with cell proliferation in general119.  
In mice, the detachment of GPC3 from CD81 during liver 
regeneration112 has been associated with the activation of  
the kinase SYK, phosphorylation of ezrin, inhibition  
of Hippo and an increase in Yap expression120. The diffi
culty in assessing the role of the Hippo–Yap pathway in 
liver regeneration arises owing to its control by multiple 
extracellular signals that might act in opposite direc
tions, thereby making Hippo–Yap the final cumulative 
net recipient of multiple, often contra dictory, signals that 
contribute to organ regeneration and size regulation.

Another complex pathway controlling the hepato cyte 
cell cycle and response to mitogens is TGFβ1 signalling. 
In liver, TGFβ1 is the most expressed of the three forms 
of TGFβ. It is produced by HSCs and macro phages and 
is bound to the hepatocyte surface through decorin, 
an ECM protein connected to hepatocytes via GPI 
linkage121. After partial hepatectomy, TGFβ1 is also 
massively released into peripheral blood, where it is 
bound by α2 macroglobulin2. Hepatocyte immunohisto
chemistry of TGFβ1 shows that this release occurs in 
the form of a gradual wave along with progression of 
hepatocyte proliferation from periportal to pericentral 
sites122. TGFβ1 is mitoinhibitory for hepatocytes and 
the removal of the protein from the liver to the blood 
within 1 hour after partial hepatectomy is consistent 
with the progressive engagement of hepatocytes in cell 
proliferation. Paradoxically, while the existing TGFβ1 
protein is removed, there is a rise in TGFβ1 mRNA 
starting at 3 hours, reaching a plateau at 72 hours and 
staying at high levels for several more days123. The syn
thesis of TGFβ1 is under the control of EGF and HGF79; 
the activation of EGFR and MET early in liver regener
ation might therefore explain the rise in TGFβ1 mRNA. 
However, during liver regeneration, hepatocyte prolifer
ation is unaffected by an increase in production of TGFβ 
because, during regeneration, hepatocytes downregulate 
the expression of each of the three proteins that com
pose the TGFβ1 receptor complex124. Additionally, the 
effect of TGFβ1 in the first 2 days of liver regeneration 
is likely to be downregulated by the concomitant rise of 
noradrenaline in the blood94. During liver regeneration, 
TGFβ1 also affects hepatocyte gene expression and is 
linked to events resembling mesenchymal–epithelial 
transition119. Loss of β2 spectrin, a component of the 
TGFβ signalling pathway, is associated with suppressed 
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and delayed liver regeneration125. Numerous studies 
have documented the role of TGFβ1 in the regulation 
of ECM synthesis and in the formation of capillaries 
by nascent endothelial cells126. These activities are very 
prominent from day 3 onwards of liver regeneration 
and TGFβ1 likely has an important role in these pro
cesses as endothelial cells assume an LSEC phenotype 
to form new hepatic sinusoids and the ECM is recon
stituted towards the end of liver regeneration3. This 
activity is, in part, regulated by the endothelial cells. 
In mice, early in liver regeneration (days 1 and 2), there 
is decreased production of angiopoietin 2, leading to 
the decreased expression of TGFβ1. Later, at the time of 
increased angiogenesis (day 6), the production of angi
opoietin 2 by endothelial cells increases, leading to the 
increased production of TGFβ1 and thereby facilitating 
the effects of TGFβ1 in angiogenesis127. In normal rat 
liver, the downregulation of TGFβ receptors was suf
ficient to induce DNA synthesis in hepatocytes, sug
gesting that TGFβ1 and the constant effect of EGF and 
HGF to which hepatocytes are continually exposed have 
an antagonistic role, creating a ‘tonic’ effect that keeps 
hepatocytes quiescent128.

Regeneration in other hepatic cells
Cholangiocytes
Both cholangiocytes and hepatocytes are derived from 
embryonic hepatoblasts129–131. In liver regeneration, the 
peak of cholangiocyte proliferation occurs only a few 
hours after that of hepatocytes132. Cholangiocytes express 
MET and EGFR, whereas HGF and IL6 are cholangi
ocyte mitogens in vitro133. TGR5, a G protein coupled 
receptor ligated by bile acids, regulates bile acid pools 
and cholangiocyte proliferation depending on the bile 
acid involved134,135. Melatonin and histamine also regu
late cholangiocyte proliferation136,137. The effects of these 
signals have not been explored for cholangiocytes in the 
context of liver regeneration. As stated earlier, there are 
no new portal triads generated during liver regenera
tion; cholangiocyte proliferation is associated with the 
formation of larger bile ductules1–4. Independent of liver 
regeneration, massive cholangiocyte proliferation and 
the formation of multiple portal ductules occurs after 
bile duct obstruction138. The signals controlling this pro
cess are not fully understood. In contrast to hepatocytes, 
cholangiocytes express high levels of Yap139 and ezrin140, 
a protein involved in the downregulation of the Hippo 
pathway and in Yap upregulation120. In addition to the 
aforementioned growth factors, evidence has shown that 
the interplay between Yap and bile acids also has a role in 
cholangiocyte proliferation. Single cell RNA sequencing 
studies have shown that there is a ‘fluctuating’ activation 
of Yap dependent gene expression in cholangiocytes and 
this phenomenon is regulated by bile acids139.

Liver sinusoidal endothelial cells
The formation of new liver sinusoids during liver regen
eration is highly complex. In rodents, this process lasts 
several days, with a peak of DNA synthesis occurring at 
days 4–7 after partial hepatectomy. Proliferating hepato
cytes form small avascular clusters and soon start pro
ducing several angiogenic factors, including VEGF and 

angiopoietins 1 and 2, which stimulate the migration of 
LSECs into the clusters to form capillaries141. The prolif
eration of endothelial cells in the clusters is regulated by 
complex signalling involving VEGF receptors 1 and 2 
(VEGFR1 and VEGFR2), angiopoietin receptors TIE1 
and TIE2, PDGFRβ, EGFR, and MET141. The endothe
lial cells lining these capillaries soon acquire the typical 
fenestrated phenotype, becoming true LSECs. VEGF 
produced by hepatocytes stimulates the proliferation of 
endothelial cells via VEGFR2. However, it also stimulates 
the receptor VEGFR1, inducing the production of HGF 
by endothelial cells142. Overall, there are many paracrine 
effects originating from endothelial cells, causing ‘angio
crine’ effects on hepatocytes and other adjacent hepatic 
cells143,144. In addition to proliferation of the pre existing 
LSECs, endothelial precursors from the bone marrow 
that are stimulated by rising VEGF levels in the blood 
migrate to the liver, actively produce HGF and participate  
in the formation of new sinusoids9,145.

Kupffer cells and immune cells
There is local proliferation of CD68+ Kupffer cells dur
ing liver regeneration as well as an incursion of CD11b+ 
mononuclear cells from the blood. The two cell pop
ulations combine to form the typical F4/80+ Kupffer 
cells146,147. There are many signalling factors that affect 
this process, including the mitogenic factors macrophage 
colony stimulating factor (M CSF; produced by HSCs) 
and GM CSF (produced by hepatocytes). Kupffer cells 
themselves also contribute to the other hepatic cells via 
paracrine signalling by producing IL6, TNF, TGFβ1 and 
TGFα1–3. The final phenotypic transformation to hepatic 
Kupffer cells is mediated by signals from HSCs, hepato
cytes and endothelial cells11. There are several studies 
emphasizing the role of immune cell populations in liver 
regeneration and demonstrating complex interactions 
affecting the proliferation of Kupffer cells, endothelial 
cells and hepatocytes. Complex interactions have been 
described between hepatocytes and Kupffer cells, eosin
ophils and T cells, either by direct contact or via the  
production of cytokines (reviewed previously148).

Hepatic stellate cells
Little is known about the proliferation of HSCs during 
liver regeneration. These cells remain the most enig
matic cells of the liver; they form long processes, with 
morphologically distinct attachment sites on hepato
cytes and endothelial cells16. HSCs have gene expression 
patterns resembling both astrocytes and neurons, even 
though they derive from nestin positive cells of the 
cardiac mesenchyme and not from the neural crest16. 
They store vitamin A in lipid droplets, produce cat
echolamines and connect to both the sympathetic and 
the parasympathetic nervous system149. They contribute 
to liver regeneration in many ways, including synthesiz
ing all collagens and other components of the hepatic 
ECM, contributing to its reconstitution at the end of liver 
regeneration28. In addition, they produce signalling pro
teins that are essential to liver regeneration, including 
HGF and TGFβ1 (reFs1–3). A notable change — HSC 
activation — occurs in chronic liver disease that is  
associated with a continuous loss of hepatocytes150.

naTure revIeWS | GASTroEnTEroloGy & HEpAToloGy

R e v i e w s

  volume 18 | January 2021 | 47



Termination of liver regeneration
The point of initiation of liver regeneration is deter
mined by the time when partial hepatectomy is per
formed. However, the timing of liver regeneration 
termination is more elusive. The proliferation of hepato
cytes ceases within about 6–8 days. In rodents, the  
liver to bodyweight ratio approximates 85% within 
about 2 weeks5,44. Nevertheless, there are multiple changes 
in gene expression that restore normal hepatocyte differ
entiation and these changes extend beyond day 14 (reF.37). 
As hepatocytes gradually assume a quiescent phenotype, 
the ECM is restored28,29. The ECM is one of the regulators 
of normal liver size and is involved in the restoration of 
liver weight to the pre partial hepatectomy levels. A key 
regulator of ECM restoration is the communication 
between hepatocytes and HSCs. This communication is 
regulated in part by integrin linked kinase (ILK), a pro
tein expressed in both HSCs and hepatocytes. ILK is a  
hepatocyte growth suppressor and a regulator of hepato
cyte differentiation151,152. ILK knockout mice have 
enlarged livers and excessive ECM, composed predom
inantly of collagens and surrounding each hepatocyte. 
At the end of liver regeneration in ILK knockout mice, 
the already larger liver extends beyond the original 100% 
pre partial hepatectomy size to 158%, concomitant with 
enhanced expression of Yap37,151,152. In normal mouse 
liver regeneration, the expression of ILK is enhanced 
when hepatocyte proliferation ends (days 5–7), along 
with increased expression of the ILK partners PINCH 
(a LIM domain containing protein) and α Parvin153. 
Mice with PINCH1 and PINCH2 double knockout 
are phenocopies of ILK knockout mice153. RSU1 pro
tein, which is attached to PINCH, probably accounts 
for the suppression of regenerative activities as it is 
involved in the downregulation of several RhoGTPase 
proteins153. TGFβ1 inhibits hepatocyte proliferation in 
culture but there is no clear association between TGFβ1 
and the termination of liver regeneration. The simul
taneous elimination of activin and TGFβ1 receptors 
prolongs liver regeneration154. GPC3 is a protein associ
ated with activation of the Hippo pathway and suppres
sion of Yap120. Premature termination of liver is seen in 
GPC3 transgenic mice111. WNT5A inhibits the canon
ical WNT–β catenin signalling pathway and, in mice, 
decreased expression of WNT5A has also been found 
to prolong liver regeneration, implying some role for 
WNT–β catenin in liver regeneration termination155.

Restoration of the proper differentiation of hepato
cytes at the end of regeneration depends on multiple 
factors. HNF4 is essential for the eventual restitution  
of the proper differentiation of hepatocytes at the end of  
regeneration156. C/EBPα and chromatin remodelling 
proteins participate in multiple complex steps to also 
establish the proper differentiation of hepatocytes. 
Interference with this process extends liver regenera
tion and results in liver size exceeding the pre partial  
hepatectomy size157.

Alternative regenerative pathways
Regenerative activities in liver regeneration are char
acterized by phenotypic fidelity: hepatic epithelial cells 
(hepatocytes and cholangiocytes) proliferate to make 

more of the same. However, there are situations in which 
one of the two epithelial compartments fails to regener
ate. In such situations, alternative regenerative schemes, 
in which hepatocytes and cholangiocytes function as 
‘facultative stem cells’ for each other, are activated158 
(Fig. 3). In rats, hepatocyte proliferation following par
tial hepatectomy is suppressed by 2 acetylaminofluorene 
(AAF), a chemical carcinogen that forms DNA adducts 
resulting in a p53 mediated rise in p21 (reF.159). AAF 
partial hepatectomy is associated with the emergence of 
cells with hepatobiliary characteristics (called ‘oval cells’ 
or ‘progenitor cells’), expanding from the portal triads 
and gradually transforming into small hepatocytes and 
mature hepatocytes160. These studies provided strong 
evidence for the origin of progenitor cells from cholan
giocytes; however, they were performed in rats, which 
are not amenable to genomic based cell lineage tagging. 
Similar studies were attempted in mice but were inef
fective because, in mice, AAF fails to be activated into 
its electrophile intermediates that form DNA adducts 
and trigger p21 expression158. Progenitor cell origins 
in mice were analysed in the complex environment of 
hepatotoxic diets, in which the lineage of cells was dif
ficult to ascertain. The issue of the origin of progenitor 
cells in mice was finally settled using lineage tagging of 
cholangiocytes in mice in which p21 was induced by 
the selective elimination of MDM2, causing the upreg
ulation of p53 and p21 (reF.161). Similar findings were 
also obtained in mice with lineage tracing of cholangi
ocytes in a ductular reaction triggered by knockdown 
of β1 integrin in hepatocytes162. The newly formed 
progenitor cells and hepatocytes bore the lineage tag of 
the cholangiocytes. Similar results were also found in 
chronic liver injury163 and a separate study implied a role 
for WNT–β catenin164. Selective cholangiocyte subpop
ulations might have an enhanced capacity to function 
as bipotential progenitor cells and to participate in this 
process165,166. Single cell RNA analysis shows that Yap 
and its interaction with bile acids is a major regulator 
of the capacity of biliary cells to participate in alternate 
regenerative pathways139. Other studies have shown that 
cholangiocytes in close proximity to hepatocytes at the 
end of branches of biliary ductules extending deep into 
hepatic lobules (known as the canals of Hering) have 
promiscuous expression of both hepatocyte and chol
angiocyte transcription factors167. The presence of such 
pre existing hepatocytes with progenitor cell properties is 
also further corroborated by studies involving single cell 
RNA analysis of hepatic cells168. Such cells might also 
participate in the robust generation of progenitor cells 
seen in centrilobular liver injuries169. The suppression 
of hepatocyte proliferation triggering the expansion of 
progenitor cells (known as a ‘ductular reaction’) is seen 
in many chronic liver diseases. Hepatitis C virus (HCV) 
is associated with both the induction of p21 (reF.170) and 
suppression of Yap120 and ductular reaction occurs in 
HCV infection171. Interestingly, in lower vertebrates 
(such as zebrafish), liver regeneration after severe liver 
damage occurs almost exclusively by cholangiocytes  
transdifferentiating to hepatocytes172.

Comparable but reverse mechanisms arise when 
cholangiocytes fail to participate in regenerative 
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processes. Bile duct obstruction due to a variety of causes 
(for example, neoplasia and gallstones) in clinical situa
tions is associated with acute inflammation and prolif
eration of portal bile ductules. In experimental studies, 
bile duct ligation (BDL) replicates this phenomenon. 
In dipeptidyl peptidase IV (DPPIV) negative rats, chi
meric livers can be established by crosslinking hepato
cyte DNA, performing partial hepatectomy and injecting 
DPPIV positive hepatocytes138. In these rats, 1.4% of 
cholangiocytes were positive for the hepatocyte marker 
DPPIV following BDL. When these rats were exposed to 
the biliary necrotizing toxin DAPM and then subjected 
to BDL, 53% of cholangiocytes in the newly formed 
ductules expressed the hepatocyte marker DPPIV138. 
The results showed that, although some hepatocytes 
transdifferentiate to cholangiocytes in the regular BDL 
response, they did so in much larger numbers to rescue 
the biliary compartment when DAPM toxicity prevented 

the cholangiocyte driven formation of new ductules138. 
Transdifferentiation was mostly seen in the immediate 
periportal hepatocytes and this process was associ
ated with the expression of TGFβ1 (reF.173). These cells  
are remnants of the embryonic ductal plate129–131 and are 
considered as ‘hybrid’ cells174. There was no evidence of a 
transient progenitor cell population. Transdifferentiation 
involved the in situ formation of ‘ductular hepatocytes’ 
that expressed both hepatocyte and cholangiocyte tran
scription factors. Hepatocyte to cholangiocyte trans
differentiation was also demonstrated in rat hepatic 
organoid cultures79. The phenomenon occurred only  
in the presence of HGF or EGF and was associated with 
the induction of TGFβ1. The separation of the hepat
ocytic and biliary lineages in the organoids required 
the presence of corticosteroids175,176. The most con
vincing evidence, utilizing lineage tagged hepatocytes, 
for hepatocyte to biliary transdifferentiation involved 
mice with a combined elimination of Notch and HNF6 
signalling, mimicking the human Alagille syndrome 
(characterized by an absence of intrahepatic bile duc
tules). After activation of TGFβ signalling, hepatocytes 
completely reconstituted the absent biliary tree within  
2 months after birth177. In contrast to the normal for
mation of bile ducts during embryogenesis, this recon
stitution was driven entirely by TGFβ1 signalling and 
was not dependent on Notch signalling. There are prob
ably more factors yet to be identified to better under
stand hepatocyte to cholangiocyte transdifferentiation. 
Hepatocytes transplanted in rat spleen transdifferenti
ate to cholangiocytes following BDL178 and hepatocytes 
express cholangiocyte associated transcription factors 
in human disease with obstructive cholangiopathies179. 
Both directions of transdifferentiation are seen in 
humans with acute fulminant hepatitis, which is caused 
by massive hepatic necrosis and is treatable only by 
liver transplantation. The histological examination 
of explanted livers shows multiple ‘regenerative clus
ters’ composed of atypical ductules lined by cells that 
express both cholangiocyte and hepatocyte biomarkers 
and transcription factors. Hepatocytes are seen at the 
centre of this ductular reaction, with a mixed expression 
of biomarkers180. Notably, there is also strong evidence 
for these alternative regenerative pathways in humans 
with advanced cirrhosis. Mixed cellular populations of 
ducts containing some hepatocytes and also cells with 
mixed biomarker expression are often seen entrapped in 
cirrhotic septa. The overall morphologies resemble those 
seen in acute fulminant hepatitis and suggest that ‘buds’ 
of progenitor cells derived from cholangiocytes serve as 
sites for the further production of hepatocytes181. It can 
be speculated that the pathways that trigger transdiffer
entiation when one epithelial compartment fails also 
trigger transdifferentiation when both compartments 
fail owing to massive hepatic necrosis.

Drug- induced liver injury
In clinical settings, liver regeneration occurs after 
drug induced liver injury and is critical for recovery. 
Although several hepatotoxicants (such as carbon tetra
chloride and thioacetamide) have been used to study 
this phenomenon, paracetamol overdose is particularly 
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Fig. 3 | Transdifferentiation events between hepatocytes and cholangiocytes.  
a | In standard liver regeneration after partial hepatectomy, there is phenotypic fidelity, 
meaning that new hepatocytes and cholangiocytes derive from homotypic precursors.  
b, c | Hepatocytes and cholangiocytes, both of which are derived from embryonic 
hepatoblasts, are facultative stem cells for each other. In situations of liver regeneration 
when hepatocyte proliferation is suppressed, progenitor cells with hepatobiliary 
characteristics originate from cholangiocytes and gradually transform into hepatocytes.  
If cholangiocyte proliferation is suppressed, periportal hepatocytes undergo in situ 
transformation to cholangiocytes, mimicking a similar transformation that occurs  
in embryonic development. APAP, paracetamol; BDL, bile duct ligation; DAPM, 
4,4’-diaminodiphenylmethane; PHx, partial hepatectomy.
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important as it is a major cause of acute liver failure in the 
Western world182. These hepatotoxicants (including par
acetamol) cause centrilobular liver necrosis and sterile 
inflammation upon acute administration182. Liver injury 
is followed by robust hepatocyte proliferation to replace 
dead cells, leading to spontaneous recovery depending 
upon the severity of injury182. Inflammatory cells, such 
as macrophages, have an important role in removing the 
cell debris and presumably secrete proliferative media
tors of liver regeneration. Similar to the partial hepatec
tomy model, early dose dependent activation of EGFR 
and MET (within 15 minutes and 3 hours, respectively) 
also occurs after paracetamol overdose in mice183,184. 
Elevated plasma HGF levels of inactive, single chain 
HGF have also been observed in patients who overdose 
on paracetamol185. In contrast to the partial hepatec
tomy model, in which EGFR inhibition alone has only a 
mild effect on liver regeneration, EGFR inhibition after 
paracetamol overdose almost completely eliminates 
compensatory liver regeneration, resulting in the pro
gression of liver injury and substantial mortality in mice, 
even at paracetamol doses that normally result in  
complete recovery184. This observation indicates that, 
in the event of paracetamol hepatotoxicity, liver regen
eration is more critically dependent on EGFR signalling 
and alternative proliferative pathways are less likely 
to compensate in settings of toxic and inflammatory 
environment, where timely liver regeneration is crit
ical. The expression of cytokines (TNF and IL6) and 
their downstream signalling via NF κB and STAT3 also 
increase after paracetamol overdose in mice183. Similar 
to the partial hepatectomy model, TNFR1 knockout 
or IL6 knockout mice display decreased proliferative 
response after paracetamol overdose without a change 
in initial degree of injury development186,187. However, 
recovery is unaffected in TNFR1 knockout mice and 
only slightly delayed in IL6 knockout mice, suggesting 
a similar role for these cytokines in compensation in the 
paracetamol model and the partial hepatectomy model. 
Levels of the angiogenic factor VEGF and expression 
of its receptors VEGFR1, VEGFR2 and VEGFR3 also 
increase in mouse liver after paracetamol overdose188. 
Deletion of the tyrosine kinase domain of VEGFR1 
in mice does not alter the extent of liver injury but it 
impairs the reconstitution of sinusoids, decreases the 
expression of HGF and impairs hepatocyte proliferation 
after paracetamol overdose, resulting in a substantial 
impairment of recovery and high mortality189. Decreased 
hepatocyte proliferation has also been observed after the 
treatment of paracetamol overdose in mice with a VEGF 
inhibitor188. A role for other mitogenic mediators such as 
bile acids, FGF15 and WNT–β catenin signalling in liver 
regeneration has also been reported in the paracetamol 
model183,190–192 and has been reviewed comprehensively 
elsewhere182.

Liver regeneration after paracetamol driven acute 
liver injury is dose dependent and increases propor
tionately to the injury but is significantly impaired 
beyond a threshold182. It has been shown, in a murine 
paracetamol overdose model, that liver regeneration 
fails beyond a certain degree of paracetamol overdose 
even in the presence of a critical liver mass (>50% 

viable hepatocytes)182,183. Surprisingly, EGFR and MET 
as well as downstream ERK signalling remain highly 
activated after severe paracetamol overdose but fail to 
initiate a regenerative response183. This observation is 
most likely due to the strong and sustained activation 
of cell cycle arrest pathways involving p21, p16 and 
p53 in hepatocytes surrounding the necrotic areas after 
severe paracetamol overdose, whereas only transient and 
weaker activation has been seen at lower doses183,193,194. 
Prolonged double strand DNA breaks and failure of 
DNA repair mechanisms in perinecrotic hepatocytes 
possibly contribute to cell cycle arrest after severe para
cetamol overdose in comparison to transient DNA 
damage and prompt activation of DNA repair pathways 
during moderate paracetamol overdose194. In mice, a 
study has also shown the important role of TGFβ1 in 
promoting cell cycle arrest in uninjured perinecrotic 
hepatocytes193. Studies involving the deletion of p21, 
p53 and TGFβR1 have confirmed the role of these pro
teins in cell cycle arrest and in impairing regeneration in  
a paracetamol mouse model193,195. Thus, from the per
spective of clinical drug induced liver injury, it is critical 
to understand the mechanisms that impair liver regen
eration after severe paracetamol overdose, in addition to 
the pro regenerative signalling, to advance regenerative 
therapeutics.

Regeneration in recolonization
In the context of liver regeneration and selective 
transdifferentiation driven regeneration, it is also 
important to mention the unexcelled regenerative capa
bility of hepatocytes in liver recolonization. The most 
utilized system is that of mice with an absence of the 
Fah gene, which is involved in tyrosine degradation. 
In the absence of Fah, the immediate upstream gene 
generates hepatotoxic products causing hepatocyte death 
and liver failure. Transplantation of normal hepatocytes 
rescues the liver by massive recolonization, as injected 
FAH positive hepatocytes replace FAH negative hepato
cytes and establish a normal liver histology196. Mice with 
recolonized liver were used to isolate hepatocytes to be 
used in a serial transplantation of FAH negative mice. 
In six serial transplantations, there was no demonstrable 
loss of capacity of the original hepatocytes to proliferate 
and rescue the FAH negative liver197. This serial trans
plantation corresponded to at least 69 cell doublings or 
a 7.3 × 1020 cell expansion. This immense regenerative 
capacity of hepatocytes occurs in the context of normal 
liver architecture.

Liver ‘stem cells’?
Despite the multiple studies that have pursued liver ‘stem 
cells’ comparable to the stem cells observed in the epi
dermis, intestine and bone marrow, such cells have not 
been convincingly identified in the liver158. Given the 
crucial dependence of the whole body on liver function, 
the hepatic regenerative approach, in which phenotypic 
fidelity or transdifferentiation is employed as needed, 
is perhaps a more efficient strategy. Cholangiocytes 
are present deep in the hepatic lobules, in the canals of 
Hering, and there are millions of periportal hepatocytes 
readily available to reconstitute the intrahepatic biliary 
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system. This approach to injury repair is much faster 
than a dependence on ‘stem cells’, which is a slower pro
cess. Stem cell based regeneration is more suitable for 
tissues in which there is a need for continual replenish
ment of lost cells, which occurs in epidermal keratino
cytes, tips of intestinal villi and the continuous removal 
of aged red blood cells from the circulation. By contrast, 
chronic loss of normal hepatocytes from a non injured 
liver is minimal1–4.

Cell proliferation activities in normal liver
DNA labelling studies have shown that the percentage 
of hepatocytes in DNA synthesis in normal liver is very 
low, less than 0.2%1–4. Even though this process is slow, 
some hepatocyte proliferation does need to occur to 
maintain the normal liver198. There are studies in mice 
arguing that such activities primarily occur in peripor
tal areas174, pericentral areas199 or randomly throughout 
the lobule200, in the latter case with the participation 
of hepatocytes expressing high levels of telomerase201. 
However, newer studies demonstrate that all hepatocytes 
in all lobular zones participate in the slow hepatocyte 
proliferation that is associated with the maintenance of 
liver mass in normal liver202 and that there is no selec
tive regenerative proliferation originating from the 
pericentral areas203. The findings assign a ‘democratic’ 
role of equal participation to all hepatocytes in normal 
liver maintenance and repair204. Given the enormous 
regenerative capacity of hepatocytes in normal liver tis
sue, as demonstrated in recolonization197, normal liver 
seems to be in no danger of running into loss of func
tion merely due to a diminished regenerative activity of  
hepatocytes.

Clinical implications
Most chronic liver diseases, for example, viral, toxic 
(alcohol) and metabolic, are associated with a loss of 
hepatocytes3,205. Although the regenerative capacity 
of hepatocytes in normal liver histology seems to be 
unlimited, chronic loss of hepatocytes is associated with 
adverse effects in hepatic histology such as fibrosis or 
cirrhosis. In addition, changes in the ECM impose limits 
on the regenerative capacity of hepatocytes206. Chronic 
hepatocyte loss is also associated with the activation of 
HSCs from a quiescent to an ‘activated’ phenotype, with 
changes in cell morphology and radical changes in gene 
expression, most notably the expression of smooth mus
cle actin and enhanced production of the collagen family 
of proteins150. The triggers that lead to the activation of 
HSCs include phagocytosis of hepatocyte fragments207 
and, possibly, a loss of contact with hepatocytes that 
died and were not replaced. Such contacts between 
hepatocytes and HSCs have been shown in detailed his
tology studies16 but no studies have yet been conducted 
to demonstrate what happens to an HSC when the 
associated hepatocytes die and their contacts disappear. 
ILK and its associated proteins (mentioned earlier) are 
expressed in both hepatocytes and HSCs and regulate 
the amount of ECM produced, including collagen syn
thesis by HSCs151. It is reasonable to postulate that this 
regulation of collagen synthesis by HSCs is disrupted 
when hepatocytes die, which eliminates the hepatocyte 

ILK mediated signals that suppress the production of 
collagen synthesis.

Whatever the molecular parameters might be in 
chronic liver disease, the regenerative activities of hepato
cytes that replace the lost hepatocytes have to now  
occur in an abnormal histological environment with 
an altered ECM. This histological change is a constant 
feature in any chronic liver disease. It is often forgotten, 
but it should be emphasized that no HSC activation, 
fibrosis, cirrhosis and so on occur without chronic loss 
of hepatocytes (the only exception being  chronic 
obstructive cholangiopathies, in which fibrosis devel
ops in scars around the damaged biliary ducts)150. The 
compensatory proliferation of the hepatocytes con
stantly continues alongside hepatocyte loss, aiming to 
maintain a liver to bodyweight ratio of 100% of what 
would be normally required. The hepatic commitment 
to this goal, a ‘hepatostat’, is unique to the liver and is not 
seen in other solid organs (such as the lungs, kidney and 
pancreas). The totality of mechanisms controlling this 
phenomenon is not fully understood205.

As hepatocytes enter into chronic compensatory 
proliferation, the typically polyploid hepatocytes grad
ually revert to a mostly diploid status208,209. However, 
because most polyploid hepatocytes are also ran
domly missing chromosomes (and are therefore aneu
ploid)210, the diploid hepatocytes that result from this 
ploidy reversal often randomly have only one copy of 
some chromosomes210. This phenomenon creates an 
unbalanced heterozygosity. Chronic inflammation in 
the liver creates an adverse genotoxic environment of 
reactive oxygen radicals, peroxidized lipids and so on, 
which are likely to inflict random genotoxic damage on 
the replicating hepatocytes205,211. In a situation of com
plete perfect diploidy, the results of random genomic 
alterations in one chromosome of the pair are likely to 
be balanced by the normal allele. Owing to the unbal
anced heterozygosity of the diploid hepatocytes, there 
is a higher probability of accumulating unbalanced 
genomic lesions and some of these can potentially lead 
to neoplasia. Interestingly, all chronic liver diseases asso
ciated with hepatocyte loss have an enhanced frequency 
of formation of HCC205. Supporting evidence for the 
accumulation of random genomic damage by the prolif
erating hepatocytes is the presence of multiple genomic 
abnormalities in apparently normal hepatocytes of cir
rhotic nodules211 or in those within immediate proxim
ity to HCC212,213. Together, these findings suggest that, 
although the admirable regenerative capacity of nor
mal hepatocytes in normal liver tissue is highly bene
ficial, the compulsive hepatostat driven proliferation 
in adverse conditions of abnormal liver tissue might be 
more of a bane than a boon.

Conclusions
The liver has adopted multiple regenerative strategies to 
enable recovery from injury. Acute injuries due to loss 
of liver tissue are well restored and the signalling mech
anisms of this type of repair are reasonably well under
stood. The transdifferentiation between hepatocytes 
and cholangiocytes is another regenerative approach 
to rescue one of the two compartments in the event of 
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selective failure. The regenerative capacity of hepato
cytes in a normal liver tissue environment is practically 
unlimited. When chronic loss of hepatocytes and activa
tion of HSCs leads to an abnormal tissue environment, 
the chronic compensatory regeneration of hepatocytes 
often has negative consequences, including the develop
ment of neoplasia. Understanding the mechanisms that 

underlie not only the positive but also the potentially 
negative consequences of regeneration could create ther
apeutic opportunities. This task is likely to be facilitated 
by all that we have learned, particularly from studying 
liver regeneration in rodents, in the past five decades.
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