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Hepatic Stellate Cell Regulation of Liver 
Regeneration and Repair
Laura J. Kitto ,1 and Neil C. Henderson 1,2

The hepatic mesenchyme has been studied extensively in the context of liver fibrosis; however, much less is known 
regarding the role of mesenchymal cells during liver regeneration. As our knowledge of the cellular and molecular 
mechanisms driving hepatic regeneration deepens, the key role of the mesenchymal compartment during the regenera-
tive response has been increasingly appreciated. Single-cell genomics approaches have recently uncovered both spatial 
and functional zonation of the hepatic mesenchyme in homeostasis and following liver injury. Here we discuss how the 
use of preclinical models, from in vivo mouse models to organoid-based systems, are helping to shape our understand-
ing of the role of the mesenchyme during liver regeneration, and how these approaches should facilitate the precise 
identification of highly targeted, pro-regenerative therapies for patients with liver disease. (Hepatology Communications 
2021;5:358-370).

The liver has a unique ability to regenerate fol-
lowing injury. Tissue damage provokes a rapid 
regenerative response aimed at restoration of 

liver mass and function.(1-3) However, in many cases 
of acute and chronic liver disease, this regenerative 
capacity is overwhelmed. In this setting, liver trans-
plantation is the only curative therapy; however, this 
approach is limited by shortage of donor organs, high 
costs, and the requirement for lifelong immunosup-
pression following transplantation. Although there 
have been vast improvements in mortality in other 
chronic diseases over the past 50 years, mortality rates 
from liver disease have increased exponentially and it 
is now the third most common cause of premature 
death in the United Kingdom.(4) A greater under-
standing of the cellular and molecular mechanisms 
underpinning liver regeneration is required to allow the 
development of novel and effective pro-regenerative   
therapies.

Cellular Composition of the 
Hepatic Mesenchyme

Single-cell genomics approaches are transform-
ing our understanding of disease pathogenesis across 
hepatology, allowing interrogation of cell populations 
in health and disease at unprecedented resolution.(5-10) 
Recently, single-cell RNA sequencing (scRNA-seq) 
experiments have enabled deconvolution of the mouse 
hepatic mesenchyme, confirming and further charac-
terizing three distinct mesenchymal subpopulations: 
portal fibroblasts (residing in the portal niche), vas-
cular smooth muscle cells (residing within the hepatic 
artery and portal vein walls), and hepatic stellate cells 
(HSCs, located in the perisinusoidal space throughout 
the parenchyma) (Fig. 1).(5)

HSCs are a major mesenchymal cell type, consist-
ing of approximately one third of nonparenchymal 
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cells and 8% of all cells in the homeostatic liver.(11) 
They are located in the perisinusoidal space of Disse 
between the fenestrated sinusoidal endothelial cell 
layer and the hepatic epithelial cells (hepatocytes). 
The space of Disse contains connective tissue 
matrix, which provides cellular support and signals 
to maintain the differentiated function of HSCs and 
allows unimpeded transport of solutes and growth 
factors.(12,13)

HSC Function in 
Homeostasis

HSCs in the homeostatic liver are “quiescent” and are 
characterized by long dendritic cytoplasmic processes 
and storage of vitamin A (retinol).(14) These cytoplas-
mic processes facilitate direct contact with liver sinusoi-
dal endothelial cells (LSECs), hepatocytes, and Kupffer 
cells, allowing intercellular cross-talk and transport of 
soluble mediators and cytokines. Microprojections on 
the surface of the cytoplasmic processes detect che-
motactic signals, and along with the expression of a 
large number of receptors and mediators that modu-
late cellular contraction,(15,16) allow HSCs to regulate 
sinusoidal tone and blood flow.(17) Under physiological 
conditions, HSCs regulate extracellular matrix (ECM) 
turnover in the space of Disse through the secretion 
of ECM proteins, degrading enzymes (matrix metal-
loproteinases), and their tissue inhibitors (tissue inhib-
itors of metalloproteinases).(18) Quiescent HSCs also 
produce a range of growth factors and other mediators, 
including hepatocyte growth factor (HGF, the most 
potent mitogen for hepatocytes) and vascular endothe-
lial growth factor (VEGF, a mitogen for sinusoidal and 
endothelial cells).(16)

HSCs express a variety of markers that have been 
used to distinguish them from other liver cell types. 
Traditional widely accepted markers included leci-
thin-retinol acyltransferase (Lrat), desmin, glial fibril-
liary acidic protein (Gfap, quiescent state), and alpha 
smooth muscle actin (α-SMA, activated state).(11,13,19) 
Studying the mesenchyme at unprecedented resolu-
tion with scRNA-seq has allowed deeper interro-
gation of these traditional HSC markers—some of 
which have now been shown to be broader in their 
coverage of mesenchymal populations than previously 
thought (e.g., desmin)—and has enabled the discov-
ery of highly specific HSC markers such as Reelin in 
mice(5) and RGS5 in humans.(10)

HSC Activation
In the classical paradigm, following injury, HSCs 

become activated to ECM-secreting myofibroblast 
(MFB)-like cells.(18-21) In vitro studies have suggested 
that HSC activation is accompanied by loss of reti-
noid droplets, although this may not be the case in 
the in vivo setting, and the significance of retinoid 
loss in HSC remains unclear.(22,23) Activated HSCs 
(aHSCs) lay down ECM to produce a temporary scar 
at the site of injury and help protect against ongoing 
damage.

HSCs were traditionally considered to be a func-
tionally homogeneous population, all with equal 
propensity to transition to the activated, collagen-  
secreting MFB phenotype following injury. However, a 
recent scRNA-seq study has demonstrated spatial and 
functional zonation of HSCs across the hepatic lob-
ule, identifying portal vein–associated HSCs and cen-
tral vein–associated HSCs, with the latter responsible 
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for most of the collagen production following induc-
tion of centrilobular liver injury (Fig. 1).(5)

HSC activation is a complex, tightly regulated 
response to injury and proceeds along a continuum, 
involving progressive changes in cellular function.(12) 
“Initiation” of HSC activation is driven by the injury-  
induced influx of inflammatory cells and alterations 
in ECM composition. HSCs undergo changes in 
gene expression and phenotype, rendering them 

increasingly responsive to cytokines and other local 
stimuli.(19,24) Initiation is followed by a “perpetuation” 
phase; during which the activated HSC phenotype 
is amplified. This phase involves proliferation, con-
traction, chemotaxis, altered matrix degradation, and 
cross-talk with inflammatory cells.(19,24) Finally, pro-
vided the injurious stimuli is no longer present, a “res-
olution” phase follows (Fig. 2). Although HSCs have 
been studied extensively in the context of homeostasis 

FIG. 1. Mesenchymal cell heterogeneity and zonation across the hepatic lobule. (A) scRNA-seq experiments have identified three distinct 
mesenchymal cell populations in homeostatic liver (HSC, hepatic stellate cells; VSMC, vascular smooth muscle cells; PF, portal fibroblasts), 
with specific markers in human liver (blue) and mouse liver (red). Furthermore, spatial and functional zonation of HSCs across the 
hepatic lobule has been identified, with HSCs partitioning into portal vein associated HSCs (PaHSCs) and central vein associated HSCs 
(CaHSCs), again with specific markers. (B) Immunofluorescence image of healthy human liver (Dobie et al.(5)) demonstrates NGFR 
positive (red) HSCs around the portal tract (biliary epithelium, green, identified with CK19 staining) and ADAMTSL2 positive (red) 
HSCs around the central vein. Scale bar, 100 μm. Abbreviations: MYH11, Myosin heavy chain 11; NGFR, Nerve growth factor receptor.
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and hepatic fibrosis, much less is known about their 
role in the hepatic regenerative response.

Preclinical Models of 
Acute Liver Injury and 
Regeneration

Regeneration is the ability to recreate original tis-
sue architecture and function following injury, without 
leaving a scar.(1) In the clinical setting, liver regener-
ation can be observed in any condition, resulting in 
loss of hepatocytes, including viral, toxic (alcohol, 
metabolic diseases), ischemic, or autoimmune condi-
tions. Although there is very little cell division during 
homeostasis, the liver has an extraordinary ability to 
regenerate following an acute insult, with hepato-
cyte proliferation re-establishing homeostasis within 
days.(1) This is highly dependent on cross-talk between 
hepatocytes and nonparenchymal cells. Preclinical 

models have long been used to understand the mech-
anisms underlying liver regeneration, with transgenic 
rodent models providing important insights into the 
role of the mesenchyme in the regenerative response. 
The models used to study liver regeneration can be 
broadly grouped into three main categories: surgical 
resection (partial hepatectomy), chemical injury mod-
els, and organoid models.

PARTIAL HEPATECTOMY MODEL 
OF LIVER REGENERATION

Partial hepatectomy (PHx) is one of the oldest and 
most commonly used preclinical models for the study 
of liver regeneration and was first described by Higgins 
and Anderson in the 1930s. Two-thirds of the rodent 
liver is surgically removed, prompting a hyperplastic 
response in the remaining structurally intact lobes, 
restoring original liver mass, usually within 7  days 
following surgery.(25-27) This primarily occurs through 
the proliferation and transdifferentiation of mature 
cells, which switch from a quiescent to proliferative 

FIG. 2. Phases of hepatic stellate cell activation and resolution. Initiation of hepatic stellate cell (HSC) activation occurs following liver 
injury, and is driven by a variety of signals(19) including reactive oxygen species (ROS), damage associated molecular patterns (DAMPs) 
and cytokines released from damaged hepatocytes. During the initiation phase, quiescent hepatic stellate cells (qHSCs) transdifferentiate 
to their activated phenotype (aHSC). The perpetuation phase follows, characterised by a range of HSC phenotypic changes. When injury 
has subsided, a resolution phase follows, where HSCs undergo apoptosis, become senescent or revert to an inactive phenotype, which is 
more responsive to subsequent injurious stimuli. Abbreviations: LSEC, liver sinusoidal endothelial cell; KC, kupffer cell; Reln, reelin.
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state and re-enter the cell cycle.(28,29) PHx is a simple, 
reproducible, and highly tractable model with which 
to study the cellular mechanisms regulating liver 
regeneration and has allowed detailed interrogation 
of the regenerative response. The multilobular struc-
ture of the mouse liver enables removal of the anterior 
lobes without significant necrosis or inflammation in 
the residual tissue,(30) and the procedure itself is of 
very short duration, allowing precise analysis of the 
signaling events during liver regeneration.

In the clinical setting, the PHx model is most rele-
vant to removal of solitary metastatic lesions or resec-
tions following trauma. However, although PHx has 
contributed significantly to our understanding of the 
mechanisms involved in initiation and termination of 
liver regeneration, it does not account for tissue necro-
sis, the immune response, and the varying degrees of 
acute or chronic inflammation observed during the 
human regenerative response.(31)

CHEMICAL INJURY–INDUCED 
LIVER REGENERATION

Liver regeneration following toxic injury has been 
well described for several toxins, including thio-
acetamide, CCl4, allyl alcohol, and acetaminophen 
(APAP). APAP is the most commonly used over-the-
counter antipyretic and analgesic drug worldwide,(32) 
and APAP overdose is the most common cause of 
acute liver failure in the Western world.(33) Therefore, 
studying liver regeneration after APAP overdose has 
clinical and translational relevance. The mechanisms 
of APAP-induced hepatotoxicity have been stud-
ied extensively and are well understood. Following 
ingestion, APAP is metabolized to its reactive metab-
olite N-acetyl-p-benzoquinone imine. N-acetyl-p-
benzoquinone imine is eliminated when conjugated 
to glutathione, and when cellular stores of glutathione 
are depleted, it covalently binds to cellular proteins, 
causing oxidative stress and centrilobular hepatocel-
lular necrosis. Necrotic cells release damage-associate   
molecular patterns, resulting in inflammatory cell 
recruitment,(34) and dying hepatocytes release pro-
teolytic enzymes, which exacerbate injury.(35,36) 
Hepatocytes in closest proximity to the necrotic zones 
divide and replace dead cells, allowing recovery to 
occur.(37) In the case of overwhelming injury, acute 
liver failure ensues, potentially resulting in multi-  
organ failure and death.

APAP-induced liver injury can be modeled in 
rodents using a single intraperitoneal dose of APAP. 
This model is well-characterized and provides a con-
trasting regenerative model to PHx, more closely 
resembling human pathophysiology in terms of injury 
severity, tissue necrosis, immune response, and recov-
ery.(34,38) Following APAP administration, rodents 
develop extensive centrilobular necrosis, which is fol-
lowed by a robust regenerative response.(37) Liver injury 
can be assessed by the degree of hepatic necrosis iden-
tified histologically and by alanine aminotransferase 
(ALT) measurement. Complete histological recovery 
and ALT normalization is usually achieved by 72 hours.

Although preclinical models are highly accessi-
ble and tractable methods with which to study the 
hepatic regenerative response, they are unlikely to 
mimic all relevant aspects of human liver regenera-
tion. Furthermore, studies have shown that cellular 
and molecular pathways may vary, depending on the 
nature of the underlying injury. Although inhibition 
of the epidermal growth factor receptor almost com-
pletely abolished hepatocyte proliferation and impaired 
survival following APAP,(39) regeneration was only 
delayed (and not prevented) following PHx.(40) Such 
studies highlight that different animal models can 
provide complementary insights into the regenerative 
response. The PHx and APAP models of liver regen-
eration are compared and contrasted in Table 1.

ORGANOID MODELING OF LIVER 
REGENERATION

An organoid is defined as an in vitro three-  
dimensional (3D) cellular cluster derived from primary 

TABLE 1. COMPARISON OF SURGICAL RESECTION 
AND CHEMICAL INJURY MODELS OF LIVER 

REGENERATION

PHx APAP

Timing of injury Known time of 
surgery

Undefined

Hepatocyte proliferation All hepatocytes Centrilobular, surrounding 
necrotic zones

Peak hepatocyte 
proliferation

48 hours 48 hours

Cell cycle Synchronous Unsynchronized

Necrosis Minimal Significant, widespread

Inflammatory response Not significant Extensive

Note: Adapted from Bhushan et al. (2019).(33) 
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tissue, embryonic stem cells, or induced pluripotent 
stem cells, capable of self-renewal and self-organization,   
which recapitulates the functionality of the tissue of 
origin.(41,42) Organoids offer an alternative in vitro 
system with which to study liver regeneration, and 
a promising model to bridge the translational gaps 
among 2D cultures, in vivo mouse models, and study 
of the human liver regenerative response. Organoids 
provide new, experimentally tractable, physiologically 
relevant models of organ development and human 
pathologies,(41) which in many cases are more mallea-
ble in terms of manipulation of the regenerative niche, 
signaling pathways, and genome editing than in vivo 
models.(43)

Much of the literature to date has focused on gen-
eration of liver organoids, their role in the study of 
fibrosis and cancer, and far less on liver regeneration. 
Aloia et al.(44) compared the transcriptional pro-
file of cholangiocyte organoids and cholangiocytes 
isolated from livers of mice given a 3,5- diethoxy-
carbonyl-1,4-dihydrocollidine supplemented diet. 
Similar genome-wide changes were identified in 
ductal cells in vivo and in vitro, suggesting that 
ductal cells undergo a significant change in their 
transcriptional landscape in response to tissue dam-
age and validating organoids as a potential model 
system to facilitate the study of specific mechanistic 
aspects of tissue regeneration.(44) Given the chal-
lenges of culturing HSCs in vitro, development of 
mature HSCs from induced pluripotent stem cells 
would be ideal. However, few groups so far have 
achieved this(45,46): following an already established 
protocol for the induction of induced pluripotent 
stem cells to mesoderm, using the surface marker 
activated leukocyte cell adhesion molecule to select 
HSC progenitors, and further differentiating these 
to mature HSCs by inhibiting the Rho signaling 
pathway.(45) Under these conditions, cells acquired 
HSC morphology, vitamin A storage capabilities, 
and expressed HSC markers including nerve growth 
factor receptor, LRAT, and HGF. Further studies are 
required to confirm the efficacy of this system for 
disease modelling.

Intestinal organoid cultures have already provided 
mechanistic insights into epithelial repair following 
injury. These 3D organoid cultures have significantly 
deepened our understanding of the regenerative path-
ways induced following radiation or chemical dam-
age and the biological mechanisms that mediate 

regeneration of the epithelium.(47) Although organoid 
cultures also offer much promise in the field of liver 
regeneration, more work is required to establish and 
refine effective multilineage 3D coculture systems, to 
allow in-depth study of the cross-talk between the 
epithelial component of liver-derived organoids and 
other cell lineages.

Mesenchymal Cell 
Dynamics During Liver 
Regeneration

Minimal cell division occurs during homeostasis in 
the adult liver, but injury provokes a rapid regenera-
tive response aimed at restoration of liver mass and 
function.(1-3) Increased numbers of HSCs are identi-
fied in the liver following injury, reflecting both local 
proliferation and accumulation in regions of injury 
by chemotaxis.(12) Following injury, hepatocytes are 
the first hepatic cell type to enter DNA synthesis 
and synthesize several growth factors responsible for 
inducing proliferation in nonparenchymal cells. These 
include platelet-derived growth factor (PDGF; the 
most potent proliferative and chemoattractant stimu-
lus for HSCs(12)) and fibroblast growth factors 1 and 2 
(FGF1 and 2). Despite their key role in liver regener-
ation, there is much less data in the current literature 
regarding the temporal dynamics of the mesenchymal 
cell proliferative response following acute liver injury; 
however, the general consensus is that nonparenchy-
mal cells enter DNA synthesis 24 hours after hepato-
cytes, with peak proliferative activity at 48  hours or 
later.(27,48-50)

Mesenchymal Cell Function 
During Liver Regeneration

As knowledge of the cellular mechanisms driv-
ing liver regeneration has increased, the regulatory 
role of the hepatic mesenchyme during this process 
has become increasingly appreciated.(11,51-54) HSCs 
have been shown to have a profound impact on the 
proliferation, differentiation, and morphogenesis of 
other hepatic cell types during liver development and 
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regeneration,(11,55,56) mediated through production 
of growth factors and cytokines, as well as remod-
eling of the ECM.(11) Inhibition of HSC activation 
(using gliotoxin(52) and l-cysteine(51)) has a signifi-
cant impact on the regenerative capacity of the liver. 
Following APAP administration, gliotoxin-treated 
mice display increased liver damage, a 66% reduction 
in hepatocyte proliferation (accompanied by reduced 
expression of genes usually up-regulated during their 
replication, such as HGF and IL-6), and reduced 
survival. Similarly, rats maintained on a diet supple-
mented with l-cysteine demonstrated significantly 
less oval cell proliferation following 2-acetylaminoflu-
orene/PHx. In both cases, aHSCs were deemed to be 
central to the regenerative process, acting as a major 
cytokine source to drive regeneration and providing a 
fibronectin-rich provisional matrix as a basis for epi-
thelial regeneration. Using the CCl4 model of liver 
injury in forkhead box protein F1 (Foxf1)-deficient 
mice, Costa el al. demonstrated that regenerating 
Foxf1+/- livers exhibited defective HSC activation.(57) 
Baseline liver injury was comparable in wild-type 
and Foxf1+/- mice, but Foxf1+/- mice developed more 
severe pericentral necrosis following CCl4 and their 
survival was impaired, providing further support for 
a key role of HSCs in the regenerative response.(57) 
Methods of HSC manipulation and their phenotypic 
effects during the hepatic regenerative response have 
been summarized in Table 2.

ROLE OF HSC GROWTH FACTORS 
AND CYTOKINES IN LIVER 
REGENERATION

HSCs produce a range of growth factors and cyto-
kines that have been shown to drive liver regeneration. 
Autocrine HSC signaling allows HSCs to tightly 
regulate the regenerative niche. PDGF is a potent 
inducer of HSC proliferation, and transforming 
growth factor beta (TGF-β) is a potent inducer of the 
expression of collagen I and other ECM constituents 
by HSCs.(18,58) Both factors, and their corresponding 
receptors, are expressed during HSC activation.(59,60)

HSC paracrine signaling also plays an important 
role during liver regeneration. Chang et al. obtained 
culture media from culture-activated HSCs isolated 
from healthy mouse liver.(56) Mice that received 
systemic infusion of HSC culture media contain-
ing HSC-derived paracrine factors demonstrated a 

significant survival benefit, with reduced hepatocel-
lular death, increased hepatocyte proliferation, and 
up-regulation of liver regeneration–relevant genes 
following APAP-induced liver injury. All protective 
benefits of HSC culture media were abolished by heat 
inactivation before infusion, providing evidence that 
HSC-derived paracrine factors offer trophic support 

TABLE 2. MANIPULATION OF HSCS AND THEIR 
PHENOTYPIC EFFECTS

Method of HSC 
Inhibition and Injury 

Model
Functional Impact of HSC 

Targeting

Shen et al. 
(2011)(50)

Depletion of activated 
HSCs with gliotoxin  
APAP-induced injury 
in mice

-	 Reduced aHSCs (↓α-SMA)
-	 Significantly more 

necrosis
-	 More infiltrating CD45+ 

cells
-	 66% decrease in prolifer-

ating hepatocytes
-	 Reduced expression of 

genes usually up-
regulated during liver 
regeneration (i.e., HGF 
and EGF)

Pintille et al. 
(2010)(49)

Inhibition of HSC activa-
tion with L-cysteine.  
2AAF/PHx injury model 
in rats

-	 11.1-fold reduction of 
aHSCs (↓desmin)

-	 Reduction in proliferating 
cells of all lineages

-	 Reduced oval cell 
response

Kalinichenko 
et al. 
(2003)(55)

Deficient HSC activation in 
Foxf1-depleted mice  
CCl4 injury

- 	 Defective HSC activation 
(↓α-SMA, ↓col)

-	 More severe pericentral 
necrosis and apoptosis

-	 Increased mortality 
(seems to be something-
wrong with the table 
formating here - there is 
greater spacing between 
the bullet points in this 
row of the column and 
they didnt line up!)

Passino et al. 
(2007)(52)

Defective HSC activation in 
P75NTR-/- mice  
Crossed with plg-/- mice 
(spontaneously develop 
liver disease)

-	 Failure of HSC activation 
(↓α-SMA, ↓col)

-	 Reduced hepatocyte 
proliferation (in vivo and 
in vitro)

-	 2/3 reduction of HGF in 
liver homogenates

-	 More severe liver disease 
and reduced survival

Abbreviation: 2AAF, 2-acetylaminofluorene.
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to the liver by inhibiting liver cell death and stimulat-
ing regeneration.

One key factor produced by HSCs is HGF. HSCs 
synthesize HGF on a continual basis as a biologi-
cally inactive, single-chain polypeptide that is stored 
in the ECM in large quantities. Its receptor (c-Met) 
is expressed in hepatocytes, biliary cells, and endo-
thelial cells. HGF has a key role in the initiation 
of liver regeneration, activating its receptor early 
following injury and acting as a direct mitogen for 
hepatocytes. Within the first hour following PHx, 
there is a significant increase in HGF(61) and early 
activation of the cMet receptor.(18) The importance 
of HSC activation and subsequent HGF produc-
tion was outlined in a study by Passino et al.,(54) 
which identified the neurotrophin receptor P75NTR 
as a mediator of this process. HSCs from P75NTR-
deficient mice (P75NTR-/-) failed to adopt an acti-
vated phenotype and did not support hepatocyte 
proliferation. When crossed with plasminogen-  
deficient mice, which spontaneously develop liver 
disease induced by fibrin deposition, Plg double 
mutant mice exhibited significantly exacerbated liver 
disease, with reduced HGF production and hepato-
cyte proliferation. Rho is known to promote the acti-
vated state of HSCs,(62) and a signaling relationship 
between Rho and P75NTR is well documented in the 
nervous system.(63) Adenoviral delivery of constitu-
tively activated Rho to P75NTR-deficient HSCs in 
vitro restored activation, prompting the conclusion 
that P75NTR promotes HSC activation through Rho, 
and once activated, HSCs secrete HGF to drive 
hepatocyte proliferation during the regenerative 
response.

TGF-β is a multifunctional cytokine with a broad 
range of effects in homeostasis and regeneration and 
is produced by HSCs and Kupffer cells. There are 
three different isoforms of TGF-β that are present in 
the liver, all of which bind to the same receptor and 
are present in all hepatic cell types.(64) During peak 
regeneration, TGF-β has been shown to drive the 
production of ECM by HSCs and to promote angio-
genesis.(65) TGF-β is mito-inhibitory in hepatocyte 
cultures, and following PHx, circulating alpha-2 mac-
roglobulin binds TGF-β and transports it to hepato-
cytes where it is inactivated,(27,64) allowing hepatocyte 
proliferation. HSCs also produce norepinephrine,(66) 
which is known to down-regulate the mito-inhibitory   
effects of TGF-β (67) and enhance the mitogenic 

effect of HGF and epidermal growth factor (EGF) 
in serum-free hepatocyte cultures.(66) Circulating nor-
epinephrine levels increase following PHx, and use 
of prazosin (a specific A1AR antagonist) suppressed 
hepatocyte DNA synthesis for 3  days after PHx. 
Similar results were seen following surgical sympa-
thectomy of the liver before PHx.(68) Norepinephrine 
also stimulates production of HGF by mesenchymal 
cells(69) and production of EGF from Brunner’s glands 
of the duodenum.(70)

HSC-MEDIATED REGULATION OF 
ANGIOGENESIS

Angiogenesis, the formation of new microvas-
culature from pre-existing blood vessels and mature 
endothelial cells,(71) is a hypoxia-stimulated, growth 
factor–dependent process that is vital during the 
regenerative response. HSCs are strategically posi-
tioned within the space of Disse to enable cross-talk 
with hepatocytes and LSECs, therefore ensuring 
appropriate vascular growth and integrity during 
regeneration.(11,53) Furthermore, HSCs regulate vessel 
stabilization and sinusoidal remodeling through direct 
contact and paracrine interactions with LSECs.(72) 
In particular, PDGF, TGF-β1, FGF, and VEGF 
have been shown to exert a potent pro-angiogenic 
effect.(72) The aHSCs also express angiopoietins, 
which are important growth factors regulating angio-
genesis through receptor tyrosine kinases expressed on 
LSECs.(73)

ECM SCAFFOLD FORMATION AND 
REMODELING OF ECM

Deposition of ECM occurs transiently during the 
regenerative response, with activated HSCs synthesiz-
ing ECM components such as collagens, proteogly-
cans, glycosaminoglycans, and glycoproteins.(65,74) As 
the primary ECM-producing cells in the liver, aHSCs 
generate a temporary scar following injury to protect 
against further damage.(11) Provision of an ECM 
“scaffold” enables 3D liver growth, supporting the 
parenchyma and maintaining integrity. Furthermore, 
HSCs are the main source of matrix metallopro-
teinases and their inhibitors, which participate in 
ECM remodeling.(75,76) ECM remodeling and cyto-
kine production are closely coupled: HSCs produce 
PDGF and FGF to up-regulate the plasminogen 
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system, releasing preformed HGF from the matrix 
and cleaving active HGF from its inactive form. FGF 
gene expression increases markedly within the first 
24 hours following PHx, and its expression is limited 
only to HSCs.(48) Although ECM deposition has a 
clear role in the regenerative response following acute 
injury, in the case of chronic, repeated injury, ongoing 
ECM accumulation leads to fibrosis and distortion 
of normal liver architecture. The functional roles of 
HSCs in the regenerative response have been summa-
rized in Figure 3.

Termination of Liver 
Regeneration

Most of the literature in the field has focused on 
the events during the initiation of regeneration and 
far less on the pathways leading to its termination. It 
is clear that HSCs exert both positive and negative 
influences on the regenerating liver: initially stimulat-
ing hepatocyte proliferation through the production 
of a wide range of growth factors and cytokines, and 

FIG. 3. Functional role of HSCs during the hepatic regenerative response. Activated HSCs (aHSCs) have a number of key functions 
during the hepatic regenerative response. (A) aHSCs produce platelet derived growth factor (PDGF) and fibroblast growth factor (FGF) 
to upregulate the plasminogen system, enabling ECM remodelling and the release of pre-formed hepatocyte growth factor (HGF) – the 
primary mitogen for hepatocytes. (B) Production of extracellular matrix (ECM) protects against ongoing damage and provides a ‘scaffold’ 
for repair. (C) aHSCs drive regeneration through autocrine and paracrine signalling. Norepinephrine (NE) enhances the mitogenic effect 
of HGF. (D) aHSCs regulate vessel stabilisation and sinusoidal remodelling through direct and paracrine interactions with liver sinusoidal 
endothelial cells (LSECs). Abbreviations: TGF ß1, transforming growth factor beta 1; VEGF, vascular endothelial growth factor.
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later generating factors to help curb hepatocyte DNA 
synthesis when liver mass has been restored.(48)

TGF-β is a potent inhibitor of cell proliferation, 
and for this reason it has been postulated to be an 
important candidate in the termination of the regen-
erative response. TGF-β treatment of rat hepatocytes 
in vitro inhibits DNA synthesis in a dose-dependent 
manner.(77) In vivo, stimulation of 5-HT2B receptors 
on the surface of HSCs by serotonin activated the 
expression of TGF-β1 by HSCs, which suppressed 
hepatocyte proliferation through signaling by mito-
gen-activated protein kinase 1 and the transcription 
factor JunD.(78) Selective antagonism of 5-HT2B in 
models of acute and chronic liver injury enhanced 
hepatocyte proliferation, providing further evidence 
for the role of HSC-derived TGF-β in termination 
of the regenerative response. A similar phenotype was 
seen in 5-HT2B knockout (KO) mice after PHx.

Studies using transgenic mice with hepatocyte-  
specific disruption of the TGF-β-II receptor have dis-
sected some of the complexities of TGF-β signaling in 
the termination phases of regeneration. Although liver 
regeneration after PHx is faster in TGF-β-II receptor 
KO mice (TβIIr-KO), by 120  hours after PHx both 
wild-type and TβIIr-KO mice show decreased cell pro-
liferation.(79) Inhibition of Activin A (a member of the 
TGF-β superfamily) with follistatin prolonged the pro-
liferation phase in TβIIr-KO mice,(79) suggesting that 
the TGF-β-Activin A complex may have an important 
role in termination of regeneration.

At the start of the regenerative process, enzy-
matic degradation of the ECM leads to the release 
of matrix-bound growth factors, which drive prolif-
eration. In the termination phases of the regenerative 
response, reconstitution of the ECM by HSCs allows 
sequestering of excess growth factors (i.e., HGF and 
FGF), prompting hepatocytes to exit the cell cycle and 
return to quiescence.(64) This is demonstrated in vitro, 
where the addition of ECM preparations (collagen 
gels, Matrigel) to hepatocytes in culture inhibits pro-
liferation in response to HGF and EGF and encour-
ages maintenance of a differentiated phenotype.(80) 
Signaling between the ECM and hepatocytes is also 
important and is mediated by integrins and their 
associated integrin-proximal adhesion molecules.(81) 
The integrin-linked kinase (ILK) signaling complex 
is activated by interaction with integrins present in 
the ECM(82) and transmits hepatocyte growth sup-
pressor and differentiation enhancement signals.(83) 

Hepatocyte-specific ILK-KO mice regenerate their 
livers significantly faster following PHx, but failure 
of the termination phase of the regenerative response 
results in hepatomegaly (liver size 158% of original) 
14 days after PHx.(83)

HSC FATE DURING TERMINATION 
OF LIVER REGENERATION

Removal and deactivation of aHSCs are import-
ant regulatory mechanisms in the re-establishment of 
homeostasis and normal liver architecture. The fate of 
the mesenchymal cell population following cessation 
of injury has been studied primarily in the context 
of fibrosis resolution. It was originally thought that, 
following resolution of injury, aHSCs/MFBs became 
senescent or underwent apoptosis.(84) In support of 
this theory, pharmacological induction of apoptosis of 
aHSCs/MFBs has been shown to accelerate fibrosis 
resolution.(85) However, more recently, studies in mice 
have shown that aHSCs can also revert to an inactive 
state, distinct from quiescent HSCs in the uninjured 
liver and more responsive to subsequent injurious 
stimuli.(84) Inactive HSCs are characterized by down-  
regulation of fibrogenic gene expression (Col1a1 [col-
lagen type I alpha 1 chain], α-SMA, and TIMP1 
[tissue inhibitor of metalloproteinase 1]) without up-  
regulation of other quiescence-related genes (Adfp 
[antibody to adipophilin], Adipor1 [adiponectin recep-
tor 1], and Gfap [glial fibrillary acidic protein])(84) 
(Fig. 2). Troeger et al.(86) demonstrated that almost the 
entire HSC population was activated following injury, 
with deactivation of a proportion during fibrosis res-
olution. Using single-cell polymerase chain reaction, 
they identified a gradual reduction of HSC activation 
markers (Col1a1 and TIMP1) in virtually all HSCs 
over the recovery period. This was confirmed using 
genetic cell fate tracking in mTom-mGFP Vim-
CreER mice, in which, despite normalization of fibro-
sis parameters, mGFP (vimentin) expression persisted 
in HSCs and colocalized with desmin—suggesting 
that 40% of aHSCs/MFBs had deactivated.

It is unclear as to why some HSCs persist in a 
senescent or inactive state, while some undergo apop-
tosis,(84) although studies have suggested that the 
up-regulation of pro-survival signals, such as induc-
tion of heat shock proteins,(87) may play a key role. In 
support of this theory, genetic ablation of Hspa1a/b 
(two members of the Hsp70 family of heat-shock 
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proteins) increases the susceptibility of aHSCs to 
gliotoxin(85) and tumor necrosis factor-α(88)-induced 
apoptosis in culture.

Challenges and Future 
Directions

The liver is unique in its regenerative capacity, 
and is the only solid organ that harnesses regenera-
tive mechanisms to maintain a stable organ-to–body 
weight ratio, enabling a return to homeostasis follow-
ing injury. Although other solid organs adjust to tissue 
loss, they do not return to a normal organ-to–body 
weight ratio.(89) Although there has been remark-
able progress in deepening our understanding of the 
pathways regulating liver regeneration, the role of the 
hepatic mesenchyme in this process remains relatively 
unknown. A comparison of single-cell-level mes-
enchymal data from regenerating livers versus other 
solid organs (e.g., lung, kidney) following injury could 
allow an investigation of whether specific subcom-
partments of the hepatic mesenchyme are intrinsically 
more pro-regenerative than the mesenchymal subpop-
ulations identified in other organs, perhaps contrib-
uting to the unique regenerative capacity of the liver.

To fully characterize the functional role of HSCs 
during the initiation, maintenance, and termination of 
liver regeneration, systems that allow efficient ablation 
of different HSC subpopulations at different time 
points in the regenerative process are required.(11) 
As our knowledge of the spatial and functional het-
erogeneity of HSC during injury and regeneration 
increases,(5) future HSC ablation systems may allow 
specific targeting of HSC subpopulations during the 
regenerative process, further deepening our under-
standing of how the various HSC subclasses regulate 
liver regeneration. Although it is clear that there is 
functional heterogeneity in the hepatic mesenchymal 
response to fibrosis, scRNA-seq studies using regener-
ative models, such as PHx, are required to interrogate 
whether a similar degree of mesenchymal functional 
heterogeneity exists during liver regeneration.

It has now become clear that hepatic mesenchymal 
cells play key roles in both the initiation and termi-
nation of liver regeneration. Although previous studies 
have already illuminated some of the mechanisms that 
HSCs use to regulate the hepatic regenerative response, 

many unanswered questions remain. In particular, new 
technologies such as single-cell genomics will allow 
further dissection of the various mesenchymal sub-
populations regulating liver regeneration, enabling 
both the precise identification of key, pro-regenerative 
mesenchymal subpopulations and the development of 
highly targeted therapies for patients with liver disease.

Acknowledgments: The authors are grateful for the sup-
port of the Wellcome Trust, Medical Research Council, 
and the Chan Zuckerberg Initiative. All figures created 
with ‘BioRender.com’

REFERENCES
	 1)	 Cordero-Espinoza L, Huch M. The balancing act of the liver: tis-

sue regeneration versus fibrosis. J Clin Invest 2018;128:85-96.
	 2)	 Tanaka M, Miyajima A. Liver regeneration and fibrosis after in-

flammation. Inflamm Regen 2016;36:1-6.
	 3)	 Balabaud C, Bioulac-Sage P, Desmouliere A. The role of hepatic 

stellate cells in liver regeneration. J Hepatol 2004;40:1023-1026.
	 4)	 Williams R, Aspinall R, Bellis M, Camps-Walsh G, Cramp M, 

Dhawan A, et al. Addressing liver disease in the UK: a blueprint 
for attaining excellence in health care and reducing premature 
mortality from lifestyle issues of excess consumption of alcohol, 
obesity, and viral hepatitis. Lancet 2017;384:1953-1997.

	 5)	 Dobie R, Wilson-Kanamori J, Henderson B, Smith J, Matchett 
K, Portman J, et al. Single-cell transcriptomics uncovers zonation 
of function in the mesenchyme during liver fibrosis. Cell Rep 
2019;29:1832-1847.

	 6)	 Ramachandran P, Matchett KP, Dobie R, Wilson-Kanamori 
JR, Henderson NC. Single-cell technologies in hepatology: new 
insights into liver biology and disease pathogenesis. Nat Rev 
Gastroenterol Hepatol 2020;17:457-472.

	 7)	 MacParland SA, Liu JC, Ma XZ, Innes BT, Bartczak AM, Gage 
BK, et al. Single cell RNA sequencing of human liver reveals 
distinct intrahepatic macrophage populations. Nat Commun. 
2018;9(1):1–21.

	 8)	 Halpern KB, Shenhav R, Matcovitch-Natan O, Tóth B, Lemze 
D, Golan M, et al. Single-cell spatial reconstruction reveals global 
division of labour in the mammalian liver. Nature 2017;542:1-5.

	 9)	 Aizarani N, Saviano A, Mailly L, Durand S, Josip S, Pessaux P, 
et al. A human liver cell atlas reveals heterogeneity and epithelial 
progenitors. Nature 2020;572:199-204.

	 10)	 Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora 
EF, Henderson BEP, Luu NT, et al. Resolving the fibrotic 
niche of human liver cirrhosis at single-cell level. Nature 
2019;575:512-518.

	 11)	 Yin C, Evason K, Asahina K, Stainier D. Hepatic stellate cells 
in liver development, regeneration, and cancer. J Cinical Investig 
2013;123:1902-1910.

	 12)	 Friedman SL. Liver fibrosis—from bench to bedside. J Hepatol 
2003;38:S38-S53.

	 13)	 Higashi T, Friedman SL, Hoshida Y. Hepatic stellate cells as key 
target in liver fibrosis. Adv Drug Deliv Rev 2017;121:27-42.

	 14)	 Kandilis AN, Koskinas J, Tiniakos DG, Nikiteas N, Perrea DN. 
Liver regeneration: focus on cell types and topographic differ-
ences. Eur Surg Res 2010;44:1-12.



Hepatology Communications,  Vol. 5, N o. 3,  2021 KITTO AND HENDERSON

369

	 15)	 Rockey DC. Characterization of endothelin receptors medi-
ating rat hepatic stellate cell contraction. Biochem Biophys Res 
Commun 1995;207:725-731.

	 16)	 Puche JE, Saiman Y, Friedman SL. Hepatic stellate cells and liver 
fibrosis. Compr Physiol 2013;3:1473-1492.

	 17)	 Reynaert H, Urbain D, Geerts A. Regulation of sinusoidal perfu-
sion in portal hypertension. Anat Rec 2008;291:693-698.

	 18)	 Hellerbrand C. Hepatic stellate cells—the pericytes in the liver. 
Pflugers Arch 2013;465:775-778.

	 19)	 Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell ac-
tivation. Nat Rev Gastroenterol Hepatol 2017;14:397-411.

	 20)	 Friedman S, Roll FJ, Boyles J, Bissell DM. Hepatic lipocytes: the 
principal collagen-producing cells of normal rat liver. Proc Natl 
Acad Sci USA 1985;82:8681-8685.

	 21)	 Bansal MB. Hepatic stellate cells: fibrogenic, regenerative or both? 
Heterogeneity and context are key. Hepatol Int 2016;10:902-908.

	 22)	 D’Ambrosio D, Walewski JL, Clugston RD, Berk PD, Rippe RA, 
Blaner WS. Distinct populations of hepatic stellate cells in the 
mouse liver have different capacities for retinoid and lipid storage. 
PLoS One 2011;6:e24993.

	 23)	 Friedman SL. Hepatic stellate cells: protean, multifunctional, and 
enigmatic cells of the liver. Physiol Rev 2008;88:125-172.

	 24)	 Friedman S. Molecular regulation of hepatic fibrosis, an in-
tegrated cellular response to tissue injury. J Biol Chem 
2000;275:2247-2250.

	 25)	 Higgins G, Anderson R. Experimental pathology of the liver: 
restoration of liver in white rat following partial surgical removal. 
Arch Path 1931;12:186-202.

	 26)	 Shinji T, Makino H, Takatoshi K, Tomoyuki M, Shimizu T, Toru 
K, et al. Mechanism of liver regeneration after partial hepatectomy 
using mouse cDNA microarray. J Hepatol 2004;40:464-471.

	 27)	 Michalopoulos GK, DeFrances MC. Liver regeneration. Science 
1997;276:60-66.

	 28)	 Song Z, Gupta K, Inn CN, Xing J, Yi A, Yu H. Mechanosensing 
in liver regeneration. Semin Cell Dev Biol 2017;71:153-167.

	 29)	 Fausto N. Liver Regeneration. J Hepatol 2000;32:19-31.
	 30)	 Boulton R, Woodman A, Calnan D, Selden C, Tam F, Hodgson 

H. Nonparenchymal cells from regenerating rat liver generate in-
terleukin-1a and -1b : a mechanism of negative regulation of he-
patocyte proliferation. Hepatology 1997;26:49-58.

	 31)	 Duncan AW, Soto-Gutierrez A. Liver repopulation and regener-
ation: new approaches to old questions. Curr Opin Organ Transpl 
2013;18:197-202.

	 32)	 Budnitz DS, Lovegrove MC, Crosby AE. Emergency department 
visits for overdoses of acetaminophen containing products. Am J 
Prev Med 2011;40:585-592.

	 33)	 Bhushan B, Apte U. Liver regeneration after acetaminophen 
hepatotoxicity: mechanisms and therapeutic opportunities. Am J 
Pathol 2019;189:719-729.

	 34)	 Jaeschke H, Xie Y, McGill MR. Acetaminophen-induced liver 
injury: from animal models to humans. J Clin Transl Hepatol 
2014;2:153-161.

	 35)	 Limaye PB, Bhave VS, Palkar PS, Apte UM, Sawant SP, Yu S, 
et al. Upregulation of calpastatin in regenerating and developing 
rat liver: role in resistance against hepatotoxicity. Hepatology 
2006;44:379-388.

	 36)	 Limaye PB, Apte UM, Shankar K, Bucci TJ, Warbritton A, 
Mehendale HM. Calpain released from dying hepatocytes medi-
ates progression of acute liver injury induced by model hepatotox-
icants. Toxicol Appl Pharmacol 2003;191:211-226.

	 37)	 Bhushan B, Walesky C, Manley M, Gallagher T, Borude T, 
Edwards G, et al. Pro-regenerative signaling after acetamino-
phen-induced acute liver injury in mice identified using a novel 
incremental dose model. Am J Pathol 2014;184:3013-3025.

	 38)	 McGill MR, Sharpe MR, Williams DC, Taha M, Curry SC, 
Jaeschke H. The mechanism underlying acetaminophen-induced 

hepatotoxicity in humans and mice involves mitochon-
drial damage and nuclear DNA fragmentation. J Clin Invest 
2012;122:1574-1583.

	 39)	 Bhushan B, Chavan H, Borude P, Xie Y, Du K, McGill MR,   
et al. Dual role of epidermal growth factor receptor in liver injury 
and regeneration after acetaminophen overdose in mice. Toxicol 
Sci 2017;155:363-378.

	 40)	 Bhushan B, Stoops JW, Mars WM, Orr A, Bowen WC, Paranjpe 
S, et al. TCPOBOP-induced hepatomegaly & hepatocyte prolif-
eration is attenuated by combined disruption of MET & EGFR 
signaling. Hepatology 2019;69:1702-1708.

	 41)	 Prior N, Inacio P, Huch M. Liver organoids: from basic research 
to therapeutic applications. Gut 2019;68:2228-2237.

	 42)	 Huch M, Koo B. Modeling mouse and human development using 
organoid cultures. Development 2015;142:3113-3125.

	 43)	 Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of 
human development and disease. Nat Cell Biol 2016;18:246-254.

	 44)	 Aloia L, McKie M, Vernaz G, Cordero-Espinoza L, Aleksieva 
N, et al. Epigenetic remodelling licences adult cholangiocytes 
for organoid formation and liver regeneration. Nat Cell Biol 
2019;21:1321-1333.

	 45)	 Fiorotto R, Amenduni M, Mariotti V, Fabris L, Spirli C, 
Strazzabosco M. Liver diseases in the dish: iPSC and organoids as 
a new approach to modeling liver diseases. Biochim Biophys Acta 
- Mol Basis Dis 2019;1865:920-928.

	 46)	 Koui Y, Kido T, Ito T, Oyama H, Chen SW, Katou Y, et al. An 
in vitro human liver model by iPSC-derived parenchymal and 
non-parenchymal cells. Stem Cell Reports 2017;9:490-498.

	 47)	 Blutt S, Klein O, Donowitz M, Shroyer N, Guha C, Estes M. Use 
of organoids to study regenerative responses to intestinal damage. 
Am J Physiol Gastrointest Liver Physiol 2019;317:G845-G852.

	 48)	 Malik R, Selden C, Hodgson H. The role of non-parenchymal 
cells in liver growth. Cell Dev Biol 2002;13:425-431.

	 49)	 Budny T, Palmes D, Stratmann U, Minin E, Herbst H, Spiegel H. 
Morphologic features in the regenerating liver—a comparative in-
travital, lightmicroscopical and ultrastructural analysis with focus 
on hepatic stellate cells. Virchows Arch 2007;451:781-791.

	 50)	 Wack KE, Ross MA, Zegarra V, Sysko LR, Watkins SC, 
Beer Stolz DB. Sinusoidal ultrastructure evaluated during 
the revascularization of regenerating rat liver. Heptology 
2001;33:363-378.

	 51)	 Pintilie DG, Shupe TD, Oh S, Salganik SV, Darwiche H. Hepatic 
stellate cells’ involvement in progenitor mediated liver regenera-
tion. Lab Med 2011;90:1199-1208.

	 52)	 Shen K, Chang W, Gao X, Wang H, Niu W, Song L, et al. 
Depletion of activated hepatic stellate cell correlates with severe 
liver damage and abnormal liver regeneration in acetamino-
phen-induced liver injury. Acta Biochim Biophys Sin (Shanghai) 
2011;43:307-315.

	 53)	 June SL, Semela D, Iredale J, Shah VH. Sinusoidal remodeling 
and angiogenesis: a new function for the liver-specific pericyte? 
Hepatology 2007;45:817-825.

	 54)	 Passino MA, Adams RA, Sikorski SL, Akassoglou K. Regulation 
of hepatic stellate cell differentiation by the neurotrophin receptor 
p75NTR. Science 2007;315:1853-1856.

	 55)	 Enami Y, Bandi S, Kapoor S, Krohn N, Joseph B, Gupta S. 
Hepatic stellate cells promote hepatocyte engraftment in rat 
liver after prostaglandin–endoperoxide synthase inhibition. 
Gastroenterology 2009;136:2356-2364.

	 56)	 Chang W, Song L, Chang X, Ji M, Wang H, Qin X, et al. Early ac-
tivated hepatic stellate cell-derived paracrine molecules modulate 
acute liver injury and regeneration. Lab Investig 2017;97:318-328.

	 57)	 Kalinichenko VV, Bhattacharyya D, Zhou Y, Gusarova GA, Kim 
W, Shin B, et al. Foxf1 +/- mice exhibit defective stellate cell ac-
tivation and abnormal liver regeneration following CCl4 injury. 
Hepatology 2003;37:107-117.



Hepatology Communications,  March 2021KITTO AND HENDERSON

370

	 58)	 Seki E, Schwabe R. Hepatic inflammation and fibrosis: functional 
links and key pathways. Hepatology 2015;61:1066-1079.

	 59)	 Bataller R, Brenner D. Liver fibrosis. J Clin Invest. 2005;115:  
209-218.

	 60)	 Tacke F, Weiskirchen R. Update on hepatic stellate cells: patho-
genic role in liver fibrosis and novel isolation techniques. Expert 
Rev Gastroenterol Hepatol 2012;6:67-80.

	 61)	 Lindroos PM, Zarnegar R, Michalopoulos GK. Hepatocyte 
growth factor (hepatopoietin A) rapidly increases in plasma before 
DNA synthesis and liver regeneration stimulated by partial hepa-
tectomy and carbon tetra-chloride administration. Hepatology 
1991;13:743-750.

	 62)	 Kato M, Iwamoto H, Higashi N, Sugimoto R, Uchimura K, 
Tada S, et al. Role of Rho small GTP binding protein in the reg-
ulation of actin cytoskeleton in hepatic stellate cells. J Hepatol 
1999;31:91-99.

	 63)	 Yamashita T, Tohyama M. The p75 receptor acts as a displace-
ment factor that releases Rho from Rho-GDI. Nat Neurosci 
2003;6:461-467.

	 64)	 Michalopoulos GK. Liver regeneration. In: Arias IM, Alter HJ, 
Boyer JL, Cohen DE, Shafritz DA, Thorgeirsson SS, eds. The 
Liver: Biology and Pathobiology, 6th edition. Hoboken, NJ: John 
Wiley & Sons Ltd.; 2020:566-584.

	 65)	 Kallis YN, Robson AJ, Fallowfield JA, Thomas HC, Alison 
MR, Wright NA, et al. Remodelling of extracellular matrix 
is a requirement for the hepatic progenitor cell response. Gut 
2011;60:525-533.

	 66)	 Oben JA, Roskams T, Yang S, Lin H, Sinelli N, Torbenson M, 
et al. Hepatic fibrogenesis requires sympathetic neurotransmitters. 
Gut 2004;53:438-445.

	 67)	 Houck KA, Cruise JL, Michalopoulos GK. Norepinephrine 
modulates the growth-inhibitory effect of transforming growth 
factor-beta in primary rat hepatocyte cultures. J Cell Physiol 
1988;135:551-555.

	 68)	 Cruise JL, Knechtle SJ, Bollinger RR, Kuhn C, Michalopoulos 
G. Alpha 1-adrenergic effects and liver regeneration. Hepatology 
1987;7:1189-1194.

	 69)	 Broten J, Michalopoulos GK, Petersen B, Cruise J. Adrenergic 
stimulation of hepatocyte growth factor expression. Biochem 
Biophys Res Commun 1999;262:76-79.

	 70)	 Olsen P, Poulsen S, Kirkegaard P. Adrenergic effects on secre-
tion of epidermal growth factor from Brunner’s glands. Gut 
1985;26:920-927.

	 71)	 Kaur S, Anita K. Angiogenesis in liver regeneration and fibrosis: 
“A double-edged sword”. Hepatol Int 2013;7:959-968.

	 72)	 Fernández M, Semela D, Bruix J, Colle I, Pinzani M, Bosch J. 
Angiogenesis in liver disease. J Hepatol 2009;50:604-620.

	 73)	 Sato T, El-Assal O, Ono T, Yamanoi A, Dhar DK, Nagasue 
N. Sinusoidal endothelial cell proliferation and expression of 
angiopoietin/Tie family in regenerating rat liver. J Hepatol 
2001;34:690-698.

	 74)	 Issa R, Zhou X, Trim N, Millward-Sadler N, Krane S, Benyon C, 
et al. Mutation in collagen-I that confers resistance to the action 
of collagenase results in failure of recovery from CCl4-induced 
liver fibrosis, persistence of activated hepatic stellate cells, and   
diminished hepatocyte regeneration. FASEB J 2002;17:47-49.

	 75)	 Mabuchi A, Mullaney I, Sheard PW, Hessian PA, Mallard BL, 
Tawadrous MN, et al. Role of hepatic stellate cell/hepatocyte in-
teraction and activation of hepatic stellate cells in the early phase 
of liver regeneration in the rat. J Hepatol 2017;40:910-916.

	 76)	 Schachtrup C, Le Moan N, Passino MA, Akassoglou K. Hepatic 
stellate cells and astrocytes: stars of scar formation and tissue re-
pair. Cell Cycle 2011;10:1764-1771.

	 77)	 Nakamura T, Tomita Y, Hirai R, Yamaoka K, Kaji K, Ichihara A. 
Inhibitory effect of transforming growth factor-beta on DNA 
synthesis of adult rat hepatocytes in primary culture. Biochem 
Biophys Res Commun 1985;133:1042-1050.

	 78)	 Ebrahimkhani MR, Oakley F, Murphy LB, Mann J, Moles A, 
Perugorria MJ, et al. Stimulating healthy tissue regeneration by 
targeting the 5-HT2B receptor in chronic liver disease. Nat Med 
2011;17:1668-1673.

	 79)	 Ichikawa T, Zhang YQ, Kogure KK, Hasegawa Y, Takagi H, Mori 
M, et al. Transforming growth factor beta and activin tonically in-
hibit DNA synthesis in the rat liver. Hepatology 2001;34:918-925.

	 80)	 Block GD, Locker J, Bowen WC, Petersen BE, Katyal S, Strom 
SC, et al. Population expansion, clonal growth, and specific differ-
entiation patterns in primary cultures of hepatocytes induced by 
HGF/SF, eGF and TGF alpha in a chemically defined (HGM) 
medium. J Cell Biol 1996;132:1133-1149.

	 81)	 Oe S, Lemmer ER, Conner EA, Factor VM, Leveen P, Larsson 
J, et al. Intact signaling by transforming growth factor beta is not 
required for termination of liver regeneration in mice. Hepatology 
2004;40:1098-1105.

	 82)	 Walesky C, Apte U. Mechanisms of termination of liver regen-
eration. In: Apte U, ed. Liver Regeneration: Basic Mechanisms, 
Relevant Models and Clinical Applications. Amsterdam, 
Netherlands: Elsevier; 2016:103-111.

	 83)	 Gkretsi V, Apte U, Mars WM, Bowen WC, Luo JH, Yang Y, et al. 
Liver-specific ablation of integrin-linked kinase in mice results in 
abnormal histology, enhanced cell proliferation, and hepatomegaly. 
Hepatology 2008;48:1932-1941.

	 84)	 Kisseleva T, Cong M, Paik YH, Scholten D, Jiang C, Benner C, et 
al. Myofibroblasts revert to an inactive phenotype during regression 
of liver fibrosis. Proc Natl Acad Sci U S A 2012;109:9448-9453.

	 85)	 Wright MC, Issa R, Smart DE, Trim N, Murray GI, Primrose 
JN. Gliotoxin stimulates the apoptosis of human and rat hepatic 
stellate cells and enhances the resolution of liver fibrosis in rats. 
Gastroenterology 2001;121:685-698.

	 86)	 Troeger JS, Mederacke I, Gwak GY, Dapito DH, Mu X, Hsu CC, 
et al. Deactivation of hepatic stellate cells during liver fibrosis res-
olution in mice. Gastroenterology 2012;143:1073-1083.

	 87)	 Yenari MA, Liu J, Zheng Z, Vexler ZS, Lee JE, Giffard RG. 
Antiapoptotic and anti-inflammatory mechanisms of heat-shock 
protein protection. Ann N Y Acad Sci 2005;1053:74-83.

	 88)	 Siegmund SV, Qian T, de Minicis S, Harvey-White J, Kunos G, 
Vinod KY. The endocannabinoid 2-arachidonoyl glycerol induces 
death of hepatic stellate cells via mitochondrial reactive oxygen 
species. FASEB J 2007;21:2798-2806.

	 89)	 Michalopoulos G, Bhushan B. Liver regeneration: biological and 
pathological mechanisms and implications. Nat Rev Gastroenterol 
Hepatol 2020 Aug 6. https://doi.org/10.1038/s4157​5-020-0342-
4. [Epub ahead of print]

https://doi.org/10.1038/s41575-020-0342-4
https://doi.org/10.1038/s41575-020-0342-4

