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Introduction

Hepat ic  f ibros is  i s  a  pathophysiologica l  process 
characterized by an excessive accumulation of extracellular 
matrix (ECM) in the liver. Alterations in the dynamic 
balance between synthesis and degradation of collagen 
fibers can be due to different chronic insults, such as 
toxins, drugs, alcohol abuse, cholestasis, viral or parasitic 

infections, metabolic and hereditary diseases (1-4). All these 
different factors may cause liver cell damage, inflammation 
and contribute to the development of fibrosis, which, if 
uncontrolled, can eventually lead to cirrhosis, characterized 
by the distortion of the hepatic architecture and blood flow 
(5,6). Both hepatic fibrosis and cirrhosis are considered risk 
factors for the development of hepatocellular carcinoma, 
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ultimately leading to liver failure. Despite the high 
incidence worldwide (7), except for liver transplantation, 
currently no efficient therapies are available against hepatic 
fibrosis and cirrhosis (8).

Hepatic stellate cells (HSCs) are non-parenchymal 
cells representing an intracellular storage of vitamin 
A and are considered key players of liver fibrosis (9). 
During fibrogenesis, following activation upon liver 
injury, they undergo morphological changes and acquire 
a myofibroblast-like phenotype, also increasing their 
proliferation rate and contractility (10,11). Activated HSCs 
lose their vitamin A storage and reduce the expression 
of glial fibrillary acidic protein (GFAP) (12,13), while 
increasing the expression of alpha smooth muscle actin 
(α-SMA) (14,15). They also modulate the biosynthesis and 
release of ECM components, such as collagen types I and 
III (16), matrix metalloproteinases and their specific tissue 
inhibitors (17).

The activation of HSCs is considered a key driver of 
hepatic fibrosis (9). Different pathways and molecular 
mediators are involved and act collectively or individually. 
Cytokines, growth factors and the rapid induction of cell 
surface receptors have been designated as central players in 
this mechanism. In addition, other events, such as oxidative 
stress, epigenetic signals and endoplasmic reticulum stress, 
have been shown to be involved in HSC activation (11).

HSCs respond to the extracellular signals produced by 
resident and inflammatory cells. Among them, transforming 
growth factor-beta (TGF-β) is considered one of the most 
potent fibrogenic cytokines (18,19). TGF-β is stored as 
an inactive molecule and, once released it binds to specific 
receptors on the cell membrane, and generally triggers 
the phosphorylation of SMAD proteins (20). This protein 
family includes a member, SMAD3, which is able to 
regulate gene transcription by promoting the expression of 
pro-fibrotic markers, predominantly α-SMA and collagens, 
leading to the remodeling of the ECM (20). As shown by 
Clarke et al. (21), the cellular response to TGF-β depends 
on the concentration of the ligand to which they are 
exposed and in the proper conditions, it is able to induce 
HSC activation.

Other important cytokines are platelet-derived growth 
factor (PDGF) and vascular endothelial growth factor (VEGF). 
The first one is a mitogenic molecule that binds to its specific 
receptor, the PDGF-β receptor, stimulating cell proliferation 
and the acquisition of a contractile phenotype (22). On the 
other hand, VEGF is a potent cytokine able to promote 
HSC proliferation and fibrogenesis, also required for 

hepatic tissue repair and fibrosis resolution (23).
During the HSC activation process, an important role 

is also played by lipid metabolism. In fact, activated HSCs 
are characterized by the loss of lipid droplets, which are a 
storage of retinol esters and triacylglycerols (24). Recently, 
treatment of HSCs with lipopolysaccharide has shown 
to regulate HSC activation by inducing autophagy and 
stimulating retinoid hydrolysis, resulting in the decrease 
of the number of lipid droplets (25). As shown by Hong 
and coworkers (26), activated HSCs can be also reverted 
to a quiescent state by culturing them with retinol and  
oleic acid. 

Being anchorage-dependent cells, HSCs regulate 
intracellular signaling pathways and change their phenotype 
depending on the stiffness and the bio-mechanical 
conditions of the surrounding ECM (27). In fibrotic 
conditions, the ECM stiffness increases and this leads to 
the switch of HSCs from the quiescent into the activated 
state (28). In vitro, HSC culture on polyacrylamide gels 
with varying stiffness demonstrated that rat HSCs grown 
on soft supports (0.4 kPa, corresponding to the stiffness of 
a normal rat liver) retain their quiescent phenotype, while on 
stiff supports (12 kPa, comparable to the stiffness a cirrhotic 
rat liver) transform into activated myofibroblasts (29,30). 
The increased ECM stiffness correlates with mechanical 
stretch, which can enhance the expression of TGF-β (31) 
and induce epithelial-to-mesenchymal transition in 
HSCs (32). Interestingly, the targeting of two mechano-
sensitive nuclear factors, Yes-Associated Protein (33) and 
Bromodomain-Containing protein 4 (34), is able to induce 
the reversal of liver fibrosis (35).

The mechanisms underlying hepatic fibrosis are not 
completely understood: hence, the need for in vivo and 
in vitro models that reproduce the characteristics and 
pathogenesis of human fibrosis. In the last two decades, 
several in vivo research studies on different rodent models 
have tested the efficacy of various biological molecules 
and chemical compounds that may possibly attenuate or 
revert fibrosis (10,36). However, because of animals and 
humans differ in the genetic background, metabolism 
and immune response, animal studies are not perfectly 
predictive of human response to drugs and diseases (36,37). 
As an alternative, new available technologies may help to 
develop in vitro models of human liver fibrosis that could 
be more predictive and efficient than animal ones (38). 
This review presents the most currently used in vitro two-
dimensional (2D) models and the recent development of 
three-dimensional (3D) models that help to investigate 
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the mechanisms underlying hepatic fibrosis, and test new 
therapeutic agents against its development. We present the 
following article in accordance with the Narrative Review 
reporting checklist (available at https://dmr.amegroups.
com/article/view/10.21037/dmr-21-102/rc).

Methods

The literature research was performed on 15th October 2021 by 
searching in MEDLINE and PubMed. Only studies in English 
language were included and the following keywords were used: 
liver fibrosis, HSCs, 2D and 3D hepatic fibrosis in vitro models. 
The research was focused on 2D and 3D in vitro models of 
hepatic fibrogenesis that mimic the situation in vivo and 
represent a valid alternative to study new anti-fibrotic 
therapies. In the 2D model section, the attention was 
concentrated on different liver cell populations, which were 
further discussed in 3D models. In particular, we focused 
on HSCs that are the key players of liver fibrosis. Reviews 
and experimental articles published from 1976 to 2021 were 
included. Table 1 resumes the research strategy.

Discussion

2D models of liver fibrosis

Over the past years, most of the in vitro studies on liver 
fibrosis were based on traditional 2D systems of HSCs 

cultured on flat polystyrene uncoated dishes (39). In vitro 
2D cultures of HSCs of different sources when stimulated 
with profibrotic stimuli, as TGF-β, undergo alterations in 
gene and protein expression (40). However, this approach is 
not able to fully recapitulate what occurs in vivo during the 
development of hepatic fibrosis, and important differences 
have been highlighted between in vitro cultures and  
in vivo models. The comparison of in vitro-activated HSCs 
with in vivo-activated HSCs isolated from fibrosis-induced 
mice treated with carbon tetrachloride (CCl4) revealed a 
different gene expression profile, with an overlap of only 
25%, showing that the in vivo setting better reflected 
the interactions between HSCs and the fibrotic liver 
microenvironment (41).

To obtain relevant and reproducible experiments with 2D 
in vitro models, two important aspects should be considered: 
the choice of the cell type and the availability of the cells 
in a quantity sufficient to perform all the studies (42). 
In the following sections, we will recapitulate the main 
characteristics of different cell populations employed in 
liver fibrosis research.

HSC primary cell culture 
The first in vitro cultures of HSCs were developed in 1984 
starting from primary cells isolated from rats through 
collagenase digestion and subsequent centrifugation (43,44). 
The classic method of HSC isolation consists in a density 

Table 1 The search strategy summary

Items Specification

Date of search 15th October 2021

Databases and other sources searched MEDLINE and PubMed

Search terms used Hepatic fibrosis, hepatic stellate cells, 2D and 3D in vitro models of hepatic fibrosis

Timeframe Reviews and papers from 1976 to 2021

Inclusion and exclusion criteria Inclusion criteria: reviews and experimental articles focused on in vitro models of 
hepatic fibrosis

Exclusion criteria: reviews and experimental articles focused on chronic liver disease 
and liver tumors

Selection process E.C. selected the papers for the section dedicated to 2D models

G.C. selected the papers for the section dedicated to 3D models

E.C. and G.C. worked independently 

E.C., G.C. and S.B. worked together for the introduction and conclusion section

Any additional considerations, if applicable None

2D, two-dimensional; 3D, three-dimensional.

https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/rc
https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/rc
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gradient centrifugation, which allows to separate primary 
HSCs on the basis of their low density, caused by the 
presence of abundant lipid droplets (45). The floating HSCs 
can be further enriched by centrifugation or cell sorting. 
However, the standardization of the isolation procedure 
is difficult by the occurrence of cell variations originating 
from the isolation protocols applied by different operators 
in different laboratories (46) (Table 2). When freshly isolated 
HSCs are seeded on plastic culture dishes, they can be 
maintained in culture only for a limited number of passages, 
due to the restricted life span and to the spontaneous 
differentiation process, which starts independently from 
the source and the isolation procedure of the primary cells. 
Moreover, the spontaneous differentiation of HSCs into 
myofibroblast-like cells in 2D cultures does not reflect 
the pathophysiological condition occurring during the 
progression of liver fibrosis. One possible strategy to avoid 
this spontaneous differentiating process could be to cultivate 
primary HSCs on Matrigel, which helps to mimic the ECM 
microenvironment of the liver, while maintaining the cells 
in a quiescent state (47). Nevertheless, some significant 
disadvantages should be considered when using primary 
liver cells. First, the scarce availability of human biological 
samples and the presence of inter-individual differences 
limit the large-scale use of these cells (48). Second, the 
isolation procedures to obtain pure cultures of individual 
cells from healthy liver tissue are time-consuming and the 
yield is limited.

Spontaneously immortalized HSC lines
In order to provide a stable source of HSC, efforts have 
been made to generate immortal cell lines from primary 
HSCs (Table 2). Common approaches to generate HSC 
immortalized cell lines are based on the exposition of the 
cell culture to ultraviolet light or, in alternative, on the 
spontaneous culturing immortalization (46).

One of the first HSC line obtained by spontaneous 
immortalization is the murine cell line GRX. It derives from 
hepatic fibrotic granulomas of C3H/HeN mice infected 
with Schistosoma mansoni. Primary cells were isolated by 
enzymatic digestion and then sub-cultured at low density 
on plastic supports to purify cell clones. These cells show a 
myofibroblast-like phenotype and express collagen type I. 
They are used to evaluate changes in lipid content during 
the progression of liver fibrosis (49).

Another spontaneously immortalized cell line is PAV-
1. It comes from a colony obtained by spontaneous 
immortalization of primary rat HSCs, which have been 

isolated from male 8-month-old Wistar rats by pronase-
collagenase digestion. They express α-SMA, fibronectin and 
collagen type I, but not collagen type III. PAV-1 cells are 
employed to study the role of free fatty acids in alcoholic 
liver disease (ALD), since ethanol reduces lipid droplets in 
the cytoplasm, leading to HSC activation (50).

Experimentally immortalized HSC lines
A promising alternative to spontaneous immortalization 
lies in the experimental manipulation of primary HSCs. A 
typical procedure consists in the transfection of the cells 
with a construct that includes a temperature-sensitive 
mutant of simian virus 40 large T-antigen (SV40T), which 
is active at 33 ℃, excluding any doubt about possible 
tumorigenic activities. Another approach is based on 
the control of gene expression by inducing the ectopic 
expression of telomerase reverse transcriptase (TERT). 
These methods allow obtaining cell populations that grow 
faster than primary HSCs and duplicate between 24 and  
72 hours (46) (Table 2).

The first human immortalized HSC line was the LI90 
line, derived from an epithelioid hemangioendothelioma. 
This cell line is suitable for characterizing drug targets in 
HSC activation, but its use is limited by cellular senescence 
after a certain number of culture passages (51). To overcome 
this limitation, LI90 line was transfected with a retroviral 
vector expressing the human TERT gene, thus generating 
a new cell line called TWNT-4. Both LI90 and TWNT-
4 express vimentin, α-SMA and collagen types I, III and  
IV (52).

The hTERT-HSC line was established from primary 
HSCs derived from surgical specimens of a healthy human 
liver. To overcome the problem of cellular senescence, 
these HSCs were transfected with a retrovirus carrying a 
cytomegalovirus promoter controlling the expression of 
hTERT gene. These cells express typical HSC activation 
markers, such as GFAP, vimentin, α-SMA, and are suitable 
for investigating the HSC transition from quiescent to 
activated phenotype (53).

The most used human immortalized cell line is the 
Lieming Xu (LX)-2 cell line (54). Together with the LX-1 
line, it was isolated from a normal liver enzymatically 
digested, fractionated through density gradient and then 
immortalized by transfection with a plasmid expressing 
the SV40T. The subsequent propagation in low serum 
conditions of the LX-1 clone (1% fetal bovine serum) led to 
the final selection of the LX-2 clone. Both these cell lines 
express the main fibrosis-associated markers, such as α-SMA, 
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Table 2 Characteristics of cells employed in liver fibrosis research

Name Source species Method of isolation Expressed markers
Investigation 
purposes

Issues References

Primary cells

Primary 
HSC

Human and murine 
healthy/diseased 
tissues

Density gradient 
centrifugation; cell 
sorting

HSC activation 
markers

Cell functionality 
correlated to the 
in vivo situation

Limited life span; 
activation after 
seeding; restricted 
material; culture 
heterogeneity

(43-48)

Spontaneously immortalized HSC lines

GRX C3H/HeN mice 
with hepatic fibrotic 
granulomas

Enzymatic digestion; 
low-density sub-
culturing

Collagen type I Changes in lipid 
content during 
liver fibrosis 
progression

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(49)

PAV-1 Male 8-month-old 
Wistar rats

Pronase-collagenase 
digestion

α-SMA, fibronectin 
and collagen type I

Role of free fatty 
acids in HSC 
activation

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(50)

Experimentally immortalized HSC lines

TWNT4 Epithelioid 
hemangioendothelioma

Primary cell 
transfection with 
retroviral vector 
expressing hTERT gene

α-SMA, vimentin, 
collagen type I, III  
and IV

Drug targets in 
HSC activation

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(51,52)

hTERT-
HSC

Healthy human liver Primary cell 
transfection with 
retroviral vector 
carrying hTERT 
gene controlled by 
cytomegalovirus 
promoter

GFAP, vimentin, 
α-SMA

HSC transition 
from a quiescent 
to an activated 
state

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(53)

LX-1 Healthy human liver Enzymatic tissue 
digestion; density 
gradient fractioning; 
transfection with a 
plasmid carrying SV40T 
construct

α-SMA, collagen 
type I and IV, TGF-β 
receptor I and II, 
PDGF-β receptor, 
fibronectin and 
vimentin

HSC activation 
process

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(54)

LX-2 Healthy human liver Cultivation of LX-1 in 
low serum conditions

α-SMA, collagen 
type I and IV, TGF-β 
receptor I and II, 
PDGF-β receptor, 
fibronectin and 
vimentin; high 
transfection capacity

Molecular 
pathways 
involved in HSC 
activation

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(54)

HSC-T6 Male Sprague-Dawley 
rats

Primary cell 
transfection with a 
vector expressing the 
SV40T construct

Retinoid receptors; 
collagen types I, III 
and IV, vimentin, 
α-SMA, and TGF-β1

Pathways 
involved in 
collagen 
expression and 
new therapeutic 
targets 

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(55-57)

Table 2 (continued)
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Table 2 (continued)

Name Source species Method of isolation Expressed markers
Investigation 
purposes

Issues References

JS1, JS2, 
JS3

Wild-type (JS1), 
Toll-like receptor 
4-deficient (JS2) and 
myeloid differentiation 
primary response gene 
88-deficient (JS3) 
C57BL/6 mice

Primary cell 
transfection with a 
vector carrying the 
SV40T construct 
controlled by 
cytomegalovirus 
promoter

Lipopolysaccharides; 
high transfection 
capacity

Pathways 
involved in HSC 
activation

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(58)

Hepatic tumor cell lines as surrogates of hepatocyte activity and metabolism

HepaRG Liver tumor affected by 
hepatitis C

Collagenase and CaCl2 
digestion; treatment 
with hydrocortisone 
and DMSO

Metabolizing 
enzymes; 
hepatobiliary 
transporters

Drug preclinical 
testing; co-
culture in 3D 
systems

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(59)

HepG2 Hepatocellular 
carcinoma

Collagenase digestion; 
sub-culturing of 
selected clones

Liver-specific markers Drug preclinical 
testing; co-
culture in 3D 
systems

Genotypic and 
phenotypic drift; 
culture selection 
pressure

(60)

Stem cell-derived HSCs

iPSC-
derived 
HSCs

Any cell type Generation of iPSCs; 
cytokine or growth 
factor-induced 
differentiation in HSCs

HSC activation 
markers

Drug preclinical 
testing; co-
culture in 3D 
systems

Difficulty in 
recapitulating the 
phenotype of adult 
cells 

(61)

HSC, hepatic stellate cell; α-SMA, alpha smooth muscle actin; GFAP, glial fibrillary acidic protein; TGF-β, transforming growth factor-beta; 
PDGF-β, platelet-derived growth factor-beta; LX: Lieming Xu; DMSO, dimethyl sulfoxide; 3D, three-dimensional; iPSC, induced pluripotent 
stem cell.

collagen types I and IV, TGF-β receptors I and II, PDGF-β 
receptor, fibronectin and vimentin. Interestingly, only LX-2 
cells appear responsive to TGF-β stimulation which in 
turns, induced the expression of procollagen α I (54). As a 
cell line that best reproduces in vivo HSC activation, LX-2 
are suitable for studying the molecular pathways involved in 
HSC activation.

The HSC-T6 line is one of the most used experimentally 
manipulated rat cell lines. It is derived from HSCs purified 
from male Sprague-Dawley rats and transiently transfected 
with SV40T (55). Since they express retinoid receptors and 
typical markers of HSC activation, such as collagen types I, 
III and IV, vimentin, α-SMA, and TGF-β1, they can behave 
as both quiescent and activated cells. HSC-T6 cells are used 
to study the pathways involved in collagen expression and 
to find new anti-fibrotic therapeutic targets (56,57).

The JS1, JS2 and JS3 immortalized murine cell lines 
come from HSCs isolated from wild-type, Toll-like receptor 
4-deficient, and myeloid differentiation primary response 

gene 88-deficient C57BL/6 mice, respectively (58). They 
were transfected with SV40T under the control of a 
cytomegalovirus promoter. Their main experimental 
application regards the study of the pathways involved in 
HSC activation.

The advantages of HSC lines are the unlimited supply 
and lifespan, correlated with the possibility to perform 
long-lasting experiments, and the possibility of being 
cultured in standard conditions, common to different 
laboratories. However, these cell lines are interested by 
genotypic and phenotypic drifts, originating after extended 
culture periods. Furthermore, sub-clones might arise due to 
selection pressures occurring in the laboratory (46).

Hepatic tumor cell lines as surrogates of hepatocyte 
activity and metabolism
Hepatocytes are involved in the progression of liver 
fibrosis. Primary hepatocytes (PHs) derived from human 
samples are preferred because their characteristics reflect 
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the functionality of the organ in vivo, but they can be 
maintained in culture only for a limited number of passages 
and in 2D culture, PHs lose their peculiar polarized 
phenotype due to the disruption of cell-cell and cell-
matrix connections (42). Immortalized hepatic tumor cell 
lines are suitable surrogates of PHs (Table 2). These cell 
lines are easy to handle, phenotypically stable and have 
an unlimited lifespan. The HepaRG is the most suitable 
surrogate of human PHs since they express different 
metabolizing enzymes and hepatobiliary transporters (38). 
The HepaRG cell line was established starting from a liver 
tumor affected by hepatitis C. This cell line is bipotent: 
in fact, it can differentiate into biliary-like or hepatocyte-
like cells (59). Primary cells were isolated by digestion with 
collagenase and CaCl2 and then cultivated onto uncoated 
dishes. The selected colonies were treated with 5×10−5 M 
hydrocortisone and 2% dimethyl sulfoxide (DMSO) so that 
only hepatocyte-like cells could survive (59). On the other 
hand, the HepG2 cell line was established from human liver 
carcinoma, not contaminated by viral infections. Primary 
cells were isolated from a well-differentiated hepatocellular 
carcinoma of a 15-year-old white male, and after in vitro 
sub-culture, the selected clones expressed classical liver-
specific markers (60).

Stem cell-derived HSCs
Stem cells are characterized by a marked ability to 
proliferate and differentiate under proper conditions and 
recently they become a valuable source of adult hepatocytes. 
Liver stem/progenitor cells, embryonic stem cells (ESCs), 
extra-hepatic biliary tree stem cells and induced pluripotent 
stem cells (iPSCs) can generate HSC-like cells (38) (Table 2).

In particular, iPSCs are very promising, since they can 
be derived from any cell type. These cells differentiate into 
iPSC-derived HSCs in the presence of cytokines, growth 
factors and ECM proteins, but they are not able to acquire 
a phenotype that fully recapitulates the one of adult cells. 
Unfortunately, the lack of standardized culture conditions 
does not allow maintaining their differentiated state (10).

A recent study from Coll and colleagues showed the 
possibility to induce the differentiation of iPSCs into HSCs 
through incubation with BMP4 and then with retinol and 
palmitic acid (61). These cells showed HSC-like gene 
expression profile and functionality in vivo, providing the 
possibility of developing protocols for the generation of 
HSCs from iPSCs.

3D models of liver fibrosis

Although 2D models of hepatic fibrosis have the advantages 
of being multiplexing, highly reproducible and easy to 
handle, they are unable to fully replicate the physiological 
3D liver environment. On the other hand, 3D models of 
hepatic fibrosis allow interactions between cells and among 
cells and ECM, cellular migration, integrin adhesions, 
chemotaxis, and traction, and in some cases reproduce 
gradients of oxygen and soluble growth factors, thus 
supporting cellular proliferation and differentiation (62) 
(Table 3).

Role of ECM in co-culture systems
HSC monocultures have proved useful in studying the 
mechanisms of activation of HSCs. However, they do 
not take into account the interactions between HSCs and 
hepatocytes or other non-parenchymal cells, such as liver 
sinusoidal endothelial cells (LSECs) and Kupffer cells, 
which are critical for the progression of liver fibrosis. 
Using 2D co-cultures of HSCs in direct contact with other 
liver cells, it was possible to investigate changes in gene 
and protein expression triggered by cell-cell interactions. 
Furthermore, indirect co-cultures based on the use of trans 
well inserts, which allow separation of HSCs from another 
liver cell type, have demonstrated the role of paracrine 
factors in modifying the genetic and functional behavior of 
HSCs (39).

The use of co-culture systems consisting of HSCs and 
hepatocytes allows maintaining the HSCs in a quiescent 
state and keeps the system functional for long periods 
of time (98,99). By damaging the hepatocytes, which in 
turn induce HSC activation, it is possible to mimic more 
closely the in vivo mechanism of fibrosis development (38). 
Usually, co-culture systems are set up using HSC lines in 
combination with PHs. These HSC-hepatocyte co-culture 
systems have been improved by seeding cells between 
two layers of ECM compounds or by culturing in self-
assembled 3D systems, both of which help to maintain the 
3D architecture of cells (100).

Several studies have pointed out that cellular adhesion 
pathways and the composition of the ECM may influence 
cellular behavior (101-103). In particular, HSCs behave 
differently when grown on plastic or other types of 
matrices and tend to assume a specific morphology 
depending on integrin-mediated adhesion to the ECM. 
When HSCs are cultured on a 2D surface, they adopt 
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Table 3 3D systems employed in liver fibrosis research

Model Characteristics Advantages Disadvantages References

Spheroids Self-assembled 3D system 
of adult tissue cells using: 
(A) ultra-low attachment 
or cell-repellent plates; (B) 
gravitational aggregation in 
hanging drop cultures

Cell-cell and cell-ECM interactions; 
easy to generate; high throughput

Simplified model 
architecture; lack of 
perfusion; high heterogeneity 
in cell composition and size

A: (61,63,64);  
B: (65,66)

Organoids Self-assembled 3D system 
of adult progenitors, stem 
cells, iPSCs, or ESCs

Self-renewable; imitation of the liver 
in structure and function

Lack of perfusion; high 
heterogeneity in cell 
composition 

Cholangiopathies  
(67-70); ALD (71); 
NAFLD/NASH (72-75)

Bioprinting 3D model generated 
using 3D biofabrication 
technologies, such as inkjet, 
extrusion, laser-induced 
forward transfer, and  
light-assisted

High reproduction of liver phenotype 
and functionality, by precisely 
controlling the organization of cells 
and ECM; possibility to regulate the 
mechanical properties; possibility to 
combine different cells and types of 
biomaterials; high-throughput

Lack of perfusion; 
biocompatibility problems 
of the materials; challenges 
with cell viability and 
structural integrity; problems 
with printing speed and 
resolution; generally high 
costs

(76-78)

Bioreactors and 
liver-on-a-chip

Self-assembled 3D culture 
combined with microfluidic 
devices that provide fluid 
flow and shear stress

Possibility to reproduce hepatic 
sinusoids, with a constant flow of 
fresh nutrients and oxygen; possibility 
to reproduce bile canuliculi, with 
the removal of metabolic waste; 
possibility to use TEER and 
ROS sensors for monitoring the 
development of fibrosis; long-term 
cultures

Hardly high throughput (64,79-81)

Precision cut 
liver slices

3D model generated by 
cutting fresh livers with an 
automated vibratome

Intact healthy or fibrotic liver 
architecture and cellular 
heterogeneity; accurate cell-cell 
and cell-ECM interactions; possible 
association with bioreactors to 
extend lifespan and functionality; 
possible association with intestinal 
slices (inter-organ interaction) 

Rapid tissue degradation 
and loss of function; repair 
and regenerative response, 
with consequent HSC 
activation, triggered by slice 
preparation

Screening of anti-
fibrotic compounds 
(82-88); HSC 
activation (89-91); 
NAFLD (92); NASH 
(93); ALD (94); 
Cholangiopathies (95)

Decellularized 
liver matrix

3D model generated 
through whole organ 
decellularization

Intact healthy or fibrotic liver 
architecture and perfusion; accurate 
cell-cell and cell-ECM interactions

Reconstitution of the liver 
with one or two cell types 
incompletely models cell-
cell interactions

(96,97)

3D, three-dimensional; ECM, extracellular matrix; iPSC, induced pluripotent stem cell; ESC, embryonic stem cell; TEER, transepithelial 
electrical resistance; ROS, reactive oxygen species; HSC, hepatic stellate cell.

a flat and elongated shape that is not characteristic 
for this cell type. However, when cultured in a 3D 
microenvironment, HSCs maintain their natural star-shaped  
morphology (39). Unlike a traditional 2D support, a 3D 
culture system allows a dynamic exchange of factors between 
the cells and the surrounding microenvironment. During 
hepatic fibrogenesis, changes in the protein composition 

of ECM (mostly collagens, laminins and integrins), lead 
to the formation of new ECM-cellular networks and the 
subsequent reassembly of the liver structure (39). One of 
the most abundant components of the ECM, collagen, 
is responsible of the increasing liver stiffness during the 
development of fibrosis and, as well as providing support 
for communication between cells, it also acts as reservoir for 
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the secreted cytokines, growth factors, extracellular vesicles 
and other ECM proteins during liver damage (104).

Self-assembled 3D systems
Self-assembled models arise from the combination of 
different cell populations that are made to aggregate in 
a physically constrained environment. The simplest self-
assembled system is a spheroid, a 3D cellular structure 
composed of adult tissue cells (105). The first hepatic 
spheroids were set up starting from 2D co-cultures of 
primary rat hepatocytes and HSCs, and employing self-
forming aggregation techniques, such as low adhesion 
culture dishes (98), and poly-DL-lactic acid-coated plates 
(99,106). Currently, hepatic spheroids are established 
employing a wide range of new techniques. One example 
is micromolding, a technique for modeling hydrogels on a 
microscale: concave micromolds of non-adherent material 
(e.g., polydimethylsiloxane) has proven efficient to establish 
spheroids of PHs and HSCs (107), PHs and endothelial 
cells (108) and tri-culture spheroids of PHs, HSCs and 
endothelial cells (109). To date, research studies using 
micromolding-based spheroids have focused on monitoring 
the hepatocyte phenotype and function in 3D cultures, 
while HSC activation has not yet been investigated.

Hepatic spheroids were also established using slowly 
rotating concave 96-well ultra-low attachment or cell-
repellent plates (63,64,110). Bell and colleagues (110) 
developed spheroids of primary human hepatocytes and 
characterized them by proteomic analysis, showing that 
the spheroids maintain a stable phenotype comparable to 
that in the liver for at least 5 weeks. By co-culturing for 8 
days these primary human hepatocyte spheroids with non-
parenchymal cells (in 2:1 ratio), the presence of HSC, 
Kupffer cell and biliary cell markers was detected within 
the spheroids. Similarly, Leite and coworkers (63) set up 
spheroids of HepaRG hepatocytes and HSCs (in 1:2 ratio), 
which showed HSC activation upon single and repeated 
exposure to pro-fibrotic compounds (allyl alcohol and 
methotrexate). In a recent report by Coll et al. (61), iPSC-
differentiated functional HSCs remain quiescent when 
3D-cultured in the presence of HepaRG hepatocytes, and 
become activated in response to fibrogenic stimuli. HSC 
activation in spheroids has been also observed following 
hepatocyte toxicity induced by acetaminophen (61,63,64), 
resembling the mechanism of in vivo activation of human 
HSCs. For this reason, this model represents a powerful 
tool for studying in vitro HSC activation in liver fibrosis.

Another method of generating spheroids is through 

gravitational aggregation in hanging drop cultures. Foty 
and colleagues (111) have proposed a relatively simple 
protocol that involves pipetting cells suspension onto 
the inner side of top lid of a petri dish, and incubating 
them under physiological conditions, to form spheroids 
in which the cells are in direct contact with each other 
and with the ECM components. Recently, this protocol 
has been successfully applied to generate liver spheroids 
(112,113) and to develop high-throughput technologies, 
such as the hanging drop system provided by InSphero 
AG (Zurich, Switzerland), which allow the generation of 
human liver 3D microtissues suitable for testing drug-
induced hepatotoxicity (114-118) and liver fibrosis (65,66). 
Using these multicellular 3D culture systems (hepatocytes/
Kupffer cells/HSCs), Prestigiacomo and colleagues have 
shown a fibrotic phenotype upon stimulation with two 
fibrogenic compounds (methotrexate and thioacetamide), 
as assessed by gene-expression and protein-deposition 
of ECM proteins, such as fibronectin and collagens (65). 
They also compared 3D primary multicellular cultures 
with 3D monocultures of PHs after exposure to TGF-β1 
and observed that the presence of non-parenchymal cells 
was required in the system to recapitulate fibrosis (66). 
The same technology was applied (119) to generate a 3D 
in vitro model of non-alcoholic steatohepatitis (NASH). 
Once the 3D culture systems (hepatocytes/Kupffer cells/
HSCs) were exposed to lipotoxic or to inflammatory 
stimuli, the microtissues developed the pathophysiological 
features of NASH, including the release of procollagen 
type I, the increased deposition of ECM components and 
the regulation of molecular pathways involved in lipid 
metabolism and inflammation. Treatment of this NASH 
model with drug candidates modified the gene expression 
profile of the microtissue and reduced the specific disease 
parameters. Hence, this model has proved efficient for 
analyzing the mechanisms involved in NASH pathogenesis and 
for assessing the efficacy of anti-NASH drug candidates (119).

Recently, organoids are gaining increasingly importance 
in scientific research, as they can mimic real organs in 
structure and function. Unlike spheroids, organoids are 
self-organizing 3D culture systems originating from adult 
progenitors or ESCs characterized by self-renewal capacity, 
and which can be induced to differentiate into multiple cell 
types, thus better replicating the physiological distribution 
and function of the cells in that specific organ (120). The 
first liver organoid was established by Huch and colleagues, 
who isolated and expanded Lgr5-positive biliary cells from 
a mouse model of hepatic injury (121). In the last decade, 



Digestive Medicine Research, 2022Page 10 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

organ-like 3D in vitro models to study liver fibrosis have 
been established using ESCs, hepatoblasts, iPSCs and cells 
derived from adult tissues (122).

To reproduce the development of fibrosis in congenital 
disorders of the biliary tract, such as biliary atresia, 
Chusilp and colleagues (67,68) generated organoids using 
intrahepatic bile ducts. In this 3D injury model, they tested 
the acetaminophen-induced fibrotic response in organoids 
and observed that cholangiocyte apoptosis sustained the 
fibrotic process by secreting fibrogenic cytokines (67). 
They also demonstrated that human amniotic fluid stem 
cells reduced cholangiocyte apoptosis and promoted their 
proliferation, thus inhibiting the fibrogenic response in 
the injured organoids through a paracrine effect (68). 
Another 3D in vitro system that aimed to replicate aspects 
of hepatic fibrosis associated with various congenital 
cholangiopathies was established by Brovold et al. (69), 
who set up organoids composed of human liver progenitor 
cells and HSCs (primary activated HSCs or LX-2 cell line). 
Interestingly, compared to LX-2-containing 3D systems, 
organoids generated from primary activated HSCs showed 
larger clusters of biliary like structures, increased ECM-
remodeling capacity and higher expression levels of fibrosis-
associated genes (69,70). 

To investigate liver fibrosis in a 3D in vitro model 
of ALD, human ESC-derived organoids were stably 
expanded after long-term 3D cultures, and then combined 
with human fetal liver mesenchymal cells. Upon ethanol 
treatment, these organoids mimicked typical ALD-
associated pathophysiologic features, including oxidative 
stress generation, inflammation, steatosis, and fibrosis (71). 
The incorporation of other liver cells (e.g., Kupffer cells) 
into this 3D model could more accurately reflect the impact 
of severe fibrosis and steatosis on liver function.

To generate a 3D in vitro model of non-alcoholic fatty 
liver disease (NAFLD), organoids consisting of hepatocytes 
and HSCs (HepG2 and LX-2, in 24:1 ratio) were exposed 
to a mixture of fatty acids (palmitic acid and oleic acid) 
and fibrogenic stimuli. In these particular 3D culture 
conditions, liver cells were able to increase collagen and 
intracellular fat levels, thus permitting to investigate the 
molecular mechanisms underlying fibrosis in NAFLD (72). 
Interestingly, the inhibition of microRNA (miR)-122 in 
liver organoids consisting of primary human hepatocytes, 
Kupffer cells, HSCs and LSECs, led to the development 
of inflammation, necrosis, steatosis and fibrosis (73). A 
similar multicellular human hepatic organoid composed of 
hepatocytes, HSCs, and Kupffer like cells was generated 

from iPSCs, to study NASH. When treated with a mixture 
of free fatty acids, these liver organoids reproduce the 
characteristic features of the pathological progression of 
steatohepatitis, including steatosis, inflammation, and 
fibrosis (74). Liver organoids were also established using 
liver cells isolated from mice with different stages (mild, 
moderate and severe) of methionine and choline deficient 
diet-induced NASH and maintained in culture with a 
combination of Matrigel with various stem cell-stimulating 
growth factors (75). All of these NAFLD/NASH-mimicking 
organoids successfully reproduced the characteristics of 
the liver fibrotic tissue and could be employed to identify 
potential promising diagnostic markers (genes and non-
coding RNAs) of NAFLD/NASH, and to screen for novel 
compounds for the treatment of liver steatosis.

3D bioprinted liver tissues
Unlike organoids, which reproduce tissue organization 
using natural developmental processes, 3D biofabrication 
technologies recreate a more physiological cellular 
organization, through a precisely controlled process. 
The 3D tissue microenvironment plays a pivotal role 
in establishing the typical characteristics of fibrosis 
development, therefore by precisely positioning cells 
and ECM within the tissue, and controlling collagen 
deposition and tissue stiffness, it is possible to improve the 
reproduction of the disease progression. The aim of 3D 
biofabricated tissue systems is to reproduce the phenotype 
and functionality of a particular tissue, with customized 
geometries, adjustable mechanical properties and high-
throughput capabilities (62).

The most commonly used 3D biofabrication technologies 
are inkjet (droplet-based) (123), extrusion (124), laser-induced 
forward transfer (125), and light-assisted (126) bioprinting. 
Each of these techniques has benefits and disadvantages 
with respect to costs, printing speed and resolution, cell 
viability, structural quality, and biocompatible materials, 
and the resulting constructs resemble in varying degrees 
the mechanical and functional properties of the fibrotic  
tissue (62,127).

One of the most described extrusion-based bioprinted 
3D liver models has been developed by Organovo 
Holdings (San Diego, CA, USA): this functional model 
of human liver tissue consists of human PHs co-printed 
with HSCs and human umbilical vein endothelial cells 
(HUVECs). The exposure of this 3D liver construct to 
repeated administration of methotrexate and thioacetamide 
successfully mimicked progressive fibrogenesis in drug-
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induced liver injury, showing increased amount of collagen 
deposition, cytokine production, and fibrosis-related gene 
expression profiles (76). Further incorporation of Kupffer 
cells to this model permitted to examine their impact on 
the fibrogenic response: following prolonged exposure to 
TGF-β1 and methotrexate, Kupffer cells shortened the 
drug-induced injury window, causing a delay in the increase 
of miR-122, marker of hepatocyte damage (77). Based on 
these promising results, this 3D bioprinted model could be 
feasible as a high-throughput model for the screening of 
anti-fibrotic drugs.

Unfortunately, some drawbacks of this in vitro 3D liver 
model are the proprietary printing technique, and the 
complex experimental setup, which make it unavailable 
to most of the research community. Recently, Cuvellier 
and coworkers set up another extrusion-based bioprinted 
3D liver model in which human liver progenitor cells, 
HSCs and HUVECs were embedded in a matrix of gelatin 
methacrylate (78). Since collagen deposition was observed 
only when TGF-β1-activated LX-2 were co-cultured 
with HepaRG and HUVECs, this functional 3D model 
could better reproduce hepatic fibrosis than liver cell 
monocultures. Therefore, bioprinted 3D systems open up 
new perspectives in studying the molecular mechanisms 
involved in fibrosis development and help to screen for 
inhibitors of collagen expression and deposition. 

Microfluidic bioreactors and liver-on-a-chip technology
While self-assembled 3D cultures and bioprinting 
techniques efficiently recreate cell-cell contacts, vascular 
structures and fluid flow cannot be easily simulated. A 
possible solution is to combine these 3D culture systems 
with “organ-on-chip” technology (64), taking advantage of 
microfluidic devices or microscale reactors that could mimic 
hepatic sinusoids, by providing a constant flow of fresh 
nutrients and oxygen, and bile canuliculi, by removing the 
metabolic waste generated.

The first microfluidic bioreactor that combined self-
assembled 3D cultures together with fluid flow and shear 
stress was established by Griffith and co-workers (128,129). 
This multi-channel bioreactor consisted in a collagen 
I-coated silicon 3D scaffold placed on top of a cell-retaining 
filter, and allowed a continuous flow of nutrients and oxygen 
through each channel. Spheroids of primary rat hepatocytes 
seeded into the channels of the bioreactor maintained their 
viability for up 2 weeks and reorganized to form vessel-like 
structures (128), as well as bile canaliculi (129). 

In an attempt to mimic the perisinusoidal space of Disse 

and allow paracrine interactions between cells, a bioreactor 
consisting of two cell culture chambers and a commercial 
microporous membrane was proposed by Il la and  
colleagues (130). While activated HSCs were seeded onto 
the lower chamber of the bioreactor, HUVECs were 
seeded onto the upper gelatin-coated chamber. Shear 
stress generated by applying fluid flow onto the HUVECs 
improved endothelial morphology and reduced the 
activation status of HSCs, probably due to paracrine factors 
released by HUVECs. As it helps to keep HSCs quiescent, 
the hemodynamic flow of this 3D liver system could be 
exploited in liver fibrosis studies.

Recently, the haemodynamic human liver system set up 
by HemoShear Therapeutics (Charlottesville, VA, USA) 
has been used to identify new therapeutic approaches for 
the treatment of NASH (79). In this bioreactor system, 
primary human hepatocytes were co-cultured in a transwell 
system with primary HSCs and macrophages, separated 
by a synthetic membrane, and perfused with a medium 
enriched in NASH-associated risk factors, such as glucose, 
insulin and free fatty acids. Lipotoxic conditions induced a 
steatotic phenotype in hepatocytes, with increased secretion 
of TGF-β and expression of ECM-related genes. However, 
despite the presence of αSMA-positive HSCs, no collagen 
secretion was detected in the HSC fraction (79).

Another example of dynamic perfused 3D model is the 
LiverChip platform (CN Bio Innovations, Cambridge, 
UK), consisting of 12 independent bioreactors for the 3D 
culture of primary human hepatocytes, HSCs and Kupffer 
cells in a collagen I-coated scaffold. A pneumatically 
operated pump allows constant recirculation of culture 
medium and constant perfusion of the scaffold, to support 
cell viability and control oxygenation and shear stress on the 
tissue (80,131,132). Recently, a 3D model of NAFLD has 
been established using primary human hepatocytes plated 
in the LiverChip platform (80). Hepatocytes cultured in the 
presence of free fatty acids showed a steatotic phenotype, 
with increased secretion of adipokines associated with 
fibrosis, making this 3D system a valuable tool for testing 
the efficacy of anti-steatotic compounds.

Notably, Farooqi and coworkers (81) employed sensors 
of transepithelial electrical resistance (TEER) and reactive 
oxygen species (ROS) for monitoring the development of 
fibrosis. They set up a dynamic 3D microfluidic system, in 
which HepG2 cells and human fibroblasts were co-cultured, 
and different ECM components (collagen, fibronectin, 
and poly-l-lysine) were compared to test cell attachment. 
Treatment with TGF-β1 immediately reduced TEER values 
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and increased ROS release. After 24 hours of stimulation, 
especially in the presence of fibronectin as cell adhesion 
matrix, TEER values increased due to ECM deposition 
and fibroblasts activation. This liver fibrosis-on-chip model 
efficiently demonstrated that electrochemical sensors could 
potentially substitute the conventional end-point assays (e.g., 
α-SMA and collagen I measurement) for studying fibrosis in 
3D microfluidic systems.

3D models preserving liver structure
A 3D in vitro model that allows to keep both organ 
architecture and cellular heterogeneity intact is precision-
cut liver slices (PCLS). Liver slices 8 mm in diameter,  
200–250 μm thick and containing 70 to 100 lobules, 
are generated by cutting fresh livers with an automated 
vibratome, such as the Krumdieck tissue slicer (133). PCLSs 
can be obtained from different species, such as rodent 
(82,94,95,134-137), and human liver (83,138,139), and then 
cultured in flasks, multiwell plates, or bioreactors under 
gentle rotation.

This 3D system has been extensively employed to test 
the effect of anti-fibrotic compounds in the liver (82-87) and 
to explore the molecular mechanisms of liver fibrogenesis 
in models of NAFLD (92), NASH (93), ALD (94). 
Recently, hepatic fibrogenesis has been also investigated in  
PCLSs treated with bile acids to simulate cholestatic liver 
injury (95). In addition, inter-organ interaction has been 
also assessed by culturing together liver and intestinal  
slices (88) in microfluidic devices (140).

The major drawback of this 3D system is that the slice 
preparation results in 2-cut surfaces, which trigger a repair 
and regenerative response, with consequent HSC activation 
within 96 hours (141). In particular, HSC activation has been 
studied in PCLSs after CCl4 (89) and acetaminophen (90) 
exposure, to evaluate the different responses of such slices 
to these fibrogenic compounds, using gene expression 
profiling. Another problem is rapid tissue degradation and 
loss of function of PCLSs, whose lifespan is estimated to 
be around 48 hours (142). For this reason, PCLSs have 
been associated with bioreactors to extend their lifespan, 
functional longevity, and metabolic activity to least  
6 days (91).

Another 3D in vitro technique that helps to retain liver 
biochemical and biomechanical features is whole organ 
decellularization. It consists in flushing the liver with 
detergents, such as triton X-100 in combination with 
sodium dodecyl sulphate (143,144), or sodium deoxycholate 
combined with delipidation with phospholipase A2 and 

perfusion with nucleases (145). The resulting bioscaffold 
is a decellularized matrix in which, once the liver cells are 
seeded, the 3D liver is reconstituted with the preservation 
of the organ architecture and the intrinsic vascular network. 
Several protocols have been developed aimed at creating 
a decellularized matrix suitable for cell cultures from rat 
(144,146) and human (147,148) livers. Moreover, decellularized 
livers have been successfully used to test fibrotic compounds 
(96,97). Serrano and coworkers (96) tested the anti-fibrotic 
activity of NV556, a novel cyclophilin inhibitor, using LX-2 
cells activated by TGF-β1 and seeded on decellularized 
3D scaffolds obtained from healthy human livers. NV556 
down-regulated transcription levels of collagen I α1 and 
lysyl oxidase, both markers of activated LX-2, and reduced 
the production of the ECM collagens. To evaluate the anti-
fibrotic effect of sorafenib, Thanapirom and colleagues (97) 
used decellularized 3D scaffolds obtained from healthy and 
cirrhotic human livers, and engrafted with TGF-β1-treated 
HepG2 and LX-2. Treatment with sorafenib inhibited 
STAT3 phosphorylation, known to be associated with HSC 
activation, and reduced pro-collagen 1α1 secretion and the 
expression of TGF-β1-induced fibrogenic markers (collagen 
1α1 and lysyl oxidase, fibronectin-1, and IL-6) in HepG2-
LX2 co-cultures in both healthy and cirrhotic 3D liver 
scaffolds.

Conclusions

In the last twenty years, great progress has been made in 
the development of in vitro culture systems to explore the 
complex mechanisms of liver fibrosis. They have been 
proposed as an alternative to in vivo models, which are 
very popular in preclinical studies to predict the possible 
adverse reactions to chemicals in humans. Animal models 
are preferred to in vitro studies for some reasons: the 
possibility to monitor the biological activity of a candidate 
drug in relation to the microenvironment, to follow its bio-
distribution, pharmacokinetics and pharmacodynamics. 
Actually, animal models may fail in mimicking the complex 
human pathogenesis and the final results of pre-clinical 
testing could be not completely reliable or could be 
opposite (36). Indeed, animal models are not always truly 
predictive of the human physiological responses, due to the 
fact that different species can differ in their metabolic and 
immune responses (149).

Moreover, ethical concerns lead to consider the 
replacement of animal models according to the 3R principle: 
“Reduction, Refinement and Replacement”. In vitro models 
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seem like a good alternative because they permit to reduce 
the use of animal testing in drug safety studies, the timing 
of the experiments and the costs (38). Furthermore, they 
allow for testing new therapeutic modalities, such as 
RNA interference, cell-targeted stimulations or genetic 
manipulations that can be controlled by the operator.

The employment of 2D culture systems based on HSC 
monocultures has allowed investigating the activation of 
HSCs and the signaling pathways involved in this process. 
However, one of the major drawbacks of traditional 2D cell 
culture is the lack of the surrounding microenvironment, 
without which it is not possible to reliably reproduce 
the pathophysiological mechanisms of fibrogenesis. The 
development of 3D culture systems permitted a more 
in-depth study of the intricate cell-cell and cell-ECM 
interactions involved in the progression of liver fibrosis, 
also taking into account the importance of tissue vascular 
perfusion. In particular, the integration of microfluidic 
devices and bioreactors to 3D culture systems can highly 
improve their lifespan and functionality. By providing 
high level of control over cellular and ECM composition, 
bioengineered and microfluidic 3D models could help to 
unravel the peculiar characteristics of hepatic fibrogenesis 
in different liver diseases, such as NAFLD, ALD, and 
cholangiopathies. Furthermore, by controlling the timing 
of progression of the damage affecting liver cells, it 
would be possible to mimic the different stages of hepatic 
fibrogenesis. Future optimization of the in vitro 3D models 
of fibrogenesis would definitely help to identify new anti-
fibrogenic compounds and an efficient therapy to treat 
hepatic fibrosis. 

Acknowledgments

Funding: This work was supported by a grant from “Terapie 
avanzate per processi fibrotici cronici” (Progetto EV-ER, 
Regione Piemonte) (Grant No. 320-39).

Footnote

Provenance and Peer Review: This article was commissioned 
by the Guest Editor (Ralf Weiskirchen) for the series “The 
Pathogenesis of Hepatic Fibrosis: Basic Facts and Clinical 
Challenges” published in Digestive Medicine Research. The 
article has undergone external peer review. 

Reporting Checklist: The authors have completed the 
Narrative Review reporting checklist. Available at https://

dmr.amegroups.com/article/view/10.21037/dmr-21-102/rc

Peer Review File: Available at https://dmr.amegroups.com/
article/view/10.21037/dmr-21-102/prf

Conflicts of Interest: All authors have completed the 
ICMJE uniform disclosure form (available at https://dmr.
amegroups.com/article/view/10.21037/dmr-21-102/coif). 
The series “The Pathogenesis of Hepatic Fibrosis: Basic 
Facts and Clinical Challenges” was commissioned by the 
editorial office without any funding or sponsorship. The 
authors have no other conflicts of interest to declare.

Ethical Statement: All authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved.

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1.	 Mehal WZ, Iredale J, Friedman SL. Scraping 
fibrosis: expressway to the core of fibrosis. Nat Med 
2011;17:552-3.

2.	 Sebastiani G, Gkouvatsos K, Pantopoulos K. Chronic 
hepatitis C and liver fibrosis. World J Gastroenterol 
2014;20:11033-53.

3.	 Kamdem SD, Moyou-Somo R, Brombacher F, et al. 
Host Regulators of Liver Fibrosis During Human 
Schistosomiasis. Front Immunol 2018;9:2781.

4.	 Testino G, Leone S, Fagoonee S, et al. Alcoholic 
liver fibrosis: detection and treatment. Minerva Med 
2018;109:457-71.

5.	 Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 
2005;115:209-18.

6.	 Parola M, Pinzani M. Liver fibrosis: Pathophysiology, 
pathogenetic targets and clinical issues. Mol Aspects Med 
2019;65:37-55.

7.	 GBD 2017 Cirrhosis Collaborators. The global, regional, 

https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/rc
https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/rc
https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/prf
https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/prf
https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/coif
https://dmr.amegroups.com/article/view/10.21037/dmr-21-102/coif
https://creativecommons.org/licenses/by-nc-nd/4.0/


Digestive Medicine Research, 2022Page 14 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

and national burden of cirrhosis by cause in 195 countries 
and territories, 1990-2017: a systematic analysis for 
the Global Burden of Disease Study 2017. Lancet 
Gastroenterol Hepatol 2020;5:245-66.

8.	 Schuppan D, Pinzani M. Anti-fibrotic therapy: lost in 
translation? J Hepatol 2012;56 Suppl 1:S66-74.

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

10.	 Yanguas SC, Cogliati B, Willebrords J, et al. Experimental 
models of liver fibrosis. Arch Toxicol 2016;90:1025-48.

11.	 Tsuchida T, Friedman SL. Mechanisms of hepatic 
stellate cell activation. Nat Rev Gastroenterol Hepatol 
2017;14:397-411.

12.	 Neubauer K, Knittel T, Aurisch S, et al. Glial fibrillary 
acidic protein--a cell type specific marker for Ito cells in 
vivo and in vitro. J Hepatol 1996;24:719-30.

13.	 Niki T, De Bleser PJ, Xu G, et al. Comparison of glial 
fibrillary acidic protein and desmin staining in normal 
and CCl4-induced fibrotic rat livers. Hepatology 
1996;23:1538-45.

14.	 Ramadori G, Veit T, Schwögler S, et al. Expression of the 
gene of the alpha-smooth muscle-actin isoform in rat liver 
and in rat fat-storing (ITO) cells. Virchows Arch B Cell 
Pathol Incl Mol Pathol 1990;59:349-57.

15.	 Schmitt-Gräff A, Krüger S, Bochard F, et al. Modulation 
of alpha smooth muscle actin and desmin expression in 
perisinusoidal cells of normal and diseased human livers. 
Am J Pathol 1991;138:1233-42.

16.	 Maher JJ, McGuire RF. Extracellular matrix gene 
expression increases preferentially in rat lipocytes and 
sinusoidal endothelial cells during hepatic fibrosis in vivo. 
J Clin Invest 1990;86:1641-8.

17.	 Benyon RC, Arthur MJ. Extracellular matrix degradation 
and the role of hepatic stellate cells. Semin Liver Dis 
2001;21:373-84.

18.	 Hellerbrand C, Stefanovic B, Giordano F, et al. The role 
of TGFbeta1 in initiating hepatic stellate cell activation in 
vivo. J Hepatol 1999;30:77-87.

19.	 Breitkopf K, Godoy P, Ciuclan L, et al. TGF-beta/
Smad signaling in the injured liver. Z Gastroenterol 
2006;44:57-66.

20.	 Xu F, Liu C, Zhou D, et al. TGF-β/SMAD Pathway and 
Its Regulation in Hepatic Fibrosis. J Histochem Cytochem 
2016;64:157-67.

21.	 Clarke DC, Brown ML, Erickson RA, et al. Transforming 
growth factor beta depletion is the primary determinant of 
Smad signaling kinetics. Mol Cell Biol 2009;29:2443-55.

22.	 Failli P, Ruocco C, De Franco R, et al. The mitogenic 
effect of platelet-derived growth factor in human hepatic 
stellate cells requires calcium influx. Am J Physiol 
1995;269:C1133-9.

23.	 Yang L, Kwon J, Popov Y, et al. Vascular endothelial 
growth factor promotes fibrosis resolution and repair in 
mice. Gastroenterology 2014;146:1339-50.e1.

24.	 Blaner WS, O'Byrne SM, Wongsiriroj N, et al. Hepatic 
stellate cell lipid droplets: a specialized lipid droplet for 
retinoid storage. Biochim Biophys Acta 2009;1791:467-73.

25.	 Chen M, Liu J, Yang W, et al. Lipopolysaccharide mediates 
hepatic stellate cell activation by regulating autophagy and 
retinoic acid signaling. Autophagy 2017;13:1813-27.

26.	 Hong Y, Li S, Wang J, et al. In vitro inhibition of hepatic 
stellate cell activation by the autophagy-related lipid 
droplet protein ATG2A. Sci Rep 2018;8:9232.

27.	 Caliari SR, Perepelyuk M, Soulas EM, et al. Gradually 
softening hydrogels for modeling hepatic stellate cell 
behavior during fibrosis regression. Integr Biol (Camb) 
2016;8:720-8.

28.	 Schuppan D, Ruehl M, Somasundaram R, et al. Matrix 
as a modulator of hepatic fibrogenesis. Semin Liver Dis 
2001;21:351-72.

29.	 Li Z, Dranoff JA, Chan EP, et al. Transforming growth 
factor-beta and substrate stiffness regulate portal fibroblast 
activation in culture. Hepatology 2007;46:1246-56.

30.	 Olsen AL, Bloomer SA, Chan EP, et al. Hepatic stellate 
cells require a stiff environment for myofibroblastic 
differentiation. Am J Physiol Gastrointest Liver Physiol 
2011;301:G110-8.

31.	 Sakata R, Ueno T, Nakamura T, et al. Mechanical stretch 
induces TGF-beta synthesis in hepatic stellate cells. Eur J 
Clin Invest 2004;34:129-36.

32.	 O'Connor JW, Gomez EW. Biomechanics of TGFβ-
induced epithelial-mesenchymal transition: implications 
for fibrosis and cancer. Clin Transl Med 2014;3:23.

33.	 Dupont S, Morsut L, Aragona M, et al. Role of YAP/TAZ 
in mechanotransduction. Nature 2011;474:179-83.

34.	 Shi J, Vakoc CR. The mechanisms behind the therapeutic 
activity of BET bromodomain inhibition. Mol Cell 
2014;54:728-36.

35.	 Zhubanchaliyev A, Temirbekuly A, Kongrtay K, et al. 
Targeting Mechanotransduction at the Transcriptional 
Level: YAP and BRD4 Are Novel Therapeutic Targets 
for the Reversal of Liver Fibrosis. Front Pharmacol 
2016;7:462.

36.	 Bao YL, Wang L, Pan HT, et al. Animal and Organoid 
Models of Liver Fibrosis. Front Physiol 2021;12:666138.



Digestive Medicine Research, 2022 Page 15 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

37.	 Greek R, Menache A. Systematic reviews of animal 
models: methodology versus epistemology. Int J Med Sci 
2013;10:206-21.

38.	 van Grunsven LA. 3D in vitro models of liver fibrosis. Adv 
Drug Deliv Rev 2017;121:133-46.

39.	 Mazza G, Al-Akkad W, Rombouts K. Engineering in 
vitro models of hepatofibrogenesis. Adv Drug Deliv Rev 
2017;121:147-57.

40.	 Friedman SL. Molecular regulation of hepatic fibrosis, an 
integrated cellular response to tissue injury. J Biol Chem 
2000;275:2247-50.

41.	 De Minicis S, Seki E, Uchinami H, et al. Gene expression 
profiles during hepatic stellate cell activation in culture 
and in vivo. Gastroenterology 2007;132:1937-46.

42.	 Zeilinger K, Freyer N, Damm G, et al. Cell sources for 
in vitro human liver cell culture models. Exp Biol Med 
(Maywood) 2016;241:1684-98.

43.	 de Leeuw AM, McCarthy SP, Geerts A, et al. Purified 
rat liver fat-storing cells in culture divide and contain 
collagen. Hepatology 1984;4:392-403.

44.	 Seglen PO. Preparation of isolated rat liver cells. Methods 
Cell Biol 1976;13:29-83.

45.	 Weiskirchen R, Gressner AM. Isolation and culture of 
hepatic stellate cells. Methods Mol Med 2005;117:99-113.

46.	 Herrmann J, Gressner AM, Weiskirchen R. Immortal 
hepatic stellate cell lines: useful tools to study hepatic 
stellate cell biology and function? J Cell Mol Med 
2007;11:704-22.

47.	 Gaça MD, Zhou X, Issa R, et al. Basement membrane-
like matrix inhibits proliferation and collagen synthesis 
by activated rat hepatic stellate cells: evidence for matrix-
dependent deactivation of stellate cells. Matrix Biol 
2003;22:229-39.

48.	 Lee SM, Schelcher C, Laubender RP, et al. An algorithm 
that predicts the viability and the yield of human 
hepatocytes isolated from remnant liver pieces obtained 
from liver resections. PLoS One 2014;9:e107567.

49.	 Borojevic R, Monteiro AN, Vinhas SA, et al. 
Establishment of a continuous cell line from fibrotic 
schistosomal granulomas in mice livers. In Vitro Cell Dev 
Biol 1985;21:382-90.

50.	 Sauvant P, Sapin V, Abergel A, et al. PAV-1, a new rat 
hepatic stellate cell line converts retinol into retinoic 
acid, a process altered by ethanol. Int J Biochem Cell Biol 
2002;34:1017-29.

51.	 Murakami K, Abe T, Miyazawa M, et al. Establishment of 
a new human cell line, LI90, exhibiting characteristics of 
hepatic Ito (fat-storing) cells. Lab Invest 1995;72:731-9.

52.	 Shibata N, Watanabe T, Okitsu T, et al. Establishment of 
an immortalized human hepatic stellate cell line to develop 
antifibrotic therapies. Cell Transplant 2003;12:499-507.

53.	 Schnabl B, Choi YH, Olsen JC, et al. Immortal activated 
human hepatic stellate cells generated by ectopic 
telomerase expression. Lab Invest 2002;82:323-33.

54.	 Xu L, Hui AY, Albanis E, et al. Human hepatic stellate cell 
lines, LX-1 and LX-2: new tools for analysis of hepatic 
fibrosis. Gut 2005;54:142-51.

55.	 Vogel S, Piantedosi R, Frank J, et al. An immortalized 
rat liver stellate cell line (HSC-T6): a new cell model 
for the study of retinoid metabolism in vitro. J Lipid Res 
2000;41:882-93.

56.	 Fang L, Huang C, Meng X, et al. TGF-β1-elevated 
TRPM7 channel regulates collagen expression in hepatic 
stellate cells via TGF-β1/Smad pathway. Toxicol Appl 
Pharmacol 2014;280:335-44.

57.	 Li Y, Luo Y, Zhang X, et al. Combined taurine, 
epigallocatechin gallate and genistein therapy reduces 
HSC-T6 cell proliferation and modulates the expression 
of fibrogenic factors. Int J Mol Sci 2013;14:20543-54.

58.	 Guo J, Loke J, Zheng F, et al. Functional linkage of 
cirrhosis-predictive single nucleotide polymorphisms 
of Toll-like receptor 4 to hepatic stellate cell responses. 
Hepatology 2009;49:960-8.

59.	 Marion MJ, Hantz O, Durantel D. The HepaRG cell 
line: biological properties and relevance as a tool for cell 
biology, drug metabolism, and virology studies. Methods 
Mol Biol 2010;640:261-72.

60.	 Arzumanian VA, Kiseleva OI, Poverennaya EV. The 
Curious Case of the HepG2 Cell Line: 40 Years of 
Expertise. Int J Mol Sci 2021;22:13135.

61.	 Coll M, Perea L, Boon R, et al. Generation of Hepatic 
Stellate Cells from Human Pluripotent Stem Cells Enables 
In Vitro Modeling of Liver Fibrosis. Cell Stem Cell 
2018;23:101-113.e7.

62.	 Sacchi M, Bansal R, Rouwkema J. Bioengineered 3D 
Models to Recapitulate Tissue Fibrosis. Trends Biotechnol 
2020;38:623-36.

63.	 Leite SB, Roosens T, El Taghdouini A, et al. Novel human 
hepatic organoid model enables testing of drug-induced 
liver fibrosis in vitro. Biomaterials 2016;78:1-10.

64.	 Mannaerts I, Eysackers N, Anne van Os E, et al. The 
fibrotic response of primary liver spheroids recapitulates 
in vivo hepatic stellate cell activation. Biomaterials 
2020;261:120335.

65.	 Prestigiacomo V, Weston A, Messner S, et al. Pro-
fibrotic compounds induce stellate cell activation, 



Digestive Medicine Research, 2022Page 16 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

ECM-remodelling and Nrf2 activation in a human 
3D-multicellular model of liver fibrosis. PLoS One 
2017;12:e0179995.

66.	 Prestigiacomo V, Weston A, Suter-Dick L. Rat 
multicellular 3D liver microtissues to explore TGF-β1 
induced effects. J Pharmacol Toxicol Methods 
2020;101:106650.

67.	 Chusilp S, Lee C, Li B, et al. A novel model of injured 
liver ductal organoids to investigate cholangiocyte 
apoptosis with relevance to biliary atresia. Pediatr Surg Int 
2020;36:1471-9.

68.	 Chusilp S, Lee C, Li B, et al. Human amniotic fluid stem 
cells attenuate cholangiocyte apoptosis in a bile duct 
injury model of liver ductal organoids. J Pediatr Surg 
2021;56:11-6.

69.	 Brovold M, Keller D, Devarasetty M, et al. Biofabricated 
3D in vitro model of fibrosis-induced abnormal 
hepatoblast/biliary progenitors’ expansion of the 
developing liver. Bioengineering & Translational 
Medicine. 2021; 6(3):e10207.

70.	 Brovold M, Keller D, Soker S. Differential fibrotic 
phenotypes of hepatic stellate cells within 3D liver 
organoids. Biotechnol Bioeng 2020;117:2516-26.

71.	 Wang S, Wang X, Tan Z, et al. Human ESC-derived 
expandable hepatic organoids enable therapeutic liver 
repopulation and pathophysiological modeling of alcoholic 
liver injury. Cell Res 2019;29:1009-26.

72.	 Pingitore P, Sasidharan K, Ekstrand M, et al. Human 
Multilineage 3D Spheroids as a Model of Liver Steatosis 
and Fibrosis. Int J Mol Sci 2019;20:1629.

73.	 Sendi H, Mead I, Wan M, et al. miR-122 inhibition in a 
human liver organoid model leads to liver inflammation, 
necrosis, steatofibrosis and dysregulated insulin signaling. 
PLoS One 2018;13:e0200847.

74.	 Ouchi R, Togo S, Kimura M, et al. Modeling 
Steatohepatitis in Humans with Pluripotent Stem Cell-
Derived Organoids. Cell Metab 2019;30:374-384.e6.

75.	 Elbadawy M, Yamanaka M, Goto Y, et al. Efficacy of 
primary liver organoid culture from different stages of 
non-alcoholic steatohepatitis (NASH) mouse model. 
Biomaterials 2020;237:119823.

76.	 Norona LM, Nguyen DG, Gerber DA, et al. Editor's 
Highlight: Modeling Compound-Induced Fibrogenesis In 
Vitro Using Three-Dimensional Bioprinted Human Liver 
Tissues. Toxicol Sci 2016;154:354-67.

77.	 Norona LM, Nguyen DG, Gerber DA, et al. Bioprinted 
liver provides early insight into the role of Kupffer cells 
in TGF-β1 and methotrexate-induced fibrogenesis. PLoS 

One 2019;14:e0208958.
78.	 Cuvellier M, Ezan F, Oliveira H, et al. 3D culture 

of HepaRG cells in GelMa and its application to 
bioprinting of a multicellular hepatic model. Biomaterials 
2021;269:120611.

79.	 Feaver RE, Cole BK, Lawson MJ, et al. Development of an 
in vitro human liver system for interrogating nonalcoholic 
steatohepatitis. JCI Insight 2016;1:e90954.

80.	 Kostrzewski T, Cornforth T, Snow SA, et al. Three-
dimensional perfused human in vitro model of non-
alcoholic fatty liver disease. World J Gastroenterol 
2017;23:204-15.

81.	 Farooqi HMU, Kang B, Khalid MAU, et al. Real-time 
monitoring of liver fibrosis through embedded sensors in a 
microphysiological system. Nano Converg 2021;8:3.

82.	 Westra IM, Oosterhuis D, Groothuis GM, et al. Precision-
cut liver slices as a model for the early onset of liver 
fibrosis to test antifibrotic drugs. Toxicol Appl Pharmacol 
2014;274:328-38.

83.	 Westra IM, Mutsaers HA, Luangmonkong T, et al. Human 
precision-cut liver slices as a model to test antifibrotic 
drugs in the early onset of liver fibrosis. Toxicol In Vitro 
2016;35:77-85.

84.	 van de Bovenkamp M, Groothuis GM, Meijer DK, et al. 
Precision-cut fibrotic rat liver slices as a new model to 
test the effects of anti-fibrotic drugs in vitro. J Hepatol 
2006;45:696-703.

85.	 van de Bovenkamp M, Groothuis GM, Meijer DK, et al. 
Liver slices as a model to study fibrogenesis and test the 
effects of anti-fibrotic drugs on fibrogenic cells in human 
liver. Toxicol In Vitro 2008;22:771-8.

86.	 Luangmonkong T, Suriguga S, Adhyatmika A, et al. In 
vitro and ex vivo anti-fibrotic effects of LY2109761, a 
small molecule inhibitor against TGF-β. Toxicol Appl 
Pharmacol 2018;355:127-37.

87.	 Barcena-Varela M, Paish H, Alvarez L, et al. Epigenetic 
mechanisms and metabolic reprogramming in fibrogenesis: 
dual targeting of G9a and DNMT1 for the inhibition of 
liver fibrosis. Gut 2021;70:388-400.

88.	 Iswandana R, Pham BT, van Haaften WT, et al. Organ- 
and species-specific biological activity of rosmarinic acid. 
Toxicol In Vitro 2016;32:261-8.

89.	 van de Bovenkamp M, Groothuis GM, Draaisma AL, et al. 
Precision-cut liver slices as a new model to study toxicity-
induced hepatic stellate cell activation in a physiologic 
milieu. Toxicol Sci 2005;85:632-8.

90.	 Vatakuti S, Schoonen WG, Elferink ML, et al. Acute 
toxicity of CCl4 but not of paracetamol induces a 



Digestive Medicine Research, 2022 Page 17 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

transcriptomic signature of fibrosis in precision-cut liver 
slices. Toxicol In Vitro 2015;29:1012-20.

91.	 Paish HL, Reed LH, Brown H, et al. A Bioreactor 
Technology for Modeling Fibrosis in Human and Rodent 
Precision-Cut Liver Slices. Hepatology 2019;70:1377-91.

92.	 Prins GH, Luangmonkong T, Oosterhuis D, et al. A 
Pathophysiological Model of Non-Alcoholic Fatty Liver 
Disease Using Precision-Cut Liver Slices. Nutrients 
2019;11:507.

93.	 Gore E, Bigaeva E, Oldenburger A, et al. Investigating 
fibrosis and inflammation in an ex vivo NASH murine 
model. Am J Physiol Gastrointest Liver Physiol 
2020;318:G336-51.

94.	 Schaffert CS, Duryee MJ, Bennett RG, et al. Exposure 
of precision-cut rat liver slices to ethanol accelerates 
fibrogenesis. Am J Physiol Gastrointest Liver Physiol 
2010;299:G661-8.

95.	 Pearen MA, Lim HK, Gratte FD, et al. Murine Precision-
Cut Liver Slices as an Ex Vivo Model of Liver Biology. J 
Vis Exp 2020.

96.	 Simón Serrano S, Grönberg A, Longato L, et al. 
Evaluation of NV556, a Novel Cyclophilin Inhibitor, as a 
Potential Antifibrotic Compound for Liver Fibrosis. Cells 
2019;8:1409.

97.	 Thanapirom K, Caon E, Papatheodoridi M, et al. 
Optimization and Validation of a Novel Three-
Dimensional Co-Culture System in Decellularized Human 
Liver Scaffold for the Study of Liver Fibrosis and Cancer. 
Cancers (Basel) 2021;13:4936.

98.	 Abu-Absi SF, Hansen LK, Hu WS. Three-dimensional co-
culture of hepatocytes and stellate cells. Cytotechnology 
2004;45:125-40.

99.	 Thomas RJ, Bhandari R, Barrett DA, et al. The effect of 
three-dimensional co-culture of hepatocytes and hepatic 
stellate cells on key hepatocyte functions in vitro. Cells 
Tissues Organs 2005;181:67-79.

100.	Bhatia SN, Balis UJ, Yarmush ML, et al. Effect of cell-
cell interactions in preservation of cellular phenotype: 
cocultivation of hepatocytes and nonparenchymal cells. 
FASEB J 1999;13:1883-900.

101.	Mazzocca A, Carloni V, Sciammetta S, et al. Expression of 
transmembrane 4 superfamily (TM4SF) proteins and their 
role in hepatic stellate cell motility and wound healing 
migration. J Hepatol 2002;37:322-30.

102.	Guvendiren M, Perepelyuk M, Wells RG, et al. 
Hydrogels with differential and patterned mechanics to 
study stiffness-mediated myofibroblastic differentiation 
of hepatic stellate cells. J Mech Behav Biomed Mater 

2014;38:198-208.
103.	Olsen AL, Sackey BK, Marcinkiewicz C, et al. Fibronectin 

extra domain-A promotes hepatic stellate cell motility but 
not differentiation into myofibroblasts. Gastroenterology 
2012;142:928-937.e3.

104.	Saneyasu T, Akhtar R, Sakai T. Molecular Cues Guiding 
Matrix Stiffness in Liver Fibrosis. Biomed Res Int 
2016;2016:2646212.

105.	Fennema E, Rivron N, Rouwkema J, et al. Spheroid 
culture as a tool for creating 3D complex tissues. Trends 
Biotechnol 2013;31:108-15.

106.	Riccalton-Banks L, Liew C, Bhandari R, et al. Long-
term culture of functional liver tissue: three-dimensional 
coculture of primary hepatocytes and stellate cells. Tissue 
Eng 2003;9:401-10.

107.	Wong SF, No da Y, Choi YY, et al. Concave 
microwell based size-controllable hepatosphere as a 
three-dimensional liver tissue model. Biomaterials 
2011;32:8087-96.

108.	Jeong GS, No da Y, Lee J, et al. Viscoelastic lithography 
for fabricating self-organizing soft micro-honeycomb 
structures with ultra-high aspect ratios. Nat Commun 
2016;7:11269.

109.	No da Y, Jeong GS, Lee SH. Immune-protected 
xenogeneic bioartificial livers with liver-specific 
microarchitecture and hydrogel-encapsulated cells. 
Biomaterials 2014;35:8983-91.

110.	Bell CC, Hendriks DF, Moro SM, et al. Characterization 
of primary human hepatocyte spheroids as a model system 
for drug-induced liver injury, liver function and disease. 
Sci Rep 2016;6:25187.

111.	Foty R. A simple hanging drop cell culture protocol for 
generation of 3D spheroids. J Vis Exp 2011;(51):2720.

112.	Sitanggang EJ, Antarianto RD, Jusman SWA, et al. Bone 
Marrow Stem Cells Anti-liver Fibrosis Potency: Inhibition 
of Hepatic Stellate Cells Activity and Extracellular Matrix 
Deposition. Int J Stem Cells 2017;10:69-75.

113.	Shah UK, Mallia JO, Singh N, et al. A three-dimensional 
in vitro HepG2 cells liver spheroid model for genotoxicity 
studies. Mutat Res Genet Toxicol Environ Mutagen 
2018;825:51-8.

114.	Gunness P, Mueller D, Shevchenko V, et al. 3D 
organotypic cultures of human HepaRG cells: a tool for in 
vitro toxicity studies. Toxicol Sci 2013;133:67-78.

115.	Messner S, Agarkova I, Moritz W, et al. Multi-cell type 
human liver microtissues for hepatotoxicity testing. Arch 
Toxicol 2013;87:209-13.

116.	Messner S, Fredriksson L, Lauschke VM, et al. 



Digestive Medicine Research, 2022Page 18 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

Transcriptomic, Proteomic, and Functional Long-Term 
Characterization of Multicellular Three-Dimensional 
Human Liver Microtissues. Appl In Vitro Toxicol 
2018;4:1-12.

117.	Takahashi Y, Hori Y, Yamamoto T, et al. 3D spheroid 
cultures improve the metabolic gene expression profiles of 
HepaRG cells. Biosci Rep 2015;35:00208.

118.	Hurrell T, Ellero AA, Masso ZF, et al. Characterization 
and reproducibility of HepG2 hanging drop spheroids 
toxicology in vitro. Toxicol In Vitro 2018;50:86-94.

119.	Ströbel S, Kostadinova R, Fiaschetti-Egli K, et al. A 
3D primary human cell based in vitro model of non 
alcoholic steatohepatitis for efficacy testing of clinical drug 
candidates. Scientific Reports. 2021; 11:22765.

120.	Artegiani B, Clevers H. Use and application 
of 3D-organoid technology. Hum Mol Genet 
2018;27:R99-R107.

121.	Huch M, Dorrell C, Boj SF, et al. In vitro expansion of 
single Lgr5+ liver stem cells induced by Wnt-driven 
regeneration. Nature 2013;494:247-50.

122.	Prior N, Inacio P, Huch M. Liver organoids: from basic 
research to therapeutic applications. Gut 2019;68:2228-37.

123.	Xu T, Jin J, Gregory C, et al. Inkjet printing of viable 
mammalian cells. Biomaterials 2005;26:93-9.

124.	Ozbolat IT, Hospodiuk M. Current advances and future 
perspectives in extrusion-based bioprinting. Biomaterials 
2016;76:321-43.

125.	Mézel C, Souquet A, Hallo L, et al. Bioprinting by 
laser-induced forward transfer for tissue engineering 
applications: jet formation modeling. Biofabrication 
2010;2:014103.

126.	Wang Z, Jin X, Tian Z, et al. A Novel, Well-Resolved 
Direct Laser Bioprinting System for Rapid Cell 
Encapsulation and Microwell Fabrication. Adv Healthc 
Mater 2018;7:e1701249.

127.	Mandrycky C, Wang Z, Kim K, et al. 3D bioprinting 
for engineering complex tissues. Biotechnol Adv 
2016;34:422-34.

128.	Powers MJ, Domansky K, Kaazempur-Mofrad MR, et al. 
A microfabricated array bioreactor for perfused 3D liver 
culture. Biotechnol Bioeng 2002;78:257-69.

129.	Powers MJ, Janigian DM, Wack KE, et al. Functional 
behavior of primary rat liver cells in a three-dimensional 
perfused microarray bioreactor. Tissue Eng 2002;8:499-513.

130.	Illa X, Vila S, Yeste J, et al. A novel modular bioreactor 
to in vitro study the hepatic sinusoid. PLoS One 
2014;9:e111864.

131.	Domansky K, Inman W, Serdy J, et al. Perfused 

multiwell plate for 3D liver tissue engineering. Lab Chip 
2010;10:51-8.

132.	Tsamandouras N, Kostrzewski T, Stokes CL, et al. 
Quantitative Assessment of Population Variability in 
Hepatic Drug Metabolism Using a Perfused Three-
Dimensional Human Liver Microphysiological System. J 
Pharmacol Exp Ther 2017;360:95-105.

133.	Krumdieck CL, dos Santos JE, Ho KJ. A new instrument 
for the rapid preparation of tissue slices. Anal Biochem 
1980;104:118-23.

134.	Szalowska E, Stoopen G, Groot MJ, et al. Treatment of 
mouse liver slices with cholestatic hepatotoxicants results 
in down-regulation of Fxr and its target genes. BMC Med 
Genomics 2013;6:39.

135.	Sadasivan SK, Siddaraju N, Khan KM, et al. Developing 
an in vitro screening assay platform for evaluation 
of antifibrotic drugs using precision-cut liver slices. 
Fibrogenesis Tissue Repair 2014;8:1.

136.	Bigaeva E, Gore E, Mutsaers HAM, et al. Exploring 
organ-specific features of fibrogenesis using murine 
precision-cut tissue slices. Biochim Biophys Acta Mol Basis 
Dis 2020;1866:165582.

137.	Bartucci R, van der Meer AZ, Boersma YL, et al. 
Nanoparticle-induced inflammation and fibrosis in ex vivo 
murine precision-cut liver slices and effects of nanoparticle 
exposure conditions. Arch Toxicol 2021;95:1267-85.

138.	Olinga P, Meijer DK, Slooff MJ, et al. Liver slices in in 
vitro pharmacotoxicology with special reference to the use 
of human liver tissue. Toxicol In Vitro 1997;12:77-100.

139.	Vatakuti S, Pennings JL, Gore E, et al. Classification 
of Cholestatic and Necrotic Hepatotoxicants Using 
Transcriptomics on Human Precision-Cut Liver Slices. 
Chem Res Toxicol 2016;29:342-51.

140.	van Midwoud PM, Merema MT, Verpoorte E, et al. A 
microfluidic approach for in vitro assessment of interorgan 
interactions in drug metabolism using intestinal and liver 
slices. Lab Chip 2010;10:2778-86.

141.	Vickers AE, Saulnier M, Cruz E, et al. Organ slice viability 
extended for pathway characterization: an in vitro model 
to investigate fibrosis. Toxicol Sci 2004;82:534-44.

142.	Olinga P, Groen K, Hof IH, et al. Comparison of five 
incubation systems for rat liver slices using functional 
and viability parameters. J Pharmacol Toxicol Methods 
1997;38:59-69.

143.	Shupe T, Williams M, Brown A, et al. Method for 
the decellularization of intact rat liver. Organogenesis 
2010;6:134-6.

144.	Uygun BE, Soto-Gutierrez A, Yagi H, et al. Organ 



Digestive Medicine Research, 2022 Page 19 of 19

© Digestive Medicine Research. All rights reserved. Dig Med Res 2022;5:33 | https://dx.doi.org/10.21037/dmr-21-102

doi: 10.21037/dmr-21-102
Cite this article as: Chiabotto G, Ceccotti E, Bruno S. 
Narrative review of in vitro experimental models of hepatic 
fibrogenesis. Dig Med Res 2022;5:33.

reengineering through development of a transplantable 
recellularized liver graft using decellularized liver matrix. 
Nat Med 2010;16:814-20.

145.	Wang Y, Cui CB, Yamauchi M, et al. Lineage restriction 
of human hepatic stem cells to mature fates is made 
efficient by tissue-specific biomatrix scaffolds. Hepatology 
2011;53:293-305.

146.	Pan MX, Hu PY, Cheng Y, et al. An efficient method for 
decellularization of the rat liver. J Formos Med Assoc 
2014;113:680-7.

147.	Baptista PM, Vyas D, Moran E, et al. Human liver 
bioengineering using a whole liver decellularized 
bioscaffold. Methods Mol Biol 2013;1001:289-98.

148.	Mazza G, Al-Akkad W, Telese A, et al. Rapid production 
of human liver scaffolds for functional tissue engineering 
by high shear stress oscillation-decellularization. Sci Rep 
2017;7:5534.

149.	Olson H, Betton G, Robinson D, et al. Concordance of 
the toxicity of pharmaceuticals in humans and in animals. 
Regul Toxicol Pharmacol 2000;32:56-67.


